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Exoplanets
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Jupiter

• Diverse: hot Jupiters, hot 
Super-Earths, multiple 
systems, planets found around 
low mass stars (< 0.5 Msun) & 
binary stars 

• Planet formation is common: 
all main sequence stars have a 
planet of some kind (Borucki et 
al. 2011, Kepler, HARPS)

Earth
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Planet Formation
• Number of observed planets increases daily (919 on 13.08.13), 

drives planet formation theory

• Observations provide snapshots of protoplanetary disks or 
stable planetary systems. Little info. to connect two stages. 
Leaves numerical sims. But diversity still a surprise. 

HH 30, Watson (2000) HR 8799, Marois et al. (2010)

★
?

Bluecrystal Supercomputer UoB
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Planet Formation Cartoon

Molecular Cloud Accretion Disk 
& Young Star

Mature Star
& Planets

4

This is the process we would like to 
understand. It is effectively invisible.
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Phases of Planet Formation
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Dust Planetesimals Protoplanets Planets

Time ~ 5-10 Myr ~ 100-500 Myr????
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Collisions within a Solar System

• Collisions are fundamental to the evolution of solar systems: 
planetesimal evolution, giant impact phase, late evolution 

• Many phenomena require that we understand collisions and 
have a model to describe them

• Previous collision models cannot constrain the models: 
simplistic (assume a simple collision outcome), slow (directly 
model the collision), apply to a narrow regime of phase space

6

Planetesimal Collisions Giant Impacts Family Formation
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Possible Collision Regimes
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Accretion Erosion

Hit-and-Run Cratering
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Numerical Simulations of Collisions
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Method: Numerically simulate collisions in isolation. Fit scaling-laws 
to collision outcomes and regime transitions.

Leinhardt & Richardson 2002
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Old Collision Model
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Empirical Scaling Laws
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Leinhardt & Stewart (2012)

rubble piles, 1-50 km
Leinhardt & Stewart 2009, Leinhardt et al. 2000

ice, 50 km
(LS09)

basalt, 1-100 km
(Benz & Asphaug ’99)

basalt, 2-50 km (LS09)
basalt

(Jutzi et al. ‘10)
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Empirical Scaling Laws
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Leinhardt & Stewart (2012)

Q⇤
RD = qs (S/�1)

3µ̄(�+3)/(2�+3) R9µ̄/(3�2�)
C1 V ⇤(2�3µ̄) + qg (�1G)3µ̄/2 R3µ̄

C1V
⇤(2�3µ̄)

Strength Regime Gravity Regime

Coupling parameter ~ 0.35
momentum scaling

Material specific parameter

✕
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Disruption & Super-catastrophic 
Regime
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Collision Model for Planet 
Formation
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Outcome Regimes

14
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Outcome Regimes
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Summary of Collision Model
• New collision model provides largest remnant, size & velocity 

distributions for collisions of any mass ratio, impact parameter, 
impact speed.

• Collision model from Benz & Asphaug ’99 applies to a very 
limited range of collision parameters. Collisions between 
planetesimals, asteroids, protoplanets have a broad range of 
impact speeds, mass ratios, and impact angles.

• Old collision model would have over predicted the amount of 
energy needed to disrupt a planetesimal in a equal mass 
collision. Doesn’t necessarily mean that it is even harder to 
grow (considerable feedback from additional debris). But the 
process is more complex. New collision model increases 
possible outcomes and thus diversity.

16
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Evidence of Giant Impacts in 
The Solar System

17

Mercury: Large Core Venus: Retrograde Rotation Moon: Formation

Mars: Crustal Dichotomy Pluto: Satellite System Haumea: Spin and Moons
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• What kind of impacts really occur in planet formation? 

• Retrospective analysis of impacts between planetary embryos 
from published N-body simulations of giant impact stage from 
Raymond et al. (2009) & O’Brien et al. (2006)

• Original simulations used 25 - 90 embryos and 1000 
planetesimals at beginning of last stage of growth - the 
stochastic giant impact phase

• Impacts between embryos are “giant” impacts - all impacts 
originally resulted in a perfect merging event (both for 
embryo-embryo and embryo-planetesimal)

18

Impact of New Collision Model?
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Original Raymond et al. 2009

19

6 Raymond, O’Brien, Morbidelli, & Kaib

Fig. 3.— Snapshots in time from a simulation with Jupiter and Saturn in 3:2 mean motion resonance (JSRES). The size of each body
is proportional to its mass(1/3) (but is not to scale on the x axis). The color of each body corresponds to its water content by mass, from
red (dry) to blue (5% water). Jupiter is shown as the large black dot; Saturn is not shown.

