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Introduction. Collisions between similar-sized bod-
ies (giant impacts) have wide-ranging outcomes due to
the sensitivity to the impact properties. They are usu-
ally inefficient when it comes to accretion. Only low-
velocity, head-on events lead to efficient mergers; in
oblique events most of the impactor continues down-
range, while high-velocity collisions result in net erosion
[1].

This diversity is challenging to implement in N-body
studies of planetary system formation. When including
the realistic treatment of collisions, a significant portion
of the initial mass ends up in debris during the course of
planet formation [2]. So the treatment of debris is neces-
sary. Including realistic collisions also leads to increased
planet formation time [3] and to much greater overall di-
versity [4] compared to unconditional mergers.

To provide the underlying data required for future
studies, including consistent treatment of debris pro-
duced, we perform a systematic study of giant impacts
over a wide range of body and impact properties. Our
targets and projectiles range from the mass of Ceres
(1 × 10−4 M⊕) to super Earths (5 M⊕).

In addition to their utility in N-body studies of planet
formation, our results will be useful for understanding
the properties of collisional remnants in general, includ-
ing their spin, deformation, composition, and thermody-
namical states. Also, understanding debris is a vital con-
sideration, and a first analysis of our debris velocity data
is presented.
Modeling. We perform 1250 Smoothed Particle Hy-
drodynamic (SPH) simulations of giant impacts between
rocky planetesimals with a resolution of about 1 × 105

particles. The varied parameters are: 1) target’s mass, 2)
impactor-to-target mass ratio, 3) target’s core mass frac-
tion, 4) impactor’s core mass fraction, 5) impact velocity,
and 6) impact angle. All simulations include friction as
implemented in [5].
Results. Oblique, low-velocity collisions involving
low-mass objects (e.g. the major asteroids) can produce
irregular shapes and interiors. Non-symmetric shapes
and offset cores are maintained by new equilibrium con-
figurations (e.g. rotating “peanuts”, the left panel of Fig-
ure 1) assisted by strength (e.g. mantles on top of man-
tles). The second panel shows the capture of most of the
impactor as a nearby satellite. Satellite capture is also

possible for the bigger planets of our dataset, as shown on
the right panel (note the scalebars). However, the satel-
lite mass is less than 10 % of the central body’s mass and
at much larger separation; only a small fraction of the
impactor remains in orbit in the third case, because the
event is so energetic.

We find that only bodies below about 2 × 10−3 M⊕
are able to sustain these kinds of elongated shapes and
significant satellites, indicating that material strength is
sufficiently strong only below this mass.

In addition, we study the properties of the debris pro-
duced in these collisions. We find that fragments are
generally small compared to the total mass involved. In
hit-and-run collisions, we do not classify the runner as a
fragment, but as a projectile remnant just like there is a
post-impact target.

In only a few impacts are there fragments larger than
1 % of the total mass and none above 10 %. This means
that in nearly all cases, the predicted debris are smaller
than what could be used in N-body calculations; other-
wise the number of tracked bodies would have to dra-
matically increase.

The RMS of the final debris velocity is shown in Fig-
ure 2. We find that the magnitude of the debris’ velocity
strongly correlates with the initial relative velocity be-
tween the target and impactor, vcoll. This highlights that
a prescription for initial debris velocity should also be
based on the collision velocity rather than only by the es-
cape velocity, as has been done in previous studies (e.g.,
[3]). In the average case, debris leave at about half the
velocity of the incoming bodies. Nevertheless, they are
always above the escape velocity, as they are unbound
to the largest remnants. It should be noted that the de-
bris velocity shown here is computed directly from the
kinetic energy of the debris and thus does not account
for the distance to the largest remnant. As kinetic en-
ergy is not a constant of orbital motion, these results are
sensitive to the time of analysis. This analysis will be
improved by the time of the meeting.
Conclusions. We find that collisions involving bodies
smaller than about 2 × 10−3 M⊕ result in a greater diver-
sity of results than for larger bodies.

This greater diversity includes the shape and inter-
nal structure of the final bodies, and the size distribution
of fragments. Outcomes of giant impacts, particularly
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Figure 1: Final state of a selection of graze-and-merge simulations, showing cross-sections through the colliding
bodies’ remnants. Note the increasing scale for each outcome. Colors represent each material’s body of origin: red
for target iron core, blue for target forsterite mantle, yellow for impactor iron core, and purple for impactor forsterite
mantle.

shapes and satellite production, are thus scale-dependent
across the predominant sizes related to terrestrial planet
formation, unlike assumed by other studies. Thermody-
namics and strength are the material factors contributing
to this.

Besides the two largest remnants, we find that indi-
vidual fragments are small compared to the total mass.
This means that while debris treatment is important for
N-body frameworks, including the number of fragments
found in hydrodynamical simulations is impractical. Fur-
thermore, we find that the debris velocity is around half
that of the initial bodies, and this appears to be true re-
gardless of the initial vcoll/vesc. These findings shall be
important for prescribing the realistic treatment of debris
in future N-body studies.
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Figure 2: Debris velocity (in units of the relative veloc-
ity between the target and impactor at contact) as func-
tion of the target’s mass, for the 1250 simulations of the
survey. Initial collision velocity relative to the mutual es-
cape velocity is indicated by color. Debris velocity was
computed at the end of the SPH calculations.
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