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ABSTRACT

Observations of exoplanetary spectra are leading to unprecedented constraints on their atmo-
spheric elemental abundances, particularly O/H, C/H, and C/O ratios. Recent studies suggest
that elemental ratios could provide important constraints on formation and migration mech-
anisms of giant exoplanets. A fundamental assumption in such studies is that the chemical
composition of the planetary envelope represents the sum-total of compositions of the ac-
creted gas and solids during the formation history of the planet. We investigate the efficiency
with which accreted planetesimals ablate in a giant planetary envelope thereby contributing
to its composition rather than sinking to the core. From considerations of aerodynamic drag
causing ‘frictional ablation’ and the envelope temperature structure causing ‘thermal abla-
tion’, we compute mass ablations for impacting planetesimals of radii 30 m to 1 km for dif-
ferent compositions (ice to iron) and a wide range of velocities and impact angles, assuming
spherical symmetry. Icy impactors are fully ablated in the outer envelope for a wide range
of parameters. Even for Fe impactors substantial ablation occurs in the envelope for a wide
range of sizes and velocities. For example, iron impactors of sizes below ~0.5 km and veloc-
ities above ~30 kmy/s are found to ablate by ~ 60-80% within the outer envelope at pressures
below 10° bar due to frictional ablation alone. For deeper pressures (~107 bar), substantial
ablation happens over a wider range of parameters. Therefore, our exploratory study suggests
that atmospheric abundances of volatile elements in giant planets reflect their accretion history
during formation.

Key words: planets and satellites: gaseous planets—Planetary Systems—planets and satellites:

atmospheres—planets and satellites: composition—minor planets, asteroids, general

1 INTRODUCTION

Chemical characterization of exoplanetary atmospheres is the new
frontier of exoplanetary science. Numerous observational efforts in
recent years have led to conclusive detections of atomic and molec-
ular species, and the estimation of their abundances, in a wide range
of exoplanetary atmospheres (see e.g. reviews by Madhusudhan
et al. 2014a, 2016). The abundances of prominent O and C bearing
molecules, such as H,O, CO, and/or CH, have, in turn, been used
to estimate elemental abundance ratios such as O/H, C/H, and C/O
ratios where possible (e.g., Madhusudhan et al. 2011, 2014b; Line
et al. 2012, 2014; Benneke 2015; Kreidberg et al. 2015; Todorov
et al. 2015). The derived elemental abundances reveal a diversity
of chemical compositions ranging from sub-solar to super-solar
metallicities and C/O ratios. However, estimating elemental abun-
dances of exoplanetary atmospheres is a challenging and evolving
area and substantial work is underway to derive accurate and pre-
cise abundances taking into account the various uncertainties owing
to limited spectral coverage of existing instruments and the possi-
bility of diverse clouds/hazes in the atmospheres (Sing et al. 2016).
Nevertheless, with increasing atmospheric observations using large
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facilities (e.g. HST, VLT, etc.) and increasing numbers of exoplan-
ets found around bright stars, abundances estimates of exoplane-
tary atmospheres will continue to improve greatly. The prospects
are even higher with upcoming large facilities such as JWST and
E-ELT. Armed with these facilities, the diverse range of giant ex-
oplanets with temperatures of ~400-3000 K provide unique labo-
ratories to study their chemical compositions and diversity (Mad-
husudhan 2012).

Latest studies are now exploring the exciting possibility of
using elemental abundances of giant exoplanetary atmospheres to
constrain the conditions and processes of planetary formation and
migration. Such an approach has a precedent in the solar system.
In Jupiter’s atmosphere, the abundances of C, N, S, Ar, Kr, and
Xe relative to H have been measured to be ~2-4 times the solar
values (Owen et al. 1999; Atreya & Wong 2005) which suggest
substantial accretion of solids during its formation. These abun-
dances have been used as evidence for Jupiter’s metal-rich interior
and its formation by core accretion. Core accretion models predict
a super-solar abundance (3-7 times) of O in Jupiter’s atmosphere
(Mousis et al. 2012). Motivated by early abundance ratio estimates
for hot Jupiters (Madhusudhan 2012), initial studies based on for-
mation models of Jupiter suggested that giant planets that formed
via core-accretion in the ~5-20 AU region of a solar-composition
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disk possessed super-solar metallicities and nearly solar C/O ratios
of ~0.5 (Mousis et al. 2009; Madhusudhan et al. 2011). However,
Oberg et al. (2011) suggested that at large orbital separations the
gas in the disk, and hence the forming giant planets, can have high
C/O ratios (~1) as the oxygen-rich volatiles all condense out. How-
ever, the compositions of gas and solids accreted depend on the
composition and thermodynamic properties of the disk at the given
location which are time-dependent (Helling et al. 2014; Marboeuf
et al. 2014). In addition, giant planets can also migrate through
the disk (Nelson et al. 2000; Papaloizou et al. 2007), thereby ac-
creting matter from different regions of the disk which then con-
tribute to the final planetary composition. Atmospheric metallici-
ties of hot Jupiters could also potentially constrain their migration
mechanisms as migration through the disk is more likely to cause
metal enrichment due to solid accretion compared to disk-free mi-
gration mechanisms (Madhusudhan et al. 2014c).

The fundamental assumption in trying to constrain planetary
formation from observed atmospheric abundances is that the ob-
served elemental abundances represent the sum-total of elemental
abundances in the gas and solids accreted during the formation his-
tory of the planet. This assumption is critically important as the
metallicity of an atmosphere (e.g. O/H or C/H ratios) is directly re-
lated to the amount of accreted solids dissolved in the atmosphere.
For example, super-solar metallicities are strong signatures of sub-
stantial planetesimal accretion. On the other hand, when sub-solar
metallicities are observed it is unclear if they are due to lack of sub-
stantial planetesimal accretion or if the accreted planetesimals have
not ablated significantly in the atmosphere. Therefore, a primary
question to be answered currently is “to what extent" do accreted
planetesimals ablate in the envelope as opposed to sinking to the
core partially or fully with limited contribution to the envelope. The
present work is focused on addressing this question.

It can be assumed that the observed atmospheric composition
of a giant planet is representative of the composition of the en-
velope. Convection is believed to be confined to localised (short-
scale) zones when the envelope mass is much less than the core
mass during protoplanetary evolution, but subsequently gas-giant
planets are expected to have envelopes unstable against full con-
vection (Pollack et al. 1986). It is expected that chemistry circula-
tion takes place on timescales much shorter than formation times
so that atmospheric compositions of exoplanetary Jovian analogue
systems should reflect the time-averaged input of chemical con-
stituents into the envelope during the late evolutionary and equili-
brated phases.

A plethora of studies exist in the literature on dust, cometary,
asteroidal, and planetesimal interactions with protoplanetary, plan-
etary, and compact object atmospheres. The case of cometary frag-
ments impacting Jupiter, e.g. the 1994 Shoemaker-Levy 9 (SL9)
event (Pond et al. 2012; Korycansky et al. 2006; Crawford et al.
1995; Mac Low & Zahnle 1994), allows for studies of impactors
in the context of our solar system. The SL9 event concerned the
demise of a gravitationally-focused long-period comet which frag-
mented onto Jupiter’s atmosphere during a time span of six days
in July, 1994, in which approximately 21 cometary fragments im-
pacted Jupiter. The cometary fragments reached impact velocities
of about 60kms™" at an angle of 43 degrees from the Jovian ro-
tation axis (Harrington et al. 2004). In today’s solar system simi-
lar events are observed more commonly than traditionally expected
(cf. Hueso et al. 2013; Pond et al. 2012) and are believed to have
occurred habitually in our natal solar nebula. The discovery of atyp-
ical molecules in the Jovian atmosphere implied chemical enrich-
ment of its atmosphere from the event. SL9 event model simula-

tions (Pond et al. 2012; Korycansky et al. 2006; Crawford et al.
1995; Mac Low & Zahnle 1994) used a sophisticated 3D hydro-
dynamical code, ZEUS-MP2, in effort to better understand im-
pactor characteristics through consideration of plume ejecta and
shock physics. Although such events are now understood to be
slightly more common than hitherto thought, present-day accretion
of solids is unlikely to significantly alter the heavy-element content
of a 4.5 Gyr Jupiter. Though our work uses the structure of a cold,
present Jupiter, we ultimately aim to provide a benchmark study
given the many works conducted on SL9.