TABLE 1
Planets that formed in the JSRES and EEJS example simulations

Planet a (AU) e1 i (deg) Mass ( M⊕) WMF⊕ Last giant impact (Myr)

JSRES-a 0.59 0.08 1.7 0.95 2.77 × 10−3 113.5
JSRES-b 1.03 0.03 2.8 0.54 2.87 × 10−2 160.0
JSRES-c 1.42 0.03 2.5 0.85 5.48 × 10−3 124.1
JSRES-d 1.81 0.02 4.7 0.36 1.42 × 10−3 42.9

EEJS-a 0.61 0.08 3.3 0.90 1 × 10−5 82.2
EEJS-b 1.02 0.05 3.2 0.70 7.14 × 10−5 35.6
EEJS-c 1.63 0.16 9.0 0.06 3.08 × 10−2 0.168

aOrbital values (a, e, i) are averaged over the last 1 Myr of each simulation.

between simulations even for the same giant planet con-
figuration. We discuss the outcomes of all simulations in
section 5.

In the JSRES simulation (Fig. 3), eccentricities are
excited in the inner disk by interactions between em-
bryos and planetesimals. In the outer disk, eccentricities
are excited by specific mean motion resonances (MMRs)
with Jupiter and Saturn: the 3:1, 2:1 and 3:2 MMRs are
clearly visible. Eccentric embryos perturb nearby bodies
and act to spread out the resonant excitation on a Myr
timescale. A stage of chaotic growth lasts for ∼100 Myr.
During this time, there is substantial mixing of objects
between radial zones, the inner system is cleared of small
bodies, and four water-rich planets are formed inside 2
AU with masses between 0.36 and 0.95 M⊕ (see Table
1).

In the EEJS simulation (Fig. 4), the inner and outer
portions of the disk are quickly divided by a strong secu-
lar resonance near 2 AU (ν6). The evolution of the inner
disk proceeds in similar fashion to the JSRES simulation,
although eccentricities are higher because of excitation
by another secular resonance at 0.7 AU (ν5). The as-
teroid belt region was cleared more quickly than for the
JSRES case due to stronger secular and resonant per-
turbations. The stage of chaotic growth also lasts about
108 years but with less mixing between radial zones. At
the end of the simulation, three mainly dry planets have
formed within 2 AU. The outermost planet lies at 1.63
AU and is a good Mars analog.

Figure 5 (top panels) shows the mass of the planets
over the 200 Myr span of the simulation for the two sim-
ulations. Planetary growth is a combination of relatively
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Implications of Collision Model 
from Individual Collisions

• Found giant impacts are evenly split between accretion, graze-and-
merge, and hit-and-run events. Few true perfect merging events.

• Individual giant collisions can change core to mantle ratio by > 10%
20

6 Stewart & Leinhardt: Diverse Giant Impact Outcomes

Table 1

Predicted collision outcome statistics from recent N -body simulations of the end stage of terrestrial planet formation using the new
collision physics model with material parameters c⇤ = 1.8 and µ̄ = 0.35. The N -body simulations began with a population of planetary
embryos and non-interacting planetesimals and all collisions resulted in perfect merging. Giant impacts are collisions between embryos.

Group 1 Group 2 Group 3
O’Brien et al. 2006 Raymond et al. 2009 Raymond et al. 2009

15 Large Planets from 8 Sims. 52 Large Planets from 40 Sims. 161 Total Planets from 40 Sims.
0.74� 1.58M

Earth

0.70� 1.45M
Earth

0.05� 1.45M
Earth

Planetesimal Giant Planetesimal Giant All Giant Last Giant
Collision outcome N = 1140 % N = 67 % N = 3142 % N = 544 % N = 1165 % N = 161 %
Super-catastrophic 0 0 1 1 0 0 0 0 4 < 1 3 2
Partial erosion 8 < 1 1 1 61 2 3 < 1 15 1 7 4
Partial accretion 820 72 18 27 2180 69 213 39 418 36 61 38
Perfect merging 0 0 0 0 18 < 1 4 < 1 7 < 1 0 0
Graze-and-merge 43 4 26 39 85 3 173 32 394 34 31 19
Hit-and-run 269 24 21 31 798 25 151 28 327 28 59 37

