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ABSTRACT

We study the evolution of debris created in the giant impacts expected during the final stages

of terrestrial planet formation. The starting point is the debris created in a simulation of the

Moon-forming impact. The dynamical evolution is followed for 10 Myr including the effects

of Earth, Venus, Mars and Jupiter. The spatial distribution evolves from a clump in the first

few months to an asymmetric ring for the first 10 kyr and finally becoming an axisymmetric

ring by about 1 Myr after the impact. By 10 Myr after the impact 20 per cent of the particles

have been accreted on to Earth and 17 per cent on to Venus, with 8 per cent ejected by

Jupiter and other bodies playing minor roles. However, the fate of the debris also depends

strongly on how fast it is collisionally depleted, which depends on the poorly constrained

size distribution of the impact debris. Assuming that the debris is made up of 30 per cent

by mass mm–cm-sized vapour condensates and 70 per cent boulders up to 500 km, we find

that the condensates deplete rapidly on ∼1000 yr time-scales, whereas the boulders deplete

predominantly dynamically. By considering the luminosity of dust produced in collisions

within the boulder–debris distribution we find that the Moon-forming impact would have been

readily detectable around other stars in Spitzer 24 µm surveys for around 25 Myr after the

impact, with levels of emission comparable to many known hot dust systems. The vapour

condensates meanwhile produce a short-lived, optically thick, spike of emission. We use these

surveys to make an estimate of the fraction of stars that form terrestrial planets, FTPF. Since

current terrestrial planet formation models invoke multiple giant impacts, the low fraction of

10–100 Myr stars found to have warm (�150 K) dust implies that FTPF � 10 per cent. For this

number to be higher, it would require that either terrestrial planets are largely fully formed

when the protoplanetary disc disperses, or that impact generated debris consists purely of

sub-km objects such that its signature is short-lived.

Key words: Earth – Moon – planets and satellites: formation – planetary systems.

1 I N T RO D U C T I O N

The current leading theory for the formation of the Moon is that

of a low velocity, glancing, giant impact between a roughly Mars-

sized body (named ‘Theia’ by Halliday 2000) and the proto-Earth

in the late stages of its formation. See Canup (2004a, 2008) for a

review and recent refinements. Such a giant impact would produce

a large quantity of debris that would escape the Earth entirely as

well as that which would remain bound in Earth orbit and eventually

accumulate to form the Moon. While the precise quantity of debris

produced, and in particular the amount of material placed into bound

planetary orbit and so the potential for the formation of a massive

satellite, depends on the collision parameters and properties of the

colliding bodies (Agnor & Asphaug 2004; Canup 2004b, 2008), the

production of debris is quite generic.

⋆E-mail: ajackson@ast.cam.ac.uk (APJ); wyatt@ast.cam.ac.uk (MCW)

Giant impacts are predicted to have been common during the final,

chaotic growth, stage of terrestrial planet formation (e.g. Kenyon

& Bromley 2006; Raymond et al. 2009; Kokubo & Genda 2010)

with the terrestrial planets being built up sequentially through a

series of giant impacts. As well as the origin of the Moon giant

impacts have also been suggested to explain the large core fraction

of Mercury (Anic 2006; Benz et al. 2007), the Martian hemispheric

dichotomy (Wilhelms & Squyres 1984; Andrews-Hanna, Zuber &

Banerdt 2008; Marinova, Aharonson & Asphaug 2008; Melosh

2008; Nimmo et al. 2008) and the origin of the Pluto–Charon system

(Canup 2005; Stern et al. 2006).

As mentioned above the production of debris is a generic feature

of giant impacts. Indeed the models of the formation of Mercury

by Anic (2006) and Benz et al. (2007) explicitly rely on the ex-

pulsion of a large fraction of the mass of the colliding objects as

debris. Simulations of the chaotic growth phase of terrestrial planet

formation do not follow the evolution of impact-produced debris

in a completely consistent way however. Earlier simulations such
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658 A. P. Jackson and M. C. Wyatt

as Chambers (2004) and Kenyon & Bromley (2006) typically used

a perfect-merger model for the outcome of collisions, but detailed

smoothed particle hydrodynamic (SPH) modelling of individual

collisions such as that of Agnor & Asphaug (2004) and Asphaug,

Agnor & Williams (2006) showed that such a perfect-merger model

is not realistic. In particular the class of ‘hit-and-run’ collisions, in

which the bodies collide without significant accretion or disruption,

have been identified as important. Incorporating a more realistic

accretion model into N-body simulations has proved exception-

ally computationally difficult however. Kokubo & Genda (2010)

used a slightly more realistic model by defining a critical impact

velocity to separate collisions into perfect-merging and elastic hit-

and-run regimes. Genda, Kokubo & Ida (2011) present probably

the most ambitious study to date utilizing a hybrid N-body code

which spawns an SPH simulation when a collision occurs to track

the outcome. While this is the first full N-body simulation to es-

timate the amount of debris produced during the terrestrial planet

formation process (the Monte Carlo study of Stewart & Leinhardt

2012 produces similar results), in common with past studies they

cannot follow the evolution of the debris.

Debris produced during terrestrial planet formation, its evolution

and final destination, is of potential interest for several reasons.

Many young stars are observed to host discs of debris from either

infrared excesses or direct imaging (see e.g. Wyatt 2008 for a re-

view). Such debris has been suggested as a possible signpost of the

formation of terrestrial planets, both cold dust as an indicator of

a dynamically stable environment (e.g. Raymond et al. 2011) and

hot dust as a direct signature from giant impacts (e.g. Lisse et al.

2008, 2009). The presence of debris in the system also has the po-

tential to damp the orbits of the larger terrestrial planets and solve

the problem that the terrestrial planets produced by current N-body

simulations tend to be on orbits that are too dynamically excited

(e.g. O’Brien, Morbidelli & Levison 2006).

Although debris has been suggested as a possible signpost of

terrestrial planet formation, and a few specific debris systems have

been linked with giant impacts, there has, as yet, been no study of

the evolution of debris produced in terrestrial planet formation. With

this work we seek to begin filling in this area. In particular there are

a number of questions that need to be answered in relation to debris

produced in giant impacts during terrestrial planet formation, such

as: What happens to the debris, where does it go and what processes

control its evolution? Is the debris detectable, and over what time-

scales? Can we use observations of dusty systems to constrain the

frequency of terrestrial planet formation?

In this work we investigate the evolution of debris produced after a

single giant impact event in an otherwise stable system. Specifically

we investigate the Moon-forming impact, which at ∼50 Myr after

the formation of the Solar system is thought to be the last giant

impact to occur in the inner Solar system. The Moon-forming impact

is the best studied example of a giant impact, aided by the constraints

placed by the existence and properties of the Moon and its orbit,

making it a logical starting point for the study of giant impact debris.

We first set out the configuration of the debris immediately after

the Moon-forming impact in Section 2. Then in Section 3 we present

N-body simulations that follow the dynamical evolution of the de-

bris over time, initially considering interactions with Earth only,

and then introducing the effects of the other Solar system planets.

In Section 4 we move on to discuss the other major evolutionary

process influencing the debris, namely mutual collisions between

debris bodies which result in a gradual grinding down of objects in

the debris disc. In Section 5 we then compare the predicted observa-

tional signature of the debris produced by the Moon-forming impact

with known debris discs, and use this to place constraints on the

fraction of stars that undergo terrestrial planet formation. Finally, in

Section 6 we discuss the potential implications of accretion of sub-

stantial amounts of giant impact debris for the Solar system planets,

and for terrestrial planet formation in general, before summarizing

our results in Section 7.

2 I N I T I A L C O N D I T I O N S

We obtain the initial spatial and velocity distributions of the gi-

ant impact produced debris from an SPH simulation of the Moon-

forming impact which can be found at the top of table 1 in Marcus

et al. (2009). This simulation was conducted using a modified ver-

sion of the GADGET SPH code1 with total system mass 1.06 M⊕ and

impactor to target mass ratio 0.13 with collision velocity equal to the

mutual escape velocity. From this simulation those SPH particles

escaping the Earth–Moon system at 1 d after impact (2073 particles

in total) were extracted and used to determine the initial parameters

for the resulting debris cloud.

Escaping material accounts for 1.6 per cent of the total system

mass, which, rescaling the mass of the post-impact Earth to 1 M⊕,

amounts to just under 1023 kg or ∼1.3 lunar masses (ML). This

is very similar to the mass of the protolunar disc. Around 40 per

cent of the escaping material derives from the proto-Earth while the

reminder originates from the impacting body.

As would be expected there is some anisotropy in the distribution

of escaping SPH particles in the plane of impact. Unfortunately it is

not possible to determine the true orientation of the interaction plane

with respect to the plane of Earth’s orbit. Indeed Kokubo & Genda

(2010) find the obliquity distribution of terrestrial planets at the end

of their planet formation simulations to be isotropic, indicative of

an isotropic distribution of interaction planes in giant impacts. With

this lack of information about the true system orientation we opt

to model the event producing the escaping particles as an isotropic

explosion. This is achieved by collapsing the three Cartesian coor-

dinates into a single radial coordinate and then assuming spherical

symmetry.

The velocities of escaping SPH particles are largely radial, with

median deviation from purely radial of only 8.◦3, so we consider

that it is reasonable to approximate the event as a purely radial

explosion. In addition, as above, we cannot determine the orientation

of any anisotropy in the velocity distribution of escaping particles

relative to the plane of Earth’s orbit. The majority of the escaping

SPH particles occur as part of small bound associations (fragments)

but there are no obvious differences in the position or velocity

distributions of fragments of different masses.

The best fit to the radial velocity distribution (see Fig. 1) of the

escaping fragments is a truncated Gaussian with mean 3.23 km s−1,

standard deviation 3.81 km s−1 and truncated below 1.67 km s−1.

This is preferred over a power-law distribution as it provides a

better fit to the high-velocity tail. The escaping SPH particles have

a mean radial position of 50 Earth radii from the centre of mass

(at 1 d after impact) and as such we choose to start our model

using the truncated Gaussian velocity distribution above and with

all particles at 50 Earth radii (R⊕) from the centre of mass. The

truncation of the distribution is just above the escape velocity at

50 R⊕ of 1.58 km s−1, which ensures that all of the particles will

escape. We take the pre-impact Earth to be on a circular orbit at

1 au. The mean velocity of particles generated according to this

1 see Springel (2005).
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Debris from terrestrial planet formation 659

Figure 1. Velocity distribution of the escaping fragments at 1 d after impact

as taken from the SPH simulation of Marcus et al. (2009). Also shown is

our fit to the distribution using a truncated Gaussian profile.

distribution is around 5.3 km s−1, and is roughly equal to the mean

velocity at infinity (in the absence of the Sun), due to the small

escape velocity at this distance.

2.1 Orbits of the debris

Since the debris material is thrown off Earth the orbits of the debris

particles can be determined assuming their velocities to be that of

Earth plus a kick in velocity, as defined below. The orbit of Earth

is initially very close to circular and without loss of generality we

can define our Cartesian reference such that the orbit of Earth is in

the x–y plane with Earth lying on the x-axis at the time of impact

for convenience. The semimajor axis, eccentricity and inclination

of the new orbits of the debris (a′, e′, I′) will be given by

a

a′ = 1 − 2

(

�v

vk

)

SθSφ −
(

�v

vk

)2

, (1)

e′2 = 1 −
(

h′2

h2

a

a′

)

, (2)

sec(I ′) =

⎡

⎢

⎣
1 +

⎛

⎝

(

�v
vk

)

Cθ

1 +
(

�v
vk

)

SθSφ

⎞

⎠

2
⎤

⎥

⎦

1/2

, (3)

where

h′2

h2
= 1 + 2

(

�v

vk

)

SθSφ +
(

�v

vk

)2

(C2
θ + S2

θ S
2
φ), (4)

v2
k =

GM⊙
a

, (5)

and we use the common shorthand notation, Sx and Cx for sin (x)

and cos (x). The variables θ and φ are spherical polar angles centred

at Earth describing the direction of the kick relative to the x-axis and

x–y plane, �v is the magnitude of the kick and a is the semima-

jor axis of the old orbit (1 au). These equations as well as more

general forms and applications are described in Jackson et al. (in

preparation).

To determine the exact �v for these equations we must take

into account the energy needed to escape Earth, so �v =
√

v2
p−v2

esc,

where vp is the initial particle velocity and vesc is the escape veloc-

ity at 50 R⊕, for the distribution described above. Since the escape

Figure 2. The eccentricity–semimajor axis and inclination–semimajor axis

distributions for a set of 10 000 particles generated according to our fit to the

velocity distribution of ejected fragments. The red lines on the upper plot

indicate the apocentre and pericentre conditions on the orbits described in

the text.

velocity at 50 R⊕ is rather small the difference between �v and

the particle velocities for the distribution described above is also

quite small. In combination with the truncated Gaussian velocity

distribution and an isotropic explosion these equations produce an

eccentricity–semimajor axis and inclination–semimajor axis distri-

bution for the debris as shown in Fig. 2. This distribution is readily

explained by the fact that the debris orbits must pass through the

point at which the velocity kick is applied, i.e. the point at which

the Moon-forming collision occurs. This is a fixed point in space

and we refer to it as the ‘collision point’. For example, this leads

to a constraint on the orbits of the debris that no debris particle can

have its apocentre at less than 1 au and nor can it have its pericentre

at greater than 1 au.

3 DY NA M I C A L E VO L U T I O N O F T H E D E B R I S

In this section we discuss the dynamical evolution of the debris

over long time-scales after its ejection in the initial impact. For all

of the simulations described below we use the hybrid integrator

option of the MERCURY orbital integrator.2 In this mode particles are

integrated symplectically when far from a massive body, switching

to a Bulirsch–Stoer integrator to track close encounters, with the

switch-over distance set as 3 Hill radii. Collisions with the massive

2 see Chambers (1999).
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660 A. P. Jackson and M. C. Wyatt

bodies in the system are tracked and the debris is treated as massless

point-like test particles. When a debris particle is further than 100 au

from the Sun it is removed from the simulation and is considered to

have been ejected.