Others have studied occurrences on Earth such as the
Chelyabinsk (Korycansky 2015; Korycansky & Palotai 2014) and
the the June 30, 1908 Tunguska event (Chyba et al. 1993) in an
effort to infer properties of the ablated impactors commensurate
with available data. The latter modeled impactors with aerody-
namic drag and gravity whilst also accounting for ablation, vary-
ing impactor angles and compositions. They principally found that
iron impactors penetrate the surface whilst carbonaceous and other
materials of low density ablate in the atmosphere. Furthest from
home, the pollution of white dwarf photospheres from the accretion
of many small asteroids has been studied, using photospheres as
tools to measure the bulk elemental composition of extrasolar mi-
nor planets (Jura 2008). Mordasini et al. (2015) studied global plan-
etary population synthesis models which consider the infall of plan-
etesimals into protoplanetary envelopes in a paradigm of migrat-
ing protoplanets. They describe in brief how initial conditions (i.e.,
initial planetesimal radius and planetary envelope mass) determine
whether the impactor reaches the core without total ablation. The
works of Pollack et al. (1986) and Podolak et al. (1988) have also
explored chemical enrichment of core-accretion envelopes in the
stages before the core reaches its critical mass value for ‘runaway’
gas accretion. Considering the formation mechanism of gravita-
tional instability, Helled & Schubert (2009) model heavy-element
enrichment of a Jovian protoplanet for different orbital distances
from the host star.

Our work focuses upon planetesimal (‘bolide’) accretion into
Jovian-like envelopes.! We investigate how planetesimals ablate
and thus chemically enrich Jovian-like exoplanetary envelopes by
following the evolution of impactors with different compositions
and initial conditions (ICs). Our work inquires more deeply into
a broader range of ICs than the above works and offers a study
of the ‘worst-case’ (i.e., deepest penetration) scenario of pure iron
bolides with initial comparison to other compositions. It can gen-
erally serve as a simple window into evolution of impactors of ar-
bitrary composition impacting Jovian-like exoplanets. The compo-
sitions, sizes, and material strengths of accreted planetesimals will
have different effects on the composition of planetary envelopes. In-
deed, atmospheric enrichment values may even have the possibility
of discriminating between core-accretion and gravitational insta-
bility formation scenarios, with a higher stellar-normalized enrich-
ment favoring the former (Mordasini et al. 2015).

In this paper, we present a model for planetesimal accretion
onto Jovian circumcore layers to determine the degree to which
gas-dynamical pressure induces evaporation and environmental
heating causes ablation. These depositions will subsequently expe-
rience mixing through convective diffusion, transporting material
to higher altitudes close to Jovian cloud layers. This paper is or-
ganized as follows. The planetary structure of a Jovian analogue

I We use the terms ‘planetesimal’, ‘bolide’, and ‘impactor’ interchange-

ably throughout our work.
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is discussed in Section 2. This planetary model is then used as
a background for the evolution of planetesimal impactors in Sec-
tion 3. The bimodality of ablation is explored in Section 3.2, in
which we consider a simple model for thermal ablation with the
pre-calculated frictional ablation of Section 3.1.2 We follow this
with a sample of results, primarily of iron bolides, in Section 4 and
discuss model limitations and comparisons in Section 5. We then
summarize and conclude our work with a review of the essential
outcomes of our study in Section 6, with a view towards the future.

2 PLANETARY STRUCTURE

Any interpretation of impacting planetesimals’ dynamics presup-
poses a knowledge of the planetary structure and composition. We
herewith detail our fiducial model for the planetary structure of a
Jovian-like planet.

2.1 Internal Structure Model

The interior structure of gas giant planets is thought to be demar-
cated into three or four basic layers. Our work utilizes the three-
layer Jovian model of Becker et al. (2014) to obtain an adiabatic
profile (in which approximately no heat is transferred upon rapid
expansion and compression) that is consistent with current observ-
able constraints, using the top two layers as backgrounds for plan-
etesimal evolution in Section 3. Two adiabatic fluid layers, the outer
and inner envelopes, surround a rocky core and the envelopes are
assumed to be homogeneously mixed with differential composi-
tions of hydrogen and helium. We do not include metallic contri-
butions to the structure model because of the trace quantities of
heavier elements and molecules in Jupiter. This is of course a lim-
itation to reality, but captures the highly dominant compositions.
Furthermore, we are not concerned with compositional modelling
of the core and treat its surface as a boundary condition at which
our structure equations and potential planetesimal evolution cease.
The locations of layer boundaries and the composition in the layers
are fitted with values that match observational constraints within
the errors (see next paragraph).

Our fiducial EOS for the planetary structure from Becker et al.
(2014) is created through a patchwork of EOS data and simulations
for hydrogen and helium (HREOS.3 and HeREOS.3) that spans
large domains in density, pressure, and temperature spaces appli-
cable to gas giant planets and brown dwarfs.> This was achieved
principally through performance of extended ab initio simulations
using density functional theory molecular dynamics (DFT-MD) in
the high density and pressure regimes, where experiments are few
and limited and quantum correlations need to be considered to ac-
count for pressure dissociation and ionizations that occur and per-
sist. These DFT-MD computations for sampled p — T values are

2 Qur use of ablation terminology differs from that of Mordasini et al.
(2015). Their ‘thermal ablation’ is our frictional ablation. Moreover, their
use of ‘mechanical ablation’ refers to their model of mechanical Raleigh-
Taylor instabilities that fragment planetesimals into large numbers of oft-
spring that are eventually ‘thermally ablated” (our frictional ablation). They
therefore don’t consider the thermal ablation which we model. The reason
for this difference in terminology will become clearer in Section 3.

3 The hydrogen and helium Rostock EOS data are publicly available
athttp://vizier.cfa.harvard.edu/viz-bin/VizieR?-source=]/
ApJS/215/21.
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connected to other portions of the parameter space through a sum-
mation of other theoretical chemical models, the result of which
generally ensures a consistency in thermodynamics to better than 1
percent (Becker et al. 2014). The Jovian adiabat interior structure
of Becker et al. (2014) is attractive because it reproduces a num-
ber of observational constraints. The one-bar temperature, Jovian
mass, Jovian radius, atmospheric mass abundance of helium, angu-
lar velocity, and the three non-vanishing, smallest-order moments
of gravity used in the ‘theory of figures’ (J», J4, and Je) are all re-
produced within the observational errors. Though the structure we
use satisfies the gravitational moment and angular velocity criteria,
our model still assumes no rotation in practice because we model
the structure as spherically symmetric.

2.2 Planetary Construction

To obtain the three fiducial layers we solve three coupled, ordinary
differential equations for the structure of a spherically-equilibriated
planet using a fourth-order Runge-Kutta schema:

dm _471'r4 )
dp =~ Gm’
dr 1
—=-=, 2
dp  gp

a
or 1 (5), )
g  p (o)
o p (M)p

The combined density is computed via a weighted linear mixture
as

1 X Y
- = — + s
P PH  PHe

where X and Y are the fractional mass abundances respectively de-
fined as X = my/(my + mye) and Y = my./(my + my.). Numer-
ical integration requires a unique set of boundary conditions and
compositions for hydrogen and helium. We thus set the adiabatic
boundary condition to a temperature of 7 = 170 K at a pressure of
1 bar. The mass abundances of hydrogen and helium in the outer
and inner fiducial envelopes are taken as X; = 0.762, Y; = 0.238,
X, = 0.709, and Y, = 0.291 (Nettelmann et al. 2012), where Y;
agrees with Jupiter’s atmospheric helium observational constraint
and we choose the layer transition at p;_; = 4 Mbar of the Nettel-
mann et al. (2012) J11-4a model. Additionally, the averaged radius
at the upper boundary of the outer envelope is R; = 69911 km and
we curtail integration at the core-inner envelope boundary at a pres-
sure of p = 41.687 Mbar.

Figure 1 shows the internal structure relations between pres-
sure, altitude, temperature, and density. The linearly-mixed H-He
Jovian adiabat extends in temperature from 170 K at the upper
boundary to approximately 20kK at the core-inner envelope de-
marcation of p = 41.687 Mbar and ryom, = 0.275, and with den-
sity flowing over nearly four orders of magnitude from 10~! kg m™>
to ~ 4 x 103 kgm™. The ideal gas limit extends from the upper 1
bar boundary of the outer envelope to ~ 102 kg m~3, beyond which
non-ideal effects such as pressure dissociation and ionization be-
gin to gain influence. The insulator-metallic transition above which
most of hydrogen is in molecular form and below which metallic
liquid hydrogen becomes physically favorable occurs at 4 Mbar and
is shown graphically by the horizontal gray dashed curves for the
p—T and p — T distributions.

