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Planetesimal are a common by-product of the star formation process.
Evidence: debris disks are common.

Dynamical models suggest planetesimal scattering is common.

In the Solar System, the planetesimal belts were heavily depleted 
partly due to graviational perburbation with the giant planets.  
Evidence: 
- Kuiper Belt: collision rate in present KB is too low to have 

formed objects > 200 km by pairwise accretion in 4 Gyr.
-AB: size distribution indicates erosion and dynamical depletion 

    (Bottke et al. 2005, O’Brien 2007). 
size distibution of MBA similar to LHB craters. 
depletion of the MMSN in the AB region. 

200 Myr after LHB

 pre-LHB (879 Myr)

(Gomes et al. 2005; 
Tsiganis et al. 2005)

Nice model

The  interestellar space could be filled with solar and extra-solar planetesimals

Introduction
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 Present Solar System

Question: What is the possibility that some of these planetesimals enter the 
Solar System and are observed as hyperbolic comets?  

The velocity of the sun wrt to the LSR  is 16.5 km/s making any incoming 
object clearly distinguishible from solar system bodies. 

Motivation: Pan-STARRS and LSST surveys will provide wide coverage maps of 
the sky to a very high sensitivity ideal to detect active and inactive comets. 
(Imagine a mission to an extra-solar comet...).  
Regime: large (observable) comet-size bodies; hyperbolic orbits. 

Introduction

Implications of having the interstellar space filled with planetesimals:

(Part I)
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Young Solar System

Question: What is the posibility that in the past, when the Solar System was 
still embedded in an open cluster, solid material was exchanged with other 
planetary systems? What would be the transfer timescales? 

Use a minimum energy transfer mechanisms that enables the capture of this 
material by other planetary systems. 
The relative velocities in an open cluster are small (~1 km/s).

Motivation: possibility of the transfer of e.g. aminoacids and Fe-bearing molecules.  
Lab experiments show that: 

- Large rocks may protect dormant microorganisms from cosmic ray exposure. 
- Bacterial spores, cyanobacteria and lichen embedded in martian-like rocks 
could survive under shock pressures similar to those suffered by martian 
meteorites upon impact ejection.

Regime: planetesimals  > 10 kg; nearly parabolic orbits. 

Introduction

(Part II)
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Part I: 
Will LSST detect extra-solar planetesimals 

entering the Solar System? 
Moro-Martin, Turner, Loeb (submitted)
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Outline

Mass density of extrasolar planetesimals
+

Size distribution
+

Number density of extrasolar planetesimals 
+

size-magnitude of brightness relation
+

Survey parameters

Estimated number of extra-solar comet detections
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Number of stars per pc3, out to  130 pc from the Sun, in the mid-plane of the 
galaxy (Kroupa, Tout & Gilmore 1993): 

n(M*) = ξ(M*)dM* with;
ξ(M*) = 0.035M*-1.3  if 0.08  M* < 0.5
ξ(M*) = 0.019M*-2.2  if 0.5  M* < 1.0
ξ(M*) = 0.019M*-2.7  if 1.0  M* < 100

Binary fraction ~ 50%.

Number density of stars
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Andrews & Williams (2007) sub-mm survey (170 Class II sources in Taurus and ρ-Oph): 
<Mdisk/M* > ~ 0.005-0.01, for stellar masses ranging from 0.1-3 Msun.  
Comparable to the MMSN = 0.015 Msun; (including gas and dust assuming a gas-to-dust 
ratio of 100:1). 

Total mass available to form solids per star 

Upper limit to the amount of mass in solids that could 
have been available to form planetesimals:  10-4M*
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1-σ 
error

cold 
dust

old M

Fraction of stars that formed planetesimals

warm 
dust

Sensitivity: 
~1000xAB 
~100xKB

(Trilling et al. 2008, Gautier et al. 2007, 
Su et al. 2006, Rieke et al. 2005)

<age>

Frequency of cold planetesimal 
belts (at 70 µm):
- A-stars: 48% (< 30 Myr) 12% (> 400 Myr).

