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ABSTRACT

Contact. Potentially hazardous asteroids (PHA) in Earth-crossing orbits pose a constant threat to life on Earth. Several mitigation
methods have been proposed, and the most feasible technique appears to be the disintegration of the impactor and the generation of
a fragment cloud by explosive penetrators at interception. However, mitigation analyses tend to neglect the e↵ect of orbital dynamics
on the trajectory of fragments.
Aims. We aim to study the e↵ect of orbital dynamics of the impactor’s cloud on the number of fragments that hit the Earth, assuming
di↵erent interception dates. We investigate the e↵ect of self-gravitational cohesion and the axial rotation of the impactor.
Methods. We computed the orbits of 105 fragments with a high-precision direct N-body integrator of the eighth order, running on
GPUs. We considered orbital perturbations from all large bodies in the Solar System and the self-gravity of the cloud fragments.
Results. Using a series of numerical experiments, we show that orbital shear causes the fragment cloud to adopt the shape of a triaxial
ellipsoid. The shape and alignment of the triaxial ellipsoid are strongly modulated by the cloud’s orbital trajectory and, hence, the
impact cross-section of the cloud with respect to the Earth. Therefore, the number of fragments hitting the Earth is strongly influenced
by the orbit of the impactor and the time of interception. A minimum number of impacts occur for a well-defined orientation of the
impactor rotational axis, depending on the date of interception.
Conclusions. To minimise the lethal consequences of an PHA’s impact, a well-constrained interception timing is necessary. A too-
early interception may not be ideal for PHAs in the Apollo or Aten groups. Thus, we find that the best time to intercept PHA is when
it is at the pericentre of its orbit.
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1. Introduction

The Cretaceous-Paleogene extinction event wiped out about
75% of all species (Raup & Sepkoski 1982): all non-avian
dinosaurs died out, while all ammonites, plesiosaurs, and
mosasaurs disappeared from the seas (Fastovsky & Sheehan
2005). This left mammals and birds to dominate the land.
Kelly & Dachille (1953) proposed and later Alvarez et al. (1980)
and Smit (1980) confirmed the hypothesis that these events were
caused by the impact of a large asteroid of 10–15 km diameter
on the Earth 66 million years ago (Renne et al. 2013).

Near-Earth objects (NEOs) are asteroids or comets with a
perihelion distance, q, less than 1.3 au. Near-Earth asteroids
(NEAs), are divided into four groups1 (Atira, Aten, Apollo, and
Amor) based on their semi-major axis and eccentricity. Aster-
oids with a diameter of more than 140 m in the Apollo and Aten
groups having Earth-crossing orbits, are classified as potentially

1 See details at NASA’s Near Earth Objects Basics page: https://
cneos.jpl.nasa.gov/about/neo_groups.html

hazardous asteroids (PHAs). We note that comets crossing the
Earth’s orbit can also be considered PHAs.

Although the recurrence interval of an impact event with a
diameter of 10–15 km is about 0.2 billion years, a smaller impact
event with a diameter of 1 km can be expected to occur every 0.6
million years (Collins et al. 2005).

In a recent review by Lubin & Cohen (2023), six methods of
mitigating PHA impact are discussed. The most promising tech-
nique is the use of an array of penetrators combined with nuclear
explosives that disintegrate the asteroid impactor at the so-called
interception event into a gravitationally unbound cloud of frag-
ments with su�cient energy to spread, (see, e.g., Kaplinger et al.
2010; Sanchez Cuartielles et al. 2008; King et al. 2021). The
shock waves caused by the impact of fragments of an asteroid
with a diameter of 1 km can be decorrelated (the impact events
are dispersed in time) in the Earth’s atmosphere to a su�cient
degree to reduce the threat. Furthermore, assuming an intercept
time of more than about 2.5 months, a fragment expansion speed
of about 1 m s�1 is su�cient to miss Earth. However, for a 10 km
diameter asteroid, the amount of energy released by the shock
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wave and even the dust production becomes large enough to
overwhelm our atmospheric shield. Therefore, a much earlier
intercept will be required to make the cloud of fragments grow
large enough, so that only a small fraction of them end up hitting
the Earth.