“
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Figure 1. Jovian adiabat structure. Left panel: p— T and r — T profiles shown in black and blue, respectively, based on the linearly-mixed hydrogen and helium
Rostock.3 EOSs of Becker et al. (2014). The gray dashed isobar shows the insulator-metallic transition at p = 4 Mbar. The pressure ranges from 1 bar to the
core-inner envelope boundary at 41.687 Mbar. Right panel: p — p and r — p profiles shown in black and blue, respectively, based on the same EOSs and with

the same insulator-metallic isobar as in the left panel.

3 IMPACTOR EVOLUTION AND DYNAMICS

We model the dynamics and ablation of planetesimals falling into
the structured planet of Section 2. Field & Ferrara (1995) describe
several processes able to ablate material from hypersonic compact
planetesimal kernels. First, the effect of pressures from material-
flows below the planetesimal removes material from the surface
when in excess of bolide yield strength; second, ambient thermal
heat penetrates the bolide, melting surface material; third, there
may arise hydrodynamic instabilities such as Kelvin-Helmholtz
and Rayleigh-Taylor (RT) instabilities (e.g., as was believed for
SL9); fourth, radiative diffusion due to thermal radiation promotes
melting and subsequent atomisation. This list of four processes is
by no means exhaustive and a plethora of more detailed considera-
tions in ablating objects may be found in the classic work of Opik
(1958). The third consideration would induce fragmentation due
to aerodynamic stresses, causing for example RT fingers to form
along vulnerable sites.

Mordasini et al. (2015) show by their Figure 9 that fragmen-
tation is minimal for planetesimal radii considered in this work of

leading to fragmentation and lateral spread due to differential ram
pressures round a bolide is available in Svetsov et al. (1995).

In the present work we consider only the first two mechanisms
from which we develop a paradigm of mechanical and thermal
ablation of impactors interacting with Jovian-analogue envelopes.
The third and fourth phenomena would act to place the complete
ablation of the impactor proportionally higher in the structured en-
velopes than when including only the first two mechanisms; our
model consequently places lower-limits on the wholesale ablation
altitudes which more sophisticated models should only lie above.

3.1 Frictional Ablation
3.1.1 Gravity and Drag

Infalling planetesimals are accelerated by the gravity of the planet
and slowed by aerodynamic drag. The gravitational force between
planet and planetesimal and the drag force driving the planetesimal
towards terminal velocity are given in the two-body planeto-centric
reference frame, by:

R, < 1km. Planetesimals with initial radii of R, 2 1km are
considerably more sensitive to mechanical instabilities leading to M, (7 - ) = _GmMp’ " l Copli2s (5)
r2 2 e

fragmentation. However, planetesimals with radii of R,; 2 100 km
do not experience dissociation by mechanical fracture because of
their characteristically high self-gravities. We herewith restrict our
impacting planetesimal radii from 30 m to 1 km throughout our
work. A discussion of analytical models of mechanical instability

where M, is the planetesimal mass; Cp is the drag coefficient; p
is the ambient density encountered by the planetesimal; S is the
cross-sectional area of the planetesimal; and |f|, the radial projec-
tion of planetesimal velocity. The linear dimensions of the plan-

MNRAS 000, 1-15 (2016)
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etesimals are larger than the typical mean free path of the enve-
lope particles (i.e., the Knudson number is < 1) and the particles
thus form a hydrodynamic cushion or condensation cap anterior to
the bolides for which thermal velocities may be neglected in light
of the relatively high impactor speeds. This is in contrast to sce-
narios with Knudsen values above unity, for which one must con-
sider the more difficult physics of two-body impacts. The total drag
force on the impactor in Equation (5) is hence due to Stokes drag,
Fs = —3Cpp(i* + r*0*)S where the ram pressure exerted on the
grain is p|i|>. The drag coefficient C), is nominally a function of the
velocity of the bolide relative to the ambient medium, the size of the
impactor relative to the mean-free-path of envelope molecules, and
the fluid viscosity. Indeed, from the Buckingham Pi theorem, one
may show that the drag coefficient is generally a pure function of
the Reynolds number. For current computational feasibility, how-
ever, we can reasonably assume its constancy at unity, consistent
with typical estimates; Mac Low & Zahnle (1994) assume unity,
Field & Ferrara (1995) assume 1.2, and Chyba et al. (1990) value
itat 0.92.

Planetesimal influx generally spans all possible initial trajec-
tories relative to local zeniths. We must therefore include an IC of
entry angle into our model for a range of non-zero angular mo-
mentum bolides. Figure 2 shows our impactor-planet system ge-
ometry. The local zenith chosen in Figure 2 has been taken as
the NJP as a specific case, but our results are general to any lo-
cal zenith. Drag forces always act anti-parallel to the instantaneous
impactor trajectory or total velocity vector and the angle 6 is sub-
tended from the local zenith-centre line to the impactor location at
time ¢. The angle ¢ is the angle between the radial velocity vec-
tor and total velocity vector at time ¢ determined instantaneously
through ¢ = |arctan(r6/7)|. Regardless of initial impactor angle, we
assume all impactors begin from a local zenith in the -6 plane with
projected velocities v,; = [i;|cos¢; and vy; = |I]sin¢;,. We also
take as axiomatic that differential gradients in the drag forces at
the planetesimal’s sides do not induce a significant torque upon the
bolide; induced bolide spins are therefore not modeled. One may
question whether this assumption does not lead to major deviations
from reality by neglecting what may be an interesting investigation
into Magnus force effects because variations in the impactor entry
angle have a non-negligible effect on mass ablation loss (see Sec-
tion 4.2.3). However, we can carry out a simple calculation to gauge
its importance. The lift force coefficient resulting from a spinning
planetesimal moving through a medium of density p may be writ-
ten as Cp, = (Fag - H1)/(1/28 pl?) where the unit normal is equal to
i = wAT/|wATF|. Forbes (2015) shows that when the Reynolds num-
ber of our two-body system is sufficiently large (=> 10°) observa-
tional data suggest that C;, nearly approaches the Rubinow & Keller
(1961) limit. Rubinow & Keller (1961) show that the Magnus force
lift coefficient for a spinning sphere is C; = 2(R,w/[F])|® A f|. For
the most extreme and favorable scenario of spin rotation axis per-
pendicular to the vector of velocity, i.e. |@AF| = 1, and bolide prop-
erties that experience highest lift forces (i.e., bolides of R,,; = 30 m,
w = 2 x 1072 rads™! (Warner et al. 2009), and |f| = 10kms™!),
Fimag is about 107*.% 5. Larger planetesimals will generally experi-
ence smaller lift forces than this. We thus find that our assumption
of neglecting both inherent and induced rotation and their asso-
ciated Magnus forces is substantiated given this small effect and
greatly simplifies our work. The cross-section for the aerodynamic
force of a spherical bolide is always perpendicular to the vector of
loading and is S(¢) = nRil(t). The fiducial geometry allows us to
generate our first two equations of motion for the radial and angular

MNRAS 000, 1-15 (2016)

NJP

Envelopes

SJP

Figure 2. An analogue Jovian planet showing the core and envelopes. The
geometry of our fiducial angles is displayed with its assumed local zenith-
nadir axis relativity, with the particular zenith and nadir here being the NJP
and SJP.

components, providing our first two important evolution equations:

Gm . Cpp(i? + rP*)cospS

P 92 _ 6

d 4 }’2 2Mpl ’ ( )

b= _2_;’*6? _ Cpp(i? + r*6?)singS . o
r 2rM

Our inquiry into the evolution of the planetesimal is concerned
principally with the extent of vaporisation and dissociation in the
envelopes. Following Opik (1958), the kinetic energy of envelope
swept by a planetesimal in unit time is S p|i|>/2. Of this value, a
fraction Cy is utilized in ablating and atomizing the planetesimal
and therefore the total rate of mass ablation, and our third evolution
equation is,

My _ _Cupli's ®)
dt 201
for which Cy is the heat transfer coefficient quantising lended ki-
netic energy from the anterior particles and Q, is the specific en-
ergy value (i.e., per unit mass) necessary in severing the chemi-
cal bonds of a kilogram of planetesimal substance and is the net
characteristic heat of ablation. The latter is the summation of the
proper latent heats of vaporisation and fusion and the intermediate
energy in heating the bolides. The bulk kinetic transfer imparted to
bolide particulates causes ablation of surface material and we there-
fore call this kind of ablation ‘frictional ablation’ to distinguish
it from the thermal ablation discussed in Section 3.2. A nominal
approach would take Cy and Q, as functions of impactor mor-
phology, composition, mass, and velocity. Observations have indi-
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cated that the heat transfer coefficient remains roughly invariant,
and changes only when radiative ablation from thermal radiation
by the shocked gas anterior to the impactor becomes dominant over
mechanical ablation (Bronshten 1983). Our model does not include
the explicit postshock effects that may yield increased thermal ra-
diation; though a limitation, it allows us to confidently allow for
invariance in Cy which we value at 0.01 (Chyba et al. 1990).