3.1 The Moon

Immediately after the impact there will of course be no Moon,

though there will be the (slightly more massive) protolunar disc.

The Moon is believed to have coalesced relatively rapidly, however

(Ida, Canup & Stewart 1997; Kokubo, Ida & Makino 2000), so for

a large fraction of the time spanned by our simulations the Moon

(or multiple smaller progenitors) would be present. Nonetheless in

all of our simulations we treat the Earth–Moon system as a single

body of mass 1 M⊕.

One of the primary considerations behind this is computational

complexity, since being required to resolve the Earth–Moon orbital

motion would place a significant additional burden on the simula-

tions. This is especially so since models of coalescence of the Moon

from the protolunar disc (e.g. Ida et al. 1997; Kokubo et al. 2000)

suggest that the Moon would have formed near the Roche limit at

only a few R⊕.

The influence of the presence of the Moon on the evolution of

the debris is also likely to be quite small, and thus neglecting it

is unlikely to significantly alter our results. Bandermann & Singer

(1973) described analytically the ratio of accretion on to Earth and

the Moon, A⊕/AL, as a function of the Earth–Moon separation and

the relative velocity of the impacting meteoroids. The minimum ac-

cretion ratio between Earth and the Moon is roughly the ratio of their

geometrical cross-sections (R2
⊕/R2

L = 13.4), but this limit is only

approached as the relative velocity becomes very large (such that

gravitational focusing is unimportant). Although A⊕/AL decreases

as the Earth–Moon separation decreases, even for a separation of

3 R⊕ the typically ∼5 km s−1 relative velocities of the debris result

in an accretion ratio of ∼25. Tidal dissipation also raises the lunar

orbit quite rapidly (Touma & Wisdom 1994; Zahnle et al. 2007).

Thus A⊕/AL also rises, initially quite rapidly, before flattening out

at ∼50 for large separations (and relative velocities of ∼5 km s−1).

As the greatest influence of Earth on the debris is through accre-

tion, this suggests that the influence of the Moon would be small in

comparison.

3.2 Interactions with Earth only

To understand the dynamical evolution of debris ejected by a giant

impact in the context of a planetary system like the Solar system, it is

first important to understand the evolution of debris in the presence

of the parent body (Earth) and host star alone. Here we discuss

the results of a 14 000 particle simulation run for 10 Myr with only

Earth (and Sun) present, hereafter referred to as the DE simulation.

The particles were set up with initial conditions as described above

with the collision point located on the x-axis and then integrated

forward using MERCURY. Earth is placed on the x-axis at the centre

of the debris cloud on a very nearly circular orbit (e < 10−4).

3.2.1 Overview of the evolution

Fig. 3 shows snapshots of the debris disc at various stages of evolu-

tion. In the first year we see the debris spreading away from Earth

and forming a whip-like spiral as material on orbits with periods

less than 1 yr advances ahead of Earth, while material on longer

period orbits trails behind (Fig. 3b). By 10 yr after impact this has

produced a tightly wound spiral-like structure (Fig. 3c).

After 100 yr scattering by Earth during collision-point passages

has started to have an effect (see Section 3.2.2). Coupled with

the spiral structure becoming increasingly tightly wound individual

spiral sections are no longer discernible (Fig. 3d) and the disc has

become continuous, albeit strongly asymmetric with a pronounced

pinch at the collision point. This pinch in the disc is fixed in space at

the location of the initial collision point. It does not follow Earth’s

orbit because all particles originated from this point, but were put

on to orbits with a range of periods. Although their initial post-

collision orbits are constrained to pass through the collision point,

the range of orbital periods mean that individual particles, and

Earth, will generally pass through the collision point at different

times.

The asymmetry is still very much present at 1 kyr (Fig. 3e) and

only fades after 10 kyr (Fig. 3f). At such a time precession of parti-

cle orbits has symmetrized the region nearest to the orbit of Earth,

though the regions interior and exterior to this remain asymmetric.

It is not until around 100 kyr after impact (Fig. 3g) that the disc at-

tains a fully axisymmetric structure. Once axisymmetry is attained

the azimuthal structure of the disc is quite stable. The evolution

from 100 kyr to 1 Myr (Fig. 3h) and to 10 Myr (Fig. 3i) is a gradual

decrease in the surface density of the disc. As a result of the geom-

etry of the original explosion there is a tendency for particles very

close to Earth’s orbit, and thus particles undergoing interactions

with Earth, to be near pericentre or apocentre. This is true even at

very late times, despite the fact that the disc becomes axisymmetric

relatively early.

Aside from inducing symmetrization on a time-scale of 10 kyr,

presumably through secular interactions, the influence of Earth on

the large-scale structure of the disc is primarily through re-accretion

of particles. This will be discussed in more detail in Sections 3.2.2

and 3.2.3 but is evident in Fig. 4 as the decrease in amplitude of the

peak in density at 1 au over time.

Although particles frequently undergo scattering encounters with

Earth this does not induce significant changes in the broad struc-

ture, since particles tend to encounter Earth at similar velocities to

that which was imparted to them by the impact. In addition, since

particles cannot be put on to orbits with apocentres less than, or

pericentres greater than, 1 au the distribution of semimajor axes and

eccentricities changes little between 1 kyr and 1 Myr (see Fig. 5).

The distribution does spread marginally beyond the original bound-

aries of the initial distribution (red lines on right-hand plot) however,

because particles can still be scattered (albeit very weakly) even if

their orbits do not cross that of Earth.

At the end of 10 Myr Earth has re-accreted 8081 out of 14 000

particles, 58 per cent of the material. The number of particles re-

maining in the disc, N, is reasonably well fit by a function of the

form N = N0 exp(−
√

t/τ ), where the characteristic time-scale,

τ ∼ 12 Myr. Very few particles are ejected from the system, with

the majority of ejected particles being those that were put on to

initial orbits with e > 1.

3.2.2 Periodic scattering and accretion

The narrow gaps in Fig. 5 at the locations of period commensura-

bilities between Earth and the debris are not a product of typical

resonant interactions. Rather these gaps are the product of the initial

conditions that all debris starts (essentially) at the position of Earth

and that all orbits must pass through the collision point. This means

C© 2012 The Authors, MNRAS 425, 657–679
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Debris from terrestrial planet formation 661

Figure 3. Snapshots of the evolution of the debris ejected by the Moon-forming impact for the DE simulation. The disc is viewed face on with the Sun at

the origin and the collision point at the position (1,0). In the upper row we also indicate the position of Earth with a red cross. See Section 3.2.1 for further

information.

that debris particles on orbits with integer period commensurabili-

ties with Earth will, at early times, pass through the collision point

at the same time as Earth on a repeating cycle set by the order of

the commensurability. Hence the 1:1 commensurability gap appears

at 1 yr after impact while the 2:1 gap appears at 2 yr after impact,

the 3:1 and 3:2 gaps at 3 yr after impact and so on. Those particles

are passing through the collision point at the same time as Earth

will undergo close encounters and be scattered or accreted, either

removing them from the distribution entirely or moving them to

an orbit with a different semimajor axis, leading to the gaps in the

distribution. Fig. 6 shows the spatial counterpart of the 1:1 com-

mensurability gap after the first collision point passage. The range

of eccentricities and arguments of pericentre of the particles that

would have occupied the gap means that when Earth is at the oppo-

site side of its orbit from the collision point the gap appears as an

arc-shaped slash through the disc.

Some particles, particularly near the edges of a commensurabil-

ity, will not have a very close encounter during the first cycle of

the commensurability. The repeating nature of the commensura-

bilities, however, means that they will continue to have encounters

with Earth, until either the cumulative effect of many comparatively

distant close encounters is enough to move them out of the com-

mensurability, or they finally do have a very close encounter and

undergo a more significant orbital change. The width of the gap is

set by the length of the repeat cycle. Hence, in the inset in Fig. 5,

the 5:3 gap is narrower than the 2:1 and 3:2 gaps and wider than

the 8:5 and 7:4 gaps. It is also of note that, as well as the collision

point, all of the particles initially share the same line of nodes.

C© 2012 The Authors, MNRAS 425, 657–679
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662 A. P. Jackson and M. C. Wyatt

Figure 4. Evolution of the radial density profile of the disc for the DE simu-

lation. Snapshots shown at 100 kyr (black), 1 Myr (red) and 10 Myr (green).

The density is strongly peaked at 1 au at early times with the ‘peakedness’

decreasing at later times as particles are re-accreted.

This means there is also a line on the opposite side of the Sun from

the collision point (the ‘anticollision line’) through which all of the

particles pass. This makes it possible for some particles to undergo

close encounters at half-integer times and for particles near the 1:1

commensurability to undergo close encounters at 6 month intervals,

reinforcing the strength of the 1:1 gap.

During the first thousand years re-accretion on to Earth occurs

predominantly during passage of the collision point, and to a lesser

extent during passage through the anticollision line, and is thus

strongly periodic. This is demonstrated in Fig. 7, which shows

the number of close encounters tracked by MERCURY phase-folded

over 1 yr. Over time precession of the debris particle orbits shifts

the narrowest point in the disc around Earth’s orbit away from

the original collision point and smears it out due to the differ-

ent precession rates of different orbits. The smearing effect of

differing precession rates causes the periodicity of accretion to

fade. After around 15–20 kyr, the time-scale for most particle or-

bits to complete a precession cycle, this is no longer a significant

effect.

Figure 6. Snapshot of the disc at 1.6 yr after impact. The slash through

the disc near the position of Earth corresponds to particles that would have

occupied the 1:1 period commensurability. The range of eccentricities of

the particles causes the gap to be point-like at the collision point, but spread

into an arc further around the orbit.

Although the periodic scattering and accretion is no longer a

significant effect after the first 15–20 kyr, many of the gaps in the

semimajor axis distribution at period commensurabilities remain

open. This is because if a particle slowly migrates, or is scattered,

into one of the period commensurabilities, as its orbit precesses it

will eventually begin to undergo close encounters with Earth, and

will continue to do so until it is removed from the period commen-

surability or precession moves it away from encountering Earth.

For faster repeat cycle commensurabilities the time-scale for a par-

ticle to be removed from the commensurability is shorter than the

time-scale for precession to move the particle away from under-

going close encounters. Thus, although the scattering/accretion of

particles at the commensurabilities is no longer synchronized, the

gaps remain open.

Figure 5. Snapshots of the distribution of semimajor axes and eccentricities of the debris particles for the DE simulation at 1 kyr and 1 Myr. Compare with the

initial distribution in the upper panel of Fig. 2. The primary evolution is a decrease in density of particles, with the decrease preferentially affecting particles with

semimajor axes near 1 au. The shape of the distribution remains largely unchanged as indicated by the red lines corresponding to the original outer boundary

of the distribution on the 1-Myr plot. The slight diffusion beyond the original boundaries is due to distant encounters. Many narrow gaps in semimajor axis at

the location of period commensurabilities with Earth are also visible, the most prominent being the 1:1. As an inset to the 1-kyr plot we show an enlargement

of one section to enhance the visibility of the gaps and mark the strongest ones with dashed lines, red for the 2:1 and 3:2, green for the 5:3 and blue for the 8:5

and 7:4.
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Debris from terrestrial planet formation 663

Figure 7. Number of close encounters per year occurring between debris

particles and Earth for the DE simulation, phase folded on a time-scale of

1 yr. The sum of the first kyr after impact is shown in black while red, green

and cyan show 2–3 kyr after impact, 5–6 kyr after impact and 15–16 kyr after

impact, respectively. The strong spike in the encounter rate corresponds to

Earth passing through narrowest part of the disc, initially at which Earth

passes through the collision point, is clearly visible. In the first kyr a smaller

bump at phase 0.5 when Earth is passing through the anticollision line is also

discernible. ‘Close encounters’ are tracked out to closest approach distances

of 0.03 au (3 Hill Radii) from Earth.

3.2.3 Analytic accretion rate

We can estimate the accretion rate directly from the equations

describing the semimajor axis–eccentricity–inclination distribution

from Section 2.1 if we assume a completely axisymmetric distribu-

tion. If the total number of particles is N and the number density of

particles near Earth is n, then the accretion rate will be

Racc = −
dN

dt
= n〈σvrel〉, (6)

where σ is the cross-section for collision with Earth and vrel is the

velocity of particles relative to Earth where they would be colliding.

As discussed earlier gravitational focusing is very important for re-

accretion on to Earth as a result of the rather low velocities of

the particles relative to Earth. The σ here is thus not simply the

geometrical cross-sectional area of Earth but rather is significantly

enlarged; incorporating the effect of gravitational focusing σ is

given by

σ = π R2
⊕

(

1 +
(

vesc

vrel

)2
)

, (7)

where vesc is the escape velocity at Earth’s surface, 11.2 km s−1.

The addition of the gravitational focusing term enlarges the cross-

section by a factor of ∼10.