Special cases
H&R with proj. erosion 265 23 3 4 778 25 75 14 152 13 37 23
5� 10% increase in f

core

0 0 5 7 0 0 132 24 132 11 16 10
> 10% increase in f

core

0 0 6 9 2 < 1 90 17 93 8 22 14

3.1.1. Group 1

There were a total of 1207 collisions by planetesimals
and embryos during the growth of the 15 planets in group
1. Of these, 1140 collisions were by planetesimals. The
analytic model predicts that the majority of planetesi-
mal collisions will lead to partial accretion (72%). The
dominance of accretionary events is foremost a reflection
of the impact velocity distribution, which is peaked be-
tween 1 and 2V

esc

(Figure 2A). Note that only half of the
planetesimal is accreted when Vi = 2V

esc

(rising slightly
with increasing impact angle, see Figure 1B). The dis-
tribution of accretion e�ciencies ((M

lr

�M
t

)/M
p

) from
Asphaug 2009) is shown in Figure 3A. The most common
outcome is accretion of about 85 to 95% of the projectile
mass, although there is a significant number of events
where less material is accreted.

There are rare cases of erosion of the target during
planetesimal encounters (< 1%) as they require impact
velocities > 3V

esc

. Notably, a substantial fraction of
planetesimal encounters are hit-and-run events. For the
initial 1:43 mass ratio between the planetesimals and
embryos, the critical impact parameter is about 0.78
(51�). Given the probability distribution of impact an-
gles, about 40% of outcomes for 1:43 mass ratio collisions
are in the grazing regime, and the probability decreases
as the embryos grow as the mass di↵erence increases.
Of all the impacts by planetesimals during the growth
of Earth-mass planets, about 4% were graze-and-merge
and 24% were hit-and-run. Erosion of the planetesimal
occurred in nearly all of the hit-and-run collisions, and
catastrophic disruption of the planetesimal occured in
about 80% of these events (Figure 1B).

Next, we considered only the giant impacts in group 1.
Giant collision outcomes are approximately evenly split
between partial accretion, graze-and-merge, and hit-and-
run. Only a few of the embryo projectiles in hit-and-
run events are eroded; in these collisions, the target and
projectile have comparable masses (� � 0.1) and neither
body is disrupted.

The largest impact velocities (> 6V
esc

), although rare,
are high enough for embryos to catastrophically disrupt

each other. There are notable examples of partial erosion
(planet CJS1.4) and super-catastrophic (planet EJS1.4)
outcomes. The last giant impact (at 222 Myr) onto a
1.05M

Earth

planet by a 0.1M
Earth

embryo at 3.2V
esc

and
35� resulted in erosion of about 5% of the target mass
(Figure 1A). The second giant impact (at 9.7 Myr) onto a
0.21M

Earth

body by a 0.147M
Earth

embryo at 6.2V
esc

and
26� super-catastrophically disrupted the target leaving a
largest remnant of only 0.007M

Earth

.

3.1.2. Group 2

There were a total of 3686 collisions by planetesimals
and embryos during the growth of the 52 planets in group
2. Of these, 3142 collisions were by planetesimals. As
in group 1, the analytic model predicts that about 70%
of planetesimal collisions will lead to partial accretion.
The simulations by Raymond et al. (2009) considered a
wider range of dynamical configurations for Jupiter and
Saturn, which produced a slightly wider distribution of
impact velocities (Figure 2B) compared to group 1. As a
result, the mean accretion e�ciency is also slightly lower
in group 2 and the tail of low e�ciency events is more
pronounced (Figure 3B).

Overall, the probabilities of di↵erent collision outcomes
for planetesimal impacts are similar in groups 1 and 2
because of the similar mass ratios and impact velocity
distributions (Table 1). Again, most of the planetesimal
hit-and-run events result in catastrophic disruption of
the projectile.

Compared to the giant impacts in group 1, group 2 gi-
ant impacts have more partial accretion events and more
embryos are eroded in hit-and-run events. The di↵erence
is primarily a result of the fact that the initial embryos
were smaller in the simulations by Raymond et al. (2009).
The larger mass ratio between the embryos and growing
planet leads to more cases of fragmentation of the smaller
body and fewer grazing impacts. 22% of giant impacts
in group 2 have � < 0.1, but only 4% of group 1 giant
impacts have such a large mass contrast (Figure 4).

