Chapter 10
Super-Earths: Atmospheric Accretion, Thermal
Evolution and Envelope Loss

Sivan Ginzburg, Niraj K. Inamdar, and Hilke E. Schlichting

Abstract Combined mass and radius observations have recently revealed many
short-period planets a few times the size of Earth but with significantly lower
densities. A natural explanation for the low density of these super Earths is
a voluminous gas atmosphere that engulfs more compact rocky cores. Planets
with such substantial gas atmospheres may be a missing link between smaller
planets, that did not manage to obtain or keep an atmosphere, and larger planets,
that accreted gas too quickly and became gas giants. In this chapter we review
recent advancements in the understanding of low-density super-Earth formation
and evolution. Specifically, we present a consistent picture of the various stages
in the lives of these planets: gas accretion from the protoplanetary disk, possible
atmosphere heating and evaporation mechanisms, collisions between planets, and
finally, evolution up to the age at which the planets are observed.

10.1 Introduction

The Kepler mission discovered a large population of transiting planets a few times
the radius of Earth, Rg, in orbits of a few to a few dozen days. For a subset
of these close-in super Earths we also have a mass measurement from radial velocity
or transit timing variation (TTV) observations. Using these combined mass and
radius measurements, we find that many of the short-period super Earths have
low densities that rule out a purely rocky composition. The low density indicates
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either a water-rich composition or a rocky (or icy) core covered with a voluminous
gas atmosphere, which is the only option for many extremely low-density planets
(Lopez et al. 2012; Lissauer et al. 2013). Here we adopt the latter interpretation and
study the atmospheric accretion onto planetary cores and their evolution. It seems,
according to this interpretation, that super Earths with atmospheres of a few % in
mass are among the most abundant planets found by Kepler (Wolfgang and Lopez
2015).

Rocky cores can gravitationally accrete gas from the gas-rich protoplanetary disk
that surrounds young stars for their first few Myr (Mamajek 2009; Williams and
Cieza 2011; Alexander et al. 2014). However, explaining the observed low-density
super Earths by gas accretion from the surrounding nebula is not trivial. If the gas
accretion rate is too fast, a rocky core can acquire an atmosphere comparable to its
own mass (Lee et al. 2014). At this stage, the gas accretion rate increases, and the
planet quickly evolves into a gas giant (instead of a super Earth) via runaway growth
(Bodenheimer and Pollack 1986; Pollack et al. 1996; Piso and Youdin 2014; Piso
et al. 2015). If, on the other hand, the accretion is too slow, planets may not obtain
substantial atmospheres before the gas disk disperses Moreover, gas atmospheres
can be lost due to evaporation (Rogers et al. 2011; Lopez et al. 2012; Owen and
Jackson 2012; Lopez and Fortney 2013; Owen and Wu 2013, 2016) or collisions
(Inamdar and Schlichting 2015), leaving a bare rocky core behind.

In the following sections we review these various aspects of gas accretion and
loss and study the conditions required to form a low-density super Earth. We focus
on highlighting the key physical processes that dictate gas accretion and loss and
quantify our results in intuitive order of magnitude estimates. Specifically, Sect. 10.2
studies gas accretion from the nebula and Sect. 10.3 discusses mechanisms that can
hamper the accretion. Section 10.4 is devoted to the evaporation of atmospheres
once the gas nebula disperses. Section 10.5 focuses on the late evolution of low-
density super Earths, which is relevant for interpreting the observations of ~ Gyr
old planets. Section 10.6 discusses atmosphere loss due to giant impacts and the
review is summarized in Sect. 10.7.

10.2 Gas Accretion

We assume a rocky core, of mass M, and radius R., embedded inside a gas disk
with ambient temperature 7; and density p;. The outer edge, separating the planet’s
atmosphere from the surrounding nebula, is given by R, = min(Ry, Rg), with
Ry and Ry denoting the Hill and Bondi radii, respectively. We assume that the
atmosphere’s mass is My < M.

The gas accretion can be divided into two stages, as depicted schematically
in Fig.10.1. Initially, gas adiabatically contracts onto the core in a dynamical
timescale. By integrating the adiabatic power-law density profile (Ginzburg et al.
2016), we find that the atmosphere reaches a mass f = Myy,/M, x pg, which
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Fig. 10.1 Schematic
temperature vs. density
profiles (log. scale) of a
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super-Earth atmosphere
during the nebular accretion
phase. The initial adiabatic
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is isentropic, while at later
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cooling (and accreting)
envelope is characterized by a
nearly isothermal radiative
outer layer, and a convective
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(2016)
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amounts to f ~ 1073, assuming that p, is given by a minimum mass solar nebula
(MMSN) model (Hayashi 1981), much lighter than observed envelopes.