(150 FGK stars)
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1-σ 
error

cold 
dust

old M

Fraction of stars that formed planetesimals

warm 
dust

Sensitivity: 
~1000xAB 
~100xKB

(Trilling et al. 2008, Gautier et al. 2007, 
Su et al. 2006, Rieke et al. 2005)

<age>

Frequency of cold planetesimal 
belts (at 70 µm):
- A-stars: 48% (< 30 Myr) 12% (> 400 Myr).
- FGK stars: ~6-16% (independent of age) 

Detection rates: 
15% at 24 µm (<300 Myr)
3% at 24 µm (>300 Myr)
7% at 70 µm

FEPS: 328 FGK stars 
(0.7-1.4Msun)  with ages >3 Myr.

(150 FGK stars)

(Hillenbrand et al. 2008, Meyer et 
al. 2008, Carpenter et al. 2009)

Sunday, January 17, 2010



1-σ 
error

cold 
dust

old M

Fraction of stars that formed planetesimals

warm 
dust

Sensitivity: 
~1000xAB 
~100xKB

(Trilling et al. 2008, Gautier et al. 2007, 
Su et al. 2006, Rieke et al. 2005)

<age>

Frequency of cold planetesimal 
belts (at 70 µm):
- A-stars: 48% (< 30 Myr) 12% (> 400 Myr).
- FGK stars: ~6-16% (independent of age) 
- Later than K2: disk frequency decreases steeply; 
could be an observational bias - the disks might be 
too cold to be detected by Spitzer.

(150 FGK stars)
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1-σ 
error

cold 
dust

old M

Fraction of stars that formed planetesimals

warm 
dust

Sensitivity: 
~1000xAB 
~100xKB

(Trilling et al. 2008, Gautier et al. 2007, 
Su et al. 2006, Rieke et al. 2005)

<age>

Frequency of cold planetesimal 
belts (at 70 µm):
- A-stars: 48% (< 30 Myr) 12% (> 400 Myr).
- FGK stars: ~6-16% (independent of age) 
- Later than K2: disk frequency decreases steeply; 
could be an observational bias - the disks might be 
too cold to be detected by Spitzer.
- Binaries: disk frequency similar or even higher 
than around single stars of similar type

(150 FGK stars)
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1-σ 
error

cold 
dust

old M

Fraction of stars that formed planetesimals

warm 
dust

Sensitivity: 
~1000xAB 
~100xKB

(Trilling et al. 2008, Gautier et al. 2007, 
Su et al. 2006, Rieke et al. 2005)

<age>

(150 FGK stars)

KB-like disks could be present 
around most solar-type stars

In agreement with....
- Lack of correlation bt. high 
metallicity and debris disks, whereas 
there is a high correlation bt. high 
metallicity and close-in planets 
- Lack of correlation between debris disks and planets. 
- Planetesimal formation seems to be robust: debris disks are found 
around stars with L* spanning  > 2 orders of magnitude. 

AB: Ldust/L* ~ 10-8-10-7 

It is reasonable to assume all systems harboring 
giant planets also formed planetesimals

But Spitzer was only sensitive 
to disks

KB: Ldust/L* ~ 10-7-10-6 

Ldust/L* > 10-5 
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Ejection of planetesimals into interstellar space

< 10 Myr, before gas dissipation and cluster dispersal:
Jupiter and Saturn formed and scattered the planetesimals in the Jupiter– Saturn region out 
to large distances: most (75--85%) were completely ejected, while  others (2-18%) remained 
bound forming the primordial Oort cloud (Brasser, Duncan & Levison 2006). 

10–100 Myr: 
Gravitational perturbations from Jupiter and Saturn and mutual perturbations amongst the 
largest asteroids depleted the AB by a factor of ~ 100 (O’Brien et al. 2007). 

~ 700 Myr: 
Slow migration of the giant planets due to the interaction with the planetesimal disk; Jupiter 
and Saturn to cross a MMR triggering a quick rearrangement of the planets orbits into their 
current configuration (Gomes et al. 2005; Morbidelli et al. 2005; Tsiganis et al. 2005): 

- Secular resonances swept through the AB scattering some asteroids into the inner Solar 
system (producing the Late Heavy Bombardment - Strom et al. 2005), while ejecting others 
out of the system, resulting in a depletion factor of 10–20. 
- Sudden outward migration of Neptune and its exterior MMRs; heavy depletion of the KB. 

For the Solar system only a very small fraction of negligible 
mass of the initial planetesimal disk was left behind.

Solar System
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Ejection of planetesimals into interstellar space

Extra-solar planetary systems

Assume that as in the Solar system, in systems with giant 
planets most of the planetesimals are ejected. 