3.1.2  Evolution of Planetesimal Radius from Ablation

The impactor mass M, varies with altitude as dM,,/dr and, thus,
S likewise evolves as the planetesimal ablates and shrinks. Lateral
spread of the impactor, which tends to increase dR;/dt, is believed
to be important for small objects considered in this work, but for
simplicity we neglect this inclusion in the present work and fo-
cus only on spherical impacting bodies (see Section 5 for a more
thorough discussion). We henceforth assume homogeneous mate-
rial ablation from the surface of the bolide and calculate the radial
gradient by differentiating the bolide mass M, = %an)lp with re-
spect to time to get,

dRy Ry dMy

dt ~ 3M, dt ©)
dR, R, , S

— = Crplif 10
dt 6M,, Hp|F] O (10)

3.1.3 Coupled Solution of Evolution Equations

The four coupled evolution equations ((6), (7), (8), (10)) must now
be solved numerically. We model planetesimals’ interactions with
the envelopes using a fourth-order Runge-Kutta finite-difference
numerical scheme that integrates the planetesimals’ accelerations
and frictional ablation. Runge-Kutta requires we generate first or-
der ordinary differential equations. We thus seek a redefinition
of physical parameters. Our redefinition of parameters y; withi €
[1,6lNNare:y; = F,y2 = r,y3 = My, ys = Ry, ys = 6, y = 0.
These allow a means to a solution of the four evolution equations
alongside two tautological equivalences (for a total of six coupled
equations):

Gm Cpp(y? + (y2y5)*) cos ¢ S 5

o 1
Vi 7 2, + y2)s (11
2=y (12)
. 1 2 232 S
¥3 = == Cup(yy + (12y5)) (13)
2 Qv
S
94 = =2 Cp( + (ays)) (14)
6y3 Oabi
, Cpp(} + (2ys)?) singS 2,5
| > - (15)
Y3Y2 Y2
Y6 = Vs (16)

Equations (13-14) are forced to zero when the average interior aero-
dynamic force per planetesimal cross-section area is less than the
yield strength of the impactor, ps/2 = .Z5/(2S) < yield strength,
for there is then approximately sufficient structural integrity to ar-
rest the dissociation of the impactor. Again, the magnitudes of the
drag force in the radial and azimuthal vectors are determined by
the angle carved between —f and v with ¢ = |arctan(r§/i)|. Con-
sistent with average estimates, our work assumes throughout that
Cy = 0.01 and Cp = 1 from aerodynamic theory of hypervelocity
impactors in the terrestrial atmosphere (Melosh 1989).

3.2 Thermal Ablation

We have thus far integrated the physics of frictional ablation in our
impactor-planetary model. We now look to a simple model of am-
bient thermal ablation of an impactor. As an impactor decelerates
in the high-density regions, thermal ablation begins operating due
to combined effects of the increasing envelope temperatures and
thermal conductivities. The melting and subsequent vaporisation
is due to pure heating of the bolide from the temperature dispar-
ity between planetesimal and ambient envelope. The description of
heat transfer within an impactor is modelled using the spherically-
symmetric heat diffusion equation,

T a9 (,0T
= P 1
o rror {r 6r}’ {an

wherein @ = «/(op;) is the thermal diffusivity of the material; «
is the thermal conductivity; o is the specific heat capacity for the
impactor’s composition; and p; is the impactor density. To solve
this equation, we proceed with a method similar to that discussed
by Recktenwald (2011) which outlines the finite-difference method
for obtaining numerical solutions to Equation (17).* Adopting the
forward time, centered-space or FTCS approximation to a finite-
difference solution allows us to write the heat diffusion equation as

n  _ gn n o _ n n
Tin+l ~ T + a_6t Iy -1, " Th, - 2T + T,

18
or T or (%)

where subscripts and superscripts mark spatial steps and time steps,
respectively.

Thermal ablation depends not only on conductive heat trans-
fer within the bolide Q (Equation (17)) but also on the efficiency of
heat transfer from the surroundings to the bolide surface. We model
this by a relation analogous to Newton’s law of heating, match-
ing the heat gain through the bolide boundary with the conductive
heat flux into the bolide interior. Thus we impose a Robin bound-
ary condition (a weighted sum of Neumann and Dirichlet boundary
conditions):

Ka—T =N(Ts -T1), 19)
or
where « is the thermal conductivity of the impactor and T is the
ambient temperature of surrounding fluid. The proportionality con-
stant N is a property of both the surrounding fluid and the planetesi-
mal and can be described as X = kgA,/V,, = 3kg/r;,, where r, is the
total radius of the bolide at an instantaneous time. This is imple-
mented by requiring that the temperature at the bolide outer edge
(i.e. at radial grid point n,,) is given by:
_NTs + Ty-1)
flouc ™ 1+ N

where N’ = Nér/k and dr is the radial grid spacing at the bolide
outer edge. French et al. (2012) compute thermal conductivities
ks for a H-He mixture for a Jovian-analogue. As is discussed in
their work, calculations of transport properties in general and ther-
mal conductivities in particular involve DFT-MD with applications
of linear response theory (Kubo 1957) and is more complex than
mere DFT-MD EOS calculations. The most general thermal con-
ductivity is a combination of electronic and ionic parts, «, and «;,
and shows marked differences in contribution in Jovian envelopes.
Where electrons are bound and thermal energy is transported by ki-
netic energy loss through intermolecular collisions, «, is expected

(20)

4 See http://www.nada.kth.se/~jjalap/numme/FDheat.pdf.
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to be sub-dominant. The conductive transport of heat dominates
quite deep in Jovian structures where metalised hydrogen becomes
abundant. We use the French et al. (2012) combined contributions
to the thermal conductivity for the Jupiter-averaged helium fraction
of Y ~ 0.275.

For a unique solution, our Dirichlet boundary conditions are
T(r=0,) =0, T(r = Ry, t = 0) = 170K, with T(r = Ry, 1)
given by the Robin condition of Equation (20). Where and when the
temperature of an evolved region exceeds the melting temperature,
we enforce a reduction in the mass and radius such that the mate-
rial ablates accordingly. There are three timescales with which care
must be applied in consideration of our problem. The first, dt, is
the timescale for differencing the coupled equations describing the
deceleration and frictional ablation of the bolide (Equations (11-
16)). The second, d¢, is the timescale for differencing the thermal
diffusion equation of the bolide (Equation (18)), whilst the third,
tug = 6r*/a, is the characteristic timescale on which heat diffuses
across a single radial grid cell of the bolide dr. Numerical stability
in the integration of Equation (18) implies the condition 6t = ktyir
where k£ < 0.5; Equations (11-16) may be differenced on a longer
timescale and in general we have the ordering: 6t < 0.5ty < 0.5dt
(i.e. we have multiple timesteps describing the thermal evolution of
the bolide between updates of the bolide position, velocity, etc.).

One may want an adaptive time (i.e., varying dr) schema to
minimize the expensive computation times taken for the bound-
ary temperature to become sufficient for thermal ablation to be-
gin operating. We used a simple straightforward adaptive scheme
for which dt = 0.3 s but is increased to 3 seconds when 175K <
T,,, < 1600K to expedite computational time. We have chosen
these bounds for a couple of reasons. First, they are temperatures
situated intermediately between the effects of frictional ablation
(which initially reduces the temperature of the bolide surface by
atomising material) and turn-on of thermal ablation (which occurs
at 1811 K). Second, they ensure that dt is sufficiently small that
the initial frictional peaks in the upper outer envelope are finely
evaluated with the condition that dt > t45. We have checked our
adaptive scheme with the non-adaptive (i.e., constant df) schema
and these yield precise comparisons for equal input parameters and
diffusion timescales. The condition df > fgq implies that the res-
olution within a planetesimal must vary with the planetesimal size
R, with the number of grid cells defining a resolution size dr de-
termined from the condition n,, = n, (Ry,/Rp;,). For a 30 metre
bolide, we use an n, value of 15,000, such that a 1 km bolide will
have n, = 500,000 grid numbers. Input for the normalizing value
k is also necessary. A natural question is whether choices of n, and
k yield equivalent results. We ran models for a host of bolide radii
from 30 metres to 1 km for widely separated interior resolutions
n, relevant for each and found very good agreement between all
values of k for fixed n, and all n, values for any individual k. We
choose a k of 0.4 for fastest computations for all runs throughout
our work.

