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ABSTRACT

Cometary impacts play an important role in the early evolution of Earth, and other terrestrial exoplanets. Here, we present a
numerical model for the interaction of weak, low-density cometary impactors with planetary atmospheres, which includes semi-
analytical parameterisations for the ablation, deformation, and fragmentation of comets. Deformation is described by a pancake
model, as is appropriate for weakly cohesive, low-density bodies, while fragmentation is driven by the growth of Rayleigh-Taylor
instabilities. The model retains sufficient computational simplicity to investigate cometary impacts across a large parameter
space, and permits simple description of the key physical processes controlling the interaction of comets with the atmosphere.
We apply our model to two case studies. First, we consider the cometary delivery of prebiotic feedstock molecules. This requires
the survival of comets during atmospheric entry, which is determined by three parameters: the comet’s initial radius, bulk density,
and atmospheric surface density. There is a sharp transition between the survival and catastrophic fragmentation of comets at a
radius of about 150 m, which increases with increasing atmospheric surface density and decreasing cometary density. Second,
we consider the deposition of mass and kinetic energy in planetary atmospheres during cometary impacts, which determines the
strength and duration of any atmospheric response. We demonstrate that mass loss is dominated by fragmentation, not ablation.
Small comets deposit their entire mass within a fraction of an atmospheric scale height, at an altitude determined by their initial
radius. Large comets lose only a small fraction of their mass to ablation in the lower atmosphere.
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1 INTRODUCTION to play an important role in several prebiotic chemical scenarios (e.g.,
Or6 1961; Clark 1988; Chyba & Sagan 1992; Sutherland 2016).

The cometary delivery of prebiotic molecules has re-emerged in
recent years as a potentially viable, atmosphere-independent pathway
towards the origin of life (Todd & Oberg 2020; Zellner et al. 2020).
This is, in part, motivated by the high concentrations of hydrogen
cyanide (HCN) observed in Solar system comets (Mumma & Charn-
ley 2011). Not only this, but comets remain the only empirically-
grounded source of cyanoacetylene in the concentrations required
for prebiotic chemistry (Mumma & Charnley 2011). Cyanoacetylene
production in transiently reducing post-impact atmospheres remains
several orders of magnitude below that used in prebiotic experiment
(Wogan et al. 2023), whereas surface hydrothermal sources lack ex-
perimental support (Rimmer & Shorttle 2024).

Given HCN and cyanoacetylene are both key feedstock molecules
in several prebiotic chemical scenarios (Powner et al. 2009; Patel
et al. 2015; Becker et al. 2019), it is important to quantitively assess
the ability of comets to deliver these molecules to local (subaerial)

The late delivery of volatile-rich, cometary impactors is often in-
voked as a mechanism responsible for key evolutionary processes
that have shaped the composition of Solar system bodies. For exam-
ple, cometary impacts have been suggested to play an important role
in the evolution of Earth’s atmosphere (Chyba 1990; Halliday 2013;
Marty et al. 2016), in the atmospheric evolution of the outer Solar
system satellites (Zahnle et al. 1992; Sinclair & Wyatt 2022), and as
a potential explanation for Jupiter’s super-Solar metallicity (Mahafty
et al. 2000; Miiller & Helled 2024).

The evolution of Earth’s atmosphere remains subject to continued
debate, concerning the composition of late accreted material (Hall-
iday 2013; Marty et al. 2016), the physical mechanisms controlling
atmospheric growth and erosion (de Niem et al. 2012; Sinclair et al.
2020), and potentially even the requirement for any volatile deliv-
ery at all (Young et al. 2023). Irrespective, however, of their role
in delivering Earth’s volatile inventory, cometary impacts have also
been suggested to play a central role in establishing Earth’s biosphere

(Ehrenfreund et al. 2002; Osinski et al. 2020), and have been argued environments in high concentrations. Previous work has largely fo-
cussed on the ability of these (relatively fragile) molecules to sur-

vive the extremely high pressures and temperatures experienced by
* E-mail: rja92 @ast.cam.ac.uk (RJA) comets during hypervelocity impacts (Pierazzo & Chyba 1999; Todd
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& Oberg 2020). This alone constrains successful cometary deliv-
ery to very low velocity impacts (i.e., < 15km s™!: Todd & Oberg
2020). The ability of comets to survive atmospheric entry, and reach
the surface intact, remains however relatively underexplored. This is
also necessary for the concentration of these molecules in localised
environments, and thus, the atmospheric break-up of comets has the
potential to significantly reduce the number of environments able to
support prebiotic chemistry (Anslow et al. 2025).

The potential importance of cometary impacts in the evolution of
planetary environments is not limited to the Solar system; comets
have been invoked as drivers of atmospheric evolution on rocky exo-
planets (Kral et al. 2018), as sources of prebiotic feedstock molecules
(Anslow et al. 2023), and as a pollutant of young hot Jupiters, po-
tentially accounting for their enhanced metallicity (Tsai et al. 2023;
Zhang et al. 2023; Sainsbury-Martinez & Walsh 2024). Recent work
(Sainsbury-Martinez et al. 2025) has also suggested that cometary
impacts may generate observable features in the spectra of terrestrial
exoplanets. This response is driven by the deposition of cometary
water in the upper atmosphere, which provides a strong additional
opacity source. Given that the location, and extent of mass loss from
comets is dominated by deformation and fragmentation, not ablation
(Popova et al. 2019), this atmospheric response is extremely sensitive
to the cometary impact model.

The interaction of cometary impactors with planetary atmospheres
is therefore a crucial physical process that must be accurately mod-
elled in order to further constrain the cometary delivery of prebiotic
feedstock molecules, and characterise the response of planetary at-
mospheres to cometary impacts. Significant effort has been made
characterising the atmospheric entry of meteoroids, which has di-
verged both in modelling approach (discussed in detail in §2), and
physical application. These studies largely focus on asteroid breakup
in Earth’s atmosphere (e.g., Baldwin & Sheaffer 1971; Bronshten
1983; Hills & Goda 1993; Svetsov et al. 1995), and modelling crater
field formation on Earth, Mars, and Venus (e.g., Passey & Melosh
1980; Korycansky & Zahnle 2005; Collins et al. 2022). Significant
progress has been afforded by the impact of comet Shoemaker-Levy
9 (Sekanina 1993), the Tunguska impactor (Chyba et al. 1993) and
more recently the airburst over Chelyabinsk (Popova et al. 2013).
Much of this progress was in the development of 2D, and 3D numer-
ical models of meteoroid entry (Ahrens et al. 1994; Boslough et al.
1994; Zahnle & Mac Low 1994; Korycansky et al. 2000), which are
very computationally expense.

More recently, sophisticated hybrid models have been developed
for asteroid breakup in order to characterise airburst altitudes, and the
associated ground damage for risk assessments applications (Register
etal. 2017; Wheeler et al. 2017, 2018). These models are successfully
benchmarked against the Chelyabinsk meteor, but are restricted to
asteroids in the size range 20-500 m. The purpose of this work is to
develop a numerical model appropriate for the atmospheric entry of
weak, low density cometary impactors that is able to efficiently cover
a wide range of parameter space’ . This numerical model is validated
against the progressive fragmentation models of Chyba et al. (1993)
and Hills & Goda (1993). To demonstrate the capabilities of the
model, we focus on the following two applications:

(1) The survival of small comets, and delivery of prebiotic feed-
stock molecules.

(i) The deposition of mass and energy in the atmosphere during
cometary impacts.

I The ATmMOSENTRY code is available to download at https://github.com/
richardl7a/atmosentry.
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The paper starts in §2 by describing our numerical atmospheric entry
model. In §3, we present the outputs of the atmospheric entry model,
and highlight the fundamental physical processes that control the
interaction with, and therefore fate of comets in the atmosphere. In
§4 we discuss the implications this has for both the cometary delivery
of prebiotic feedstock molecules, and the atmospheric response to
cometary impacts. Finally, §5 summarises our conclusions.

2 MODEL DESCRIPTION

There are three fundamental processes that dictate the interaction of
comets with the atmosphere; deceleration (due to atmospheric drag),
mass loss (due to ablation), and fragmentation. Here, we describe
each process in turn.