An axisymmetric distribution will be roughly toroidal, centred at

Earth’s orbit. The characteristic extent of the cross-section of this

toroid in the radial direction is a〈e′〉, while the characteristic extent

in the z-direction is a〈I′〉, where 〈e′〉 and 〈I′〉 are, respectively, the

mean eccentricity and mean inclination of the debris. The volume

of this characteristic toroid is thus 8πa3〈e′〉〈I ′〉, where a is the

semimajor axis of Earth, 1 au. Under the assumption that 〈�v/vk〉 is

relatively small, the mean eccentricity and inclination will be given

by

〈e′〉 ≈
√

5

3

〈

�v

vk

〉

(8)

and

〈I ′〉 ≈
√

1

3

〈

�v

vk

〉

. (9)

As this characteristic toroid, with cross-section centred at 1 au, de-

scribes the mean of the orbital distribution we can expect that at any

time roughly half of the debris will lie within the toroid. We can

thus expect that n will be of order

N

4π2a3〈e′〉〈I ′〉
≈

3

4
√

5π2a3
N

〈

�v

vk

〉−2

particles m−3. (10)

We can expect that the typical relative velocities at which debris

encounters Earth will be similar to the velocity at which the debris

was launched. Thus we expect that 〈vrel〉 ≈ 〈�v〉.
Checking against the DE simulation we find that these estimates

do not quite match the real values, for reasons that are easily de-

termined. The density of particles is rather strongly peaked around

Earth’s orbit and thus the density very close to Earth’s orbit will be

somewhat higher than the mean density within our analytic toroid.

If we take a much smaller toroidal region around Earth’s orbit with

a cross-radius of 0.03 au, or ∼3 Hill Radii (as a compromise be-

tween taking as tight a region as possible and avoiding low number

statistics), we find that the density is around 3.5 times higher than

estimated by equation (10). Similarly the mean relative velocity of

particles within this same very narrow toroidal region is slightly

lower than our estimate, at roughly 2
3
〈�v〉.

Using these corrected estimates we can provide an analytical

estimate of the accretion rate as

Racc ≈
7R2

⊕

4
√

5πa3
N

(

vk

〈

�v

vk

〉−1

+
9

4

v2
esc

vk

〈

�v

vk

〉−3
)

. (11)

Plotting the solution to Ṅ = −Racc in Fig. 8 then produces the green

curve.

Comparing the green analytic curve with the real accretion rate

in Fig. 8 we see that at early times the true accretion rate is as

much as two orders of magnitude higher than the analytic predic-

tion as a result of the effects described in Section 3.2.2. At later

times however, when the disc has become axisymmetric and the

Figure 8. Rate of loss of particles from the DE simulation (very few par-

ticles are ejected so this is essentially the rate of accretion). In black is the

actual (smoothed) rate of particle loss as calculated numerically from the

simulation. As the loss of individual particles is an inherently stochastic

process this is somewhat noisy despite the smoothing applied. We show in

red the predicted accretion rate for Earth, Racc, with n and 〈σvrel〉 calculated

at each time dump.
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664 A. P. Jackson and M. C. Wyatt

Figure 9. Snapshots of the eccentricity–semi-major axis distribution of the debris particles for the VEMJ simulation at 10 kyr, 100 kyr, 1 Myr and 10 Myr. The

locations of the 3:1, 4:1 and 5:1 resonances with Jupiter are marked, as are the positions of Venus, Earth and Mars. The red line indicates the locus of orbits

for which the apocentre is located at 5.2 au – the orbital distance of Jupiter. The build up of populations of particles associated with Venus and Mars, as well

as the Jovian resonances, is apparent, as is the clearing of particles on Jupiter crossing orbits and the eccentricity pumping of particles with a � 2 au.

periodic effects are no longer significant, the analytic prediction of

the accretion rate is much closer to the reality, as would be expected.

The green and black curves differ slightly at late times due to the

necessity that the green curve is based only on the initial semimajor

axis–eccentricity–inclination distribution of the debris, whereas in

reality this does evolve slightly over time.

To confirm the origin of the difference between the analytic and

real curves we can also calculate an ‘estimated axisymmetric ac-

cretion rate’ at all times by calculating n and 〈σvrel〉 from the sim-

ulation at each time-step. For this we use the 0.03 au cross-radius

toroid used to determine the correction to the analytic estimates

above. This results in the red curve in Fig. 8, which is indeed close

to the green curve at early times, confirming that the difference

is due to the non-axisymmetric and periodic effects described in

Section 3.2.2.

3.3 Adding in the other Solar system planets

We now consider the effects of adding in the other Solar system

planets. The other planets which have noticeable influence on the

evolution of the disc are, in descending order of magnitude, Venus,

Jupiter and, to a lesser extent, Mars. The effects of Mercury and

planets beyond Jupiter are negligible. The results of our final, high-

est resolution, simulation with 36 000 particles and including Venus,

Earth, Mars and Jupiter (which we refer to as the VEMJ simulation)

are shown in Figs 9–11. All of the additional planets are placed

at their present semimajor axes but with zero mutual inclination

Figure 10. Face-on view of the VEMJ simulation disc at 1 Myr. The broad-

ening of the region of high density into a band sitting across the orbits of

Earth and Venus is readily apparent.

and near circular orbits (e � 10−3). The initial true anomalies are

randomized. Such a set-up is beneficial in reducing the number of

degrees of freedom in the system. In addition the current mutual

inclination and eccentricity state of the orbits of the Solar system

C© 2012 The Authors, MNRAS 425, 657–679
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Debris from terrestrial planet formation 665

Figure 11. Evolution of the radial density profile of the disc for the VEMJ

simulation. Snapshots shown at 100 kyr (black), 1 Myr (red) and 10 Myr

(green). The density is strongly peaked at 1 au at early times but this de-

creases with the peak also spreading inwards towards the orbit of Venus at

later times as particles are re-accreted by the Earth and interact with the

other planets. A slight increase in the number of particles beyond around

1.4 au due to the influence of Mars is also evident. Compare with Fig. 4.

planets are not necessarily representative of that at 50 Myr after the

formation of the Solar system, both since the planets undergo sec-

ular interactions over long time-scales and models of the formation

of the Solar system such as the Nice model (e.g. Tsiganis et al. 2005;

Brasser et al. 2009; Morbidelli et al. 2009) suggest that the orbits

of the planets have changed since formation. In addition the present

mutual inclinations of the Solar system planets (�3◦) are less than

the typical inclinations of the debris particles (see Fig. 2) and as

such using the present mutual inclinations of the planets would not

significantly change the mutual inclinations between the planets and

the debris. Similarly, although non-zero, the present eccentricities

of the Solar system planets are not large enough to be likely to have

significant effects. The only planets for which the present non-zero

eccentricity initially seems that it might have an effect are Mars

and Mercury since their eccentricities of 0.1 and 0.2 bring them 10

and 20 per cent closer to 1 au, into denser parts of the debris disc.

However the time they spend closer to 1 au is largely offset by the

time they spend further from 1 au; for example, their mean orbital

distances, 〈a〉 = a(1 + 1
2
e2), differ from their semimajor axes by

only 0.5 and 2 per cent, respectively.

3.3.1 Mercury

The small semimajor axis of Mercury means that only particles

with high eccentricities can approach the planet closely enough to

interact with it. This significantly reduces the proportion of the pop-

ulation that can interact with the planet. Further the low mass of

Mercury, and the high relative velocity that such eccentric parti-

cles will encounter the planet with, mean that the cross-section for

interactions between Mercury and those disc particles which have

the potential to interact with it is rather small. As a result the influ-

ence of Mercury on the evolution of the disc is very small. This is

confirmed by shorter, lower resolution simulations including all of

the solar system planets. In the VEMJ simulation we thus do not

include Mercury to ease the computational burden.

3.3.2 Jupiter and the outer planets

In contrast with the effect of Earth described in Section 3.2, the

effect of Jupiter on those particles which interact with it is predom-

inantly through scattering, which typically leads to the ejection of

material from the Solar system. As is the case with Mercury, for

material ejected from the Moon-forming impact to interact closely

with Jupiter it must have been put on to an orbit with a high ec-

centricity and will thus encounter Jupiter with a substantial relative

velocity. Combined with the large mass of Jupiter this means that

an object undergoing an encounter with Jupiter is likely to receive

a large kick to its velocity, which frequently leads to the ejection

of the particle. Unlike Mercury, the large mass of Jupiter leads to

a very large gravitational focusing effect enlarging the interaction

cross-section. Thus, although the fraction of the population that can

undergo interactions with Jupiter is small, the likelihood of particles

within that fraction undergoing an interaction is high. This means

that most particles on Jupiter-crossing orbits will undergo a strong

encounter with Jupiter, and most likely be ejected from the Solar

system, on relatively short time-scales. As well as ejecting objects

from the Solar system entirely, scattering with Jupiter is also impor-

tant for throwing material into the innermost regions of the Solar

system. In simulations lacking Jupiter no particles are observed to

impact the Sun for example (0/16 000), whereas a small number

(0.08 per cent, 27/36 000 particles) do when it is included.

This ejection of particles on Jupiter-crossing orbits results in the

disc being truncated at a radius just interior to the orbit of Jupiter,

which is evidenced in Fig. 9 by the lack of particles occupying the

region above the red line where orbits will intersect that of Jupiter.

This also has consequences for interactions with the other outer

planets, since in order for a particle to undergo a close encounter

with one of the other outer planets it will also have had to cross

the orbit of Jupiter. Being substantially more massive than the other

outer planets, any object on an orbit that could potentially interact

with one of the other outer planets is significantly more likely to

interact with Jupiter and be ejected. The other outer planets are

thus prevented from playing a significant part in the evolution of

the disc by the presence of Jupiter. Although today Saturn plays a

role in controlling the structure of the asteroid belt (e.g. Murray,

Holman & Potter 1998; Nesvorný & Morbidelli 1998) through long

range gravitational effects rather than direct close encounters the

time-scales we are investigating here are too short for these to

become important. As with the very small influence of Mercury

this is confirmed by simulations containing all of the Solar system

planets, and so the planets beyond Jupiter are not included in the

VEMJ simulation to reduce the computational burden.

In addition to the ejection from the Solar system of objects on

Jupiter-crossing orbits the large mass of Jupiter means that the

influence of mean-motion resonances with Jupiter is noticeable,

for example, in Fig. 9, a population of particles occupying the 3:1

mean-motion resonance with Jupiter is distinguishable. Earlier in

the evolution, distinct populations of particles occupying the 4:1

and 5:1 resonances at 2.1 and 1.8 au, respectively, are also clearly

visible. The Jovian 2:1 resonance is not visible since particles with a

2:1 period ratio with Jupiter that are on Earth-crossing orbits would

also have to be on Jupiter-crossing orbits and so would be rapidly

ejected. Comparison of Figs 9 and 5 also shows weaker scattering

up to higher eccentricities of particles on orbits that pass relatively

close to, but do not cross, the orbit of Jupiter (those with a � 2 au).

Over the 10 Myr integration time of the VEMJ simulation 2804 out

of the 36 000 initial debris particles are ejected, ∼8 per cent, almost

entirely due to the influence of Jupiter. As a result of the strong

C© 2012 The Authors, MNRAS 425, 657–679
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666 A. P. Jackson and M. C. Wyatt

scattering Jupiter induces, the number of particles actually accreted

on to Jupiter is rather low (0.3 per cent, 120/36 000 particles).

3.3.3 Venus

As mentioned above Venus has a strong influence on the disc,

second in magnitude only to that of Earth. The strength of this

influence is a result of the comparable mass of Venus to that of

Earth and its relatively nearby orbital position. Its nearby orbit

means that Venus can interact with particles on orbits with relatively

low eccentricities, which will thus have lower relative velocities to

the planet during close approaches, while its mass means that its

interaction cross-section is significant.

Interactions between Venus and the debris particles result in the

strong peak in density at 1 au being spread inwards towards the orbit

of Venus. By 1 Myr there is a distinct band of higher density in the

disc that spans the region between the orbits of Venus and Earth,

as seen in Figs 10 and 11. By 10 Myr interactions with Venus have

completely smoothed the distribution between the orbits of Earth

and Venus with Figs 9 and 11 clearly showing a large population

of particles that have interacted with Venus and become associated

with it. The scattering of debris particles by the planets is governed

by the same equations as those that determine the initial distribution

of the debris. This is clearest in the distinctive ‘V’ shape produced

in the eccentricity–semimajor axis distribution which allows us to

distinguish particles associated with Venus in Fig. 9 as those which

lie in the ‘V’ centred at the orbit of Venus.

As well as significantly altering the structure of the disc Venus

also accretes large numbers of particles. The amount of material

accreted on to Venus by the end of the VEMJ simulation run at

10 Myr (6016 particles, 17 per cent of the total) is comparable to

the amount of material re-accreted by Earth. At 7142 out of 36 000

(20 per cent) the number of particles re-accreted on to Earth is in

turn significantly lower than the DE simulation. The finding that

Venus accretes a comparable amount of material from the disc to

Earth can be compared with the results of studies of the evolution

of ejecta from impacts on to the terrestrial planets such as Gladman

et al. (1996), who also found that after a few hundred thousand

years the rate of collision of material launched from the vicinity of

Earth (specifically from the Moon in their study) on to Venus was

the same as that on to Earth.

3.3.4 Mars

As a terrestrial planet the interaction of Mars with the disc is similar

to that of Venus and Earth. The greater orbital separation between

Earth and Mars increases the necessary eccentricity for particles

to be able to interact with Mars and this, as well as Mars’ lower

mass, reduces the interaction cross-section of Mars. As a result the

influence of Mars on the disc is rather smaller than that of Venus or

Earth. Nonetheless the influence of Mars still produces a noticeable

impact on the disc unlike Mercury, and a population of particles

associated with Mars is clearly distinguishable in Fig. 9, albeit that

this population is significantly smaller than that associated with

Venus or Earth. The number of particles actually accreted on to Mars

is also much lower (0.3 per cent, 102 particles) than the number

accreted on to Venus or Earth. The low accretion rate is likely

partly due to a longer time-scale for material to become strongly

associated with Mars, for example the region around Mars at 10 Myr

is rather similar to that around Venus at 10 kyr. While the proximity

of Jupiter and strong Jovian resonances might be expected to have

a noticeable effect when considering disc–Mars interactions, this

is not observed. In simulations lacking Jupiter but retaining Mars

there are no significant changes in the low eccentricity (e � 0.2)

distribution near Mars.