4 RESULTS

We explore three main themes in our results. First, we discuss a
representative case which serves to show the bimodal nature of the
ablation process. Second, we probe the variation of impactor angle,
impact velocity, and initial impactor radius for four different com-
positions to explore the rich diversity of scenarios and establish iron
as the most conservative case amongst all our bolide compositions.
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We then narrow our attention to parameter variations for pure iron
bolides.

4.1 Case Study

We show a typical dynamical evolution featuring the bimodal ab-
lation process in Figure 3 for an iron planetesimal of impact radius
R, = 30 m, initial velocity || = 50kms™!, and angle of impact
¢; = 45 degrees. All of our results in the following sections are
run until the impactors have 1 percent of their total mass left, by
which point we consider them to be completely ablated, or un-
til contact with the core-inner envelope boundary at ~ 41 Mbar.
The top main panel in Figure 3 shows that frictional ablation ini-
tiates upon impact at 1 bar with a mass ablation peak at 10 bar of
2x 108 kg s™!, persisting just beyond 100 bar. This ablation process
is generally efficient, as may be seen from the red curve showing
the fractional mass ablation along the path, 1M, /M, ; nearly 80
percent of the mass of the bolide has vaporised upon completion of
frictional ablation. What remains of the impactor then gradually
heats up (through Equation (20)), rising from the boundary tem-
perature left by the last instance of frictional ablation; the rise in
temperature is however slow in the upper outer envelope because
N’ is exceptionally small due to the small thermal conductivities,
Ks , in the envelope. The planetary envelope attains a temperature in
excess of the melting temperature of the bolide at 3176 bar, but the
bolide surface does not warm to this temperature until the bolide
has penetrated to beyond 1 Mbar. Thermal ablation completes the
planetesimal’s wholesale ablation.

The evolution of the bolide surface temperature is shown in
the bottom right panel of Figure 3 and shows that this is close to
the melting temperature at normalised altitudes of < 0.8 (note that
the small finite temperature spread in this region is an artifact of
finite grid resolution since as each layer of the bolide is evaporated,
a finite time is taken for the slightly colder material in the adjacent
cell to be heated to the melting temperature).

The polar dynamical path of the bolide is shown in the bottom
left panel of Figure 3. The planetesimal enters the outer envelope
at 45 degrees to the NJP and the persistent azimuthal aerodynamic
force of Equation (15) acts to divert its early path. More particu-
larly, the deceleration of 6 in Equation (15) becomes increasingly
less negative as @ decreases thereby directing 6 to invariance of a
purely radial trajectory. The angular values in the figure are inflated
by a factor of 50 for visibility whereas the true maximal angle is
about 0.006 radians or 0.34 degrees.

The bottom middle panel shows the variation of the actual ve-
locity (black curve) against the terminal velocity (cyan curve) as
a function of normalised altitude. The terminal velocity monoton-
ically decreases along the bolide’s path due to an increasing plan-
etary atmosphere density. The two velocities converge at a nor-
malised altitude of ~ 0.99 which is also the point at which the
trajectory becomes more or less radial (bottom left panel). The
bolide’s continued descent in the lower middle panel of Figure 3
is at constant radius; the bolide remains at terminal velocity which
decreases mildly along the trajectory due to increasing atmospheric
density. Thermal ablation then completes the bolide’s destruction.

4.2 Initial Condition Variations with Frictional Ablation for
different Planetesimal Compositions

With our fiducial model we may vary a range of parameters such as
impactor composition, entry radius R, initial velocity [F|, and in-
cident angle ¢;. The output is an illustrative compendium showing
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Figure 3. Planetesimal mass ablation and dynamics for an iron bolide with initial radius of 30 metres, impact velocity of 50kms~!, and entry angle of 45
degrees. Top main panel: the scaled rate of mass ablation (bottom axis, shown by blue curve) and corresponding fractional mass ablation (top axis, shown by
red curve) of the impacting planetesimal as a function of normalised altitude showing the characteristic bimodal feature of planetesimal ablation. The top and
bottom blue distributions respectively show the frictional and thermal rates of mass ablation. Horizontal gray dashed curves denote certain isobars. For ease of
visualisation, the rate of thermal ablation has been scaled by a factor 30. Bottom left panel: the dynamical trajectory of the planetesimal in polar coordinates.
The azimuthal drag force always acts towards driving the bolide along a purely radial path. The angular values are inflated by a factor of 50 for visibility,
whilst the true maximal angle is 0.34 degrees. Bottom middle panel: Actual velocity (black curve) and terminal velocity (cyan curve) evolution as a function
of normalized altitude, showing convergence of the two velocities by the time the bolide has traversed 1% of the planet’s radius, which corresponds to the
point where the bolide trajectory becomes radial, § — 0 (bottom left panel). Bottom right panel: the boundary temperature of the planetesimal as a function of
planetary altitude.
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Planetesimal Composition ~ Density (kgm™)  Qu(MJkg™")  Yield Strength (MN m~2)
Tron 7800 8.26 100
Rock 3400 8.08 10
Carbonaceous 2200 5.00 1
Tce 1000 2.80 1

Table 1. Planetesimal material properties: density, specific sublimation heats, and yield strengths for iron, rock, carbonaceous, and ice planetesimals used
throughout this work. The latter two are critical for deposition locations of ablated material. The data are sourced from Chyba et al. (1993), Podolak et al.

(1988), and Petrovic et al. (2003).

planetesimals’ fractional mass ablation within the outer envelope.
The putative bolide components of the SL9 event used in Korycan-
sky et al. (2006) were of 1 km in diameter, impact velocities of 61
kms™', and ¢; = 43.09 degrees, where the last two are computed
from the arithmetic means of the 21 cometary fragments. Our fol-
lowing sweeps use a pseudo-representative case of 1 km in radius,
impact velocity of 30 kms™!, and ¢; = 45 degrees. The chosen ra-
dius value is in keeping with the idea of ‘worst-case’, where for
the velocity we use half the SL9 mean to also be representative
of the lowest value of our fiducial set of 10 kms™!. The chosen
impact angle is representative of the averaged SL9 components.
Whatever two parameters in the following investigations are not
swept over are fixed at the two corresponding values from above.
Material properties used for the model runs over ICs are shown in
Table 1.

4.2.1 Planetesimal Initial Velocity

Velocity variations are important for a planetesimal’s evolutionary
fate due to the cubic power of initial velocity in the mass ablation in
Equation (8). Considered velocities are viya € [10,50]kms™" in
light of the impactor values from the SL9 (Harrington et al. 2004)
and Tunguska (Chyba et al. 1993) events.> We recognise that im-
pactor velocities less than the escape velocity of Jupiter are prob-
lematic unless one proposes a mechanism by which the objects
might already have become bound to the planet. With this acknowl-
edgement, we consider how velocity changes modify the fractional
mass ablation of planetesimals, 1-M,, M, where M, is the mass
at impact and M ol is the planetesimal mass at some final isobar.
The top left panel of Figure 4 shows the fractional mass ablations
for a bolide of 1 km incident at 7/4 radians in the outer envelope to
the 100 and 1,000 bar levels as a function of initial impactor veloc-
ity for different compositions. We see the same qualitative tendency
in all our curves or compositions: greater velocities are accompa-
nied by higher fractional mass ablations. Kilometer-size highest
velocity (i.e., => 45kms™") solid H,O impactors evaporate com-
pletely by 10° bar in the upper outer envelope due to the comple-
mentary effects of two phenomena: the extended aerodynamic drag
dominance (due to ice’s low yield strength) that effectively turns
on Equation (13) for longer and ice’s comparatively low specific
sublimation energy. Carbonaceous, rock, and iron bolides ablate
sequentially less due to more robust material bonding and higher
values of Q. It has been emphasized that organic impactors will
perish when entering the Earth’s atmosphere at more than 10 kms™!