2.1 Trajectory through the atmosphere

We assume the meteoroid (or fragment thereof) arrives at the top
of the atmosphere at an angle 6 with respect to the local horizontal,
velocity v = (vx, vy, Vz), radius r, and mass m {: 4ﬂpmr3/3} (see
figure 1 for a schematic diagram illustrating the numerical model pre-
sented below). Atmospheric drag causes the deceleration of the me-
teoroid; assuming the standard prescription for drag at high Reynolds
number, the meteoroid’s velocity evolves as (e.g., Baldwin & Sheaffer
1971; Passey & Melosh 1980; Bronshten 1983),

dv 1 é
m Y = -2 Copum(IANY - g()E:, M

where Cp is the meteoroid’s (dimensionless) drag coefficient (~ 0.5;
e.g., Passey & Melosh 1980), and A its cross-sectional area. Both the
atmospheric density, paim(z), and gravitational acceleration,

GM,

R 2
(Rpl +Z)2 @

g(z) =
are functions of altitude, z, and M, (Rpl) is the mass (radius) of the
planet. The meteoroid’s position, x = (x, y, z), is recorded throughout
the simulation (allowing for the calculation of impact location on the
planet’s surface), which evolves simply as

dx

E—V 3)

2.2 Mass ablation

During atmospheric entry, a very high temperature shock front forms
at the leading edge of the meteoroid. The radiation from this atmo-
spheric shock front drives the progressive mass ablation of the mete-
oroid. The rate of mass loss, following the classical ablation equation
of Bronshten (1983), is given by

‘fi[—rf = —%Cﬂpathv% )
where ¢ is the heat of ablation (the energy required to heat the surface
to the required temperature for ablation), and Cy the (dimension-
less) heat transfer coefficient, which describes the partition of energy
transfer between the comet and surrounding atmosphere.
Observations indicate that Cy remains roughly constant in the up-
per atmosphere, but varies inversely with atmospheric density below
~30km (Biberman et al. 1980). The ablation of larger meteoroids in
the lower atmosphere is attributed to the absorption of the radiative
flux from the shock front, with the temperature of the shocked gas
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Figure 1. Schematic diagram describing the numerical model presented in §2. The comet arrives at the top of the atmosphere at an altitude zg, with initial
radius Rg and velocity vg. The comet begins to deform when the ram pressure exceeds its tensile strength, which is indicated by the star. The radius of the
comet increases quickly after this point (expanding laterally into a cylindrical shape), causing its rapid deceleration. After the growth of the Rayleigh-Taylor
(hydrodynamic) instability, it fragments into two child fragments with masses my < m; < Mj. These continue to deform quickly through the lower atmosphere,
with the smaller fragment (mass m,) surrendering the entirety of its mass to the surrounding atmosphere via ablation. The larger fragment (mass ;) is able to
reach the surface (heavily deformed, and at a speed much less than |vg|).

strongly regulated by thermal ionization. We therefore introduce an
upper limit on the ablation rate (following Zahnle 1992) given by,

dm

on
where T ~ 25,000 K is the temperature of the shocked gas, and osg
the Stefan-Boltzmann constant.

It is clear from equation 5 that the rate of ablation (particularly
in the upper atmosphere) is strongly dependent on the heat transfer
coefficient; this coefficient is, however, poorly constrained, and is
sensitive to the velocity of the meteoroid, its shape, and the flow
regime. Neglecting further complications, which include the shield-
ing effects of vapor, and re-radiation from the meteoroid’s leading
edge, Svetsov et al. (1995) demonstrated that Cy changes by orders
of magnitude (~ 107> — 10~!) depending only on the meteoroid’s
size. This uncertainty therefore has the capacity to bias estimates of
mass loss from large comets by several orders of magnitude.

The impact of comet Shoemaker-Levy 9 into Jupiter’s atmosphere
therefore provides an important observational constraint for km-scale
bodies, and supports a lower value of Cy ~ 1073. Larger values
(~0.1, valid only for cm-sized bodies; Bronshten 1983) significantly
overestimate mass ablation, and correspondingly underestimate the
comet’s penetration depth into the Jovian atmosphere (e.g., Ahrens
et al. 1994; Svetsov et al. 1995). This has been subsequently sup-
ported by high-resolution simulations, which include both coupled
radiation and ablation, and predict values significantly less than 0.1
(Johnston et al. 2018). We expect that Cgy will also change with atmo-
spheric composition, given this will strongly influence the radiative
transfer of energy. However, to the best of our knowledge, we are not
aware of any study that quantitatively investigates this dependence.

®)

(1
= —Amin ZCHpath3, ‘J—SBT4 ,

We therefore set Cyy = 1073 throughout (see also, Zahnle & Mac
Low 1994; Field & Ferrara 1995).

2.3 Deformation and fragmentation

During atmospheric entry, the meteoroid will experience an exponen-
tially increasing ram pressure at its leading edge, as a consequence
of increasing atmospheric density. This will, at some point, exceed
its material strength. Not all bodies will however be affected equally
(e.g., Melosh 1989); encountering a column-integrated atmospheric
mass Pgyr/g sin 6, we expect that (by conservation of momentum)
only comets smaller than

-1 - . -1
TFerit & 100 (Psurf) ( Pm ) ( 8 ) " sing
ert Ibar) \0.4gcm™3 9.81 ms~2 1/V2

(6)

will significantly deform, and fragrnentz. The deformation of small
bodies spreads their mass over a larger area, thus increasing atmo-
spheric drag, and in turn driving enhanced deformation. This feed-
back leads to the rapid deposition of the meteoroid’s kinetic energy

2 A similar argument is made in Svetsov et al. (1995), who compare the
sound-crossing time, 2r /¢, where c is the speed of sound in the body, with the
characteristic dynamical time through the atmosphere, H /v sin 8. Assuming
¢ ~ 400ms~! (accounting for the inverse correlation of sound speed with
porosity; Flynn et al. 2018), v = 20km s"l, and H = 7km, this predicts
rerit ~ 100 m, in close agreement with equation 6.

MNRAS 000, 1-14 (2025)
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within a fraction of an atmospheric scale height, in an explosive
‘airburst’.

The onset of fragmentation is determined by the meteoroid’s al-
titude (atmospheric density), velocity and strength. The appropriate
material strength to adopt is, however, subject to debate given that
several processes are potentially responsible for the onset of frag-
mentation (Svetsov et al. 1995). Fragmentation may occur either
when the stagnation pressure of the atmospheric flow exceeds the
material’s compressive strength,

path2 > Ocoms (7

or when the average ram pressure exceeds its tensile strength,

C
TDPath2 > Oten- 3

Comets are extremely weak, and estimates of their compressive and
tensile strength (approximately) coincide within error (Groussin et al.
2019). The onset of fragmentation will therefore, unavoidably, occur
at high altitude (except in the most tenuous atmospheres) regardless
of which break-up condition is used. Here, we determine the onset
of fragmentation using equation 8, and assume a characteristic ten-
sile strength oten = 10* Pa (Groussin et al. 2019)3. We discuss the
sensitivity of our results to this choice in §3.2.

2.3.1 Deformation

There exist a variety of analytical methods that can be used to model
a meteoroid’s subsequent fragmentation, which are split into two
main approaches (Artemieva & Shuvalov 2001). Pancake models
(Hills & Goda 1993; Zahnle 1992; Chyba et al. 1993), which assume
the parent body is heavily fragmented, modelling the continuous
deformation of an incompressible fluid, and discrete fragmentation
models (Baldwin & Sheaffer 1971; Passey & Melosh 1980), which
model the successive fragmentation of the parent body into individ-
ual pieces. Given the very low material strength, and bulk density
of cometary nuclei (Groussin et al. 2019), pancake models most
faithfully describe their deformation.

Pancake models rely on the large imbalance between the ram
pressure experienced by the meteoroid’s leading edge, and the atmo-
spheric pressure against the side walls. In response to the induced
pressure gradients, a transverse force drives the lateral deformation
of the meteoroid into a cylinder of height h = m/mp,r? (implic-
itly assuming that its density, p,;, remains constant). Its radius is
assumed to increase according to (Zahnle 1992; Chyba et al. 1993),

d’r _ C_D (patm) V2

P 9
rdt2 2 Pm ©)

where r is the meteoroid’s radius, and p,, its bulk density.

This deformation will not, however, continue indefinitely, with the
implicit assumption of a collective bow-shock eventually breaking
down. Several numerical studies have demonstrated this is driven
by the growth of hydrodynamic instabilities, of which the Rayleigh-
Taylor instability appears most salient (e.g., Field & Ferrara 1995;
Crawford 1997; Korycansky et al. 2000, 2002).