3.3.5 Cumulative effects of the other Solar system planets

As a result of the increased stirring of the disc with additional

planets, despite the significant accretion of material on to Venus and

increase in number of particles ejected, the total number of particles

lost over 10 Myr is decreased by around 20 per cent when Venus,

Mars and Jupiter are added. Thus the lifetime of the disc particles for

loss to dynamical interactions is actually increased by the addition

of the other Solar system planets. This is because re-accretion on

to Earth is decreased dramatically (from 58 per cent of particles to

20 per cent of particles) by the increased stirring and although, in

the case of Jupiter and Venus at least, the other planets can remove

substantial numbers of particles from the disc it is insufficient to

compensate for this reduction. Fitting the same function, N =
N0 exp(−

√
t/τ ), to the number of particles remaining in the disc, τ

is increased to 29 Myr with the other Solar system planets present.

In Fig. 12 we show the numbers of particles either accreted on to

the different planets or ejected from the Solar system. The very steep

initial phase of accretion on to Earth is due to the initial clearing

of the commensurability gaps (see Section 3.2.2 and Fig. 8) while

the very steep initial phase of ejection is due to particles placed on

initial orbits with e > 1 leaving the simulation.

Reyes-Ruiz et al. (2011) conduct a series of shorter, smaller, sim-

ulations (30 kyr, 10 242 particles) with fixed launch velocities. At

their launch altitude of 100 km the mean initial velocity imparted

to our particles would correspond to a mean launch velocity of

12.2 km s−1, part way between their cases B and C. We show their

results for these two cases in Fig. 12 as crosses and pluses, respec-

tively. Their results compare well to ours, with minor deviations

due to small number statistics in their results (their results for Mars

are based on a single particle for example), and the distribution of

velocities we use versus their fixed velocities. The lower velocities

present in our distribution lead to increased accretion on to Earth,

while the high-velocity tail increases interaction with Jupiter and

ejection. This is illustrated by Fig. 13 which shows the distributions

Figure 12. Fraction of particles lost from the VEMJ simulation over time

to accretion on to different bodies and ejection from the Solar system. For

comparison we plot the results of Reyes-Ruiz et al. (2011) for their cases B

and C (as described in the text), as crosses and pluses, respectively, in the

same colour as the corresponding lines.
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Debris from terrestrial planet formation 667

Figure 13. Distributions of initial kicks received by particles that are sub-

sequently re-accreted on to Earth (blue), accreted by Venus (red) or ejected

from the Solar system (green) over the 10 Myr of the VEMJ simulation as

compared to the initial distribution for all particles (thick black). The curves

are normalized such that the area under each is equal.

of initial kick velocities received by particles that are lost to each of

the three main sinks (accretion on to Earth or Venus and ejection)

and in which it is clearly visible that particles re-accreted on to Earth

are preferentially those that received lower initial kicks, while those

ejected are preferentially those that received larger initial kicks. In

addition to the preference for having received larger initial kicks,

particles which are ejected also show a strong preference for having

been kicked in the direction of orbital motion, since this increases

the semimajor axis, as was also found by Reyes-Ruiz et al. (2011).

From the differences between the DE and VEMJ simulations it

is clear that, although the most important factor in the dynamical

evolution of debris from a Moon-forming type impact is its parent

planet, the wider planetary environment in which that parent exists

is also very important. The largest such influence is the presence

of other nearby planets of comparable mass to the parent. The

presence of other planets in the system also causes the disc to

become axisymmetric faster and decreases the length of the phase

in which the periodic scattering and accretion described in Section

3.2.2 is dominant.

With the addition of eccentricity pumping by Jupiter and trapping

in Jovian resonances the eccentricity–semi-major axis distributions

of Fig. 9 are well described in terms of overlapping ‘V’s centred at

the orbital distances of Venus, Earth and Mars. These ‘V’ shapes,

associated with orbits that have an apocentre or pericentre at the

location of the planet, also determine the fraction of the initial

debris distribution with which a planet can interact.

4 C O L L I S I O NA L E VO L U T I O N O F

T H E D E B R I S

In addition to dynamical evolution due to the external influence of

the planets, the debris from a Moon-forming or other giant impact

will also evolve through self-collision. To determine the collisional

evolution it is necessary to know the size distribution of the debris,

whereas the dynamical evolution is blind to the size distribution

(provided the largest debris particles are small enough for gravita-

tional focusing within the debris distribution to be neglected).

4.1 The size distribution

As mentioned in Section 2 the majority of escaping particles in the

SPH simulation that informs our initial conditions occurred as part

of small bound associations (fragments). The largest such fragments

consisted of six particles and had a mass of 2.6 × 1021 kg, trans-

lating to a diameter of 570 km assuming a density of 3300 kg m−3,

similar to that of the Moon. However with only six particles there

is considerable uncertainty in this size and notably there is a risk of

spurious associations when dealing with such small groups of SPH

particles. Nonetheless this does at least set a rough upper limit on

the size of the largest objects in the distribution as ∼600 km.

In an impact simulation similar to that on which our present

analysis is based, Canup (2008) (their fig. 9) note that the largest

fragment in the protolunar disc 27 h after impact, at which time

we would expect negligible re-accumulation to have occurred, has

a mass of 0.16 ML. This corresponds to a diameter of ∼1800 km

at lunar density. Although we do not find any fragments this large

in the ejected material it is expected that the protolunar disc would

contain larger objects than the ejected material since the largest frag-

ments should generally be imparted slightly lower initial velocities

(Leinhardt & Stewart 2012).

Furthermore we can use the method of Wyatt & Dent (2002)

to estimate the size of the second largest remnant given the total

mass of debris, both unbound and bound in the protolunar disc. This

method gives the size of the second largest remnant, Dslr (the largest

body in the debris distribution, with Earth as the largest remnant),

as

Dslr =
[

3Mtot

πρ

4 − α

α − 1

(

1 −
Mlr

Mtot

)]1/3

, (12)

where Mtot is the total colliding mass, Mlr is the mass of the largest

remnant (Earth), ρ is the density of the debris material (assumed

to be lunar) and α is the power-law index in the size distribution

n(D)dD ∝ D−αdD. Around 3.5 per cent of the total colliding mass is

converted into debris, either in the protolunar disc or in the unbound

debris, and assuming α = 7/2, as for a self-similar collisional cas-

cade (this will be discussed in more detail in Section 4.1.2), suggests

a second largest object size, Dslr ∼ 2200 km. This is very similar to

the size of the large object in the protolunar disc of Canup (2008),

suggesting this is not a spurious occurrence. If we assume that the

largest debris objects remain in the protolunar disc and integrate

down from a largest object of ∼2000 km until we have accounted

for the mass of the protolunar disc, we then find that the largest ob-

jects in the unbound debris should be ∼500 km. While certainly not

conclusive evidence, this supports the potential existence of large

fragments with diameters of hundreds of kilometres in the unbound

debris.

4.1.1 Vapour

In addition to these large fragments some of the material thrown

out in the impact will have been subjected to sufficient pressure

and temperature to have been vapourized. The fraction of material

that is vapourized is estimated by Canup (2008) as ∼10–30 per

cent by mass. This vapourized material will cool and recondense

along pathways determined by the exact conditions to which it

is subjected during the impact, but the largest resulting droplets

are expected to have sizes ranging from mm to cm scales (e.g.

Melosh & Vickery 1991; Anic 2006; Benz et al. 2007). We will thus

have a two-component distribution composed of small material that

recondensed from vapour and larger material that was subjected to

C© 2012 The Authors, MNRAS 425, 657–679
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668 A. P. Jackson and M. C. Wyatt

less violent conditions. We will, hereafter, refer to material arising

from the condensation of vapour as the ‘vapour distribution’ or

‘vapour material’ and to material that was not vapourized as the

‘boulder distribution’ or ‘boulder material’.

4.1.2 The shape of the size distribution

While from the SPH simulation we have some estimates of the

size of the largest fragments in the boulder distribution, albeit with

uncertainties as described above, it does not really give us any

information about the shape of the size distribution. Even a single

SPH particle would translate into an object ∼300 km in diameter. In

order to proceed we make the assumption that the size distribution

of boulder material obeys a power law with a slope equal to that

of a steady-state self-similar collisional cascade, so that n(D)dD,

the number of objects between size D and D + dD is ∝ D−7/2dD

(Tanaka, Inaba & Nakazawa 1996). As a result, rather than each

particle in the dynamical simulations representing an individual

debris fragment, it represents an ensemble of fragments conforming

to this size distribution.

It is reasonable to expect that the small objects in the cascade,

which have short collisional lifetimes, will rapidly reach a steady-

state so that this size distribution will be a relatively accurate re-

flection of the reality (Wyatt, Clarke & Booth 2011). For larger,

longer lived objects this is less certain, but we have no evidence

for a different distribution and this is the simplest assumption. This

simple steady-state distribution also has the advantage that it will

remain the same as the material evolves both collisionally and dy-

namically (since the dynamics is independent of the fragment size).

For a size distribution with this slope most of the mass is contained

in the largest objects and thus the rate at which mass is lost from

the distribution by collisions is determined by the lifetimes of the

largest objects. These arguments apply equally to both the boulder

and vapour distributions, the main difference being the size of the

largest objects in the respective distributions.

Note that in the more realistic situation that planetesimal strength

(Q∗
D) is a function of size (see Section 4.2) the steady-state equi-

librium size distribution will have a slope that may differ from the

7/2 assumed here (e.g. Wyatt et al. 2011). However the simplicity

of the assumption of a single power-law slope, given other uncer-

tainties about the size distribution, in particular Dmax, make this a

reasonable approximation.

4.2 Evolving the collisional cascade

Our dynamical simulations provide us with the distribution of orbital

parameters of the debris at each time-dump, which gives us the

basis for calculating the probabilities for collision between debris

particles. To determine the probability of a catastrophic collision

for an object of size D, i.e. the probability of a collision in which

the largest remnant will have less than half of the mass of the initial

object, we require the specific incident energy necessary to disperse

this mass (dispersal threshold), Q∗
D . The dispersal threshold energy

allows us to calculate Dcc, the size of the smallest object capable

of participating in a catastrophic collision with an object of size D

for the typical collision velocities (vc) present, and thus the fraction

of collisions that will be catastrophic. The size we expect for the

largest objects in the boulder distribution places them firmly in the

gravity regime where it is primarily the self-gravity of the object,

rather than its material strength, that determines its resistance to

dispersal. On the other hand the vapour distribution lies entirely in

the strength regime.

Utilizing the velocity-dependent dispersal threshold of Stewart

& Leinhardt (2009) we obtain

Q∗
D = qsρ

−0.109(D/2)−0.327v0.8
c + qgρ

0.4(D/2)1.2v0.8
c , (13)

where ρ is the density of the debris material (assumed to be lunar at

3300 kg m−3), vc is the collision velocity, D is the diameter of the

object. Stewart & Leinhardt (2009) find that for weak aggregates,

μ = 0.4, φ = 7, and in SI (mks) units qs = 0.937 and qg = 6.31 ×
10−6. Note that Stewart & Leinhardt (2009) define the dispersal

threshold in terms of Q∗
RD , the specific incident energy necessary

to disperse half of the combined mass of the target and projectile,

rather than Q∗
D . For our purposes however the difference between

Q∗
RD and Q∗

D is relatively small as the typical velocities at which

collisions occur in the debris disc are, even for the largest objects,

substantially larger than the escape velocities of the objects and

thus the minimum mass of a catastrophically destructive projectile

is much less than that of the target.

Armed with this we can then interweave collisional and dynam-

ical evolution by calculating the mean collision velocities and the

collisional lifetime of the largest objects at each time-dump of the

dynamical simulation. The dynamical mass loss is tracked simply

by the number of particles remaining in the simulation, N, compared

to the initial number of particles, N0. As the dynamical evolution is

independent of the size of individual debris fragments each dynam-

ical particle simply represents an equal fraction of the remaining

disc mass. Initially each dynamical particle will thus represent a

mass m0 = M0/N0, where M0 is the total initial mass of debris.

Then, since mass is lost from the cascade through the destruction

of the largest objects, this allows us to determine the mass lost

through collisional processes over the period between successive

data dumps of the dynamical simulations. The mass per dynamical

particle at the beginning of the ith time period, mi, is determined by

mi = mi−1

1

1 + (ti − ti−1)/tc
i−1

, (14)

where ti is the time at the beginning of the ith time period and tc
i−1

is the collisional lifetime of the largest object (size Dmax) at the

beginning of the (i − 1)th time period.

The collisional lifetime of the largest object, tc, (equivalently the

catastrophic collision time-scale for the largest object) is given by

tc =
1

Pcσcc(Dmax)
. (15)

Here Pc is the intrinsic collision probability (m−2 s−1), determined

numerically from the distribution of orbital parameters of the debris

from the dynamical simulation using the method of Wyatt et al.

(2010) (see also Bottke et al. 1994), and σ cc(Dmax) is the cross-

section for catastrophic collision for an object of size Dmax. The

catastrophic collision cross-section, σ cc(Dmax), is

σcc =
∫ Dmax

Dcc(Dmax)

n(D)

(

Dmax + D

2

)2

dD, (16)

where Dcc(Dmax) is the size of the smallest object capable of catas-

trophically colliding with an object of size Dmax (see e.g. Wyatt

& Dent 2002). We neglect gravitational focusing within the debris

distribution, since the typical collision velocities of �5 km s−1 are

much larger than the escape velocity of even 1000 km objects.