5 The average radial velocity of SL9 components was about 44kms~!
(Harrington et al. 2004) whilst the median of near-Earth asteroids is near
15kms~! (Chyba et al. 1993).
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(Chyba et al. 1990). For our Jovian planet, 1 km carbonaceous im-
pactors with initial velocities greater than 30 km s™! lose more than
half their mass by 103 bar. Finally, whereas highest velocity ice
planetesimals fully ablate before 10* bar, iron bolides of similar
velocities lose half their initial mass at this level.

4.2.2  Impactor Radius

We may also probe the impact of the initial bolide size. The top
right panel of Figure 4 shows the effect of initial planetesimal ra-
dius on the mass ablation fraction as planetesimals flow through
10? bar and 10? bar. The distribution is flat for small radii but de-
clines at large radii, particularly at low pressures. This is elegantly
derived by noting that once the bolide describes a radial trajectory
at terminal velocity (see lower middle panel of Figure 3) its velocity
is given by

_ 2gM pl
T CppS
Substituting this velocity into Equation (8) and linking the time and

spatial derivatives of the differential mass loss rate by the terminal
velocity we then obtain:

li|* = 77 21

M, . )
L r; o« Irt|3 (22)
dr; Quni
and thus we can write this equation as
aM
. g(r)dr. 23)
Mpl Qabl

The equation illustrates that for a planetesimal of a given com-
position that asymptotes the true terminal Stokes speed, the mass
ablation fraction at some altitude is a constant. Bolide composi-
tions with small characteristic heats of ablation Q,; undergo great-
est mass ablations relative to those with higher Q,;,. The flat rela-
tions shift up and down according to the value of Q. Indeed, anal-
ysis of the top right panel shows that icy bolides of all radii studied
attain terminal velocity by 10 bar whereas larger rocky and iron
bolides do not. The contrast between the size-dependent ablation
for small bolides at 10% bar and the generally flat behaviour oth-
erwise is a manifestation of the effect of bolides attaining terminal
velocity in the latter cases.

4.2.3 Income Angle Variations

The last parameter variation is with initial impact angle ¢;. Note
that the requirement that the bolide has some aerodynamical in-
teraction with the planet implies that we can only treat ¢; values
that approach 7/2 asymptotically; given our planetary grid resolu-
tion we can however treat the case that ¢; approaches /2 to within
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Figure 4. Variations in initial parameters for frictional ablation alone. Top left panel: fraction of mass ablation to 100 bar and 1000 bar for variations in the
initial velocity of a 1 km impactor incident at 45 degrees to the NJP. As indicated by the legend, dashed curves represent an isobar of 100 bar and solid curves
represent an isobar of 10° bar. Blue, green, red, and black curves respectively symbolise ice, carbonaceous, rock, and iron planetesimals. Top right panel:
mass ablation fraction of material vaporised to the 100 bar and 10% bar levels as a function of initial planetesimal scale for a 30kms™ bolide incident at 45
degrees to a zenith. Colors and line styles are equivalent to those in the top left panel. Bottom left panel: the mass ablation fraction of material vaporised
to 100 bar and 1000 bar as a function of planetesimal entry angle for a 30kms™! bolide with initial radius of 1 km. The color and line style patterns are
equivalent to the top panels. Bottom right panel: the rate of mass ablation for iron planetesimals with entry angles of 45 degrees, impact radii of 1 km, and
Vinitial = {30, 35,40,45,50} kms~!, left to right. Light gray dashed lines indicate isobars of 10, 100, and 1,000 bar.

0.7 degrees. Therefore all references to ‘90 angle’ incidences in
this work imply computations carried out at 89.3 degrees. Equa-
tion (23) is generally valid for terminal-velocity planetesimals and
likewise applies to analysis of the bottom left panel of Figure 4.
We see that the mass ablation fraction is only weakly dependent
on impact angle apart from the case of nearly tangential entry. By
10? bar, 1 km bolides of ice sublimate 80 percent of their mass for
all impact angles whilst carbonaceous chondrites retain about 45
per cent of the initial mass. Whereas ice and carbonaceous species
of the highest angular momenta reach terminal velocities by 500
bar, rock and iron bolides’ retention of much of their mass delays

their attainment of terminal velocity and this is demonstrated by a
general lack of horizontal features in their curves.

4.2.4 Mass Ablation Rate

The bottom right panel of Figure 4 shows the rates of mass ablation
for iron bolides of different initial velocities for ¢; = m/4 radians
and R,;, = 1km. We notice from the figure that iron planetesimals
of markedly different velocities reach peak frictional vaporisation
rates at practically the same altitude in the envelope. This observa-
tion turns out to be a specific case of a generalisation, such that for
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some given material composition, the rate of mass ablation peaks
at the same r for markedly varying initial velocities. The results of
Figure 4 illuminate two important generalities amongst the details.
First, frictional ablation is efficacious in ablating planetesimals be-
low 10? bar especially for the smallest and weakest of materials.
We shall see in Section 4.3 that thermal ablation acts more per-
sistently. Second, iron planetesimals are shown to be ‘worst-case’
scenarios. The figures show that for all IC variations in initial im-
pact velocity, initial impact radius, and angle of entry, iron planetes-
imals show least normalized mass losses to any planetary altitude
compared with ice planetesimals. Moreover, as already noted (solid
black curve, upper right panel of Figure 4) we find that the frac-
tional mass ablation is higher for smaller bodies since iron bolides
have not attained terminal velocity by 1000 bar and therefore the
dependence of ablation rate on R, is mainly driven by the R, de-
pendence of the cross section rather than the velocity in Equation

(®).

4.3 Exploration of Iron Planetesimals

We proceed with the computation of iron impactor evolutions due
to frictional and thermal ablation, in which the depth of penetra-
tion of planetesimals into the envelopes depends mainly upon their
size and velocity. Figure 5 shows two-dimensional mass ablation
fraction states and evolutions for pure iron planetesimals to 103
bar, 107 bar, and 4.1687 x 107 bar in the Jovian envelope struc-
ture along with a comparison to icy planetesimals at 10* bar. Each
figure shows the fractional mass ablation integrated from the 1 bar
level to the different pressure levels. We note that all impact angles
for iron show qualitatively similar patterns with one another at ev-
ery pressure; for clarity we thus restrict ourselves to a discussion
of the ¢; = 60 degrees case. The arguments to be made about this
case will generalize to all representative angles; we show contour
plots for ¢; = {0, 30, 60, 90} degrees in Appendix A for a complete
reference.

Frictional ablation is prominent in upper strata of the outer en-
velope for almost all planetesimals considered whilst thermal ab-
lation is important well inside the planetary structure in regions
where the ambient temperatures of the envelope are greater than
the melting point of the planetesimal material and is active only for
the smallest of planetesimals. For our planetary structure of Becker
et al. (2014), the earliest thermal ablation can turn on for iron at
1811 K is at a normalized altitude of 0.986 corresponding to 3176
bar; the low ks of the outer envelope, however, initiate thermal ab-
lation only towards the bottom of the outer envelope and below.

Therefore only frictional ablation contributes to the upper left
panel of Figure 5. The 103 bar contour for iron shows mass ablation
fractions increasing with increasing initial velocity and decreasing
radius. This behaviour follows from the fractional mass ablation
equation, M,;/M,; o« |1"|3R]j,1. Planetesimals of small radii actually
have higher fractional rates of ablation than bigger planetesimals
for given velocity, with higher velocities showing greater mass ab-
lation fractions for fixed planetesimal size.

Generally, we find that only the highest velocity iron bolides
having smallest initial radii efficiently ablate about 60 to 80 percent
of their mass to the 10° bar level. In progressing from 1 bar to 103
bar, the mass ablation fraction increases for bigger radii and smaller
velocities. The 103 isobar level is significant because it is here that
constancy in 6 occurs for the great majority of planetesimals such
that = 0, forcing planetesimals into purely radial kinematics. The
fact that about 80 percent of the mass is ablated by 10° bar is of
great significance; the fully convective nature of the envelopes im-
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plies that deposited material can mix upwards to the 1 bar surface
on short timescales.