Of the 151 hit-and-run giant impacts in group 2, 75
projectiles were eroded (50%), and 29 projectiles su↵ered
catastrophic disruption level fragmentation (19%). The
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Testing the Cumulative Effect of 
the Collision Model

To explore the cumulative effects of more realistic collision 
model on the growth of an individual planet we developed a 
Monte Carlo technique using the impact parameter distributions 
from the late stage N-body simulations

1. Choose an initial mass from N-body distribution
2. Choose number of giant impacts from N-body distribution
3. For each giant impact choose impact parameters from N-body 
distributions
4. Choose mass contribution from planetesimals from N-body 
distributions

21
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Submitted to the Astrophysical Journal 11

Table 2

Monte Carlo planet growth simulation results for 200 planets using the collision physics model and assuming (group A) no re-impact by a
hit-and-run projectile and (group B) with re-impact. Assuming perfect merging only, 1455 giant impacts grew 200 planets with final
masses up to 2.0M

Earth

. Of these, 50 planets with masses � 0.7M
Earth

grew from 651 giant impacts. For comparison, in the group 3
N -body simulations, 52 of 161 planets had final masses � 0.7M

Earth

.

Group A Group B
No hit-and-run return With hit-and-run return

13 Planets 0.7� 1.26M
Earth

30 Planets 0.7� 1.53M
Earth

200 Planets � 0.7M
Earth

200 Planets � 0.7M
Earth

Collision outcome N = 1455 % N = 162 % N = 1809 % N = 508 %
Super-catastrophic 3 < 1 0 0 5 < 1 0 0
Partial erosion 16 1 2 1 28 2 9 2
Partial accretion 487 33 57 35 617 34 168 33
Perfect merging 105 7 14 9 103 6 31 6
Graze-and-merge 571 39 48 29 668 37 142 28
Hit-and-run 273 19 28 17 388 21 128 25

Special cases
H&R with proj. erosion 117 8 14 9 182 10 71 14
5� 10% increase in final f

core

39/200 20 2/13 15 47/200 24 7/30 23
> 10% increase in final f

core

65/200 33 9/13 69 79/200 40 18/30 60

model may change the time scale for planet growth (see
§ 5).

In Figure 7, the mass distribution of final planets in
the perfect merging simulation is similar to the group 3
N -body results, although the Monte Carlo model does
not produce the same number of mid-size planets. The
mass distribution of final planets is significantly smaller
when the collision physics model is included and hit-and-
run returns are neglected (group A). In the group 3 set
of N -body simulations, 52 of the 161 planets (32%) had
final masses > 0.7M

Earth

. In the perfect merging Monte
Carlo simulation, 50 of 200 planets (25%) reach final
masses > 0.7M

Earth

; however, in group A, the number
of large planets drops to only 13 (6.5%). When hit-and-
run return impacts are considered (group B), the final
mass distribution of planets is between perfect merging
and group A. In this case, 30 large planets are produced
(15%).

During collisional growth and fragmentation, material
is preferentially lost from the silicate mantle, thus rais-
ing the core mass fraction (Figure 7D,E). In simulation
groups A and B, the maximum core mass fractions are
0.87 and 0.98, respectively, in bodies that experienced
catastrophic impact events. Such core-dominated bodies
are rare, and most (85-90%) final core mass fractions fall
in the range of 0.33 to 0.4. In other words, most of the
iron enrichment is less than 20% of the initial value of
f
core

. However, as a group, the largest planets are more
likely to be enriched in core mass fraction compared to
smaller planets. In both group A and B simulations,
about 2/3 of the largest planets have core mass fractions
greater than 10% of the initial value, compared to about
1/3 of all planets (Table 2). The largest planets experi-
ence a larger number of collisions which results in more
cumulative erosion of the mantle.

The mass of debris produced during planetary growth
by giant impacts can be significant. While there were
planets that su↵ered only merging collisions that pro-
duced negligible debris (32 planets in group A and 23
in group B), they all had final masses of less than

0.37M
Earth

and an average of only 2-3 giant impacts. For
comparison, the mean number of giant impacts was 7 and
9 for all planets in groups A and B, respectively. During
the growth of large planets, debris production averaged
12% of the final planet mass in group A and 18% in group
B (Figure 7F,G). The mass of debris reported in Figure 7
only includes debris from giant impacts; planetesimal col-
lisions would also have contributed to the debris during
planet growth.

In group A, the growth sequence that produced the
most debris (0.32M

Earth

) su↵ered an penultimate ero-
sive giant impact on a planet with final mass of only
0.18M

Earth

. The most debris produced from one of the
largest planets was 23% of a 1.26M

Earth

planet. No-
tably, there is a case of a 1.02M

Earth

planet in group
B that produced an equal amount of debris to its final
mass. In some cases, the growth sequence includes a step
where the largest remnant is smaller than the initial em-
bryo. Such destructive sequences occured for 5 planets
in group A and 10 planets in group B.