4.2.1 Assumptions of the collisional model

These calculations assume that the disc is axisymmetric. This is

true at later times but in the early phases of the evolution this

C© 2012 The Authors, MNRAS 425, 657–679
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Debris from terrestrial planet formation 669

assumption breaks down and the collisional evolution will not be

correctly determined by this prescription. Figs 7 and 8 show that it

is during the first few kyr that the effect of the non-axisymmetry

is strongest after which the effect fades. Where the time-scales for

collisional evolution are longer than this initial period the non-

axisymmetry should not significantly influence the evolution. This

is a similar time-scale to the initial collisional lifetime for objects

at the transition from the strength regime to the gravity regime

(Dmax ∼ 0.1–1 km), so we expect that the early asymmetric period

will be important for distributions where Dmax lies in the strength

regime, while distributions that extend into the gravity regime will

be largely unaffected.

In order to extend our collisional model to times later than 10 Myr

(necessary to follow distributions with large Dmax to the time at

which they become undetectable) we make the assumption that

the orbital distribution at later times can be approximated by that

at 10 Myr. Though the orbital distribution is likely to continue to

evolve past 10 Myr, the rate of evolution is likely to slow as the

particles with the shortest dynamical lifetimes are naturally those

that are lost first. Material will also continue to be lost from the

disc through dynamical effects (primarily accretion) after 10 Myr.

In order to account for this we perform a fit to the particle loss rate

from 1 to 10 Myr, removing the first Myr to remove the effects of

the early non-axisymmetry.

4.2.2 Luminosity of the disc

From Wyatt (2008) the fractional luminosity (ratio of disc to stellar

luminosity) of a collisional cascade with a size distribution n(D) ∝
D−7/2 is related to the total mass of the cascade by

f = 0.37

(

Mtot

M⊕

)

( r

au

)−2
(

Dbl

µm

)−(1/2) (
Dmax

km

)−(1/2)

, (17)

where Dbl is the minimum size of dust grains in the distri-

bution, which is expected to be set by radiation pressure at

Dbl = 0.65(L∗/L⊙)(M⊙/M∗)(3300 kg m−3/ρ) µm. Thus for our

assumptions Dbl = 0.65 µm. The typical radius of the disc is r,

which here is ∼1 au, and being peaked at this distance the dust

will be hot (∼300 K) with emission thus peaking at ∼10 µm. The

detectability of the disc emission at a particular wavelength, F disc
λ ,

is determined by how bright it is relative to the stellar flux, F ∗
λ . At

a wavelength λ, the disc results in an excess of emission above that

expected from the stellar photosphere and so we define the fractional

excess, Rλ = F disc
λ /F ∗

λ , or equivalently Rλ = (F tot
λ − F ∗

λ )/F ∗
λ . In

the context of past surveys for debris discs, such as Trilling et al.

(2008) or Carpenter et al. (2009a), this would result in the strongest

detection being in the 24-µm band, for which R24 ≈ 3200 f . For

calibration limited surveys such as these the limit of detectability is

typically R24 = 0.1.

4.3 Changing the top of the size distribution

As discussed in Section 4.1, the size of the largest object in the

distribution is subject to some uncertainty. As such in this section

we apply the scheme described in Section 4.2 to the VEMJ simu-

lation to investigate the variation of the collisional evolution of the

distribution for a wide range of values of Dmax.

4.3.1 Varying Dmax

Let us consider the effects of varying Dmax for a single continu-

ous distribution of initial mass 1.3 ML (0.016 M⊕). In Fig. 14 we

Figure 14. Evolution of the fractional luminosity and 24 µm excess of the

disc for different values of Dmax in a single continuous distribution. The

lines are coloured by the value of Dmax as shown in the colour bar at right.

In black we show a typical survey detection limit of R24 = 0.1 (e.g. Trilling

et al. 2008; Carpenter et al. 2009a).

explore the entire range of Dmax from millimetres up to thousands

of kilometres, spanning the range of sizes expected for both the

boulder and vapour distributions.

If we decrease Dmax then, since the initial mass of the cascade is

constant and we do not change Dbl, equation (17) states that the ini-

tial brightness of the disc must increase. Physically we can see this

must be the case, since we shift the entire mass of the cascade down

to smaller objects and thus a greater proportion of the mass is in

the observable small dust grains, meaning the disc must be brighter.

We can clearly see this in Fig. 14, and note also that the upper

envelope of this plot gives the maximum possible brightness for a

distribution containing initially 1.3 ML of material and an n(D) ∝
D−7/2 shape. Equation (16) tells us that as we increase Dmax, σ cc

must decrease since increasing Dmax increases the proportion of the

total mass contained in a single object of size Dmax and the number

of objects in the range Dcc to Dmax falls. Thus as Dmax is increased

tc increases. Again we see this in Fig. 14 since distributions with a

larger Dmax, while initially less bright, decay more slowly.

There are two kinks in the shape of the upper envelope of Fig. 14.

The first, at around 50 yr (and maximum sizes of a few hundred

metres) is due to the largest objects transitioning from the strength

regime to the gravity regime. The second kink, at around 10 Myr

(and maximum sizes of around a hundred kilometres) is a result of

dynamical evolution becoming the dominant process in controlling

mass loss from the disc, rather than collisional grinding.

The detectable lifetime of the disc, defined here as the length of

time for the 24 µm excess to decay to a level of less than 0.1, is

shown in Fig. 15. As described above there is in general a decrease

in the detectable lifetime of the disc as Dmax is decreased, and there

is again a kink at a Dmax of several hundred metres due to the transi-

tion from the strength to the gravity regime. The curve also begins to

turn over at several tens of kilometres, above which dynamical evo-

lution dominates. Dynamical evolution sets a maximum detectable

lifetime for the debris of around 37 Myr with this peak occurring at

300 km. For distributions with Dmax larger than around 300 km the

detectable lifetime slowly decreases as a result of the net lifetime

of the largest objects now being constant and independent of col-

lisional effects (determined only by dynamics), while the surface

C© 2012 The Authors, MNRAS 425, 657–679
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670 A. P. Jackson and M. C. Wyatt

Figure 15. Detectable lifetime of the disc as a function of the size of the

largest object for the VEMJ simulation.

area of the distribution for the same mass decreases with increasing

Dmax.

Note that at small values of Dmax, particularly those relevant to

the vapour distribution, there are a number of issues that come

into play which thus far we have not mentioned. The structure

of the disc during the non-axisymmetric phase (see Section 3.2.2)

leads to a substantially higher re-accretion rate on to Earth at early

times, and it can be expected that the asymmetry embodied in the

concepts of the collision point and anticollision line will similarly

lead to higher collision rates than predicted in our axisymmetric

calculations. In addition, at values of Dmax � 1 mm the disc will

become geometrically optically thick in the radial direction. This

further complicates the evolution and is not taken into account in

our simple analysis, either in its effect on the collisional evolution,

or on the brightness of the disc.

Detailed treatment of the non-axisymmetry and optical depth ef-

fects is beyond the scope of this work and will be dealt with in future

papers. Nonetheless we can broadly state that the detectable life-

times given here for distributions with Dmax in the strength regime

(≪1 km) should be an upper limit.

4.3.2 A two-component size distribution: vapour and boulders

As discussed in Section 4.1, in reality the disc is likely to be com-

posed of two different size distributions of material, one that con-

tains very large fragments with sizes of hundreds of kilometres and

one that consists of vapour condensates. In this case there will be

a very bright initial phase during which vapour condensates are the

dominant source of visible material, which will then decay rapidly.

While there are significant uncertainties in the evolution of the

vapour distribution, it is certain that they would produce a very

much brighter and shorter lived signature than that of a distribution

of large material extending up to hundreds of kilometres.

Once the vapour material has been ground away, we are left

with dust that is replenished on much longer time-scales from the

large objects and so the disc enters a long-lived, lower brightness,

phase. In Fig. 16, as an example, we show the evolution of a two-

component distribution, with 30 per cent of the mass composed

of vapour condensates with Dmax = 1 cm, and 70 per cent of the

mass composed of boulder material with Dmax = 500 km, consistent

with the vapour fraction found by Canup (2008). The very different

peak brightnesses and lifetimes of the two distributions mean that

the evolution is strongly divided into separate regimes where one

Figure 16. Fractional luminosity and 24 µm excess evolution for a disc with

a two-component size distribution (solid line). 70 per cent of the mass is in

a Dmax = 500 km distribution and 30 per cent in a Dmax = 1 cm distribution.

As dashed lines we show the evolution of a disc with single size distribution

of Dmax = 500 km or 1 cm for comparison. The dotted line indicates a typical

detection limit of R24 = 0.1.

of the distributions dominates. Since the amount of mass in each

distribution is less than the total mass of debris produced, the peak

brightness in each regime is lower than that if all of the mass were

contained in the dominant distribution. This also causes the disc to

become undetectable slightly faster than a single distribution with

Dmax = 500 km would, at 27 Myr.

5 C O M PA R I S O N W I T H K N OW N D E B R I S D I S C S

As mentioned in Section 4.2.2 many surveys for debris discs around

solar-type stars have used the 24-µm band of the Multiband Imag-

ing Photometer for Spitzer (MIPS) instrument on the Spitzer Space

Telescope (e.g. Rieke et al. 2004). In Table 1 and Fig. 17 we sum-

marize the fraction of stars with 24 µm excess that have been found

for FGK stars at different ages both in open clusters and for a large

sample of field stars compiled from Beichman et al. (2006), Trilling

et al. (2008) and Carpenter et al. (2009a). The fraction of stars

displaying an excess at 24 µm falls with increasing age, from as

much as 50 per cent at ages of ∼5 Myr to closer to 20 per cent by

∼100 Myr, at which time terrestrial planet formation has probably

finished, and finally to only a few per cent for mature stars like our

own Sun.

5.1 Putting the Moon-forming collision into context

For comparison with the known debris discs we plot in Fig. 18

the evolution of the 24 µm excess for the debris from the Moon-

forming impact (as given in Fig. 16 and Section 4.3.2), with the

date of impact set as 50 Myr (as is suggested by e.g. Halliday 2004;

Kleine et al. 2005). We also, as discussed further below in Sec-

tion 5.2.4, show the evolution of a hypothetical impact at 10 Myr

involving a release of three times the mass of debris produced by

the Moon-forming impact (0.048 M⊕ with 0.0336 M⊕ in boulders).

We use the same debris size distributions as in Fig. 16 for this hy-

pothetical early impact. The debris released by this early impact is

brighter and lasts for around twice as long as the lunar formation

debris. Such an impact is well within the range of values found by

Stewart & Leinhardt (2012) even for a proto-Earth rather less

massive than 1 M⊕.
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Debris from terrestrial planet formation 671

Table 1. Fractions of FGK stars with 24 µm excess in open clusters of

different ages and in the field. Note that in some cases (e.g. Chen et al.

2011) K-type stars are poorly represented. Also note that Carpenter et al.

(2009b), Chen et al. (2011) and Rebull et al. (2008) require F obs
24 /F ∗

24 ≥
1.3 to formally describe an excess as detected, somewhat higher than the

F obs
24 /F ∗

24 ≥ 1.1–1.15 used by other papers. The predominance of very

large excesses at the ages they study (see Fig. 18) suggests the effect on the

reported excess fraction is small. This is supported by deeper observations of

a subset of the Sco–Cen samples in Carpenter et al. (2009a). Poisson errors

in the excess fractions are determined using the tables in Gehrels (1986).

Name Age (Myr) Excess/total Fraction Ref.

λ-Orionis 5 ± 1 33/63 0.52+0.11
−0.09 8

Upper Sco 10 ± 2 20/74 0.27+0.08
−0.06 3, 6

Upper Cen Lupus 15 ± 1 23/91 0.25+0.06
−0.05 3, 6

Lower Cen Crux 17 ± 1 29/82 0.35+0.08
−0.07 3, 6

β-Pic mv. gp. 12 ± 6 4/25 0.16+0.13
−0.08 10

IC 4665a 27 ± 5 10/39 0.26+0.11
−0.11 12

Tuc/Hor assoc.b ∼30 19/40 0.48+0.14
−0.11 15

IC 2391 50 ± 5 6/19 0.32+0.19
−0.13 9

NGC 2451 A,B 50-80 11/31 0.35+0.14
−0.11 1

AB Dor mv. gp. ∼70 9/30 0.30+0.14
−0.10 15

α-Persei 80 ± 10 2/13 0.15+0.18
−0.10 8

Pleiades 115 ± 10 23/71 0.32+0.08
−0.07 11

Blanco 1 100 ± 10 6/18 0.33+0.20
−0.13 13

Hyades 625 ± 25 0/67 0.00+0.03 4

Praesepe 757 ± 36 1/106 0.009+0.02
−0.008 7

Field −32 6/26 0.23+0.14
−0.09 2, 14, 5

32–100 3/38 0.08+0.08
−0.04 2, 14, 5

100–320 6/49 0.12+0.07
−0.05 2, 14, 5

320–1000 5/45 0.11+0.08
−0.05 2, 14, 5

1000–3200 7/109 0.06+0.04
−0.02 2, 14, 5

3200–5500c 3/121 0.02+0.02
−0.01 2, 14, 5

5500– 4/79 0.05+0.04
−0.02 2, 14, 5

Refs: 1 – Balog et al. (2009); 2 – Beichman et al. (2006); 3 – Chen et al.

(2011); 4 – Cieza, Cochran & Augereau (2008); 5 – Carpenter et al. (2009a);

6 – Carpenter et al. (2009b); 7 – Gáspár et al. (2009); 8 – Hernández et al.

(2010); 9 – Siegler et al. (2007); 10 – Rebull et al. (2008); 11 – Sierchio

et al. (2010); 12 – Smith, Jeffries & Oliveira (2011); 13 – Stauffer et al.

(2010); 14 – Trilling et al. (2008); 15 – Zuckerman et al. (2011).
aLow-mass members identified by Jeffries et al. (2009) only.
bAlso includes the Columba and Carina-Near associations (see Zuckerman

et al. 2011).
cA few stars from Beichman et al. (2006) and Trilling et al. (2008) do not

have age estimates, for these we assume an age equal to the mean of the

other stars from the papers (4500 Myr), placing them in this bin.