Next, the atmosphere cools down and lowers its entropy. During this cooling
process, the atmosphere develops an outer radiative, almost isothermal, envelope
which is connected to a convective interior at the radiative—convective boundary
(RCB), located at Ry, < Roue (Rafikov 2006). R, is a good approximation for
the planet’s actual radius, because beyond it the density drops exponentially with
a small scale height. As long as R., > R, the temperature profile remains
roughly constant, so cooling is equivalent to an increase in density (see Fig. 10.1),
and therefore in mass (the radius does not change significantly Ry, ~ Rout, Se€
Ginzburg et al. 2016). Thus, the planet’s accretion rate is determined by the cooling
timescale of the atmosphere (Lee et al. 2014; Piso and Youdin 2014). Quantitatively,
we find the cooling time by dividing the atmosphere’s energy Eym < GM My,
with G denoting the gravitation constant, by the internal luminosity (calculated by
combining the hydrostatic equilibrium and radiative diffusion equations)

_ y— 164w 0T} Ry
2 3 K Prcb '

L (10.1)

with o denoting the Stephan-Boltzmann constant, T;., ~ Ty and pyc, denoting the
temperature and density at the RCB, and « the opacity there. y is the adiabatic
index. Notice that the core does not contribute to the energy balance because the
temperature on its surface is fixed at a constant kg7T(R.) ~ GM_ /R, as long
as R, > R., with kg marking Boltzmann’s constant and px the molecular mass.
Intuitively, the luminosity can be understood as L ~ o T4, R%, /7, with T marking the

optical depth at the RCB. The opacity increases mildly with the density (Freedman
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et al. 2008, 2014), implying, due to Eq.(10.1), that L pr_cé [ M;é1 (only the
convective part of the atmosphere contributes significantly to the mass). Finally, we
obtain the growth of the atmosphere with time ¢ = Eym/L o« M2 (t) (Piso and
Youdin 2014). Specifically, Ginzburg et al. (2016) find that by the time the disk
disperses t = t4isk, the atmosphere’s mass fraction is given by

fr002( M P T\ 0'5, (10.2)
Mg 103K 1 Myr

with Mg marking Earth’s mass (see Lee and Chiang 2015, for a similar result).

We notice that while the mass of the initial adiabatic atmosphere is proportional
to the nebula’s density, Eq.(10.2) does not depend on p,;. More precisely, the
dependence on pj is logarithmic, and is therefore omitted (see Ginzburg et al. 2016).
Intuitively, the radiative envelope decouples the density of the atmosphere o pycp
from the outer boundary condition p; (see Fig. 10.1). Thus, the bottleneck that
typically determines the accretion rate is not the amount of available gas, but rather
the rate at which this gas can radiate away its gravitational energy and settle onto the
core. The logarithmic dependence on p; implies that significant atmospheres can
be accreted even in highly depleted disks (Inamdar and Schlichting 2015; Lee and
Chiang 2016). Such depleted (and short lived, so f o tclh/i is smaller) disks are
relevant if atmosphere accretion is delayed until the assembly of the rocky core by
collisions is over (see Sect. 10.6).

10.3 Atmosphere Heating

In Sect. 10.2 we demonstrated that atmosphere accretion is equivalent to cooling.
Therefore, mechanisms that heat the atmosphere can hamper gas accretion. Such
mechanisms have the potential to explain why super Earths did not continue to
grow into gas giants, if accretion is somewhat more efficient than in Eq. (10.2), as
suggested by Lee et al. (2014). In this section we focus on two examples: heating
by planetesimals and by tides.

10.3.1 Heating by Planetesimals

The formation of the rocky cores of super-Earths and of gas giants can be divided
into two phases (see, e.g., Goldreich et al. 2004). In the first phase, the cores grow
by gravitationally attracting small building blocks (planetesimals) into their Hill
sphere. The final mass in this phase is referred to as the “isolation mass”. In the next
phase, these isolation masses collide with each other due to orbital instability. This
phase is referred to as the “giant impacts” phase.
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The loss of gravitational energy of the impacting planetesimals dissipates heat
inside the growing planet. The timescale for the core growth of giant planets in the
outer disk is comparable to the gas disk lifetime, a few Myr (Pollack et al. 1996).
Therefore, the accretion of solids and gas is simultaneous, and heating by planetesi-
mals plays a crucial role in the cooling (equivalent to growth) of the gas atmosphere
(Rafikov 2006, 2011). In the inner disk, however, the solid accretion time is shorter,
implying that the core formation may be decoupled from the atmosphere growth
(Lee et al. 2014). For this reason, many studies ignore planetesimal heating in
the context of the close-in Kepler super Earths. However, a steady stream of new
planetesimals may be supplied from larger semi-major axes as the planetesimal
orbits decay due to their interaction with the gas disk. Even if the bulk of the
planetesimals is consumed at an early stage (on a timescale much shorter than #4;g),
residual impacting debris can still interfere with the growth of the atmosphere.