An average of 11 giant impacts grew the largest plan-
ets in group A. With the inclusion of hit-and-run re-
turn events, an average of 16 giant impacts grew the
largest planets in group B. In group B, the largest num-
ber of giant impacts for any planets was 27 (an ultimately
0.97M

Earth

planet), in contrast to the maximum of 18
giant impacts in group A. Hit-and-run return collisions
often led to multiple re-impact events before the final
merging or disruption of the projectile. The number of
excess giant impacts in group B is shown in Figure 8.
The mean number of extra collisions on the largest plan-
ets was 4 and ranged from 0 to 11.

5. DISCUSSION

This work demonstrates that the final, stochastic stage
of terrestrial planet formation encompasses a diversity of
collision outcomes. All types of collisions, from super-
catastrophic disruption to perfect merging, are possible.
Previous work that assumed perfect merging for all colli-
sions were not capturing the full complexity of the giant

Implications of Collision Model 
Model from Multiple Collisions

• Fewer planets reached Earth mass and of those that did a 
majority were enriched in core metals and deficient in mantle

• Fragmentation was significant - partial accretion and hit-and-
run events of the projectile - accretion of iron core - ejection of 
mantle material from both projectile and target

22
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Conclusions

• Outcomes of giant impacts span all possible collision regimes 
including hit-and-run, accretion, erosion, and catastrophic 
disruption

• Fragmentation during giant impacts is also significant - the 
majority of the ejected material is mantle from partial accretion 
events - if ejected material is not totally re-accreted giant 
impacts can create planets depleted in volatiles and mantle 
(including water and atmosphere) compared to initial embryos

• Our new model was only applied retrospectively to the last 
stage - we predict a significant change in outcome distribution 
but will probably be more significant if model is included from 
the beginning

23
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EDA-CM Collision Outcomes 
(LS12 collision model in PKDGRAV)

24

Merge Bounce

Fragment
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Work in Progress: Circumbinary 
Planet Formation 

• Several circumbinary planetary systems: Kepler 16, 34, 35, 38, 
47, PH1, disagreement in community about where planets 
could have formed (Paardekooper, Leinhardt et al. 2012 vs. 
Meschiari 2012)

• Gravitational perturbations from the second star introduce high 
impact velocities close to the binary but the effect of the 
second star drops off quickly with distance so need a collision 
model that can accurately model both scenarios (Lines, 
Leinhardt, et al. in prep.)

25
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Kepler 34 
(Equal-Mass Stars, a = 0.2, e = 0.5)

26

Kepler 34b @ 1 AU
Mass 0.22 MJ

PKDGRAV (edacm), N=106

32 cores (4x8 2.0 GHz Xeon) 
dt ~1 day, 2x103 yr
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K34 Eccentricity Evolution
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K34 Collision Outcomes

28Lines, Leinhardt et al. in prep.
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K34 Conclusions

• In situ growth of K34b seems unlikely ...

• High impact velocities up to 5 km/s

• Erosive collisions dominate for a < 1.1 AU

• No evidence for new type of runaway growth in inner erosive 
region - no dust run away growth 

• To Do: 
 a) Compare with single star simulation including edacm
 b) Include gravity of gas disk (non-axisymmetric)
 c) Planetesimal generation (Paardekooper & Leinhardt, 2010)?
 d) Do all of the Kepler circumbinary planets similar?

29
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Whats next?

30

Leinhardt & Stewart (2012)Weakest

Current: N = 106, R = 80 km, t = 6000 tdyn

Goal: N = 109, R = 8 km, t = 100 tdyn
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UoB High Performance Machines

31

Currently in testing phase - will be available Oct/Nov 2013
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Biggest Problem - Memory

• Never a problem before but for N = 109 need a few 106 particles/core

• Hierarchical tree itself takes up considerable space (our version of 
PKDGRAV has two - one for gravity, one for collisions)

• Test: Changing bucket size, N = 1.6 x 106, inelastic collisions, 100 steps

32
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Other Problems

• Input/Output - generating and reading files

• Data processing & storage - moving the data, visualising the 
data, storing the data

• Time to complete simulation - simulation will be more than 
1000 times slower:
   a) PKDGRAV scales as NlogN but collision rate should 
       increase a lot too and collision search is expensive
   b) Can PKDGRAV be optimised further? 
       (only useful if efficiency is increased by ~10s%)

• Generating an appropriate initial condition - needed 10s of 
dynamical times to get to steady state for N=106

33
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