The spikes produced by the small vapour condensates are rather

large in comparison to the bulk of known debris discs but this phase

is also rather short-lived with a lifetime of ∼1000 yr. These spikes

can potentially explain unusual extremely luminous warm dust sys-

tems such as HD 113766, HD 145263 and BD +20307, all of which

have silicate features in their spectra (Honda et al. 2004; Lisse

et al. 2008; Weinberger et al. 2011), consistent with dust originat-

ing from a body of terrestrial like composition. Although around

a higher mass (A-type) star, and so not included on this plot, the

infrared excess of HD 172555, with F obs
24 /F ∗

24 = 5.9 at 12 Myr, falls

into the same kind of category. The spectrum of HD 172555 also

suggests the presence of large amounts of amorphous silica (distinct

Figure 17. Fractions of FGK stars with detected 24 µm excess for stars at

different ages (see Table 1). Open clusters are shown in black, for which the

horizontal error bars indicate the uncertainty in the age of the cluster. Field

stars are shown in red, for which the horizontal error bars indicate the width

of the bins.

from silicates) and SiO gas both of which have been interpreted as

indicative of a recent large hypervelocity impact (Lisse et al. 2009).

On the other hand the lower level, longer lived, component of

the debris, resulting from the boulder material, compares quite well

with the magnitude of more typical excess sources, which even at

∼10 Myr are concentrated below F obs
24 /F ∗

24 ∼3. Both regimes that

we expect for debris resulting from giant impacts in the late stages

of terrestrial planet formation are thus compatible with observations

of 24 µm excesses around solar-type stars.

5.2 The fraction of stars that undergo terrestrial

planet formation

As well as placing our results for debris generated by giant im-

pact events into context with observed discs we also wish to use

debris observations to investigate the fraction of stars that undergo

terrestrial planet formation. In this regard, and in particular ac-

knowledging the relevance of this to the original Drake equation,

it is convenient to cast the problem in terms of a similar equation

to allow us to tease apart each of the factors that influences the

predicted fraction of stars that undergo terrestrial planet formation.

Our equation is

FTPF = E24WDT −1, (18)

where FTPF is the fraction of stars that undergo terrestrial planet

formation, E24 is the fraction of stars that display 24 µm excesses

at an appropriate age (see Section 5.2.1), W is the fraction of those

stars for which the excess is due to warm dust (see Section 5.2.2),

D is the fraction of warm discs that are truly due to terrestrial planet

formation (see Section 5.2.3) and T is the fraction of the terrestrial

planet formation period for which we can expect a system to display

a 24 µm excess (see Section 5.2.4).

5.2.1 The fraction of stars with 24 µm excesses, E24

Fig. 17 provides a clear visualization of the fraction of stars of

different ages that display 24 µm excesses, but to determine E24 we

also need to define the time period we are determining it over. As we

are considering debris produced by giant impacts it is particularly

the chaotic growth phase of terrestrial planet formation, in which

protoplanets grow via giant impacts, that we are concerned with.

C© 2012 The Authors, MNRAS 425, 657–679
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672 A. P. Jackson and M. C. Wyatt

Figure 18. Plot of F obs
24 /F ∗

24 against age for solar-type (FGK) stars from a number of different surveys at different ages and comparison with dust produced

in a Moon-forming-type giant impact. F obs
24 /F ∗

24 is the ratio of the observed 24 µm flux to the expected 24 µm flux from the stellar photosphere, thus

F obs
24 /F ∗

24 = R24 + 1. The red dashed line follows F obs
24 /F ∗

24 = 1 and the red dotted line follows F obs
24 /F ∗

24 = 1.1. F obs
24 /F ∗

24 = 1 corresponds to a purely

photospheric 24 µm flux while F obs
24 /F ∗

24 = 1.1 is typically the lowest level of excess detectable for a calibration limited survey. Detections are indicated by

crosses while non-detections are indicated by dots. Discs with dust temperatures given in the source papers (refs 2–6, 9–11, 14–15 from Table 1) are coloured

blue for Tdust <150 K and red for Tdust ≥150 K, those without temperatures are black. Circled sources are those that are considered to potentially be primordial

or protoplanetary discs in the source papers. The 24 µm excess evolution of debris from a Moon-forming-type event taken from Fig. 16 is shown in green with

the impact occurring at 50 Myr. An additional, hypothetical, more massive/destructive, collision at 10 Myr is shown magenta. Systems of particular interest are

labelled and we also indicate the interesting systems BD +20307 and HD 15407 (Melis et al. 2010; Weinberger et al. 2011) that are not included in the surveys

with purple triangles. See Section 5.2.2 for more details.

The runaway and oligarchic growth phases that precede chaotic

growth through giant impacts are quite rapid with the transition to

chaotic growth occurring at around, or just after, 1 Myr (Kokubo &

Ida 1996, 1998; Kenyon & Bromley 2006; Raymond et al. 2009)

when the local density in large protoplanets exceeds that in planetes-

imals. The presence of gas can stabilize the oligarchs and lengthen

this phase, since it is then the combined density of the gas and

planetesimals compared to that of the protoplanets that determines

the transition to chaos (e.g. Thommes, Duncan & Levison 2003;

Chambers 2006). Gas-rich discs are comparatively short-lived how-

ever, with the observed disc fraction falling to near zero by around

6 Myr (Hernández et al. 2007; Mamajek 2009). We can thus expect

any system that is building terrestrial planets in this way to have

transitioned to chaotic growth by, at the latest, 10 Myr and prob-

ably sooner. The chaotic growth phase would then be expected to

continue for up to around 100 Myr until the terrestrial planets reach

their final configuration (e.g. Chambers 2004; Kenyon & Bromley

2006; Raymond et al. 2009). In the case of the Solar system the

Moon-forming impact at ∼50 Myr is generally thought to be the

last giant impact to occur in the Solar terrestrial planet region.

We thus choose the time period over which we determine E24

to be the period 10–100 Myr as this starts late enough that we can

expect primordial gas discs to have fully dissipated and continues

long enough to encompass the expected age range for the chaotic

growth phase. This age range is also convenient in that it covers the

decade of Fig. 17 within which we have most information about

the fraction of stars which display 24 µm excesses. Within this age

range the 24 µm excess fractions found by individual surveys range

from as little as 8 per cent to as much as 48 per cent, however they

are fairly tightly concentrated around a value of roughly 30 per cent.

As such we find E24 = 0.3 to be an appropriate value.

5.2.2 Warm dust and terrestrial planet formation, W

We have discussed the overall fraction of stars which possess 24 µm

excesses in Section 5.2.1, but if dust is produced in terrestrial planet

formation we would expect it to lie at the radial locations where the

formation of rocky planets is thought to occur. The most common

division that is chosen between the inner and outer planetary system

C© 2012 The Authors, MNRAS 425, 657–679
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Debris from terrestrial planet formation 673

is that of the ice-line at around 150 K. While it is possible for low-

mass planets lacking large gaseous envelopes to form outside the

ice-line they would be of different character to those that formed

within the ice-line due to the presence of large quantities of water

ice. As such the 150 K boundary is a convenient one and we define

only debris discs with temperatures ≥150 K to contribute to W.

When debris discs are detected at multiple wavelengths the dust

temperature is often estimated and where this is the case we can

divide them up into two groups in Fig. 18: warm discs with tem-

peratures ≥150 K and cold discs with temperatures <150 K. Warm

discs at relatively young ages (�100 Myr) are, as described above,

candidates for debris produced during terrestrial planet formation,

such as HD 113766 (Lisse et al. 2008), while cold discs lie in the

outer parts of the system and are more likely to be equivalents of

our Kuiper belt.

Warm discs around older stars can still potentially be the result

of a giant impact, as is thought to perhaps be the case for HD 69830

and BD +20307 (e.g. Lisse et al. 2007; Weinberger et al. 2011). In

this case our previous analysis of the evolution of debris generated

by giant impacts in Sections 3 and 4 is still applicable. However it

is unclear if such an impact is informative about terrestrial planet

formation, given the high age, and so we restrict our analysis to stars

with ages 10–100 Myr. In the 10–100 Myr range we find that, of the

60 debris disc systems which have temperature estimates, eight

(13 per cent) are warm. This suggests a value for W of ∼0.13.

Estimating the temperature of debris discs is not an easy task,

however, and there are often quite large margins of error. One partic-

ular issue is that there may be multiple debris bands at different tem-

peratures present in the system. Indeed Raymond et al. (2011) sug-

gest that systems which undergo terrestrial planet formation should

also possess large, cold, outer belts as the dynamically calm environ-

ments that favour terrestrial planet formation also favour retention

of massive outer belts. In this case, if a single temperature fit is

used, the temperature obtained will lie somewhere within the range

of the different components present. For example η Corvi has both

cold dust at 150 au (40 K) and hot dust at <1.7 au (∼370 K) (Wy-

att et al. 2005; Smith, Wyatt & Haniff 2009). However Beichman

et al. (2006), from whom the data for η Corvi in Fig. 18 is taken, use

a single temperature fit, obtaining 150 K, only just above our cut-off

for warm dust. η Corvi is an unusual case, both due to its age and

because both hot and cold components are particularly bright (and

being nearby the cold component is resolvable and demonstrably

distinct from the hot component). Nonetheless, it serves to show

that hot dust in the inner system can be concealed by cold dust in

the outer system, and that high-resolution imaging can be used to

break this degeneracy, as it also has been in η Telescopii (Smith

et al. 2009). Another method for revealing details of the location

and nature of dust in debris systems is deep spectroscopy, which

has been applied to systems such as HD 113766 and HD 172555.

Morales et al. (2011) use a two-temperature model to study a

sample of FGK-type stars which had also been studied by Carpenter

et al. (2009a), Trilling et al. (2008) or Zuckerman et al. (2011) with

single temperature models. They found that a significant fraction of

their sample could be better fit by a two-temperature model. Using

the Morales et al. (2011) temperatures, considering the hot compo-

nent where two temperatures are quoted, would almost double the

number of systems with warm dust in the 20–100 Myr range to in

infer W to be 9/25 (36 per cent).

As follow-up observations of debris-bearing systems continue

they will improve our constraints on W. In the mean time the results

of Morales et al. (2011) suggest that the fraction of systems with

detectable 24 µm excesses that possess warm dust is unlikely to be

higher than 40 per cent, while a conservative estimate based on the

results compiled in Fig. 18 would be ∼13 per cent. For our analysis

here we will take an intermediate estimate that W ∼ 0.25.

5.2.3 The fraction of warm dust that is truly due to terrestrial

planet formation, D

While we do expect that terrestrial planet formation will result in

the production of warm dust, as described above, not all warm

dust need be the result of terrestrial planet formation. Warm dust

can also result from the grinding down of a massive asteroid belt

analogue, or from late-heavy bombardment-type events scattering

material in from the outer system, as suggested for the ∼1 Gyr old

η Corvi system by Lisse et al. (2012). While the model of Lisse

et al. (2012) for the η Corvi warm dust implies the presence of a

(likely terrestrial) planetary mass object within around 3 au, it is

possible for a system to possess an asteroid belt analogue without

ever having formed terrestrial planets. As such not all of the warm

dust at 10–100 Myr is necessarily the result of terrestrial planet

formation and thus D will be less than 1. It is difficult to pin-down

warm dust as definitely originating in terrestrial planet formation

however unless high-resolution spectra are available, or the parent

bodies can be found, and even then there can be some ambiguity.

Nonetheless, simply using an upper limit of 1 for the value of D

can still produce interesting results, though it should be borne in

mind that D induces a potentially significant degree of downward

uncertainty in the estimate of FTPF.

5.2.4 Time for which a planet-forming system is expected to

display a 24 µm excess, T

We have shown in Section 4 that, for a reasonable size distribution

of material with the majority of the debris in a distribution with

a largest size of hundreds of kilometres, the debris from a Moon-

forming-type impact would be detectable for over 10 Myr. Even if

we reduce the size of the largest objects to around 10 km the debris

will still be detectable for over 1 Myr, and will be brighter during that

period. The Moon-forming impact falls into the graze-and-merge

category of Leinhardt & Stewart (2012) and Stewart & Leinhardt

(2012), which are the least debris producing class of giant impacts

(1.6 per cent of the total colliding mass in the case of the Moon-

forming collision). The hit-and-run and partial accretion/erosion

regimes produce debris averaging around 3 and 5 per cent of the

total colliding mass, respectively, though there are wide variations

(Stewart, private communication).

In Fig. 18 (in which we plot F obs
24 /F ∗

24 against age) we include

both the Moon-forming impact and a hypothetical earlier impact at

10 Myr which produces three times as much debris (using the same

debris size distribution as in Fig. 16). This puts the hypothetical

early impact at around the average debris production for a partial

accretion/erosion event involving an Earth-mass planet. Although

the proto-Earth at 10 Myr is likely to have been less massive, the

wide degree of variation in debris production means this is still

reasonable even for a proto-Earth that is substantially less than

1 M⊕. As can be seen in Fig. 18 the debris from this early impact

is detectable until around 50 Myr when the Moon-forming impact

occurs. With just two impacts we have thus generated a detectable

level of debris from 10 to 77 Myr (T = 0.74).

Building terrestrial planets however is typically thought to in-

volve not just one or two, but a whole series of giant impacts.

Chambers (2004), Kenyon & Bromley (2006), O’Brien et al. (2006),

C© 2012 The Authors, MNRAS 425, 657–679
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674 A. P. Jackson and M. C. Wyatt

Raymond et al. (2009) and others, all suggest that the formation of

Earth and Venus requires around 10–15 giant impacts between plan-

etary embryos each, though Mercury and Mars would require fewer

mergers. Using rather different techniques (Monte Carlo versus

N-body and hydrocode), Stewart & Leinhardt (2012) and Genda

et al. (2011) both suggest that the whole giant impact phase of ter-

restrial planet formation cumulatively produces around 20 per cent

of the final mass of the planets in debris. If the whole terrestrial

planet system is undergoing chains of giant impacts, which on av-

erage produce more debris than the Moon-forming collision, and

which will be detectable for over 1 Myr, if not 10’s of Myr, it is

reasonable to expect a detectable level of dust for a large fraction

of the giant impact phase and thus T close to 1.