To predict the number of fragments that hit Earth,
Lubin & Cohen (2023) use an analytic approximation neglecting
the e↵ect of orbital dynamics on the trajectory of fragments. In
this Letter, we show that the fragment cloud is strongly distorted
by the orbital shear, so that classical analytical approximations
cannot be used to estimate the size of the impact. Therefore, in
agreement with the results of King et al. (2021), using a series of
high-precision N-body simulations is necessary.

2. Numerical simulations

A fully gravitationally interacting many-body system is used to
model the impact event. The impactor is resolved as 105 spheri-
cal particles of equal mass and size. The individual orbits of the
impactor fragments, perturbed by the Sun and the major bodies
of the Solar System (planets, Moon, and Pluto), are computed
with a high-precision direct N-body integrator. We performed
two sets of simulations: (1) a gravitationally non-interacting
impact cloud to reveal the e↵ect of orbital shear and (2) a fully
interacting impact cloud, for which the gravity of the fragments
is also considered.

We used our GPU-aided code HIPERION2, utilising an
eighth-order Hermite scheme described in Nitadori & Makino
(2008). Based on the predictor-corrector relative acceleration of
bodies, a shared adaptive timestep method is used (see details
in Appendix B). Every time step is controlled such that simula-
tions provide better positional accuracy than the diameter of the
impactor.

2.1. Ephemerides and impact events

To take into account the perturbation e↵ects of the Solar Sys-
tem bodies on the impactor orbit, we obtained the position
and velocity vectors of the planets, Pluto, and the Moon from
the NASA JPL Horizons service3 at the time of a hypo-
thetical impact event. Throughout the investigation, 12:00 am
24/06/2030 (JD 2462677.0) was used as the date of the impact
event. The Astroquery Python package was used to retrieve the
ephemerides (Ginsburg et al. 2019).

We considered an asteroid and a comet-type impactor, which
have the same diameter but di↵erent internal densities and
impact velocities (physical properties are shown in Table 1). We
note that the diameter of the impactors is chosen to ensure their
survival even in sungrazing orbits (Sekanina 2003). Central col-
lisions between Earth and the impactors are assumed, meaning
that the impactor’s velocity vector points towards the Earth’s
center of mass.

The properties of the impact are defined by three parameters:
vimp as the impact velocity; � as the angle between the veloc-
ity vector of the Earth and that of the impactor in the plane of
the Earth’s orbit; and � as the angle between the velocity vec-
tor of the impactor and the orbital plane of the Earth. � = 0�
or � = 180� correspond to a head-on or a rear-end collision

2 High Precision Integrator for N-body, HIPERION code can
be accessed at https://konkoly.hu/staff/regaly/research/
hiperion.html
3 https://ssd.jpl.nasa.gov/horizons/app.html#/

Table 1. Parameters of the asteroid and comet type impactors.

Physical property Asteroid Comet

Diameter (m) 1000 1000
Density (kg m�3) 2.6 ⇥ 103 0.65 ⇥ 103

Mass (kg) 1.36 ⇥ 1012 3.40 ⇥ 1011

vimp (km s�1) 20 40
vesc (m s�1) 0.625 0.301
Pmin (hour) 2.04657 4.09315
vsurf (m s�1) 0.425687 0.212844

with Earth, respectively. The calculated orbital elements of the
impactor models are presented in Appendix A.

2.2. Backward-forward integration, fragment cloud, and

rotation

For the modelling of an impact event, a backward integration in
time is first performed by reversing the velocity of the impactor
as well as all other Solar System bodies at the impact event.
The di↵erence between the interception date (tint) and the impact
event time (timp) defines the length of the backward integration.
We examine a series of �t = timp � tint sampled over the interval
1/48 � 3 years by 144 di↵erent integration times. At the end of
the backward integration, that is, at the interception, the velocity
vectors of all celestial bodies are reversed again. Note that the
backward-forward integration method is similar to the one used
in King et al. (2021).

Using the particle packing algorithm presented in
Baranau & Tallarek (2017), the impactor is disintegrated
into 1.04739 ⇥ 105 individual monodisperse particles assuming
a uniform size distribution for simplicity) at the point of impact.
The diameter of the individual fragments is about 18 m and the
corresponding porosity is measured to be 0.39.