Following Korycansky & Zahnle (2005), the deformation of the
meteoroid is stopped after two Rayleigh-Taylor growth timescales

3 Note, this is an intermediate value between that of pure ice (~ 10° Pa; Petro-
vic 2003), which likely overestimates the true strength of porous cometary
nuclei, and observational estimates (~ 10° Pa) derived from the tidal disrup-
tion of comet Shoemaker-Levy 9 (Benz & Asphaug 1994).
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(NRrT). The growth rate of a perturbation of wavenumber £ is given
by (Field & Ferrara 1995),

12
dNRT _ ECD Patm (2) 5 v(2), (10)
dt 8 Pm T

and in this study we consider only the most destructive mode, which
is assumed to have wavenumber k ~ 7 /r (Korycansky et al. 2000;
Korycansky & Zahnle 2005). At this point, after the growth of the
Rayleigh-Taylor instability, high-resolution numerical simulations
indicate that distinct fragments then develop their own bow shocks,
and move apart (e.g., Korycansky et al. 2000, 2002). This is consis-
tent with both the morphology of crater fields (e.g., Passey & Melosh
1980), and direct observation of bolides entering Earth’s atmosphere
(Borovicka & Spurny 1996). We describe the properties of these
child fragments next.

2.3.2 Fragment masses

The number of fragments (n) produced during fragmentation re-
mains poorly constrained, however numerical simulations (Korycan-
sky et al. 2002), and groups of craters on Venus (Herrick & Phillips
1994) suggest this number is in the range 2 — 4. The masses of the
child fragments are chosen proportional to a random variable,

T _x,  wherex ~ U[0,1] (1n

Mparent

and normalised such that

n
Z m;j = Mparent, (12)
i=1

where mparent is the mass of the meteoroid at the point of fragmen-
tation, and m; the masses of the n child fragments. For simplicity, in
this study we assume only 2 child fragments are produced (following
e.g., Collins et al. 2022), but we demonstrate the robustness of our
results to this assumption in appendix C.

2.3.3 Fragment separation velocities

As identified in Passey & Melosh (1980), during the onset of frag-
mentation the interaction of newly-formed bow shocks supplies a
transversal velocity component to the child fragments. The charac-
teristic speed of their separation is given by*

12
vy = (cv”pﬂ) v(2), (13)

where v(z) is the parent fragment’s speed at the point of fragmen-
tation, and Cy a numerically determined constant of proportionality
(Passey & Melosh 1980; Artemieva & Shuvalov 2001). This constant
will only affect the distribution of field craters; we assume Cy =~ 0.5
(Collins et al. 2022).

Following Korycansky & Zahnle (2005), the transverse velocity

4 Their analysis assumes a constant acceleration () until the fragments reach
a separation of order r. Their final transverse velocity is thus v; ~ (ar) 12,
This acceleration is driven by the large dynamic pressure at the leading
edge (Patm v2), and s0 @ ~ (Patm /pm)(v2 /r). Neglecting constants (order
unity), the transverse velocity is therefore v, = (pamn/pPm)'/?v(z). The
model parameter Cy is constrained via observations of crater fields on Venus
(Korycansky & Zahnle 2005), and Mars (Collins et al. 2022).
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Figure 2. An example trajectory of a 150 m comet (with initial velocity 20 km s™1), and its child fragments, through Earth’s atmosphere. Black crosses indicate
the point of fragmentation, after which child fragments are generated according to the prescription described in §2.3.2-2.3.3. Colors are used to highlight the
connection between parent, and child fragments. Left panel: The comet’s deceleration, as a function of altitude. Right panel: The comet’s mass loss, as a
function of altitude. The stochasticity in child fragment masses, and corresponding asymmetry in separation velocities is seen in both the inset panel (left), and

mass evolution panel (right).

Ve,i = (Vai>vgi) supplied to individual child fragments is deter-
mined by a random azimuth, ¢;. To ensure we conserve total linear
momentum, the transverse velocity is given by

1 n
Zlmjnj .

Mparent
parent

(14)

Vei=Vs | —

where fi; = (sin ¢;, cos ¢;). The initial velocity, v;, of each child
fragment i is thus,

vgi cos 0
(15)

Vi = Vparent + Vai >
vg;i sin @

where Vparent 1S the parent fragment’s velocity at the point of break-
up, and 6 its angle to the local horizontal.

The child fragments’ trajectories are then calculated (also subject
to drag, mass ablation, and deformation) until either they reach the
surface, or they themselves fragment into n further child fragments.
Note, the rate of successive fragmentation accelerates rapidly, given
that their mass is already spread over a very large cross-sectional
area. As discussed, this increases the strength of aerodynamic drag,
mass ablation, and the rate of further deformation.

3 RESULTS
3.1 An example comet’s trajectory

As described in §2, the interaction of a comet with the atmosphere
causes its deceleration, driven by the transfer of momentum from
the incoming atmospheric flow, and mass-loss, driven by the transfer
of kinetic energy from the atmospheric flow. Both atmospheric drag
and mass ablation are proportional to the surrounding atmospheric
density (see eqs. (1) and (5)), and are therefore relatively inefficient in
the tenuous upper atmosphere. This is seen in figure 2, which shows
the trajectory of a 150m comet through Earth’s atmosphere; the

mass, and velocity of the comet remain roughly constant throughout
the first 50 km of the atmosphere.

Whilst the velocity of the comet remains roughly constant during
this initial descent, the ram pressure (Pram = patmv2) at its leading
edge rapidly increases, as a consequence of the exponentially increas-
ing atmospheric density. When the ram pressure exceeds the material
strength of the comet (of the order 10* Pa; Groussin et al. 2019), it
will begin to deform, and fragment. This will occur high (> 50 km)
in Earth’s atmosphere for comets of all sizes. The motion of the
comet after this point is characterised by significant deceleration and
mass-loss.

The deforming comet begins to distribute its mass over a larger
cross-sectional area, increasing both the atmospheric drag and rate
of mass ablation, thereby depositing its energy into the surrounding
atmosphere at a rapidly increasing rate. This is seen in figure 2
between 50 — 10 km, where we see, for the first time, the significant
deceleration, and ablation of the comet. This deformation continues
until the onset of fragmentation, which is controlled by the growth
of the (hydrodynamical) Rayleigh-Taylor instability, with timescale’
(see equation 10),

1/2 -1/2
Ry ~ 1 ( Pm ) ( Patm ) %
0.6gcm™3 0.05kg m™3
-1
v r
S. 1
(ZOkms_l) (ISOm) ) (10

Over the course of two Rayleigh-Taylor growth timescales, the comet
descends a total distance Az ~ 2tgrrvcosecd ~ 30km, in rough
agreement with figure 2.

After the growth of the destructive Rayleigh-Taylor instability, at
an altitude of about 10 km, the comet splits into two child fragments
(green and red curves, figure 2). These differ in both initial mass (see

5 Adopting an average atmospheric density of about 0.05 kg m™> between
50 — 10 km, appropriate for an Earth-like atmosphere with scale height 7 km.

MNRAS 000, 1-14 (2025)
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Figure 3. Key parameters describing the effects of atmospheric entry are shown for comets with initial radii in the range 10 — 1000 m, which is the key parameter
determining the relative importance of atmospheric entry. (a) Effective atmospheric deceleration is only possible for the smallest comets (i.e., Rg < 150m), in
agreement with the qualitative argument presented in §2.3. (b) The mass and velocity of surviving fragments that impact Earth’s surface. Surviving fragments
from Rp < 150 m comets carry only a very small fraction of the comet’s initial mass, and impact the surface at (roughly) terminal velocity. Larger comets reach
the surface without significant deceleration, or mass loss. (¢) Large comets reach the surface without significant deformation, in stark contrast with smaller bodes
that experienced significant lateral expansion. (d) Significant mass loss (approaching 100%) is observed for small comets, occurring at altitudes proportional to
initial size. (e) Energy deposition in the atmosphere, due to both deceleration, and mass loss (normalised by the comet’s initial kinetic energy). The initial mass,
radius, and velocity of the comet are highlighted via the gray dashed lines in panels ¢, and d.

§2.3.2), and transverse velocity (see §2.3.3), and immediately con-
tinue deforming in response to the extreme ram pressure experienced
at their leading edge. Both fragments decelerate substantially dur-
ing this final 10 km of descent through the atmosphere, surrendering
the majority of the comet’s initial kinetic energy to the surrounding
atmosphere.