How does the accretion of a solid mass AM, during the disk’s lifetime #4i5x
affect the gas accretion? We assume that the planetesimals impact at a constant
rate and deposit their energy at the surface of the rocky core. In this case,
the accretion luminosity is given by L, = GM.AM./(Rt4s). The internal
luminosity at the end of accretion (when t = f#4s), on the other hand, is given
by L = GM:Muymo/ (R taisk), assuming that the atmosphere’s energy and mass
are concentrated near R.. This is relevant for the low values of y, found by Lee
et al. (2014) and Piso et al. (2015), due to hydrogen dissociation. My, o marks
the final atmosphere mass, if planetesimal impacts are ignored, which is calculated
in Sect. 10.2. Since, according to Eq. (10.1), L M;IL(Z), the internal luminosity
reaches its minimum at the end of accretion (¢ = f4;sx). Therefore, if AM, < Mym.o
then L,.. < L during the accretion phase, and the heat generated by planetesimal
impacts is evicted from the planet without affecting gas accretion.

For AM, > My, the internal luminosity L drops below the planetesimal-
generated heat L,.. before the atmosphere reaches its final mass. Quantitatively,
using L o« M ;! (#), the luminosities are equal when My (f) = M2, ,/ AM.. At this

atm,0
stage gas accretion stops and the final atmosphere mass is therefore given by

Matm — Malm,O/AMc AMC > Malm,O (10 3)
Mo |1 AM. < Mymo

Equation (10.3) shows that a mass in planetesimals comparable to the final
atmospheric mass, Mym 0, can stop the gas accretion. This is interesting since the
mass-radius relation for many close-in exoplanets suggests that they are enshrouded
in gaseous envelopes containing a few percent of the planet’s mass such that the
accretion of planetesimals containing a few percent of an Earth’s mass could lead
to an early termination of the gas accretion. This is particularly interesting since
the Earth is believed to have accreted about 1% of its total mass after the Moon-
forming impact, suggesting that a planetesimal population containing a few % of an
Earth mass did survive over time scales of 10’—10% years in the inner solar system
(Walker 2009; Schlichting et al. 2012). Equation (10.3), however, also demonstrates
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that heating by planetesimals cannot stop super Earths from evolving into gas giants
by runaway gas accretion (see Sect. 10.1). The reason is that runaway accretion
initiates when My, ~ M, and the accreted gas significantly increases the planet’s
mass (and therefore its ability to attract more gas). In order to intervene with the
accretion of such heavy atmospheres, Eq. (10.3) requires AM, ~ M., leading to
faster gas accretion and runaway growth. Lee and Chiang (2015) reach the same
conclusion by considering the non-linear relation between the atmosphere’s mass
and the planet’s luminosity, which is more accurate for heavy, self-gravitating,
atmospheres My, ~ M,.

We note that, in addition to their accretion heat, planetesimal impacts may also
affect atmosphere growth by enhancing the atmosphere’s heavy-element abundance,
and therefore the opacity k. We do not discuss this effect here.

In Sect. 10.6 we discuss the effects of the second phase of the core’s assembly—
giant impacts between the isolation masses.

10.3.2 Tidal Heating

Tidal heating has been proposed as a mechanism to inhibit the cooling of close-
in gas giants (hot Jupiters), thus halting their contraction and explaining their
puzzlingly large radii (Bodenheimer et al. 2001, 2003; Gu et al. 2003; Winn and
Holman 2005; Jackson et al. 2008; Liu et al. 2008; Ibgui and Burrows 2009; Miller
et al. 2009; Ibgui et al. 2010, 2011; Leconte et al. 2010). Can the same mechanism
interfere with the cooling (and thereby accretion) of super-Earth atmospheres?