Fragments inherit the impactor velocity components at inter-
ception position. To avoid the collapse of the fragment cloud
by its own gravity, an additional spherically symmetric velocity
distribution proportional to the local escape velocity is superim-
posed. In the applied expansion model, the velocity vectors of
the fragments are given by the equation:

uexp(Ri) =
 

Ri

Ri

!
v0vesc(Ri), (1)

where Ri and Ri are the position vector and distance of the ith
fragment measured from the centre of mass of the impactor and
vesc(Ri) is the local escape velocity at Ri. Four expansion models
with di↵erent intensities are investigated assuming v0 = 1, 2, 5,
and 10.

In order to model the e↵ect of the axial rotation of the
impactor, simulations are performed assuming a minimum rota-
tional period, which is determined by the maximum rotational
speed of an impactor made of debris and held in place by grav-
ity alone. This period is calculated based on Pravec & Harris
(2000) as Pmin = 3.3/p⇢, where ⇢ is the internal density of the
impactor. The corresponding rotational velocity at the surface of
the impactor with a diameter of D is vsurf = (D⇡)/3.3p⇢.

We assume that each fragment receives a tangential kick due
to axial rotation at the moment of expansion onset. The kick
velocity,

ukick(Ri) = vsurf
2Ri
D

M(↵, �)
 

Ri,?
Ri

!
, (2)
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Fig. 1. Fragment clouds immediately before the impact to the impact for models C4 (left) and A4 (right). Two interception dates are shown:
�t = 1.6 yr and 2.2 yr. Note: the Z axis scale is independent of the X and Y axis scales and the fragment clouds are shifted arbitrarily for better
visualisation.

is added to the velocity of the fragment Eq. (1), where Ri,? is the
tangential vector at a position, Ri, and M(↵, �) is the Euclidean
rotation matrix. The orientation of the impactor’s rotation axis
is defined by two angles: ↵ measures the inclination from the
normal to the impactor’s orbital plane, no, whereas � measures
the angle of rotation along no. The e↵ect of the rotation is studied
with 50 ⇥ 50 di↵erent ↵ and � values in the range [0, ⇡].

The shape of the fragment cloud is determined as it
approaches Earth. This is done by fitting a triaxial ellipsoid to
the particle distribution. The principal axis transformation of the
moment of inertia tensor (see details in Appendix C) is used to
obtain the best-fit ellipsoid. The parameters to be determined are
as follows: first Euler angle ✓, the size of the axes of the ellipsoid
(a, b, and c), and the oblateness b/a and c/b of the cloud.

3. Results and discussions

3.1. Importance of orbital dynamics

Our simulations, in agreement with Sanchez Cuartielles et al.
(2008), show that orbital shear transforms the initially spheri-
cal fragment cloud into a triaxial ellipsoid. The orientation of
the largest semi-major axis of the best-fit ellipsoid changes dur-
ing the cloud’s flight and remains in its orbital plane. We will
show that the cloud is shaped by the orbital shear (pericentre
or apocentre passages), resulting in a non-trivial dependence of
the impact number on the date of interception. Figure 1 shows
the fragment clouds immediately before the impact for the mod-
els C4 and A4, assuming two di↵erent dates of interception. Sur-
prisingly, the size of the late intercept cloud is larger than the
early one because it’s more elongated for model A4. As a result,
more fragments can hit the Earth for an early interception.

First, we consider a comet-type impactor approaching Earth
on a hyperbolic orbit (model C4), assuming two interception
dates �t = 1.6 yr and 2.25 yr. The left panels of Fig. 2 show
the variations in the parameters of the best-fit ellipsoid as the
impactor approaches Earth. As the fragment cloud passes by
the apocentre, it is deflected by ⇠�25�, and later of ⇠15� dur-
ing its final approach to Earth (panel a1). The latter deflec-
tion is caused by the Earth’s orbital perturbation (see Fig. A.1).