The rate of deformation, and growth of hydrodynamical instabili-

MNRAS 000, 1-14 (2025)

ties, in the dense lower atmosphere is much quicker for the smaller
(green) child fragment (see equation 16). The smaller fragment there-
fore fragments first, in this case about 1 km above the surface. The
fragments have little time to move apart downrange following initial
break-up at 10 km, and so the impact craters formed once they reach
the surface will likely overlap, forming a crater field. The diameter of
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Figure 4. The effects of atmospheric entry on comets’ impact velocity at the surface (left), and remaining mass (right) is shown as a function of initial radius,
and velocity for an Earth-like atmosphere (with surface density 1.225kgm™3). For comets that fragment (i.e., with small initial radius), this is given as the
(mass-weighted) average velocity, and total mass of fragments that reach the surface. There is a sharp transition in the response to the atmosphere at an initial

radius of about 100 m, in agreement with analytical predictions (equation 6).

this crater field is dominated by the largest fragment (pink, figure 2),
which reaches impacts surface at maximum velocity.

3.2 What controls the fate of comets in the atmosphere?

As described in §3.1, during atmospheric entry a comet begins to
deform when the ram pressure at its leading edge exceeds its material
strength. In an isothermal atmosphere (with constant scale height),
this will occur at a characteristic altitude (see equation 8)

2

Patm,0V

Zoreak = log (TO)H (17)
en

where pam,0 is the atmospheric surface density, H the atmospheric
scale height, v( the comet’s initial velocity, and oie, the comet’s ten-
sile strength. Whilst the tensile strength of cometary nuclei is poorly
constrained, encompassing both 1 Pa (as inferred from overhangs on
comet 67P; Attree et al. 2018), and 10° Pa (the tensile strength of
pure water ice; Petrovic 2003), this break-up height only varies in
the range of 20 — 60 km. In other words, comets will always begin to
break up at high altitudes in Earth-like atmospheres. The exact value
of the tensile strength, within this wide range, has little effect on the
survival of comets.

The fate of comets is instead determined by the subsequent rate of
deformation, and the growth of destructive hydrodynamical instabil-
ities. When the growth timescale of the Rayleigh-Taylor instability
(equation 16) exceeds the dynamical atmosphere-crossing timescale
(~ H/v sin ), the comet will reach the surface before fragmentation.
The survival of comets is therefore controlled by the following three
factors:

(i) the comet’s impact parameters, specifically radius, velocity,
and angle of incidence at the top of the atmosphere,

(ii) the comet’s bulk density,
(iii) the planet’s atmospheric surface density.

We demonstrate the importance of these factors for the fate of comets
during atmospheric entry in the remainder of this Section.

3.2.1 The comet’s impact parameters

During atmospheric entry, the fate of a comet is primarily determined
by its initial radius, as is demonstrated in figure 3 (a-c). Small comets,
with initial radius less than 50 m, encounter an atmospheric column
more massive than itself and deform rapidly, losing both their mass
and kinetic energy (at high altitude) to the surrounding atmosphere.
In contrast, comets with initial radius larger than ~ 500 m reach the
surface without the significant loss of mass, or kinetic energy to the
atmosphere, and reach the surface with their initial velocity essen-
tially unchanged.

In addition to controlling the survival of comets, their initial size
also determines the location, and extent of mass loss in the atmo-
sphere. It is clear from figure 3 (d-e) that mass (and energy) loss is
dominated by fragmentation, with the rapid increase in mass abla-
tion during deformation orders of magnitude larger than in the upper
atmosphere. Small comets therefore deposit essentially all of their
initial mass, and energy into the surrounding atmosphere within a
fraction of an atmospheric scale height. Larger comets, on the other
hand, lose only a small fraction of their initial mass to ablation,
which occurs primarily in the dense lower atmosphere. We note
that negligible mass loss due to ablation is independently supported
by observations of meteoroids in Earth’s atmosphere (Popova et al.
2019).

The transition between the survival, and catastrophic fragmenta-
tion of comets in the atmosphere is rapid, and independent of initial
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Figure 5. The minimum cometary diameter required to survive atmospheric
entry as a function of entry angle (assuming Earth-like atmospheric surface
density). The dashed line corresponds to the cosecé scaling, in agreement
with simple analytical expectation (see §3.2.1). Comets are assumed to sur-
vive atmospheric entry if the total mass of fragments reaching the surface
exceeds 75% of the comet’s initial mass.

velocity (see figure 4). This transition occurs at approximately 150 m
in a 1 bar (i.e., Earth-like atmosphere), which is in good agreement
with qualitative expectations based on the conservation of momen-
tum (equation 6). The effects of initial velocity are only apparent in
the total mass of fragments reaching the surface, with the v3 depen-
dence of mass ablation causing the near-total evaporation of small,
high velocity comets. This is a consequence of the increased transfer
of kinetic energy from the atmospheric flow.

Whilst the initial velocity of a comet has little effect on its inter-
action with the atmosphere, the angle of incidence at the top of the
atmosphere makes a significant difference to its survival (figure 5).
This is caused by the increased path length through the atmosphere,
which drives the catastrophic fragmentation of (significantly) larger
comets. The sharp transition seen in figure 4, separating the survival
and disruption of comets in the atmosphere, therefore changes with
angle, scaling with cosec 6 (the increase in atmospheric path length).
Given that comets arrive at the top of a planet’s atmosphere with
a range of angles, following the differential probability distribution
(Shoemaker 1962)

dP = sin26d6, (18)

the radius of the smallest comets able to survive atmospheric entry
will also vary. This minimum size increases sharply from ~ 150 m
(corresponding to the most probable angle, 45°) to almost 1km,
for angles below 20°. We note, however, that such impacts will be
relatively uncommon, accounting for less than roughly 10 % of total
impacts. Given the much wider range in the size of cometary nuclei
in comparison to possible angles of incidence, the dominant effect
controlling the survival of comets during atmospheric entry is initial
radius.

3.2.2 The density of cometary nuclei

The density of cometary nuclei are inferred to vary substantially
(with many comets consistent with bulk densities much lower than
0.6 gcm™3; Kokotanekova et al. 2017), which strongly controls the
fate of comets in the atmosphere for two primary reasons. First, low
density comets are less massive than their high density counterparts,
and will therefore be more easily stopped by the atmosphere (simply

MNRAS 000, 1-14 (2025)

Atmospheric surface density [1.225kgm %]
1072 107! 10° 10! 10%

104 4

Minimum diameter [m]

100 4

107! 100 10!
Comet bulk density [0.6 gcm ]

Figure 6. The minimum cometary diameter required to survive atmospheric
entry as a function of the comet’s bulk density (circles), and atmospheric
surface density (crosses). Analytical estimates of this minimum size, using
equation 6, are shown above as dashed lines. This qualitative estimate is able
to account for the dependence on comet bulk density to surprising quantitative
accuracy. These predictions are, however, less accurate for extreme values of
atmospheric surface density, which is due to the fact that changes in surface
density not only affect the rate of deformation and fragmentation, but also the
altitude at which deformation begins (see equation 17). Comets are assumed
to survive atmospheric entry if the total mass of fragments reaching the
surface exceeds 75% of the comet’s initial mass.

due to momentum conservation). Second, the rate of deformation,
and growth of the Rayleigh-Taylor instability are both greater for low
density comets. This, in turn, increases the strength of aerobraking
and mass ablation, causing the break up of even relatively massive
low density comets. This is therefore a twofold effect®, such that low
density comets must be much larger to avoid catastrophic fragmen-
tation at high altitude. This trend is seen clearly in figure 6, which
demonstrates the sharp increase in minimum cometary diameter with
decreasing bulk density. Only comets larger than ~ 1 km will survive

atmospheric entry for bulk densities below ~0.1 gcm™3.

3.2.3 The atmospheric surface density

Finally, the atmospheric surface density is itself an key parameter,
with dense planetary atmospheres able to successfully decelerate,
and catastrophically fragment much larger (i.e., km-scale) comets
(figure 6). This can be understood relatively straightforwardly, given
that increases in atmospheric surface density are directly proportional
to increases in the column-integrated atmospheric mass a comet will
encounter during its descent (see equation 6). A rapid increase in
minimum cometary diameter required to survive atmospheric entry
as a function of surface density can be seen clearly in figure 6.

The interaction of small comets with dense atmospheres are par-
ticularly dramatic, given that the ram pressure at the leading edge
of the comet is directly proportional to atmospheric density, lead-
ing to the onset of fragmentation at higher altitudes. As before (see

6 We note also that low density (i.e., highly porous) comets will typically
have lower material strength than higher density comets, which will be made
of more coherent blocks of rock and ice (e.g., Collins et al. 2005). Given
however the relatively small effect tensile strength has on cometary survival
(see §3.2), we expect this to be a much smaller effect.



§3.2.2), the rate of deformation, and growth of hydrodynamic insta-
bilities will increase significantly in dense planetary atmospheres.
There will therefore be a particularly rapid deposition of mass and
energy into the surrounding atmosphere. Example cometary trajec-
tories, demonstrating the effective aerobraking, and fragmentation of
500 — 1000 m radius comets in a 10 bar atmosphere are included in
appendix B for reference.