Ginzburg and Sari (2017) find the heat dissipation in the atmosphere due to
circularizing tides

_ 631, & GM% (chb

6
Leire = & MymR>,,, 10.4
27 QP R ) e (109

a

with e denoting the orbital eccentricity, Q ~ 10° the tidal dissipation parameter
of the atmosphere, M the stellar mass, a the semi-major axis, and P the orbital
period. During accretion, Rycp, & 0.5Roy = 0.5 min(Ry, Rp) (Ginzburg et al. 2016)
is larger than the radius of Jupiter, leading to strong tidal heating, due to Eq. (10.4).
The tidal power increases as Lejre o< Mym(f), while the cooling luminosity decreases
as L o« Ml (#), according to Eq. (10.1). Therefore, atmosphere accretion will stop
when L = L. and the tidal heat can no longer be evicted from the planet. If the
tidal heating is strong enough (i.e., the planet is close to the star), then this condition
is reached when ¢ < t4i5x and the atmosphere does not reach its full mass potential

M ym 0, similar to Sect. 10.3.1. Quantitatively, from Ginzburg and Sari (2017):

Mum _ § (P/Pei)® P < Pai

, (10.5)
Malm,O 1 P > P
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with P marking the critical period, beyond which tides do not affect atmosphere
accretion, given by

Pcrit 1/2 Pcrit 1/3 Pcrit 5/6
e~ |0 ~ 0.2 , (10.6)
Ldisk Tdyn 10 day

for tgisc = 3 Myr and with the core’s dynamical time given by #4y, = (Gpc)_l/ 2 x
0.5h (p. &~ 5gem™ is the rocky core’s mean density). By combining Egs. (10.2),
(10.5), and (10.6) we obtain (see Ginzburg and Sari 2017, for details) the maximum
gas mass fraction a rocky core may accrete when tides are taken into account, so
that f = min(fy = Maumo0/Me, fnax) With

2% ( M. \° P 19/21
nax A ‘ . 10.7
) e (SM@ ) ( 10 day) ( )

Equation (10.7) demonstrates that large eccentricities e 2 0.2 are necessary
for tides to play a role in shaping super-Earth atmospheres. Due to the gas
damping, such eccentricities are usually considered unlikely during the nebular
phase. However, some studies suggest that planet—disk interactions may, under some
circumstances, excite, rather than damp, the eccentricity (Goldreich and Sari 2003;
Duffell and Chiang 2015; Teyssandier and Ogilvie 2016). Ginzburg and Sari (2017)
find circularization timescales fee ~ 108 yr < Gyr (after the gas disk disperses).
These relatively short timescales allow planets to cool, contract, and reach their
observed radii after the tidal heating has ceased (see Sect. 10.5). In addition, the
short timescales are consistent with the small observed eccentricities in Gyr-old
systems.

Tidal heating has the potential to explain why super-Earths did not reach f ~ 1
and grow into Jupiters via runaway accretion. In addition, the dependence of f,,x on
the orbital period, as demonstrated in Eq. (10.7), might explain the scarcity of low-
density super Earths in close proximity to the star (e.g. Youdin 2011). Nevertheless,
in the following sections we ignore tides and focus on an alternative mechanism that
may sculpt the observed super-Earth population—atmosphere evaporation.

10.4 Evaporation

After the gas disk disperses atmospheres can no longer grow in mass. At this stage,
super-Earth evolution is governed by two processes: evaporation and cooling, which
is now equivalent to contraction, rather than accretion (since the density increases
with a constant Mm,, see Ginzburg et al. 2016, for details).

Atmosphere evaporation can result from various mechanisms, with photoevap-
oration by high-energy stellar radiation commonly considered (Rogers et al. 2011;
Lopez et al. 2012; Owen and Jackson 2012; Lopez and Fortney 2013; Owen and
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Wu 2013; Lundkvist et al. 2016). The basic picture is that ionizing photons release
energetic electrons which in turn heat the gas to high temperatures above the
escape velocity. If the cooling of the gas is slow enough, the high-temperature gas
escapes the planet’s potential well. The widely used energy-limited model for
photoevaporation linearly relates the gravitational energy of the escaping mass to
the incident ionizing flux, so that the evaporation timescale of the atmosphere
is given by feyap X Mam/ (eTé‘q). Teq marks the equilibrium temperature on the
planet’s surface and € accounts for both the evaporation efficiency and the fraction
of the ionizing radiation out of the total bolometric flux. € is considered to be
approximately constant for fyy ~ 100 Myr, while the star is UV active, and then it
decreases with time as € oc 12> (Jackson et al. 2012; Lopez et al. 2012; Owen and
Jackson 2012, and references therein). For ¢ > tyy the ratio of evaporation timescale
to age increases as fevap/t o 1. Therefore, if an atmosphere survived until fyy, it
will keep most of its mass in later times.