Hints that the efficiency of planetesimal ejection may also be high for extrasolar systems:
Hot Jupiters: imply significant inward migration.
Highly eccentric planets: likely result from periods of dynamical instability in multi-planet 
systems that lead to a sudden rearrangement of the orbits (Ford & Rasio 2008 and Juric & 
Tremaine 2007). 
Presence of massive disks with anomanously high dust production rates that hints 
transient events that may be due to dynamical instabilities (Wyatt et al. 2007).

- The mechanism of planetesimal ejection into interstellar space likely requires 
the presence of massive planets.
- All systems harboring giant planets likely formed planetesimals. 

The fraction of stars contributing to the population of interstellar 
planetesimals is determined by the fraction of stars harboring massive planets. 
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Fraction of stars with massive planets

Solar-type stars:  
6.7% - for Mplanet> 0.1 MJup  within 5 AU (Marcy et al. 2005);
~20% - within 20 AU (Cumming et al. 2008).

F and A-type stars (from 1.3–1.9 Msun subgiants): 
9% - for Mplanet >0.8 MJup within 2.5 AU (Johnson et al. 2007)
(compared to 4% for solar and 2% for low mass-K and M dwarfs).
Assume the frequency is at least as high as for solar-type stars: ~20% 

M dwarfs:  
3% (Johnson et al. 2007).  
Low mass planets (Neptunes and super-Earths) appear to be relatively more common than 
Jupiter-mass planets (Endl et al. 2008).
Assume a frequency of 3% (for 0.1 Msun< M* < 0.6 Msun); because of the lower gravitational 
potential of M dwarfs, Neptune-mass planets can efficiently eject planetesimals.

Binary stars:   
        Hints that  the frequency of planets is simlar to single stars (Bonavita & Desidera 2007). 
        Preliminary results. Assume that only single stars contribute. 
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Expected mass density of extra-solar planetesimals

– 24 –

Table 1. Expected mass density of extra-solar material

SpType Mass range
!

!(M!)10"4M!dM! fraction of Mass density

(M#) (M#/pc3) contributing stars (M#/pc3)

M 0.1–0.5 2.1·10"6 0.03·0.5 3.1·10"8

MK2 0.5–0.8 6.1·10"7 0.03·0.5 9.1·10"9

K2G 0.8–1 4.3·10"7 0.2·0.5 4.3·10"8

GF 1–1.8 9.1·10"7 0.2·0.5 9.1·10"8

A 1.8-2.9a 5.1·10"7 0.2·0.5 5.1·10"8

AFGKM 0.1–2.9 2.2·10"7

aWe do not consider larger stellar masses because for M! >3 M# the snow line move

quickly beyond 10–15 AU before protoplanets form, limiting the formation of gas giant
planets.

Single 
stars

Planet 
stars
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Expected number density of extra-solar planetesimals with r>R

- ρ = 1.5 g/cm3 
- Range of size distributions based on the small body 
population in the Solar system (primordial AB, KBOs, 
nearly isotropic comets - Bernstein et al. 2004; Lamy et al. 
2004; Bottke et al. 2005; Kenyon et al. 2008; Fuentes, George & 
Holman 2009 ; Fraser and Kavelaars 2009)

n(r) ∝ r−q1 if r < rb

n(r) ∝ r−q2 if r > rb

q1 = 2.0, 2.5, 3.0, 3.5
q2 = 3, 3.5, 4, 4.5, 5      
rb = 3 km, 30 km, 90 km
rmax ≈ 1000 km and rmin ≈ 1 µm

Number of planetesimals per pc-3 with r > 1 km: 
O(106)–O(1010). 

– 15 –

Fig. 1.— Total number density of planetesimals per pc3 with radius r > R calculated from
Equation (8) for the range of size distributions in (2). The colors and line types correspond
to: q1 = 2.0 (light blue), 2.5 (red), 3.0 (blue), 3.5 (green); q2 = 3 (solid), 3.5 (dashed), 4

(dotted), 4.5 (dotted-dashed), 5 (long dashed). The di!erent panels correspond to di!erent
break radius: rb = 3 km (top panel), rb = 30 km (middle panel), rb = 90 km (bottom panel).

In all cases, the total mass density of extra-solar material is mtotal = 2.2·10!7 M"/pc3 =
4.5·1026 g/pc3 (derived in § 2.6), the planetesimal bulk density is ! = 1.5 g/cm3, rmax =

1000 km and rmin = 1 µm.