4 DISCUSSION

We have seen in §3 that the dynamical ram pressure experienced
by comets during atmospheric entry will always exceed their (low)
tensile strength at high altitudes. Yet, there is a large diversity in
their subsequent interaction with the atmosphere. As predicted by
simple physical arguments (see equation 6), this interaction, and
therefore the fate of comets in the atmosphere, is determined by
three key parameters: (i) the comet’s initial radius, (ii) the comet’s
bulk density, and (iii) the atmospheric surface density.

We demonstrate that there exists a sharp transition, at a radius of
about 150 m, separating the survival of larger comets, which reach
the surface essentially intact, and smaller comets, which experience
rapid, successive, and ultimately catastrophic fragmentation at high
altitudes. These small comets deposit essentially all of their initial
mass, and kinetic energy into the surrounding atmosphere within
a fraction of a scale height. This transition, characterising the fate
of comets during atmospheric entry, is shown to be independent of
initial velocity. These results are therefore independent of cometary
dynamics in the planetary system before impact, and require only
knowledge of a planet’s atmospheric profile.

The location of this transition is very sensitive to both the bulk
density of cometary nuclei and the atmospheric surface density. For
particularly low density (highly porous) comets, and/or large atmo-
spheric surface densities, we demonstrate that comets must be larger
than 1 km to avoid catastrophic fragmentation, and near-total mass
ablation. Observational evidence suggests that (Solar system) comets
span a relatively wide-range of bulk densities (Kokotanekova et al.
2017; Groussin et al. 2019), and that there was a quick transition
in Earth’s atmospheric surface pressure, from ~ 100 bar (following
the degassing of Earth’s magma ocean; Elkins-Tanton 2008), to less
than 1 bar by the start of the Archean (Catling & Zahnle 2020, albeit
these constraints remain subject to debate). The flux of small comets
incident at Earth’s surface will therefore have changed as a function
of time, with this critical size decreasing from roughly 1 km to 100 m
during the first 500 Myr post Moon-formation.

We discuss in §4.1 the implications of these results for the
cometary delivery of prebiotic feedstock molecules, and comment
in §4.2 on how the detailed modelling of cometary fragmentation
during atmospheric entry is necessary to support the accurate mod-
elling of the atmospheric response to cometary impacts. In §4.3 we
discuss the thermal evolution of comets during atmospheric entry,
before detailing model limitations in §4.4.

4.1 Implications for prebiotic chemistry

Cometary impacts have been invoked by several authors as a promis-
ing mechanism to deliver simple prebiotic feedstock molecules, such
as hydrogen cyanide (HCN), to local environments in high concen-
trations (e.g., Or6 1961; Clark 1988; Chyba & Sagan 1992; Todd &
Oberg 2020; Zellner et al. 2020). The delivery of simple feedstock
molecules is however, at most, a necessary but not sufficient criteria
for plausible origins-of-life scenarios.

The atmospheric entry of cometary impactors 9

A particular challenge facing the use of HCN in prebiotic chemistry
is that it will undergo hydrolysis in aqueous solution (to formamide,
and then formic acid) at a rate dependent on the temperature of its lo-
cal environment (Miyakawa et al. 2002; Todd et al. 2024). It is likely
this will occur rapidly, given the relative abundance of water concur-
rently delivered during cometary impacts. For this reason, many sce-
narios invoke the stockpiling of cyanide (e.g., as ferrocyanide salts;
Sasselov et al. 2020), as well as a subsequent heat source, which
is required to eventually liberate free cyanide. This heat source has
been attributed to further impacts or geothermal heating (Patel et al.
2015), although we note that the probability of a subsequent impact
in the same location is extremely low, and these scenarios therefore
require a very high cometary impact rate (Anslow et al. 2025).

Alternatively, given that the hydrolysis rate of HCN is substantially
decreased at low temperatures (with eutectic freezing suggested to
permit the polymerisation of HCN; Miyakawa et al. 2002), cometary
impacts onto ice sheets on the early Earth may provide an alternative
pathway for successful prebiotic chemistry. The glaciogenic accumu-
lation of cosmic dust has recently been shown to reach prebiotically
relevant concentrations (Walton et al. 2024), thereby providing an
independent source of other key feedstock molecules for cyanosul-
fidic prebiotic chemistry. This scenario would of course require the
presence of glaciers on the early Earth, which is presently unclear.
We note, however, that there exists evidence for glaciers as early as
2.5 Ga (Kirschvink et al. 2000), and that models supporting a cold
Hadean Earth (e.g., Kadoya et al. 2020) independently invoke high
impact fluxes.

The probability of further prebiotic chemical reactions required for
the synthesis of the building blocks of life, succeeding and occurring
in the correct sequence is, in any case, extremely low (e.g., Rimmer
2023). Thus, for any prebiotic chemical scenarios requiring an initial
cometary impact, whether for the stockpiling of (intermediate) ferro-
cyanide salts or the delivery of HCN to geographically localised ice
sheets, it is imperative to maximise the number of cometary impacts
able to deliver key feedstock molecules.

Previous work has highlighted a significant challenge facing the
cometary delivery of simple prebiotic feedstock molecules, limit-
ing the number of suitable cometary impacts: the extremely high
pressures, and temperatures experienced during impacts (Pierazzo &
Chyba 1999; Todd & Oberg 2020). Todd & Oberg (2020) demon-
strate that the survival of HCN decreases exponentially with both
comet radius, and impact velocity, restricting cometary delivery to
small comets (at most, km-scale), at low impact velocities (ideally
< 15km s_l). Here, we show that comets smaller than about 100 m
are also unsuitable for cometary delivery, given they will unavoid-
ably, and catastrophically fragment at high altitudes, depositing the
entirety of their initial mass (and energy) into the surrounding atmo-
sphere”.

The implications of this additional constraint are potentially se-
vere. The size-frequency distribution of Jupiter-family comets fol-
lows a power-law, with differential slope of around —2.9 (Snodgrass
etal. 2011; Ferndndez et al. 2013), such that the number of cometary
impacts on Earth are dominated, in number, by the smallest comets
in the distribution®. These comets will not survive atmospheric en-

7 Whilst it is possible that the deposition of large amounts of energy, and
volatile-rich material into the atmosphere may promote the formation of
various prebiotic feedstock species, this interaction will depend sensitively
on atmospheric composition. Moreover, this is also possible during asteroidal
impacts (Parkos et al. 2018), which will be significantly more numerous.

8 For context, this means that there will be roughly a thousand 100 m comets
for every 1 km comet impacting the Earth.
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try, and therefore cannot deliver any prebiotic feedstock molecules to
local environments. The survival of key feedstock molecules during
cometary impacts in large comets is therefore particularly important,
which is investigated further in McDonald et al. (2025). In any case,
given that cometary impacts are from predominantly small bodies
unable to survive atmospheric entry, it is likely that only a very small
subset of comets will successfully deliver HCN to the early Earth.
Quantitative investigation into the subset of comets able to deliver
HCN to the early Earth is reserved for an upcoming study (Anslow
& McDonald et al., in prep.).

The atmospheric filtering of small comets is particularly challeng-
ing for planets with thick, high mean molecular weight atmospheres,
given the minimum cometary diameter required to survive atmo-
spheric entry rapidly approaches the maximum diameter able to de-
liver key feedstock molecules. This is likely the case for Venus, with
atmospheric surface pressure approaching 100 bar, with only comets
larger than about 1 km able to survive atmospheric entry. Conversely,
this is much less significant for Mars, given its very tenuous atmo-
sphere is unable to prevent even very small bodies (~ 10 m) from
reaching the surface intact. If cometary delivery is indeed an impor-
tant step necessary for successful prebiotic chemistry, this therefore
lends further support to the possibility that life could have emerged
on Mars, providing further motivation for Mars Sample Return. Not
only this, but high precision measurement of returned organics would
also be possible, potentially allowing for the identification of isotopi-
cally distinct (Marty et al. 2017) cometary material from the Martian
surface.

4.1.1 Is the fragmentation of small comets beneficial for prebiotic
chemistry?

Here, we consider in more detail the delivery of prebiotic feedstock
molecules from comets that fragment at low altitude above the surface
(e.g., Ry = 150 m; figure 3). There are several arguments to suggest
this may in fact improve the survival of feedstock molecules during
hypervelocity impact, which we discuss here.