Though current models of terrestrial planet formation lead us to

conclude that T ∼ 1 it should be noted that should our current un-

derstanding of terrestrial planet formation change T can be lower.

In particular we can think of T as dependent on the number of

‘extra’ terrestrial planets/planetary embryos that emerge from the

protoplanetary disc on top of the number that constitute the final,

stable, system after around 100 Myr. Assuming that the extra em-

bryos are removed via collisions we can then quantify the number of

extra embryos and giant impacts as g. If there are no extra embryos

(g = 0), and the terrestrial planets emerge from the protoplanetary

disc fully formed, then T = 0, and clearly if T = 0, then from equa-

tion (18), FTPF becomes highly insensitive to E24, W and D, and can

be arbitrarily high regardless of their values. If there is one extra

embryo (g = 1), the minimum number that must have been present

in the Solar system if the Moon was formed via a giant impact, then

T is roughly the lifetime of the Moon-forming debris, 27 Myr, over

the 90 Myr of our period of interest, so T ∼ 0.3. If there are two or

more extra embryos (g ≥ 2) then T � 0.7, and this is the preferred

scenario based on current simulations, as indicated above.

5.2.5 Expected number of systems in the high-brightness regime

As we mentioned in Section 5.1 there are two different brightness

regimes we can consider and, as well as the total number of sys-

tems with detectable dust produced in giant impacts (that lie in

either regime), we can also consider on the number expected to lie

in the high-brightness regime. The same systems (i.e. those under-

going terrestrial planet formation) will contribute to both the total

number of systems with detectable dust and those which lie in the

high-brightness regime. Difference in the numbers will result solely

from the difference in the length of time spent in the high-brightness

regime and with any detectable level of dust (R24 > 0.1). We thus

define Th as the fraction of the 10–100 Myr period a system spends

in the high-brightness regime, as opposed to T which character-

izes the fraction spent with any detectable level of dust. The short

amount of time spent in the high-brightness regime however means

that, unless impacts occur at very short intervals, Th will be directly

proportional the number of giant impacts that occur during planet

formation. Taking a characteristic lifetime of the high-brightness

regime as 1000 yr per giant impact over 10–100 Myr period we thus

have Th ∼ 1.1 × 10−5g. As mentioned in Section 5.2.4 simula-

tions suggest that the formation of Earth and Venus requires around

10–15 giant impacts, while Mercury and Mars would require fewer.

It can be expected that g will thus fall somewhere in the region of

20–50 and so we can suggest Th ∼ 2–5 × 10−4 and probably less

than 10−3.

Taking the sample of 112 systems with dust detected at 24 µm

in the 10–100 Myr period there are two candidates for the high-

brightness regime, HD 113766 and HD 145263. Although only 60

of the 112 systems have temperature estimates the remaining 72

mostly lie too low to be candidates for the high-brightness regime.

If both HD 113766 and HD 145263 are indeed examples of systems

in the high-brightness regime, this leads to Th ∼ 2 × 10−2, somewhat

higher than our suggested upper limit of 10−3. Estimating a fraction

based on two systems however is problematic, and this assumes that

both of these systems are indeed examples of the high-brightness

regime. Further making estimates of the expected value of Th is

also difficult because of the non-axisymmetry for the early disc

evolution, and the uncertainties for the vapour distribution.

5.2.6 The fraction of stars that undergo terrestrial planet

formation, FTPF

Having discussed the factors that contribute to equation (18) we

are now in a position to estimate FTPF. Our values of E24, W and

T above suggest that FTPF � 0.1, with the downward uncertainty

arising from the nature of our estimate of D as an upper limit. This

indicates that terrestrial planet formation is comparatively uncom-

mon, particularly once we take into account that D is likely to be

less than 1, since some young warm dust systems will be due to

the grinding down of massive asteroid belts in systems that never

underwent terrestrial planet formation. Such systems can arise for

example in dynamically violent environments in which eccentric

and/or migrating gas giant planets disrupt the terrestrial planet for-

mation process. In addition, our estimated value for W incorporates

an assumption that a reasonable number of apparently cold dust sys-

tems also harbour warm dust, as based on the results of Morales et al.

(2011). A conservative estimate based only on dust systems that are

unambiguously warm would halve our estimate to FTPF � 0.05.

The fraction of stars that undergo terrestrial planet formation can

only be higher than our estimate if a substantially greater number

of apparently cold dust systems conceal inner warm dust belts or

if there is missing physics in current models of terrestrial planet

formation or giant impacts. For example if terrestrial planets were

commonly fully formed by the time the protoplanetary disc dis-

persed, then the expected infrared excess could be much lower or

even non-existent. Alternatively FTPF, as inferred by this analy-

sis, can also be raised if the debris produced by giant impacts is

shorter lived or less visible such that systems are only detectable

for a small fraction of the time during which they are undergoing

terrestrial planet formation. This would be possible if a substan-

tial majority of the debris produced in giant impacts is in the form

of small, millimetre-sized, dust grains, i.e. if most of the debris is

produced as vapour.

We can compare the fraction of systems with terrestrial planet for-

mation inferred from the observations of warm dust to the fractions

of planet hosting systems found by planet-finding missions. The

η-Earth survey suggests a planetary occurrence rate of 12 per cent

in the mass range 3–10 M⊕ (Howard et al. 2010) on orbits shorter

than 50 d, which for an appropriate mass–radius model matches

well with the numbers of planetary candidates found by the Kepler

mission (Howard et al. 2011). It is difficult to extrapolate to lower,

truly Earth-like or smaller, masses. However, the bias-corrected oc-

currence rates of 5 and 8 per cent found by Borucki et al. (2011) for

Earth-size (1.25 < RP/R⊕) and super-Earth-size (1.25 ≤ RP/R⊕ <

2) planet candidates in a similar period range from the Kepler mis-

sion tentatively suggest that truly Earth-like planets are no more

common than super-Earths.
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Debris from terrestrial planet formation 675

While this is slightly higher than our prediction of the frequency

of terrestrial planet formation it is not dramatically different and

there are two important points to note. First, the usual ‘planet oc-

currence rates’ that are quoted are an average number of planets per

star, rather than the fraction of stars that host planets. Since there

is a definite trend towards multiplanet systems (e.g. Borucki et al.

2011; Lissauer et al. 2011) this is expected to be higher than the

fraction of stars that host planets, which is what is measured by

FTPF. Secondly, the fraction of stars that form planets in the inner

parts of the system may be different to the fraction of stars that

eventually host planets on relatively short orbits, due to the effects

of migration. Although the High Accuracy Radial velocity Planet

Searcher (HARPS) survey seems to suggest occurrence rates that

are somewhat discrepant with those of the η-Earth survey and the

Kepler mission (Mayor et al. 2011) this is primarily due to esti-

mates of the occurrence rate in the mass range 1–3 M⊕ in which the

detection probabilities are low and few planets are known (Pettitt

et al., in preparation). At higher masses the results of the HARPS

survey are in reasonable agreement with other studies.

It should also be noted that while planet-finding surveys suffer

from large biases against the detection of planets with low masses

and at large orbital distances dust observations provide information

about the entire forming terrestrial planet system without recourse

to the detection of individual planets. This allows us to obtain in-

formation about systems in which the planets would otherwise be

very difficult to detect much more easily.

5.2.7 Developments with future instruments

Our estimates of the parameters in equation (18) have been based on

a detection limit for debris discs at 24 µm of R24 ∼ 0.1. As instru-

mentation improves we are likely to be able to detect debris discs

to lower values of R24. Large Binocular Telescope Interferometer

(LBTI) for example is intended to be able to detect dust at 10 µm

down to a level R10 ∼ 10−4 (Hinz et al. 2008; Roberge et al. 2012).

While the debris may drop below R24 ∼ 0.1 at the times discussed

in Section 4 there is still material present after this time and such a

dramatic increase in sensitivity would lead to a much longer time

spent above the detection threshold. At this level even if all of the

debris is produced as vapour it would still be detectable for millions

of years, while the boulder distribution would generate detectable

dust for hundreds-of-millions of years. Thus even a single Moon-

forming-type giant impact would be sufficient to give T = 1 for a

survey with such an instrument, and moreover the age of star around

which one looks for dust resulting from terrestrial planet formation

can be increased. We do caution however that at such a low level

dust from terrestrial planet formation debris could be swamped by

other dust sources within the host system. One such potential source

would be smaller ‘giant impacts’ in an asteroid belt analogue, dust

from which may be detectable by instruments such as LBTI for a

substantial fraction of a star’s life.

6 I M P L I C AT I O N S F O R P L A N E TA RY

C O M P O S I T I O N S

As stated in Section 3.3.3 (see Fig. 12), by 10 Myr after the impact

Venus would have accreted a comparable amount of material to

Earth, and if dynamics are the only process removing mass from

the disc the amount of mass accreted would be large. For Earth and

the Moon, accretion of large amounts of material from the disc will

not influence the bulk composition of the bodies since the material

Figure 19. Proportion of mass that has been lost from the disc at 10 Myr

due to dynamical effects (primarily accretion) for different values of Dmax.

For the dashed line we assume that all of the mass in the disc is part of

the distribution represented by the plotted Dmax while for the solid lines we

assume that 30 per cent of the mass was produced as vapour which is all lost

to collisional grinding.

originated from the Earth–Moon system. In the case of the other

planets however, and in particular Venus, the amount of material

accreted is particularly interesting as any material from the Earth–

Moon system deposited there would potentially have a different

composition from the native material.

Exact quantities of material that can be accreted out of the disc of

debris produced by the Moon-forming impact also depend strongly

on how much of that material is lost through collisional evolution

of the debris (as described in Section 4). In Fig. 19 we show how

the proportion of mass lost from the disc to collisional grinding

versus dynamical losses (mostly accretion on to Earth and Venus)

varies as the size of the largest object in the debris size distribution

(Dmax) is varied. If all of the initial mass of the disc is put into a

single distribution (dashed line in Fig. 19) then >90 per cent of the

mass lost at 10 Myr is lost to collisional grinding if Dmax < 17 km.

On the other hand if Dmax > 100 km then dynamical losses account

for >50 per cent of the mass loss and >40 per cent of the initial disc

mass is accreted on to the planets. If 30 per cent of the initial disc

mass is produced as vapour, which is all lost to collisional grinding

(solid line in Fig. 19), these values are revised upwards slightly

to 20 and 150 km, respectively. Thus, if the boulder distribution

contains objects with sizes of several hundred kilometres, a large

fraction of the mass that is lost from the disc is accreted on to the

planets. Dynamical losses dominating the mass loss from the disc

also corresponds to the domination of dynamics in determining the

evolution of the disc brightness.

At 10 Myr after the impact, if the disc is dynamically dominated,

there is still a considerable amount of mass remaining in the disc.

So in order to know the final destination of all mass from the disc we

must extrapolate beyond this. An extrapolated version of Fig. 19 at

100 Myr rather than 10 Myr looks little different, but by this time, for

any reasonable value of Dmax, a negligible amount of mass remains

in the disc. At 10 Myr 45 per cent of the initial dynamical particles

have been lost from the VEMJ simulation, so if we assume that

the ratios between the key sinks (accretion on to Earth, accretion

on to Venus and ejection) remain the same until all particles have

been lost the number of particles lost to each sink will increase by

a factor of 2. This would place the final proportions of particles

lost to accretion on to Earth, accretion on to Venus and ejection,

C© 2012 The Authors, MNRAS 425, 657–679
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676 A. P. Jackson and M. C. Wyatt

at 44, 38 and 18 per cent, respectively. In the case of accretion

on to Earth and Venus, the assumption that the ratio of particles

lost to each remains constant is reasonable as the rates of accretion

are very similar at 10 Myr. This may underestimate the proportion

ejected, however, and so overestimate the total proportion accreted,

as the rate of ejection is increasing at 10 Myr (Fig. 12). Nevertheless,

uncertainties arising in the mass accreted by the different planets as

a result are small in comparison to those arising from the uncertainty

in Dmax. As such in the following we will assume that the ratio of

accretion on to Earth, accretion on to Venus and ejection remains

constant after 10 Myr, while considering the different scenarios of

0, 50 or 90 per cent mass loss to collisional grinding.

6.1 Venus

As we stated in Section 3.3.3, over the 10 Myr integration time

of the VEMJ simulation Venus accretes 17 per cent of the disc

particles over the first 10 Myr. Extrapolating out until the disc has

been totally depleted Venus would then have accreted 34 per cent

of the dynamical particles. With no loss of mass from the disc

due to collisional evolution this would amount to 3.2 × 1022 kg

(or 0.44 ML) of material, with half of this accreted during the first

10 Myr. Although this is only 0.67 per cent of the mass of Venus,

spread across the surface of the planet at lunar density this would

form a layer some 21 km deep. Under a more reasonable assumption

that half of the mass of the disc is lost to collisional evolution, this

would fall to 1.7 × 1022 kg, still enough to coat the surface of the

planet to a depth of 11 km. Even under the assumption that 90 per

cent of the disc mass is lost to collisional evolution Venus would still

have accreted a layer of material more than 2 km deep. Depending

on the degree to which this material was recycled in to the interior

this raises the possibility of the upper layers of Venus containing

significant amounts of material of Earth origin. In similarity with

Earth, as described below, the accretion of this material would

provide a substantial source of heating to the young Venus and may

be sufficient to cause disruption of the crust. The geological history

of Venus is not well known enough at present to know how well

this fits with the reality, but future missions to Venus may provide

indications.