In addition to evaporation by external irradiation, mass from the loosely bound
outer layers of the atmosphere can also be lost spontaneously, due to heat from
the contracting inner layers of the atmosphere or from the underlying rocky core,
combined with loss of pressure support from the vanishing gas-disk (Ikoma and
Hori 2012; Owen and Wu 2016; Ginzburg et al. 2016). In fact, since the cooling
luminosity of the planet is the energy source unbinding the outer atmosphere, the
ratio between the cooling and evaporation timescales is simply the ratio between
the atmosphere’s energy (concentrated in its inner layers) and the binding energy of
the outer layers

Tevap _ Tevap _ Eevap — (chb)_(3—2)/)/()’—l) ’ (10.8)

Tdisk Tcool Eatm Rc

where the last equality is derived for atmospheres that have their energy con-
centrated in the inner layers, while mass in the outside (as for the diatomic
y = 7/5. See Ginzburg et al. 2016, for derivation and other cases). Equation (10.8)
shows that evaporation dominates super-Earth evolution (after disk dispersal) as
long as R., > R.. Therefore, super Earths spontaneously shed their outer layers
(dozens of percents in mass) and shrink to a radius comparable to R.. Moreover,
since f.oo1 = tgisk by definition when the disk disperses and it can be shown that #.o01
remains constant during the evaporation, the mass shedding occurs on a timescale
comparable to Zgigk-

10.4.1 Thin Atmosphere

After a time ~t4;sx (a few Myr) atmospheres shrink from their initial size ~Ry to a
radius comparable to the size of the rocky core R, as explained above. To study this
regime, we redefine R,., = R — R, where R is the radius of the RCB (essentially,
the planet’s radius). This definition coincides with the previous one for the thick
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atmosphere regime (R, > R.). As in the thick regime, the thin regime is also
characterized by a competition between cooling (i.e. contraction) and evaporation.
While photoevaporation does not change conceptually in this phase, spontaneous
evaporation may differ dramatically in the thin regime.

During the thick phase, the temperature at the base of the atmosphere, and
therefore the temperature on the surface of the adjacent core remains constant
ksT(R:) ~ GM_.uu/R.. Therefore, assuming the core is convective (a plausible
assumption for high temperatures for which the core is molten), it does not cool and
its temperature profile remains constant. In the thin regime, however, an adiabatic
atmosphere dictates the following temperature at its base:

GMCM chb -~ GMc,u« chb

ks T(R.) = kgT, ~
TR =keTat —p " g R. R

, (10.9)

where the last approximation assumes that the atmosphere is not ultra-thin
Rib/R. > R./Rp (see Ginzburg et al. 2016). Equation (10.9) shows that once
Risv < R, the temperature on the surface of the rocky core becomes dependent on
the thickness of the atmosphere R;.,. Consequently, as the atmosphere cools (and
contracts), T(R.) Ry, decreases, so the rocky core cools as well. Thus, while for
Risb > R, the rocky core does not play a role in the planet’s cooling, for Ry < R,
we have to take into account its heat capacity. Quantitatively, the available energy
for cooling in the thin regime is

1y—1
E= gchb( Y My + Y # MC) , (10.10)
2y —1 Y Ve—1 e

with ¢ = GM,/R?* denoting the surface gravity and p. and y. marking the
rocky core’s molecular weight and adiabatic index, respectively. The first term
in Eq.(10.10) represents the (gravitational and thermal) energy of the gaseous
atmosphere and the second term accounts for the heat capacity of the rocky core
(which is approximately incompressible).

In summary, during the thin phase we distinguish, following Eq. (10.10), between
heavy atmospheres (f = u/u.), that regulate their own cooling, and light
atmospheres (f < /i), that are dominated by the heat capacity of the underlying
rocky core. Assuming that the atmosphere is composed of hydrogen and helium
and the core has an Earth-like composition, the above distinction is at a mass
fraction of a few percent. The binding energy of the thin atmosphere is Eey,p =
GM My /R, = gMynR.. Therefore, heavy atmospheres cool and contract without
spontaneous evaporation (since Ry, < R. and E < Eg,p). Light atmospheres,
on the other hand, are lost completely because when they enter the thin regime
Ry = Rc and E > E.,,. Consequently, the atmosphere cannot cool and contract,
and therefore R,¢, o E remains constant while My, evaporates (see Ginzburg et al.
2016, for details). One consideration that can save light atmospheres from complete
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loss is the loss timescale which can exceed the age of the system, in which case light
atmospheres can survive to the present day not because there is insufficient energy
to complete the loss but simply because their loss timescales exceed several Gyrs.