First, these fragments will be significantly deformed, and there-
fore experience a massive aerodynamic drag force during the final
stages of their descent. As seen in figure 2, these fragments reach
the surface with only a small fraction of the comet’s initial velocity.
Given the survival of prebiotic feedstock molecules, such as HCN,
increases exponentially for lower impact velocities (Todd & Oberg
2020), these fragments will deliver a much larger fraction of their
prebiotic feedstock inventory than a comet would otherwise deliver,
in the absence of an atmosphere.

Second, due to both the fragmentation of the comet, and rapid
mass ablation post-fragmentation, each child fragment will be several
times less massive than the parent comet. Again, the survival of
feedstock molecules increases exponentially with decreasing size
(Todd & Oberg 2020), which further suggests these fragments will
deliver prebiotic feedstock molecules more effectively than the comet
would in the absence of any atmosphere.

Third, these child fragments move apart from each other during
the final stages of atmospheric descent, due to the interaction of
their bow shocks. Depending on the magnitude of their transverse
acceleration, these fragments will impact the surface downrange from
each other, forming a small cluster of craters. Whilst the number, and
size of these impact craters will vary, some concentration of prebiotic
feedstock molecules will be delivered to a much larger number of
environments, than in the absence of an atmosphere. One comet
will never deliver every feedstock molecule needed for prebiotic
chemistry; indeed, many reactions must occur at different times, and
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will each require a different inventory of feedstock molecules (e.g.,
Rimmer 2023). A cluster of local environments, each containing
key prebiotic feedstock molecules may therefore provide a more
promising setting for prebiotic chemistry, compared to a single large
crater formed by a large km-sized comet.

There is, however, a potentially important caveat to this discus-
sion. During fragmentation, the child fragments separate, and at some
point develop individual bow shocks (e.g., Passey & Melosh 1980) in
what is an extremely complex interaction with the atmosphere. The
bow shock initially surrounding the comet is an important physical
barrier, shielding its leading edge from direct interaction with the
atmospheric flow (Silber et al. 2018, see also §4.3). If during this
process the fragments interact, for some time, with the atmospheric
flow, this might accelerate the transfer of heat into the comet’s inte-
rior. The temperature of the shock-heated atmospheric gases is ap-
proximately 10* K (e.g., Johnston et al. 2018), comparable to (or even
greater than) the peak temperatures reached during impact (Pierazzo
& Chyba 1999). This could therefore destroy a significant fraction of
the comet’s initial prebiotic feedstock inventory pre-impact.

4.2 Mass and energy deposition in the atmosphere

Cometary impacts have been long considered a potential explanation
for Jupiter’s super-Solar metallicity (Mahaffy et al. 2000; Miiller &
Helled 2024), an idea that has recently been extended to young hot
Jupiters (Zhang et al. 2023; Tsai et al. 2023). This is supported, for hot
Jupiters, by detailed climate modelling of the atmospheric response
to cometary impacts (Sainsbury-Martinez & Walsh 2024), with this
modelling effort recently extended to include terrestrial exoplanets
(Sainsbury-Martinez et al. 2025). The atmospheric response of ter-
restrial exoplanets to cometary impacts is found to be, potentially,
both observable and extended, driven by the deposition of water in
the upper atmosphere. This water acts as an additional source of
opacity at high altitudes, which causes the heating of the upper at-
mosphere, and the cooling of the lower atmosphere (by as much as
5K; Sainsbury-Martinez et al. 2025). Importantly, the atmospheric
response will be significantly reduced if the deposition of water is
instead concentrated in the dense lower atmosphere.

The extent, and location of mass and energy deposition into the at-
mosphere during cometary impacts is therefore crucially important in
order to accurately characterise the atmospheric response to cometary
impacts. We demonstrate in §3 that comets of all sizes deposit mass
and energy into the atmosphere, varying significantly (in location
and extent) with cometary diameter (see figure 3), predominantly
occurring during fragmentation. Small comets that catastrophically
fragment at high altitudes deposit almost the entirety of their initial
mass, and energy within a fraction of a scale height. The altitude at
which this occurs is determined by their initial radius (see figure 3),
given this controls their rate of deformation, and fragmentation in the
atmosphere. Large comets, on the other hand, do not fragment, and
lose only a very small fraction of their initial mass due to ablation,
predominantly in the dense lower atmosphere. Observations of small
meteoroids in Earth’s atmosphere support this conclusion that frag-
mentation plays a much more important role than both aerobraking
and mass ablation (Popova et al. 2019).

Uncertainty in mass deposition profiles still remains however for
large comets that do not fragment. Considering only the upper atmo-
sphere (most sensitive to the additional opacity source provided by
cometary water), before the ram pressure exceeds the comet’s tensile
strength, mass deposition is driven only by ablation (see figure 3). The
strength, and duration of any atmospheric response is therefore very
sensitive to the comet’s heat transfer coefficient (see §2.2), which can



only be determined via detailed numerical modelling (e.g., Johnston
et al. 2018). We summarise existing literature, describing the rela-
tively poor constraints on this coefficient for km-scale impactors in
§2.2, which will unavoidably be inherited by any mass deposition
profiles adopted in these studies.

In summary, mass and energy deposition in the atmosphere is
dominated by fragmentation rather than mass ablation, and is there-
fore extremely sensitive to initial radius, with only small comets
(< 100m) depositing a significant fraction of their initial mass (en-
ergy) into the surrounding atmosphere. This occurs rapidly in what
is a runaway process whereby comets spread their mass over an
ever-increasing area, further increasing atmospheric drag, and accel-
erating their deformation. For these comets, mass loss occurs within
a fraction of a scale height, at an altitude determined by their ini-
tial radius. In contrast, larger comets lose only a very small fraction
of their initial mass due to ablation, which occurs predominantly in
the dense lower atmosphere. The atmospheric response to cometary
impacts is therefore likely overestimated when assuming significant
mass loss from large comets in the upper atmosphere. The numer-
ical model described in this study, available as a python package9,
provides this key input required by the computationally expensive
3D climate models used to characterise the atmospheric response to
cometary impacts: mass, and energy deposition profiles (as a function
of altitude) from comets of any size.

4.3 The thermal evolution of comets

Throughout this study we do not consider the thermal evolution of
comets during atmospheric entry. Given however the friable and
highly porous nature of cometary nuclei, their interaction with the
atmosphere may, in principle, drive significant thermal processing.
In the context of prebiotic chemistry, this would have substantial neg-
ative consequences, and we therefore revisit this assumption below.

The nature of the interaction between a comet, and the atmo-
sphere is crucially important when determining the mechanism,
and efficiency of heat transfer. Observations reveal that this interac-
tion changes significantly with altitude (e.g., Biberman et al. 1980),
with high-fidelity simulations (coupling fluid dynamics with radia-
tive transfer) required to accurately model the heating of meteoroids
during atmospheric entry, and constrain key model parameters (e.g.,
Johnston et al. 2018). To a good approximation, however, the nature
of the local flow regime can be estimated via the Knudsen number
(Silber et al. 2018; Popova et al. 2019),

Higem) (1) a)

which is defined as the ratio of the atmospheric mean free path (/), toa
characteristic length-scale of the body (i.e., its radius r). Values of Kn
below 0.1 correspond to the continuous flow regime. This is satisfied
even for metre-sized comets in the rarefied upper atmosphere, where
the mean free path is large (~ 10 cm; Campbell-Brown & Koschny
2004).

In the continuous flow regime a shock front (with density several
orders of magnitude greater than the surrounding atmosphere) forms
at the leading edge of the comet, preventing the direct interaction of
hot atmospheric gases with the comet. This protection is crucially
important for the intact survival of large comets during atmospheric
entry. Comets, protected by this shock front, lose mass due to ablation
in the continuous flow regime driven by the absorption of a large

[
Kn=-=0
r

9 https://github.com/richard17a/atmosentry.
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radiative flux (emitted by the shock front) at their leading edge (e.g.,
Johnston et al. 2018; Silber et al. 2018).

It is this radiative flux from the shock front that will drive ther-
mal evolution during atmospheric entry, heating the leading edge of
comets to very high temperatures. While this is evidenced by the fu-
sion crust found on meteorites (e.g., Genge & Grady 1999), the extent
of thermal evolution beyond a comet’s leading edge will depend on
the transfer of heat throughout its body. The degree to which a body
can be considered isothermal is characterised by the dimensionless
Biot number, Bi, given by

-1

WL h k L
Bi=— =10 —1, (20
k (104Wm—2K)(le‘1K‘1) (lm) 20)

where £ is the heat transfer coefficient, k the meteoroid’s thermal
conductivity, and L a characteristic length scale. For Bi > 10, it is
not reasonable to assume an isothermal temperature distribution, and
there will exist large temperature gradients within the comet.