The upper right panel of Figure 5 shows the analogue of the
upper left panel but for pure ice planetesimals and only incorpo-
rates frictional ablation. Similarly to iron, all impact angles for ice
show the same behaviour by 10° bar; we therefore consider ¢; = 60
degrees for comparison with the upper left panel. We find that 80
percent or more of the icy impactor mass is removed for impact ve-
locities of 30 km s~ or greater. As discussed in Section 4.2.1, there
are two parameters that explain the resulting fragility of icy objects:
Q.p and the yield strength. A lower Q,; for ice allows for higher
mass ablation rates for given radius and velocity, whilst a lower
yield strength allows frictional ablation to persist longer than for
an iron bolide with initially equivalent radius, velocity, and impact
angle.

The lower left panel of Figure 5 shows the 10 Mbar level con-
tour in the upper inner envelope which lies well beyond the level
where thermal ablation can in principal affect planetesimals. When
compared with the upper left panel we see that low-velocity, large-
radius planetesimals have ablated significantly between the 103 bar
and 10 Mbar level. Bolides with initially lowest velocities and radii
remain comparatively unaffected in between these pressure lev-
els. The inefficient ablation for these objects can be understood in
terms of Equation (11) and Equation (15) since both have terms
which evolve as R] and because the rate of increase of the grav-
itational acceleration, and therefore the terminal velocity, gradu-
ally increases. Large planetesimals therefore have a larger velocity
compared to smaller bolides at altitudes where the frictional abla-
tion condition of F/(2S) > yield strength turns on again. We find
that low velocity bolides of 500 metres and greater show this char-
acter whereby approximately 70 percent or more of the mass is lost
due to the resurgence of frictional ablation. Smaller bolides of char-
acteristically lower inertias attain terminal velocities more readily
and this reduces the possibility of frictional ablation, allowing ther-
mal ablation to complete their destruction.

The lower right panel of Figure 5 shows the state of planetes-
imals at the core-inner envelope boundary. We find that the cavity
feature (i.e., the parameter space for which most of the bolide mass
is still retained) seen for 10 Mbar is further distinguished from its
surrounding parameter space at the core boundary and is confined
to a narrower range of initial radii (~ 90 - 250 m) and rather low ini-
tial velocities. Smaller bolides (of ~ 30 m scale) which had not un-
dergone frictional ablation by 10 Mbar are nevertheless thermally
ablated between 10 Mbar and the core; larger bolides (of ~ 400
m scale) can eventually undergo frictional ablation because their
terminal velocity increases due to the increasing gravitational field
strength at small planetary radii. Only bolides in a very limited size
range are large enough that they don’t reach the sublimation tem-
perature and yet small enough for their low terminal velocities to
render them immune to frictional ablation. Given the uncertainties
and limitations (for example, of excluding fragmentation and lat-
eral spread) that enter our modeling, this narrow range may indeed
be either somewhat smaller or simply non-existent in a scenario
with more modes of ablation.

If impacting planetesimals move with hypervelocities beyond
the escape velocity of Jupiter of approximately 60 kms™', some
high ¢; bolides can ablate and still escape the upper outer enve-
lope beyond a normalised altitude of 1. Figure 6 shows the case of
bolides impacting at right angles to the local zenith to 126 physical
seconds. This time value is ten times the time required for vapori-
sation of a 30 metre bolide travelling at 100 kms~! and is a good
benchmark time to gauge when all highest-velocity planetesimals
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Figure 5. Mass ablation fractions of iron and ice planetesimals to different isobars in the Jovian structure for an entry angle of 60 degrees. Upper left panel:
iron planetesimals’ fractional mass ablation to a pressure level of 10° bar as a function of initial radius and initial velocity. Upper right panel: the same for ice
considering only frictional ablation. Lower left panel: iron planetesimals’ fractional mass ablation to a pressure level of 10 Mbar as a function of initial radius
and initial velocity. Lower right panel: the same as the lower left panel but for the core-inner envelope boundary.

either escape the system or completely ablate. Planetesimals capa-
ble of escaping the Jovian envelope are represented by black stars,
whilst the parameter space which undergoes complete ablation is
covered by yellow crosses. Bolides of sizes 30 to 200 metres with ~
80 kms~'-100 kms™' completely ablate upon impact, whilst larger
bolides with these high kinetic energies manage to escape the Jo-
vian radius (e.g., a 1 km planetesimal retains ~ 0.60 of its initial
mass in the process). At future times, the region of the plot in-
volving velocities greater than the escape velocity does not evolve
whilst the low velocity regime is subject to progressive ablation
as in Figure 5. The former region does not evolve because we do
not model the re-entry of planetesimals that may fall back to the
planet due to their decreased velocities. Planetesimals of velocities
exceeding Jovian escape offer chemical depositions that should be
observable perhaps even in the atmosphere of such planets given
the proximity of the 1 bar level and mixing processes.

5 DISCUSSION

Our model is a simple description of planetesimal dynamics with
implications for the enrichment of Jovian-like exoplanetary en-
velopes. There is consequently extensive potential for further im-
proving the sophistication of our model and we here discuss a few
examples of potential refinements. First, Nellis (1997) highlights
that there is indeed a continual process of molecular dissociation
into a metallic plasma; there is thus no real distinct boundary be-
tween molecular layers and monoatomic conductive hydrogen and
the band-gap separation is bridged continuously with increasing
pressure rather than jumping discontinuously. Our utilization of the
Becker et al. (2014) Jovian adiabat alleviates this issue, but actual-
ity is clearly more subtle than portrayed here. Hydrogen and helium
may not adhere very accurately to the linear-mixing model, such
that immiscibility of species resulting in non-linear mixing may be
of importance for Jovian planets (Becker et al. 2014; Militzer &
Hubbard 2013). In addition, the model does not assume the forma-
tion of helium droplets settling downward from a helium-depleted
upper envelope to an inner envelope with higher He abundance due
to chemical separation or gravitational settling in a process called
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Figure 6. Mass ablation fraction to 126 seconds for right-angle planetesi-
mals with initial velocities exceeding that of Jovian escape. Stars and yellow
crosses represent escaped planetesimals and totally ablated planetesimals,
respectively. We see that planetesimals of velocities exceeding the Jovian
escape should offer chemical depositions that should be observable at the
1-bar level.

demixing (Salpeter 1973). This effect would release additional en-
ergy by added heating through material movement into a deeper
potential, acting to place iron planetesimals’ ablation higher in the
envelopes.

A more accurate paradigm would include metallic species
such as carbon, nitrogen, and oxygen. Another limitation of our
paradigm is that a more sophisticated model would require func-
tional thermal conductivities for impactors as a function of tem-
perature, pressure, and density, requiring knowledge of the com-
plete phase diagram of iron conductivities from high-pressure
condensed-matter physics. This is currently an extreme challenge.
Further, our thermal ablation assumes an invariant melting temper-
ature, thereby providing a host of qualitative features. One would
want a set of complete phase diagrams for the varied impactor com-
positions, detailing the location of freezing points with pressure and
temperature variations. In pursuit of this goal, a first model may
be to use a Tillotson EOS devised as an analytic thermodynami-
cal model useful for shocks and material ablation of hypervelocity
impacts.

It should prove illuminating to model lateral spread within the
framework of frictional vaporisation and thermal melting. In addi-
tion to the aerodynamic drag, the impactor as a whole may become
compressed and flattened, becoming progressively spheroidal from
an initially spherical geometry. This is most prominent in the small-
est objects (objects of < 1-2 km) which often expand significantly
horizontally or pancake and for which hydrodynamic instabilities,
such as Kelvin-Helmholtz and RT, are minimal (Korycansky et al.
2000). The impactor becomes distorted once aerodynamic forces
overcome the yield strength of the impactor, deforming the bolide
laterally due to the difference in the magnitude of the drag force at
the impactor’s anterior and posterior. The net effect for frictional
ablation would be to induce a positive feedback which increases
Stokes loading of the impactor due to a growing radius.

Finally, two most important inclusions should be of fragmen-
tation and thermal radiation. These would act to place the abla-
tion at higher levels in the envelopes, perhaps being of such effi-
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ciency as to keep all mass loss within the outer envelope. Accurate
modelling of the first of these phenomena is complicated and the
resulting micro-planetesimals are believed to have non-negligible
rotational momenta resulting from catastrophic fractionation, al-
though the latter of these should not be such a problem due to the
weakness of Magnus forces on such objects (see our discussion in
Section 3.1). It is also still debated whether it may be more realis-
tic to model fractionation of meteoroids through considerations of
raw material strength (Artemieva & Shuvalov 2001) or by growth
rates of hydro-dynamical instability modes (Korycansky & Zahnle
2005).