The semi-major axis of the cloud grows to 2.592 ⇥ 104 km and
5.281⇥104 km prior to the impact for the two models (panel b1).
The fragment cloud becomes an oblate spheroid with c/b ' 1
and b/a ' 0.5 (panel c1). The semi-major axis of the ellipsoid
grows monotonically, and the associated increase in volume is
V/V0 = 1.303 ⇥ 1013 and 3.579 ⇥ 1013. As a consequence an
earlier interception results in a more diluted cloud (left panel in
Fig. 1). The measured number of fragments that impact Earth,
that is, the impact numbers are Nimp = 55 529 and 30 240 for
�t = 1.6 yr and 2.25 yr, respectively.

Next, we demonstrate the importance of the e↵ect of the
orbital shear for an asteroid-type impactor in an elliptical
(e = 0.669) orbit in model A4, with �t = 1.6 yr and 2.25 yr
interception dates (middle panels of Fig. 2). We note that the
impactor is at pericentre and apocentre during interception. In
both models, the oblate cloud completes a full rotation dur-
ing its orbit around the Sun (panel a2). The semi-major axis
of the cloud at impact is a = 4.023 ⇥ 105 km for the late and
a = 1.3086 ⇥ 105 km for the early interception date (panel b2).
Although the fragment cloud expands for a longer period of
time, it is almost an order of magnitude smaller before impact
in the latter case (right panel in Fig. 1). As a result, the cor-
responding impact numbers are Nimp = 6951 and 21 210. This
can be explained by the fact that the orbital velocity increases
(decreases) between the apocentre and the pericentre (and vice
versa), causing compression/decompression of the cloud (see
previous findings of Sanchez Cuartielles et al. 2008). During the
apocentre or pericentre passages, the cloud oblateness (b/c)
changes severely and the shortest axis (c) decreases by two
orders of magnitude (panels c2).

Finally, we consider a highly eccentric impact orbit (model
A1) assuming �t = 1.885 yr and 2.10 yr (right panels of Fig. 2).
The clouds are intercepted at the pericentre and the apocen-
tre, respectively. In these particular cases, the orbital period is
short (P = 0.419 yr), thus several pericentre and apocentre pas-
sages occur before impact, which are associated with several
full rotations of the cloud (panel a3) and a periodic compres-
sion and decompression (panel b3). Noticeably, the compression
and the following decompression magnitude is more pronounced
for the late interception. The final size of fragment cloud is
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Fig. 2. Variation of the parameters of the ellipsoid that best fits the cloud of fragments as it approaches the Earth. Top panels: first Euler angle ✓.
Middle panels: size of the semi-major axis, a. Bottom panels: oblateness (ratios of the semi-minor axes b/a and c/b). Two interception dates are
compared: �t = 1.6 yr vs. 2.25 yr for models C4 and A4, �t = 1.885 yr vs. 2.10 yr for model A1.

smaller for the earlier interception, that is, a = 3.093 ⇥ 105 km
and a = 2.422 ⇥ 105 km for �t = 1.885 yr and 2.1 yr, respec-
tively. The corresponding impact numbers are Nimp = 85 415
and Nimp = 103 601.

3.2. Interception dates and fragment’s self-gravity

The number of impacts Nimp as a function of tint � timp assuming
di↵erent expansion velocities (1  v0  10) are measured for all
models presented in Table A.1 and compared with an analytical
prediction of Nimp (Appendix D), as shown in Fig. E.1. The e↵ect
of fragment’s self-gravity is also investigated.

The analytical estimation and the numerical measurement of
Nimp are very similar for comet-type impactors approaching on
a hyperbolic trajectory (models C3 and C4), assuming v0 � 2
(panels C3 and C4 of Fig. E.1). We note, however, that the ana-
lytical predictions underestimate the numerical measurements
by about a factor of 2 for self-gravitating models with v0 = 1,
while they slightly overestimate the numerical simulations for
non-self-gravitating models. For an asteroid-type impactor on a
hyperbolic orbit (model A3) or on an elliptic orbit (models A2
and A4), the numerical measurements show a growing discrep-
ancy with �t up to about a factor of 2 (panels A2 and A3 of
Fig. E.1). We note that comet-type impactors in models C2–C4
do not show this phenomenon.