6.2 Mars

Mars accretes a rather smaller amount of material than Venus (Sec-

tion 3.3.4). Extrapolating out to ∼100 Myr, results in ∼6 × 1020 kg

being accreted on to Mars (assuming no loss of material to colli-

sional evolution). For the more realistic assumption of 50 per cent

of disc mass lost to collisional evolution, this would be closer to

3 × 1020 kg at 100 Myr when the disc has been totally depleted, and

lower still at ∼6 × 1019 kg if 90 per cent of the disc mass is lost

to collisional grinding. While very much less than the amount of

material accreted by Venus, this is still some 3 or 4 orders of mag-

nitude larger than the combined mass of the current Martian moons

Phobos and Deimos (e.g. Andert et al. 2010; Jacobson 2010) and

enough to cover the surface of the planet to a depth of a few tens to

a few hundred metres.

6.3 Earth

As discussed in Section 3.3 Earth accretes approximately 20 per cent

of particles in the VEMJ simulation over the 10 Myr immediately

following the Moon-forming impact. Assuming that 50 per cent of

the disc mass is lost through collisional grinding this amounts to

roughly 1022 kg or 0.13 ML during the first 10 Myr after the Moon-

forming impact. Incorporating both the potential energy released in

assimilating this material and its kinetic energy assuming a typical

relative velocity of ∼5 km s−1 between Earth and debris, results in

accretional energy totalling around 7 × 1029 J. This is of similar

magnitude to the excess heat contained in the magma ocean formed

on Earth by the Moon-forming impact, as discussed in section 5 of

Zahnle et al. (2007). It is also not an insignificant energy source

when compared with the ∼3 × 1030 J released in raising the Moon

to its present orbit, both of which will be released over similar time-

scales. Accretional heating from sweeping up of debris material can

thus provide a significant source of heat to the early Earth and would

likely prolong the magma ocean period. In the narrative described

by Zahnle et al. (2007), in which the early rate of tidal evolution

of the lunar orbit is regulated by the maximal radiation rate from a

runaway greenhouse atmosphere, this would slow the rate at which

the lunar orbit widened.

We also note that the mass re-accreted by Earth from the Moon

formation debris is similar to the mass of chondritic material sug-

gested by Schlichting, Warren & Yin (2012) to account for an ap-

parent overabundance of highly siderophilic elements in Earth’s

crust and upper mantle (the ‘late veneer’). Whether or not ma-

terial ejected by the Moon-forming impact could be enriched in

siderophile elements is unknown, but the Moon formation debris

would certainly have interacted, and been intermingled with, any

chondritic reservoir for the late veneer however.

6.4 The Moon

As mentioned in Section 3.1 the orbit of the Moon is raised from the

Roche limit, where it likely formed, quite rapidly, spending probably

only 10–100 kyr within 10 R⊕ (Zahnle et al. 2007; Schlichting et al.

2012). Outside ∼10 R⊕ the ratio of accretion on to Earth and the

Moon, A⊕/AL, is relatively slowly varying, rising from 45 at 10 R⊕
to 60 at the present lunar orbit of 60 R⊕ for impactors with a relative

velocity of 5 km s−1 (Bandermann & Singer 1973). An accretion

ratio of ∼50 is thus a reasonable mean value over the 100 Myr

after the Moon-forming impact. Assuming that 50 per cent of the

disc mass is lost through collisional grinding an accretion ratio of

∼50 leads to the Moon accreting ∼4 × 1020 kg of material, around

0.5 per cent of its present mass, by 100 Myr after the Moon-forming

impact. As described above, substantial accretion of material on to

Earth may slow the rate at which the lunar orbit is raised, leading to

a lower accretion ratio at early times during which the accretion rate

on to Earth is highest, and thus potentially increasing the amount

of material accreted by the Moon. As the minimum value of A⊕/AL

is around 25, however, this effect is unlikely to be dramatic. Note

that this accretion ratio is somewhat different to that of Schlichting

et al. (2012) (∼200) since they use very low relative velocities for

the impacting material (�1 km s−1).

As the material accreted on to the Moon originated from the

Earth–Moon system it should be of the same, or similar, composition

to the material from which the Moon first accreted, and thus would

probably not be traceable through compositional changes. We do

however note that the lunar late veneer complement suggested by

Schlichting et al. (2012) is around one quarter of the mass in Moon

formation debris we estimate to have been re-accreted by the Moon

in the 50 per cent loss to collisional grinding scenario and that

both estimates are subject to a significant degree of uncertainty.

In similarity to Earth, the accretion rate would be high, resulting in

substantial deposition of energy. The mean accretion rate during the

first Myr after the impact would be ∼9 × 1013 kg yr−1, equivalent

C© 2012 The Authors, MNRAS 425, 657–679
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Debris from terrestrial planet formation 677

to accretion of a 250 m impactor every day (in the 50 per cent loss

to collisional grinding scenario), and this increases the earlier the

period one considers. This would likely disrupt the early lunar crust

and provide sufficient accretional heating to delay the solidification

of the lunar magma ocean. This might explain some of the mismatch

found by Elkins-Tanton, Burgess & Yin (2011) between the time for

solidification of the lunar magma ocean and lunar geochronology.

6.5 The asteroid belt

The debris disc produced by the Moon-forming impact extends

out into the region of the present day asteroid belt (2.1–3.3 au),

although it is much less dense in this region than near the orbits

of Earth and Venus (Figs 10 and 11). This raises the possibility

that there could be some pollution of the asteroid belt by material

of Earth origin. Although early inward migration of Jupiter in the

‘Grand Tack’ proposed by Walsh et al. (2011) would have resulted

in substantial depletion of the primordial asteroid belt prior to lunar

formation, it is still expected that the belt must have been at least an

order of magnitude more massive than the present ∼6 × 10−4 M⊕
(Krasinsky et al. 2002) at the time of lunar formation to account

for later losses in the late-heavy bombardment and in 4.5 Gyr of

collisional evolution. If we consider particles that at 10 Myr are

outside Earth orbit and have eccentricities low enough that they

cannot collide with any planet, which are primarily particles trapped

in the Jovian 3:1 and 4:1 resonances, then for 50 per cent mass loss to

collisional grinding this amounts to ∼10−5 M⊕. This is probably an

overestimate of the amount of material that can be entrained in the

asteroid belt however, since particles trapped in these resonances

undergo large amplitude eccentricity oscillations. A significantly

larger amount of material passes through the asteroid belt region

and could undergo collisions with asteroid belt bodies, but it is

unclear whether the collisional products could be retained in the

belt. Material entrained into the asteroid belt by the Moon-forming

impact would thus likely have constituted only a small fraction of

the mass of the belt at the time. Modelling the dynamics involved

in retaining material from the Moon-forming impact in the asteroid

belt over Gyr time-scales would also require the inclusion of the

other outer planets to capture the detailed secular structure.

6.6 Other giant impacts

Although in the case of the Moon-forming impact the masses in-

volved, in proportion to the masses of the terrestrial planets, are

not enough to induce significant changes in bulk composition, the

Moon-forming collision is an uncommonly efficient accretionary

event. In the giant impact outcome regimes derived by Leinhardt &

Stewart (2012), the Moon-forming collision lies within the graze-

and-merge regime in which the majority of the impactor is ulti-

mately accreted on to the target. In contrast other giant impacts can

be much more violent and as a result produce dramatically larger

quantities of debris. As an example, in their models of the formation

of Mercury, Anic (2006) and Benz et al. (2007) use an initial proto-

Mercury of chronditic silicate–iron ratio and mass 2.25 times that

of the present Mercury, with thus 2/3 of the mass of the initial planet

being thrown out as debris. Stewart & Leinhardt (2012) similarly

found that in their simulations some impacts produced far larger

quantities of debris than the average. The single most debris pro-

ducing collision was one involving a 1.26 M⊕ planet that produced

0.29 M⊕ of debris, while another 1.02 M⊕ planet produced as much

debris over the course of its formation as its final mass.

Both Stewart & Leinhardt (2012) and Genda et al. (2011) find

that during the process of terrestrial planet formation around 20 per

cent of the mass of the final planets is produced in debris. If Earth is

a typical terrestrial planet then we would expect that over the course

of Earth’s formation ∼0.2 M⊕ of debris would have been produced

over the course of a series of giant impacts. While it would be

expected that the distribution of kick velocities given to the debris

will differ from one giant impact to another, giant impacts typically

occur over a relatively small range of impact velocities relative

to the escape velocity of the target, as shown in fig. 5 of Stewart

& Leinhardt (2012). It is thus reasonable to expect that the most

important variation in the distribution of kick velocities imparted to

the debris will be due to differences in the escape velocity of the

target, which sets the lower cut-off in the velocity distribution of the

debris. As such, leaving aside the possibility of rare high-velocity

impacts, which also produce more debris, we can reasonably expect

that the dynamical evolution of the debris from other giant impacts

on to Earth will be similar to that of the debris from the Moon-

forming impact. As such if ∼0.2 M⊕ of debris is thrown off during

the formation of Earth we can expect that, in the case that 50 per

cent of the debris mass is lost to collisional grinding, Venus would

have accreted ∼5 per cent of its final in Earth debris. Even in the

case that 90 per cent of the debris mass is lost to collisional grinding

Venus would still have accreted ∼1 per cent of its final mass in Earth

debris.

It has previously been recognized (e.g. Benz et al. 2007;

Asphaug 2010; Stewart & Leinhardt 2012) that giant impacts have

the potential to lead to large changes in the bulk composition of

the target/impactor. Indeed this is one of the advantages of a giant

impact in explaining the origin of Mercury. What our results above

suggest however is that, as well as having a significant impact on

the composition of the target and impactor bodies themselves, giant

impacts can lead to shifts in the composition of other large bod-

ies not directly involved in the impact. During the final phase of

terrestrial planet formation it is expected that there will thus be a

significant degree of indirect mixing of material across all of the

terrestrial planets in a system.

7 C O N C L U S I O N S

We have modelled the distribution of debris produced by a Moon-

forming-type giant impact and followed its subsequent evolution

under both the dynamical influence of the other Solar system plan-

ets, and through collisional evolution from self-collision. We com-

pare our models for the debris from Moon formation with known

debris discs and use this to provide constraints on the fraction of

stars that undergo terrestrial planet formation. We have also dis-

cussed the potential implications of the production and accretion of

large masses of giant-impact-produced material for the terrestrial

planets.

Dynamically we find that the initial disc is highly non-

axisymmetric, and during the first few kyr after the impact this

non-axisymmetry is very important in determining the rate at which

material is re-accreted on to Earth. In particular, during this phase,

the vast majority of re-accretion, and non-accretionary close en-

counters between debris particles and Earth, occur when Earth is

passing through the narrowest point in the disc. Initially this is lo-

cated at the original collision point, but gradually precesses around

Earth’s orbit. The smearing out of this point as the particles precess

leads to the axisymmetrization of the disc. Aside from Earth itself

the most important bodies in determining the structure and evolu-

tion of the disc are Venus and Jupiter. Mars plays a minor role in

C© 2012 The Authors, MNRAS 425, 657–679
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678 A. P. Jackson and M. C. Wyatt

sculpting the disc, though accretes rather little material, while the

remaining planets have very little effect. After 10 Myr, of the ini-

tial 36 000 particles in our highest resolution dynamical simulation,

20 per cent have been re-accreted by Earth, 17 per cent have been

accreted by Venus and 8 per cent are ejected through scattering by

Jupiter while other sinks account for less than 1 per cent.

Collisionally we find that if, as we believe is likely, the debris

contains objects with sizes of a few 10 s of kilometres or more, the

dust produced by a Moon formation like event would be detectable

for millions to a few 10 s of millions of years after the impact. If the

largest objects are smaller than ∼100 km, collisional grinding of the

debris material sets the detectable lifetime, ranging from ∼1000 yr

for distributions capped at cm-sized material, to millions of years

for those including objects ∼10 km. On the other hand if the largest

objects �100 km, dynamical evolution becomes the dominant factor

in determining the detectable lifetime, setting a maximum of about

30–40 Myr.

Current models suggest that the building of a terrestrial planet

involves a chain of giant impacts, of which the Moon-forming colli-

sion is a comparatively low debris-production example. Thus, since

the debris from each impact will likely be detectable for millions, if

not 10 s of millions, of years, it is reasonable to expect that a star will

possess a detectable level of warm dust throughout the late stages

of terrestrial planet formation. This expectation can be compared

against observations of debris discs around ∼10–100 Myr stars at

which age the final, giant impact driven, stage of terrestrial planet

formation is thought to occur. In equation (18) we relate the frac-

tion of systems which undergo terrestrial planet formation to the

fraction of systems that have warm infrared excesses. We provide

estimates for the fraction of 10–100 Myr stars with 24 µm excess,

E24 = 0.3, the fraction of those excesses that are due to warm dust,

W ∼ 0.25, the fraction of that warm dust that is due to terrestrial

planet formation, D < 1, and the fraction of the 10–100 Myr period

for which we expect a system undergoing terrestrial planet forma-

tion to possess a detectable 24 µm excess, T ∼1. From this we

conclude that the fraction of systems that undergo terrestrial planet

formation, FTPF � 0.1. This is in reasonable agreement with the

results of planet finding surveys such as η-Earth and Kepler. There

is considerable downward uncertainty in FTPF, since D is an upper

limit, and there is also upward uncertainty, but a substantial in-

crease must come with a shift in current terrestrial planet formation

models.

It has been recognized that giant impacts can lead to large changes

in the bulk composition of bodies directly involved in the impact.

However we suggest that giant impacts can also lead to significant

indirect mixing of material, at the level of a few per cent of the mass

of the terrestrial planets, through accretion of debris.
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