The appropriate heat transfer coefficient is not immediately obvi-
ous, but is likely dominated by the radiative flux received from the
atmospheric shock front. It has units of power per area per Kelvin, and
we assume h ~ 10*Wm~2K (using the results from Johnston et al.
2018). The thermal conductivity of ice is low, k ~ 1 Wm™ k-1 (As-
chwanden et al. 2012), and thus only very small (~ um) meteorites
will be heated throughout to high temperature. Large comets, able
to reach the surface intact (i.e., > 1 m) will not be heated through-
out. Rather, as we show next, only the very outer layers undergo any
significant heating during atmospheric entry.

Whilst the leading edge of the comet will be heated to high temper-
atures during atmospheric entry, the significant heating of its interior
requires the very rapid transfer of heat due to the short timescale on
which comets pass through atmosphere (on the order of 10s). As-
suming spherical symmetry, the heat equation governing the comet’s
thermal evolution during atmospheric entry (in response to the shock-
front at its leading edge) is then

10T(r,t) 1 0 (,0T(r,1)
a It r20r " or ’

To leading order, the radial extent of heat transfer over atime 6t ~ 10's
(i.e., the skin-depth) is

12 1/2
or ~ Vaot ~ 0.1 ¢ ﬁ mm
10-8 m2 571 10s

Despite a lack of knowledge regarding key physical properties of
cometary nuclei, the thermal diffusivity of ice is known to be low

(~10"7m?s”'; Fukusako 1990), and found to increase with bulk
density (Fukusako 1990). Thus, given the low density of comets (as
evidenced by comet 67P; Jorda et al. 2016), it is reasonable to suggest
that the thermal diffusivity of comets might be significantly lower

than of ice. We assume a thermal diffusivity @ ~ 1078 m? 371 fol-
lowing Prialnik & Jewitt (2022). Only the outer ~ 0.1 mm of comets
will be heated to temperatures of the order 10* K.

Finally, we note that any thermal degradation will be largely con-
fined to the comet’s leading edge. The survival of any prebiotic
feedstock molecules near the leading edge is already very unlikely,
given this region is heated to the highest temperatures during im-
pact with the surface (Pierazzo & Chyba 1999). Thus, the thermal
degradation of prebiotic feedstock molecules will be insignificant for
all comets able to reach the surface, avoiding fragmentation in the
atmosphere (see §3).
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4.4 Model limitations

In this work we present a (deliberately) simple numerical model for
the atmospheric entry of cometary impactors. We adopt several semi-
analytical parameterisations to describe the ablation, deformation,
and fragmentation of comets as they interact with the atmosphere.
Many of the complex physical processes that occur during atmo-
spheric entry are therefore not accurately described by this model.
At this expense, however, we are able to clearly motivate our results
in terms of simple physical arguments, and the model retains suffi-
cient computational simplicity to cover a wide range of parameter
space (both comet, and atmosphere). Despite this, our model is in
good agreement with existing studies (see appendix A), and is based
closely on the model presented in Korycansky & Zahnle (2005),
which is successfully validated against Venus’ crater population.

We adopt a continuous fragmentation (pancake) model in this
study, however as discussed in §2.3 there also exist several discrete
fragmentation models that can also be used to model the fragmenta-
tion of meteoroids in the atmosphere. A detailed asteroid fragmen-
tation model comparison was presented in Register et al. (2017),
including both continuous and discrete models. They found, using
constraints from the Chelyabinsk airburst, that energy deposition in
the atmosphere is driven by small fragments behaving in a weakly co-
hesive, aggregate fashion. Discrete fragmentation models only suc-
ceeded when closely mimicking a cloud-like behaviour (Register
et al. 2017). Thus, given the significantly lower material strength
(and generally weakly cohesive nature) of comets, it is very unlikely
that discrete fragmentation models will accurately describe their in-
teraction with the atmosphere.

Finally, for the cometary delivery of prebiotic feedstock molecules,
a main limitation of this work is that we do not model the thermal
evolution of comets during atmospheric entry. Whilst this is con-
sistent with existing literature, the high porosity of comets poten-
tially renders them particularly vulnerable to thermal processing. We
demonstrate in §4.3 that the thermal evolution of large comets will be
negligible, given they are effectively shielded from direct interaction
with the atmospheric flow by the shock front at their leading edge
(e.g., Silber et al. 2018; Popova et al. 2019). However, the same is
not necessarily true for smaller comets that fragment close to the
surface. As discussed in §2, during fragmentation the collective bow
shock disrupts, potentially allowing for direct interaction between
the fragmenting comet and hot atmospheric gases. If during this pro-
cesses hot gases are driven into the child fragments, this will rapidly
accelerate the transfer of heat into their interiors, potentially reaching
temperatures as high as 10* K on very short timescales. A significant
fraction of a comet’s prebiotic inventory would therefore be destroyed
before impact, further restricting the subset of comets able to deliver
prebiotic feedstock molecules to only large (~ 500 m) comets that
survive atmospheric entry intact. This is, however, a complex comet-
atmosphere interaction that is beyond the scope of this study, and
we therefore stress this important caveat when considering cometary
fragments in prebiotic chemical scenarios.

5 CONCLUSIONS

We have developed a simple, open-source, numerical package to
model the impact of comets into planetary atmospheres. The model
includes specific semi-analytical parameterisations for the ablation,
deformation, and fragmentation of comets during atmospheric entry.
The model retains sufficient computational simplicity to efficiently
investigate a wide range of parameter space, and allows us to clearly
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motivate the key physical processes that control the interaction of
comets with the atmosphere.

We first apply our model to the cometary delivery of prebiotic
feedstock molecules, which requires the survival of comets (or frag-
ments thereof) to the surface, for the concentration of key feed-
stock molecules in localised environments. The survival of comets
is determined by three parameters: (i) the comet’s initial radius, (ii)
the comet’s bulk density, and (iii) the atmospheric surface density.
We find there exists a very sharp transition between the survival,
and catastrophic fragmentation of comets in the atmosphere. For
Earth-like atmospheres, this transition occurs at a radius of ~ 150 m,
below which comets deform rapidly, losing both their mass and ki-
netic energy to the surrounding atmosphere. This critical radius in-
creases with increasing atmospheric surface density, and decreasing
cometary density, often exceeding 1 km.

Finally, we demonstrate that the deposition of mass and kinetic en-
ergy in planetary atmospheres is similarly sensitive to comets’ initial
radius. Mass and energy loss in the atmosphere is dominated by frag-
mentation, which is found to have a dominant effect in comparison to
mass ablation. The deformation, and fragmentation of small comets
spreads their mass over a large area, further increasing atmospheric
drag, and driving enhanced deformation. This feedback causes the
rapid deposition of mass within a fraction of an atmospheric scale
height, at an altitude determined by the comet’s initial radius. Large
comets, on the other hand, do not fragment in the atmosphere, and
lose only a small fraction of their initial mass to ablation in the dense
lower atmosphere. The location, and extent of mass loss determines
the strength, and duration of any atmospheric response to cometary
impacts, which is accordingly extremely sensitive to comets’ initial
radius, and the detailed modelling of cometary fragmentation.
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APPENDIX A: MODEL VALIDATION

First, we compare our results with the Chyba et al. (1993) pancake
model; this is a widely-used pancake model that has been successfully
validated against the 1908 Tunguska airburst. Figure A1 demonstrates
that our model is in good agreement, particularly at low (< 100 m)
and large (2 500m) initial radii. Small deviations can be seen at
intermediate sizes (or order 100 m), which is driven by the onset of
fragmentation, not included in the Chyba et al. (1993) model.

We can also, qualitatively, compare our results with the widely-
used debris cloud model presented in Hills & Goda (1993), in which
all fragments continue their descent under a common bow shock.
Their figure 4 records the height of half energy deposition as a func-
tion of initial meteor radius. For 10 m comets, they find an altitude of
approximately 40 km, in good agreement with our figure 3. Comets
larger than 1 km are found to retain more than 50% of their initial ki-
netic energy, also in agreement with our model. Finally, their figure 6
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Figure Al. Here our numerical model (solid lines) is compared with the
simple progressive fragmentation (‘pancake’) model described in Chyba et al.
(1993) (dashed lines). The different colours correspond to initial comet size,
as in figure 3. The integration is stopped when the comets radius increases
by a factor of 6, at which point it is assumed the remaining mass and energy
is deposited into the atmosphere in an airburst-type event (see also; Collins
et al. 2005).

records the fraction of mass ablated as a function of initial meteor
radius. Comets smaller than 100 m are found to lose all of their mass
during atmospheric entry, which is also in good agreement with our
model (see figures 4 and 6).