Models A1 and C1 demonstrate that Nimp cannot be predicted
by a simple analytical estimation (e.g., with Eq. (D.1) for NEOs
in the Aten group (panels A1 and C1 in Fig. E.1). We find that
Nimp fluctuates as a function of �t with an amplitude propor-
tional to v0 and a period comparable to the impactor’s orbital
period. Variations in the final size of the fragment cloud caused
by intercepting at di↵erent orbital positions can explain the vari-
ation in the impact number. This phenomenon is more robust for
fast expanding clouds, namely, for v0 > 2 models.

Generally, self-gravity of the fragments has a tendency to
increase the number of impacts. This e↵ect is strong for mod-
els assuming v0 = 1, while it is very weak for a relatively fast
cloud expansion, v0 > 2, (see the mismatch of the dotted lines
and symbols in Fig. E.1). This can be explained by the fact
that the volume of the fragment cloud is larger (by a factor of
4.8 for model A4) if the fragment’s self-gravity of the cloud
is neglected. The self-gravity of the fragment is much weaker
for comet-type impactors because they are less massive than
asteroid-type impactors.

3.3. Orientation of axial rotation matters

To investigate the e↵ect of the impactor’s axial rotation, we
run additional non-self-gravitating fragment cloud models that
account for an additional velocity component due to rotation
based on Eq. (2). The expansion velocity is v0 = 2, in which
case the non-self-gravitating models give an accurate solution
(see above). Simulations are performed assuming �t = 0.6 yr
and 1 yr to study the combined e↵ect of the interception date
and axial rotation.

Figures F.1 and F.2 show the distribution of Nimp in the ↵��
plane, measured for asteroid-type and comet-type impactors,
respectively. In general, a reduction of about 30% in Nimp is
achieved by axial rotation with a minimum period. We find
that Nimp depends on the orientation of the rotation axis (with
a few per cent variation) and there is a well-defined minimum
number of impacts for each scenario. A comparison of the
left-hand and right-hand columns shows that the e↵ect of the
date of interception is weak for models A1, A3, C1, C2, and
C3. However, for models A2, A4, and C4, we find that Nimp
reaches its minimum value at di↵erent points, depending on the
interception date.

L6, page 4 of 12



Regály, Zs., et al.: A&A 677, L6 (2023)

4. Conclusions

Here, we present a series of numerical simulations predicting the
number of fragments that hit Earth from disintegrated asteroid-
type (vimp = 20 km s�1) and comet-type (vimp = 40 km s�1)
impactors with a diameter of 1000 m. We studied the e↵ect of
orbital shear, the interception date, and the axial rotation of the
impactor. Based on the numerical simulations carried out, we
have drawn the following conclusions.
1. The fragment cloud is shaped by orbital shear, making an

oblate spheroid (for a hyperbolic orbit) or a triaxial ellip-
soid (elliptical orbit). The pericentre and apocentre passages
modulate the size and the oblateness of the ellipsoid, as well
as, the volume of the cloud, which a↵ects the number of frag-
ments that hit the Earth.

2. To predict the number of impacts on Earth the orbital dynam-
ics must be correctly calculated. Self-gravity of the frag-
ments is important if the cloud expands at a rate slower than
twice the local escape velocity. In some cases (180�  � 
270�), the analytical approximation is feasible for comet-
type impactors if the cloud expands faster than the local
escape velocity.

3. If the impactor is on a highly eccentric orbit, premature dis-
assembly is undesirable. The best time to disintegrate the
impactor is when it is at the pericentre of its orbit.

4. The impact number is a↵ected by the orientation of the spin
axis of the impactor prior to disassembly. For a well-defined
orientation, which can depend on the date of interception, a
minimum number of impacts can be found.

Finally, since early interception may not work in all cases, NEOs
in the Apollo or Aten groups with orbital periods longer than one
year on highly eccentric orbits may pose a major threat. To min-
imise the number of fragments hitting Earth, a sensitive inter-

ception timing is necessary. The impact hazard could be miti-
gated by the proven existence of an optimal orientation of the
impactor’s rotational axis. We propose and explore a possible
approach to this issue in a forthcoming study.
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Appendix A: Impactors’ orbital elements

The orbital elements of the asteroid-type and comet-type
impactors determined at the time of impact are given in
Table A.1. However, it should be noted that the impactor does
not approach on these orbits, as the Earth strongly perturbs the
impactor’s orbit during a close encounter.