10.4.2 The Goldilocks Region

As explained in Sect. 10.1, acquiring and preserving atmospheres of a few percent
from the protoplanetary disk is not trivial. If a rocky core is too massive or too cold
(i.e. far away from the star), it will acquire an atmosphere which is too massive,
according to Eq. (10.2), reaching f ~ 1 and then evolving via runaway accretion
into a gas giant instead of a super-Earth. On the other hand, if the rocky core is too
light or too close to the star, it will obtain a light atmosphere which is susceptible
to evaporation, since feyap € Mym/ (eTéq) for photoevaporation, as explained above
(spontaneous evaporation acts qualitatively similar).

In Fig. 10.2 we present the Goldilocks region in which rocky cores can accrete
H/He envelopes at their current location, becoming low-density super Earths.
Planets above the “Jupiter” line explode into Jupiters, while planets below the
“UV” line lose their atmospheres due to UV photoevaporation. In the shaded area

| | | o ‘ 20
0 7 ® f < 5% /’
A 5% < f< 10%
m f>10% 15
He) =
15 119 = E
—~~ 10 . . z
SRR s :
s o 4 P 105
10 ¢ . 7 :
£ ': f
= ¥ ¢ %
5 ©
5 +, .. [ ] +
Q ............... e

0

0 500 1000 1500 2000 2500
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Fig. 10.2 Observed super-Earth population from Weiss and Marcy (2014). The planets are
grouped according to their gas mass fraction f, estimated by Eq. (10.12), with low-density planets
marked by triangles (5% < f < 10%) or squares (f > 10%). The planet markers are
also colour-coded according to f. The fop solid line (“Jupiter”) is according to Eq. (10.2) with
tsisk = 10 Myr and f = 0.5, while the bottom dashed line (“UV”) represents the condition to
survive photoevaporation fevay X Myum/ (ET:q) > tyy. The other lines (“Core” and “Bondi”) are
relevant for spontaneous evaporation (see Ginzburg et al. 2016, for details). Inside the shaded area,
planets manage to accrete and maintain gas envelopes without exploding into gas giants due to
runaway accretion. Figure after Ginzburg et al. (2016)
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between these lines we expect to find low-density super Earths. As seen in the
figure, the observed low-density super-Earth population is indeed concentrated in
the Goldilocks region, with mainly bare rocky cores outside it.

Migration can extend the Goldilocks region by separating the gas accretion from
the UV evaporation, allowing planets to grow their atmospheres in more favourable
conditions (see Ginzburg et al. 2016, for details).

10.5 Late Evolution

In Sect.10.2 we discussed gas accretion from the protoplanetary disk, which
vanishes after t4ix ~ 3 Myr. In Sect. 10.4 we studied the evolution following
disk dispersal. This consists of spontaneous evaporation for ~#4isx, in which the
atmosphere shrinks to a thickness R, ~ R, followed by photoevaporation for
tyv ~ 100 Myr, which evaporates the atmospheres of light or hot (i.e. close to the
star) rocky cores. However, the planets that we observe are ~Gyrs old. In this section
we focus on the late evolution of low-density super Earths, after photoevaporation
has ceased to play a role.

At an age t > tyy, heavy envelopes (f Z /M., see Sect.10.4.1) cool and
contract with a constant mass M,u,. Quantitatively, the atmosphere’s mean density
is determined by the adiabatic relation p/prp ~ (T(R.)/Ty)"/ "D o erc/b(y_l) , with
the last relation from Eq. (10.9). Since the atmosphere’s mass is given by My, ~
PR2Rep, we find that prp R7U7Y We combine this result with Egs. (10.1)

rcb
and (10.10) and derive the contraction of the atmosphere with time t = E/L
—1/(r=1
chb .
For the diatomic y = 7/5, gas envelopes contract as Ry, 1~2/5 However,

gas envelopes do not compress indefinitely, and at some stage they reach the
T,y temperature floor, or the maximal gas density ceiling ppmax, becoming liquid.
Ginzburg et al. (2016) use the scaling relation above to show that super-Earth atmo-
spheres reach ppax in a few Gyrs. Numerical evolution models (e.g. D’ Angelo and
Bodenheimer 2016) confirm that gas atmospheres stop contracting after ~10 Gyr,
somewhat longer than the approximate estimate in Ginzburg et al. (2016). For
simplicity, we assume here that atmospheres of observed planets are close to Pmax.,
approximately consistent with the analytical and numerical estimates above. We
evaluate this density using the equation of state of Nettelmann et al. (2008) as