APPENDIX B: COMET TRAJECTORIES IN DENSE
PLANETARY ATMOSPHERES

As discussed in §3.2 the interaction of small comets with dense
atmospheres is particularly dramatic, given that the ram pressure ex-
perienced the leading edge of the comet is directly proportional to
the atmospheric surface density. To first order, we expect analyti-
cally that the minimum cometary size able to survive atmospheric
entry should by proportional to the atmospheric surface density (see
equation 6). In figure B1 we show the atmospheric entry of comets
into an atmosphere with density 10 times that of the modern Earth.
As expected, much larger comets (~500m) are now significantly
decelerated by the atmosphere, losing a much larger fraction of their
initial mass to ablation.
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APPENDIX C: SIMULATION OUTPUT DATA

There is variation in model results around Ry = 100 m, due to explicit
stochasticity in the properties of child fragments, and the choice of
Nirag: the number of child fragments produced. In tables C1 to C3 we
demonstrate the robustness of the numerical model to the choice of
Nerag, and list detailed simulation results for the most likely impact
parameters (angle of incidence 45° (Shoemaker 1962), and impact
velocity ~20kms™! (Weissman 2007)). We report the following
simulation outputs:

e Ro [km]: The initial radius of the comet at the top of the atmo-

sphere.
o Fragmentation [True/False]: Whether the comet fragments in

the atmosphere.
o (mimp) [Mo]: The average mass of fragments reaching the sur-

face.
® (Vimp)m [km s’l]: The average (mass-weighted) impact veloc-
ity of fragments reaching the surface,

-1
Nfrag‘surf Nfrag,surf

Z miv; Z m;| . (C1)

i=1 i=1

<Vimp>m =

® Nfpag surf: The number of fragments that reach the surface.

Further output data are available directly from the ATMOSENTRY
github repository, or by request.

This paper has been typeset from a TEX/IXTEX file prepared by the author.


https://github.com/richard17a/atmosentry

Velocity [km/s]

Altitude [km]
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Figure B1. Same as figure 3, except for a dense planetary atmosphere, with surface density 12.25kgm™.
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R [km] Fragmentation <mimp> [MO] <Vimp >m [km S_l] Nfrag,surf.
0.01 True 0.01 = 0.00 0.01 = 0.00 7.62 +0.48
0.02 True 0.01 £ 0.00 0.02 = 0.00 7.62 +£0.78
0.04 True 0.02 + 0.00 0.02 = 0.00 5.31 £0.85
0.05 True 0.02 £ 0.01 0.03 = 0.00 5.00 £ 1.12
0.06 True 0.02 £ 0.01 0.03 = 0.00 4.44 + 0.86
0.08 True 0.03 £ 0.01 0.06 = 0.06 4.19 £ 1.01
0.11 True 0.06 + 0.03 6.67 £ 2.72 3.56 £ 0.61
0.14 True 0.18 £0.12 15.02 £ 0.51 3.56 +0.86
0.18 True 0.34 + 0.06 17.88 + 0.12 2.38 £0.48
0.23 True 0.45 +£0.12 18.92 + 0.02 2.06 +0.43
0.30 True 0.46 = 0.00 19.36 + 0.00 2.00 £ 0.00
0.39 False 0.95 + 0.00 19.61 + 0.00 1.00 = 0.00
0.50 False 0.97 + 0.00 19.76 + 0.00 1.00 = 0.00
0.60 False 0.97 + 0.00 19.83 + 0.00 1.00 = 0.00
0.96 False 0.98 + 0.00 19.92 + 0.00 1.00 = 0.00
1.53 False 0.99 + 0.00 19.97 + 0.00 1.00 = 0.00
245 False 0.99 + 0.00 20.00 + 0.00 1.00 = 0.00
391 False 1.00 £+ 0.00 20.02 + 0.00 1.00 = 0.00
6.26 False 1.00 = 0.00 20.03 + 0.00 1.00 = 0.00
10.00 False 1.00 = 0.00 20.04 + 0.00 1.00 = 0.00

Table C1. Number of child fragments per fragment event, Nf,g = 2. Initial velocity vp = 20km s

R [km] Fragmentation <mimp> [MO] <Vimp >m [km S_l] Nfrag,surf.
0.01 True 0.01 = 0.00 0.01 = 0.00 7.56 = 0.70
0.02 True 0.01 £ 0.00 0.02 = 0.00 7.50 £ 0.87
0.04 True 0.02 £ 0.01 0.02 + 0.00 5.50 + 1.17
0.05 True 0.02 = 0.00 0.03 = 0.00 5.25 +0.83
0.06 True 0.02 £ 0.01 0.03 £ 0.00 4.56 + 1.12
0.08 True 0.02 + 0.00 0.04 = 0.02 4.19 £ 0.63
0.11 True 0.05 = 0.02 6.16 = 2.44 3.75 £ 0.56
0.14 True 0.19 £0.12 15.14 £ 0.52 344 +0.79
0.18 True 0.40 + 0.17 17.86 £ 0.15 2.25 + 0.66
0.23 True 0.44 + 0.00 18.92 + 0.00 2.00 = 0.00
0.30 True 0.46 = 0.00 19.36 + 0.00 2.00 £ 0.00
0.39 False 0.95 + 0.00 19.61 + 0.00 1.00 = 0.00
0.50 False 0.97 + 0.00 19.76 + 0.00 1.00 = 0.00
0.60 False 0.97 = 0.00 19.83 + 0.00 1.00 = 0.00
0.96 False 0.98 + 0.00 19.92 + 0.00 1.00 = 0.00
1.53 False 0.99 + 0.00 19.97 + 0.00 1.00 = 0.00
245 False 0.99 + 0.00 20.00 + 0.00 1.00 = 0.00
391 False 1.00 £ 0.00 20.02 + 0.00 1.00 = 0.00
6.26 False 1.00 = 0.00 20.03 + 0.00 1.00 = 0.00
10.00 False 1.00 = 0.00 20.04 + 0.00 1.00 = 0.00

Table C2. Number of child fragments per fragment event, Nf,g = 3. Initial velocity vp = 20km s
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R [km] Fragmentation <mimp> [MO] <Vimp >m [km S_l] Nfrag,surf.
0.01 True 0.01 £ 0.00 0.01 + 0.00 7.88 +0.33
0.02 True 0.01 = 0.00 0.02 = 0.00 7.38 £ 1.05
0.04 True 0.02 + 0.00 0.02 + 0.00 5.62 +0.78
0.05 True 0.02 + 0.00 0.03 + 0.00 5.00 £ 0.71
0.06 True 0.02 £ 0.01 0.03 £0.01 4.38 +0.93
0.08 True 0.02 + 0.00 0.05 + 0.04 425 +0.75
0.11 True 0.06 + 0.03 6.57 +2.20 3.44 + 0.61
0.14 True 0.14 + 0.04 14.88 + 0.35 3.94 +0.56
0.18 True 0.39 £0.12 17.85 £0.11 2.19 + 0.53
0.23 True 0.42 + 0.05 18.92 + 0.01 2.12+0.33
0.30 True 0.46 + 0.00 19.36 + 0.00 2.00 £ 0.00
0.39 False 0.95 £ 0.00 19.61 +0.00 1.00 + 0.00
0.50 False 0.97 £ 0.00 19.76 + 0.00 1.00 + 0.00
0.60 False 0.97 £ 0.00 19.83 = 0.00 1.00 + 0.00
0.96 False 0.98 + 0.00 19.92 +0.00 1.00 + 0.00
1.53 False 0.99 + 0.00 19.97 + 0.00 1.00 + 0.00
245 False 0.99 + 0.00 20.00 + 0.00 1.00 + 0.00
391 False 1.00 = 0.00 20.02 + 0.00 1.00 = 0.00
6.26 False 1.00 + 0.00 20.03 + 0.00 1.00 + 0.00
10.00 False 1.00 + 0.00 20.04 £ 0.00 1.00 + 0.00

Table C3. Number of child fragments per fragment event, Nf,g = 4. Initial velocity vp = 20km s

17

MNRAS 000, 1-14 (2025)



	Introduction
	Model description
	Trajectory through the atmosphere
	Mass ablation
	Deformation and fragmentation

	Results
	An example comet's trajectory
	What controls the fate of comets in the atmosphere?

	Discussion
	Implications for prebiotic chemistry
	Mass and energy deposition in the atmosphere
	The thermal evolution of comets
	Model limitations

	Conclusions
	Model validation
	Comet trajectories in dense planetary atmospheres
	Simulation output data