A2 or C2 A4 or C4

Close encounter

C1A1

A3 C3

Fig. A.1. Perturbation of impactor orbits during a close encounter with
Earth. The impactor trajectories shown as dashed red lines (models A2,
C2, A4, and C4) are strongly perturbed. However, the trajectories for
head-on and rear-end impact (models A1, C1, A3, and C3) are not per-
turbed by the Earth.

In order to determine the unperturbed orbit of the impactor,
we conducted a backward integration in time, for instance, to
the point of interception and then re-calculated the orbital ele-
ments. This way, the e↵ect of the Earth’s perturbation is taken
into account to correct the orbital elements. An illustration of
orbital perturbations by the Earth’s gravitational field is given
in Fig. A.1. There is no significant perturbation to the orbits of
impactors on a head-on or rear-end collision trajectory (models
A1, C1, A3, and C3). However, assuming a � = 90� or a � = 270�
impact angle, the impactor’s trajectory is strongly perturbed, see
the departure of fly path in Fig. A.1 for models A2, C2, A4, and
C4.

It should be noted that the A1 and C1 models are special con-
figurations and that in both cases the impactor is in its apocentre
position at the impact event. In model A1, the Earth’s orbital

Table A.1. Orbital elements of asteroid-type (A1-A4) and comet-type
(C1-C4) impactors determined at the impact event.

model � (�) � (�) a (au) q (au) Q (au) e

A1 0 0 0.534 0.053 1.015 0.900
A2 90 0 1.822 0.596 3.048 0.673
A3 180 0 -1.295 1.016 - 1.785
A4 270 0 1.821 0.603 3.039 0.669
C1 0 0 0.544 0.072 1.017 0.869
C2 90 0 -1.244 0.423 - 1.340
C3 180 0 -0.290 1.016 - 4.502
C4 270 0 -1.245 0.430 - 1.345

Table A.2. Orbital elements of asteroid-type (A1-A4) and comet-type
(C1-C4) impactors determined at the interception date.

model � (�) � (�) a (au) q (au) Q (au) e

A1(a) 0 0 0.560 0.103 1.016 0.816
A2(b) 90 0 1.454 0.638 2.270 0.561
A3 180 0 -2.433 1.016 - 1.418
A4(b) 270 0 1.454 0.644 2.263 0.557
C1(a) 0 0 0.534 0.051 1.016 0.904
C2 90 0 -1.502 0.437 - 1.291
C3 180 0 -0.312 1.017 - 4.255
C4 270 0 -1505 0.444 - 1.295

(a),(b) Resembles the Aten and Apollo group of NEOs

speed is higher than that of the impactor, so the Earth will run
into the impactor. In model C1, the impactor is travelling in a
retrograde orbit, but the Earth’s orbital speed is still higher than
that of the impactor when impacting.

Orbital elements determined at one year before impact are
given in Table A.2. We emphasise that asteroid-type and one
comet-type impactors resemble the Aten and Apollo group of
NEOs which are indicated in Table A.2.

Figure A.2 shows the visualisation of the orbits of the
hypothetical impactors whose orbital elements are presented in
Table A.2. The orbits of planets of the solar system are also
shown. The JPL Custom Orbital Visualization tool4 was used
to create the orbital plots.

4 https://ssd.jpl.nasa.gov/tools/orbit_diagram.html
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Fig. A.2. Visualisation of the orbits of the impactors (yellow): left for the asteroid-type, right for the comet-type impactors. The orbits of the inner
planets are also shown. Red arrow indicates the rotation of the planets around the Sun, while black arrow indicates the fly path of the impactor.
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Appendix B: Integrator order and precision

The adaptive timestep, dt(1), is recalculated at each step accord-
ing to Nitadori & Makino (2008) as

dt(1) = ⌘dt(0)min

8>>><
>>>:

0
BBBBB@

apred
i

a(0)
i

1
CCCCCA

1/p9>>>=
>>>;
, (B.1)

where dt(0) is the timestep at the previous step, apred
i and a(0)

i are
the acceleration of the i-th body at the predictor and previous
stage, and p is the order of the integrator.