0.4
Pmax ~ 0.5 gcm™ (M’;ar) , (10.11)

with p ~ Mymg/(47R?) denoting the typical atmospheric pressure.
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With the above estimate for the atmosphere’s density, we can infer an observed
planet’s atmosphere mass fraction f = My, /M, from its mass M ~ M, and radius
R by

Pmax R 3
f= ; o) 1l (10.12)

with the rocky core’s density and radius given by p, & R, & Mcl./ 4, taking into

account the mild gravitational compression (e.g. Valencia et al. 2006). Our estimate
for the observed f is displayed in Fig. 10.3. This crude estimate is in agreement
(approximately) with more elaborate numerical time-dependent estimates, e.g.,
Lopez et al. (2012).

It is important to mention that heating mechanisms can change our interpretation
of the density, and therefore of f. Because cooling is equivalent to contraction
in these late evolutionary stages, heating mechanisms can slow down or stop the
contraction, in a similar manner to their effect on accretion in earlier stages (see
Sect. 10.3). While tidal heating cannot stop contraction for long (% <K Guyr,
see Sect. 10.3.2), Ohmic heating due to interaction of atmospheric winds with the
planet’s magnetic field might play an important role (see Valencia and Pu 2015).
Heating mechanisms that delay contraction imply that the values of f given in
Fig. 10.3 and in Lopez et al. (2012) might be overestimated, due to an overestimate
of the density at a given age.
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Fig. 10.3 Observed super-Earth population from Weiss and Marcy (2014). The planets are
grouped according to their gas mass fraction f, estimated by Eq. (10.12), with low-density planets
marked by triangles (5% < f < 10%) or squares (f > 10%). The planet markers are also colour-
coded according to f. The two dashed black lines mark the radius of the rocky core R.(M,) and
2R.(M.). Planets with substantial atmospheres are expected to be found roughly between the two
lines. Figure after Ginzburg et al. (2016)
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10.6 Diversity of the Super-Earth Population
and Giant Impacts

In the previous sections we showed that with simple physical arguments we can
define a relatively narrow mass/temperature range in which planets are massive and
cold enough to acquire and retain a significant atmosphere, while not too massive
and cold to undergo runaway gas accretion and turn into Jupiters. Figure 10.2
shows that observed low-density super-Earths indeed reside in the predicted range
of our model. However, the diversity among these super-Earths in terms of the total
amount of gas they accreted is not well explained by our model, since, as we show
in Eq.(10.2), the amount of accreted gas is primarily a function of core mass,
temperature and disk lifetime. In addition, many observed exoplanetary systems that
are in tightly packed orbital configurations also show significant diversity in their
gas-mass fractions and bulk densities (see Fig. 10.4). Both of these observations
are challenging to explain by gas accretion and subsequent sculpting by photo-
evaporation alone. We suggest that the large observed range in exoplanet bulk
densities maybe due to one or two giant impacts that occurred late in their evolution
once the gas disk dissipated. We show below that giant impacts can modify the bulk
composition of a super-Earth by factors of a few and in some cases lead to complete
atmospheric loss (Inamdar and Schlichting 2016; Liu et al. 2015). Such late giant
impacts are likely to be common because super-Earths must have formed in the
presence of the gas disk and their dynamical interaction with the disk is expected
to have resulted in migration and efficient eccentricity damping leading to densely
packed planetary systems. As the gas disk dissipated mutual excitations lead to
eccentricity growth culminating in one or two giant impacts ultimately resulting
in planetary systems with long-term stability (Cossou et al. 2014).

10.6.1 Giant Impacts and Atmospheric Mass Loss

We use one-dimensional hydrodynamic simulations to calculate the envelope mass
loss resulting from a giant impact. As the giant impact occurs it launches a strong
shock that transverses the entire planet and that results in a global ground motion
that in turn launches a shock into the atmosphere (see Fig. 10.5). We only model
the adiabatic part of the atmosphere since the isothermal outer layer contains
negligible mass. The propagation of the shock in the atmosphere is tracked by
solving the hydrodynamic equations with a finite-difference Lagrangian scheme.
If a fluid parcel is accelerated to velocities above its initial escape velocity from
the planet, it is considered lost. The global mass loss is determined by integrating
the local mass loss over the entire surface of the planet accounting for the global
distribution of the different ground velocities (see Inamdar and Schlichting 2016,
for details).