One might wonder about modelling the effects of deposited
material from planetesimals upon the planetary structure for sub-
sequently impacting planetesimals. The depositon of more conduc-
tive heavy metallic elements would decrease the bulk specific heat
capacity in a unit volume originally containing H and He thereby
increasing the internal thermal lapse rate. An increased tempera-
ture gradient in the planetary structure would induce greater ther-
mal ablation by Equation (20) and higher frictional ablation due
to larger envelope densities. This therefore reiterates the point that
our model is capable of placing lower limits on the efficiency of
wholesale ablation of planetesimals compared to models with more
detailed physics.

We have compared our results with the ZEUS-MP2 hydrody-
namical simulations of SL9 and 2009 Jovian impacts of Pond et al.
(2012); see Figure 7. Our models for these two events with fidu-
cial impact parameters of Pond et al. (2012) for incident angles,
material densities, and planetesimal sizes of putative impactors are
reasonably understood when compared with their kinetic energy
deposition curves along the canonical z direction (cf. Equation (6)
of Korycansky et al. (2006)). The solid curves show our models
whilst the dashed curves are those of Pond et al. (2012). We show
four suggestions for these bolides that are most commensurate with
the available data, a pair for each case: a porous 2009 impact at 69
degrees to a local vertical (p2009, 69 degrees), a porous SL9 at 43
degrees (pSL9, 43 degrees), a non-porous 2009 impactor at 69 de-
grees (np2009, 69 degrees), and a non-porous SL9 at 43 degrees
(npSL9, 43 degrees). A porous density of 0.6 g/cm?, non-porous
density of 0.917 g/cm?, and R,; = 500 m have been used as in Pond
et al. (2012). Note that because these are icy bolides, our model
only considers the effect of frictional ablation. We find that our
p2009-69 degree object ablates 67 per cent of its mass at the alti-
tude at which the Pond et al. (2012) results find that such an object
is completely ablated; correspondingly we find 88 percent ablation
of the pSL9-43 degree object, 69 percent ablation of the np2009-
69 degree object and 85 percent ablation of the npSL9-43 degree
object at the points where the Pond et al. (2012) analogues were
entirely ablated. These results imply that, as expected, ablation is
more efficient in three dimensions since simulations such as ZEUS-
MP2 include elements such as lateral spread and fragmentation of
planetesimals, both of which serve to place terminal ablation higher
in the outer envelope.

We find qualitative similarities with the work of Mordasini
et al. (2015) but cannot make cannot make quantitative compar-
isons (because of the different planetary structure, incorporated
physics, planetesimal composition, and evolutionary stage). They
find that planetesimals are completely ablated in the envelope for
envelope masses =30 Mg which is consistent with our finding for
our Jupiter-like envelope of mass ~300 Mg, for a range of planetes-
imal sizes and impact velocities. We find an analogy with the work
of Mordasini et al. (2015) that shows that only a limited range of
sizes of rocky planetesimals are able to reach the core. In our case
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altitude relative to the 1 bar level against the kinetic energy depositions.

this feature is due to these planetesimals being too small to be sub-
ject to efficient frictional ablation and too large to be effectively
thermally ablated (see Figure 5).

Finally, Podolak et al. (1988) also find substantial ablation of
planetesimals accreting onto protoplanetary envelopes. They com-
puted this in the framework of core-accretion using three mech-
anisms for the ablation of planetesimals: frictional ablation, frag-
mentation due to mechanical instabilities, and thermal blackbody
radiation. A directly meaningful comparison of their work with
ours is not possible as their models consider protoplanets with very
different masses and radii and hence a markedly different internal
structure compared to ours (i.e., a cold Jupiter). Nevertheless, Fig-
ure 6 of Podolak et al. (1988) shows that an iron planetesimal of
initial radius 1 km of zero angular momentum experiences whole-
sale disruption at a protoplaneto-centric distance of 0.7 R; (about
2.5 times their core radius), and this for a core mass of 16.8 Earth
masses and envelope mass of 27 Mg (Bodenheimer & Pollack
1986). In our models, the envelope is much more massive (~300
Mg) and for a Jovian-like steady-state envelope structure leads to
substantial planetesimal ablation.

6 CONCLUSIONS

We have developed a simple model for the frictional and thermal
ablations of incident impactors into Jovian-like envelopes. We have
found that frictional ablation is dominant in the upper strata of
the outer envelope and is generally efficacious. Planetesimal ini-
tial velocity, composition, impact angle, and radius are the factors
which control the magnitude and location of this mass ablation,
with higher (lower) radius, lower (higher) ¢;, and lower (higher)
impact velocity leading to comparatively less (more) mass abla-
tion. The inclusion of thermal ablation adds an important phase
of ablation deeper in the envelope where the ambient temperature
well exceeds the melting temperature of the impactor and when the
thermal conductivity is sufficiently large. The effects of thermal ab-
lation become relevant in regions where the velocity asymptotes
terminal velocity in the high-pressure regimes beyond about 3100

bar, and in cases of small planetesimals finishes oftf what frictional
ablation began.

One interesting finding is that for planetesimals of highest ve-
locities and largest radii, aerodynamical loading fully ablates ice
bolides by 10° bar and succeeds in ablating around 50 percent of
iron bolides’ mass. By 10 bar, iron planetesimals of highest veloc-
ities having smallest radii are found to ablate about 60 to 80 per-
cent of their mass due to frictional ablation, whilst for ice bolides
we find frictional ablation causes planetesimals of all impact an-
gles and radii with initial velocities greater than 30 kms™' to have
lost more than 80 percent of their mass. We find that contact with
the inner envelope-core boundary is viable for some planetesimals.
A most important finding concerns that of intermediate size, low-
velocity planetesimals of ~90 - 250 metres: these penetrate through
our massive envelope and make contact with the core. These mid-
dlings are too small to attain the velocities required for frictional
ablation and yet too large to be heated to the melting temperature.

One natural motivation of this work is to discover whether the
planetesimal depositions may allow telltale detectable features at
about the 1 bar level of the atmosphere through convective mix-
ing. Convective circulation timescales in Jupiter are believed to be
teonv ~ 3 years whilst evolutionary times are greater than 10° years
(Salpeter 1973); therefore, the dissolution of planetesimals through
the modeled methods should readily remix material on times of or-
der f.ony. Our work therefore has implications for Jovian exoplane-
tary analogues by using the injected chemistry as an observational
tool to help discussions of formation and evolution.

Our model describes planetesimal ablation and enrichment in
the envelope of a Jovian analogue. Our conclusions are therefore
most directly applicable to the latter stages of gas-giant formation
and evolution. A more comprehensive understanding means that
chemical enrichment models through planetesimal ablation must
be pursued during the nascent protoplanetary stages when the plan-
ets are just forming and are hotter. It is expected that for an ini-
tially younger, hotter planet our conclusion that atmospheric chem-
istry abundance should indeed reflect the time-averaged formation
and migration conditions should prove correct. However, proto-
gas-giants initially have less massive gaseous envelopes and there
may be substantial refractory material which accumulates in the
core. In the future, it is therefore important to distinguish beyond
which stage in the formation of gas-giants atmospheric chemistry
is expected to give a whole description of the chemical enrichment
and thus of formation and migration conditions. In addition, fu-
ture studies can benefit from developing more sophisticated and
accurate models to treat the infall of planetesimals which will also
include other exoplanetary types.
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Figure Al. Tron planetesimals’ mass ablation fraction to a pressure level of 10% bar for four initial impact angles as a function of initial radius and initial
velocity. From top to bottom, left to right: ¢; = {0, 30, 60, 90} degrees from NJP.
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Figure A2. Ice planetesimals’ mass ablation fraction to a pressure level of 10° bar for four initial impact angles as a function of initial radius and initial
velocity . From top to bottom, left to right: ¢; = {0, 30, 60, 90} degrees from zenith.
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Figure A3. Iron planetesimals’ mass ablation fraction to a pressure level of 10 Mbar for four initial impact angles as a function of initial radius and initial
velocity. From top to bottom, left to right: ¢; = {0, 30, 60, 90} degrees from zenith.
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Figure A4. Iron planetesimals’ mass ablation fraction to a pressure level coincident with the fiducial core-inner envelope division of 41.687 Mbar for four
initial impact angles as a function of initial radius and initial velocity. From top to bottom, left to right: ¢; = {0, 30, 60, 90} degrees from zenith.
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