We conducted a series of integrator precision measurements
to determine the optimal order with acceptable position error.
The impactor is modelled as a single body omitting the parti-
cle distribution generation. All major bodies in the Solar Sys-
tem are included in the integration. After 3 years of backward
and forward integration, the impactor should be at the same
position as it initially was, that is, at the impact point. The
hypothetical impact event for the precision error measurements
assumes an asteroid model with parameters of � = 0, � = 0,
vimp = 20 km s�1. Due to the finite number representation used
for computation (32 bit double precision) and the applied order
of the Hermite scheme, the calculation resulted measurable posi-
tion error.
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Fig. B.1. Measurements of position errors with fourth-, sixth-, and
eighth-order Hermite schemes using di↵erent ⌘ parameters for the adap-
tive timestep calculation. The size of the impactor is also shown with a
horizontal line. The optimal scheme with the desired precision (eighth
order with ⌘ = 0.05) is indicated with red circle.

By measuring this position error, we can determine the pre-
cision of the applied integrator. Figure B.1 shows our measure-
ments for three di↵erent integrator orders. With the smallest
⌘ = 0.001 setting, the fourth-order scheme results in about 100
metre precision, while the sixth and eighth order gives about
a metre precision. We note, however, that ⌘ = 0.001 results
in a very small time steps, that is, extremely slow integration.
With ⌘ = 0.05 the eighth-order scheme gives a position error
below the size of the impactor (1000 m). However, using the
fourth- or sixth-order scheme the precision grows several orders
above the size of the impactor. Thus, to integrate with a rela-
tive position error less then the physical size of the impactor, the
eighth-order scheme is selected with ⌘ = 0.05 throughout this
study.

Appendix C: Size and shape of the fragment cloud

To describe the shape of the fragment cloud, a best fit ellipsoid
is determined for its particles’ distribution (see an example in
Fig C.1). This is done by calculating the cloud’s moment of iner-
tia tensor. The routine def-triax.c is based on the well-known
Jacobi eigenvalue algorithm5, which is an iterative method of
rotation for the calculation of the eigenvalues and eigenvectors
of a real symmetric matrix. For a review, we refer to the paper by
Golub & van der Vorst (2000) on the topic of e�cient and high
performance eigenvalue computation algorithms.

Fig. C.1. Example of the best-fit triaxial ellipsoid model of a fragment
cloud: a is the semi-major axis, and b, c are the two semi-minor axes of
the ellipsoid. The fragment distribution is taken from model C4.

For each snapshot, we determined the half mass radius rhm
of the particle distribution (simply sorting by the individual dis-
tances of the particles in the cloud from the centre of the mass
of the whole system). In our further shape investigation, we used
only the particles which we find inside the 4 ⇥ rhm.

In our case, the matrix of inertia (MOI) in a centre-of-mass
frame for the set of N particles by definition is a symmetric and
real matrix:

Icom ⌘
2
66666664

P
i mi(y2

i + z2
i ) �P

i mix2
i y

2
i �P

i mix2
i z2

i
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i

P
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i + y
2
i )

3
77777775 .

(C.1)

Here mi, xi, yi, and zi stand for the i-th particle’s mass and Carte-
sian coordinates. A summation is performed for all particles
found inside 4 ⇥ rhm

After the Jacobi rotations (which in the end define for us
a resulting first Euler angle ✓), the MOI matrix contains only
diagonal components:

I↵com =

2
6666664

Ixx 0 0
0 Iyy 0
0 0 Izz

3
7777775 (C.2)

In the next step, we find the maximum - Imax, middle - Imid
and minimum - Imin values from these diagonal elements. The
axis ratio of the particle distribution ellipsoid can then easily be
defined as:

b/a =
p

Imid/Imax c/a =
p

Imin/Imax (C.3)