308 S. Ginzburg et al.

20 : T T
15} (a) ®

10f, @) °e .
L)) CDQ .o ®

p [g/cm?]
.
..' » ‘

0.5F

0.2 i ‘ |
. o 1000
F [Fo]

20 I | | i T T
o o ® |

O @
i : @O% .............. |

Rocky, SLC. g - i -

p [g/cm?]
°Q
{
’.
@
@N
T @

05F ° [ ) © ]

0.2 1 1 1 1 1 1 1

Mass [Mg)]

c=10% o0=20% o=50% o=100% o=200%
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Fig. 10.5 The geometry of a giant impact. On the left, an impactor of mass m; and impact velocity
Vimp ™~ s 205 approaches a target of mass M, and escape velocity ve. After the collision, a shock
is generated through the target core. The shock—which propagates so as to conserve the linear
momentum of the impactor—results in ground motion on the target body. This ground motion
launches a shock into the overlying gas envelope, leading to hydrodynamic mass loss. For further
details, see Inamdar and Schlichting (2015)

Figure 10.6 displays the global atmospheric loss as a function of the momentum
of the impact. The results are displayed for atmospheric mass fraction of f = 1%
and f = 5% spanning typical values for the mass fraction of super-Earth envelopes.
By conservation of energy, the speed at which the two bodies collide with one
another, vimp, is given by v, = vZ +v5,, where vesc = V2G(M, + m)/ (R + 1)
is the mutual escape velocity of the two bodies and v the (relative) velocity
dispersion of the two bodies. Here, M, and m; are the mass of the target and
impactor, respectively and R, and r; are their corresponding radii. The largest
protoplanets/planets will gravitationally stir the other bodies around them, exciting
the velocity dispersion to roughly vegc, so that vy, ~ V' 2Vese. Such that for equal
mass impactors, the normalized impactor momentum is ~0.7 implying that roughly
half of the total envelope will be lost. This in turn will modify the bulk density of
super-Earths by a factor of a few as shown in Inamdar and Schlichting (2016).

This atmospheric mass loss calculated in Fig. 10.6 is likely an underestimate of
the total envelope loss because even the part of the envelope that was not immedi-
ately lost in the impact is susceptible to subsequent loss by photo-evaporation and
Parker winds (Liu et al. 2015) because of its large inflated radius after the collision.
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Fig. 10.6 Mass loss curve for late stage giant impacts. On the vertical axis, we show the envelope
mass loss fraction due to a giant impact. On the horizontal axis, we show impactor linear
momentum normalized to M ve. After the dissipation of the gas disk, the radial extent and
structure of the envelope depends on the planet’s cooling history. Here we assume 4Mgqy core
and envelope mass fractions of f = 1% (red line) and f = 5% (blue line). The total planet radii
correspond to results from thermal evolution models after 50 Myr of cooling at 0.1 AU. A typical
late stage merger between equal mass impactors (such that the normalized impactor momentum
on the horizontal axis is v/2 /2 = 0.7) results in roughly half of the envelope mass being stripped
away. Figure after Inamdar and Schlichting (2016)

10.7 Summary

In this chapter we studied the formation and evolution of voluminous gas atmo-
spheres of short-period super Earths. Such gas envelopes, which constitute a few
percent of the planet’s mass, are a possible explanation to the low densities of many
observed planets.

We showed that with simple physical arguments we can define a relatively narrow
mass/temperature range in which planets are massive and cold enough to acquire
and retain a significant atmosphere, while not too massive and cold to undergo
runaway gas accretion and turn into Jupiters. Figure 10.2 shows that observed low-
density super-Earths indeed reside in the predicted range of our model. However,
the diversity among these super-Earths in terms of the total amount of gas they
accreted is not well explained by gas accretion and subsequent sculpting by photo-
evaporation alone.
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We show that giant impacts can modify the bulk composition of a super-Earth by
factors of a few and in some cases lead to complete atmospheric loss (Inamdar and
Schlichting 2016; Liu et al. 2015) and suggest that giant impacts maybe responsible
for the large observed range in exoplanet bulk densities, especially in tightly packed
multiple planet systems.

In summary, explaining the low densities of close-in super Earths by gas
accretion from the surrounding nebula has been the focus of intensive study for the
last few years. While the different studies converge to a consistent understanding of
the accretion itself, the importance of other mechanisms, such as heating (during
or after gas accretion), migration (see D’Angelo and Bodenheimer 2016), and
collisions are subject of active research.
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