The actual code is available from the authors upon an email
request.
5 https://en.wikipedia.org/wiki/Jacobi_eigenvalue_
algorithm
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Appendix D: Impact number, analytical estimation

The number of fragments that hit Earth, Nimp, can be esti-
mated by counting the fragments in a spherically sym-
metric homogeneous fragment cloud model, see Fig. D.1.
Here, we re-introduce the method presented in Lubin & Cohen
(2023). For simplicity, orbital dynamics (which can distort the
spherical symmetry) and self-gravity (which can distort the
homogeneity) are neglected in this model. The radius of the
expanding cloud of fragments is given by Rclo(t, v0) = R0 +
v(D/2)t at a given time t, where v(D/2) is the speed at which
the cloud expands at the surface, and an D is the initial diame-
ter of the impactor. Assuming a completely spherical fragment
cloud, its volume will be Vclo(t, v0) = (4/3)⇡Rclo(t, v0)3 at a
given time. The cylindrical section (whose diameter is equal to
that of the Earth, represented by the white area in Fig. D.1) is
Vcyl(t, v0) = R2

�⇡2Rclo(t, v0), where R� is Earth’s radius. Assum-
ing a homogeneous distribution of fragments in the cloud, the
impact number (i.e. the number of fragments in the cylinder)
is:

Nimp ' Ntot
Vcyl(t, v0)
Vclo(t, v0)

= Ntot
3
2

R2
�

Rclo(t, v0)2 , (D.1)

with Ntot being the total number of fragments in the cloud.
We note that due to the non-uniform expansion, the assump-
tion of a homogeneous distribution of the fragment cloud
fails for gravitationally non-self-interacting models with v0 =
1, but can be plausible for gravitationally interacting cloud
models.

Fig. D.1. Fragment cloud before impact. The number of impacts can be
estimated by counting the number of fragments that are inside the white
cylinder.

Appendix E: Simulations on interception dates

The number of impacts on Earth as a function of �t = tint � timp
with di↵erent values of expansion velocity, v0 = 1, 2, 5, and 10
is presented in Fig. E.1. All asteroid-type (A1-A4) and comet-
type (C1-C4) models are computed assuming impact direction
� = 0�, 90�, 180�, and 270�. Self-gravitating and non-self-
gravitating models are also compared with the analytical pre-
dictions. Discussion is given in Sect. 3.2.
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Fig. E.1. Number of fragments that hit Earth, Nimp, as a function of timp � tint for a set of impact models (assuming longitude of � = 0�, 90�, 180�
and 270�, see model details in Table 1). Left and right panels show asteroid-type (models A1-A4) and comet-type (models C1-C4) impactors,
respectively. Models assume four cloud expansion velocities, v0 indicated with four distinct colours. The warm and cool colours represent the
asteroid-type (vimp = 20 km s�1) and comet-type (vimp = 40 km s�1) impactors. The gravitationally interacting models are shown with symbols.
The non-interacting impact cloud models are shown with thin solid and thin dashed lines, respectively. Thick solid lines represent the theoretical
impact number given by equation D.1, for which case the e↵ect of orbital dynamics on the cloud and the fragment’s self-gravity are neglected.
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Appendix F: Simulations on rotation axis

Additional runs of non-self-gravitating fragment cloud models
assuming v0 = 2 which take into account the rotation of the

impactor are presented in Figs F.1 and F.2. A discussion is given
in Sect. 3.3.
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Fig. F.1. E↵ect of the orientation of the rotational axis on the number of fragments that hit Earth, Nimp. The minimum rotational period is assumed
(2.04 hours for a rubble pile composition corresponding to 0.42 m s�1 surface velocity) for an asteroid-type impactor. The integration length is 0.6
and 1 years for left and right panels, respectively. Models A1-A4 (impact angles of � = 0 and � = 0� , 90�, 180�, and 270�) are investigated. The
ratio of the minimum and maximum impact numbers, �Nimp, are calculated for each model.
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Fig. F.2. Same as Fig. F.1 for a comet-type impactor, i.e. computations for models C1-C4. In this case the minimum rotational period is 4.1 hours
and the corresponding surface velocity is 0.21 m s�1.
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