R (km)

N
 (r

>R
) (

pc
-3

)

Previous work: O(1013) (McGlynn & Chapman 1989 - concluded 
that the non detection of extra-solar problem was a problem). 
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Fig. 2.— Number of planetesimals brighter than a given magnitude (m < mmax) per deg2

for the size distributions in Figure 1 (same color code). We assume the planetesimals have
an albedo of 6%.

Expected luminosity function of extra-solar planetesimals

Assume a size-magnitude of brightness relation 
(Fraser and Kavelaars 2009): 

    m = K + 2.5log10(a−4D−2) 

D: planetesimal diameter (km)
a:  heliocentric distance (AU)
K = 18.4 mag - this assumes all objects have 
an albedo of 6%,  typical of inactive comets. 
To fulfill this we consider objects > 5 AU.

mmax (mag)

N
 (m

<m
m

ax
) (

de
g-2

)
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Fig. 2.— Number of planetesimals brighter than a given magnitude (m < mmax) per deg2

for the size distributions in Figure 1 (same color code). We assume the planetesimals have
an albedo of 6%.

Expected luminosity function of extra-solar planetesimals

mmax (mag)

N
 (m

<m
m

ax
) (

de
g-2

)

Number of extra-solar planetesimals per deg2 
brighter than 24.5:  O(10−10)–O(10−8) 

Total area surveyed: 2x104 deg2

Expected number of extra-solar planetesimals to 
be found in a single visit: 
O(10−6)–O(10−4)

LSST: will observe the sky 1000 times in 10 years 
to a single visit depth of 24.5 mag.
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Expectations for LSST

Additional factors:
Velocity of the extra-solar planetesimals wrt Sun ~ vLSR ~16.5 km/s. 
The population of planetesimals inside 5 AU ”refreshes” approximately once per year.  
Because we are considering planetesimals > 5 AU (albedo 6%), this increases the 
estimated number of detections by < x10 (for the 10 year duration of the survey). 
Gravitational focussing factor at heliocentric distance R,  Gf = (1 + 4GM⊙/v2R)1/2, 
increase the number of expected detections by a factor of ~ Gf3. For R = 5 AU, Gf ~ 
2; for objects > 5 AU, this is < x10. 

1.- The fact that not a single extra-solar comet has been detected so far is not 
in contradiction with current knowledge. 
2.- The probability that LSST will detect a single inactive extra-solar comet 
during the duration of its lifetime is small (~0.01-1%): a non-detection is 
expected from our current knowledge of the distribution of stellar masses, the 
typical protoplanetary disk mass, the frequency of planetesimals and planets, and 
the distribution of sizes of small bodies.

Conclusions
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The properties of extra-solar planetesimals are not known. 
Albedos: we assumed 6%, but in the Solar system there is a wide range (2%-70%). 

Extra-solar planetesimals have long interstellar travel times and might have highly 
processed (dark) crusts before they become active. 

Activity: we don’t know at what distance they could activate and how bright they 
might become because the composition of the ices could be very different from Solar 
system comets. For example, new nearly isotropic comets (i.e. comets in their first 
perihelion passage) are anomalously bright (due to high volatile content, and/or blow-
off of their cosmic ray-processed crust, and/or the amorphous-to-crystalline H2O ice 
phase transition). 

Extra-solar comets might also become unusually bright when they become active 
and their highly processed crust is blown off.

Survival: The comparision of models and observations indicate that 99% of inactive 
nearly isotropic comets become unobservable as they evolved inward from the Oort 
Cloud - likely due to fragmentation (Levison et al. 2002, Dones et al. 2004 - for JFC 
the value is 40%). 

A high fraction of extra-solar planetesimals might fragment before we can 
detected them. 

Caveats
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Part II: 
Minimal Energy Transfer of Solid Material 

between Planetary Systems
Belbruno, Moro-Martin, Malhotra (submitted)
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Young Solar System

Question: What is the posibility that in the past, when the Solar System was 
still embedded in an open cluster, solid material was exchanged with other 
planetary systems? What would be the transfer timescales? 

Use a minimum energy transfer mechanisms that enables the capture of this 
material by other planetary systems. 
The relative velocities in an open cluster are small (~1 km/s).

Motivation: possibility of the transfer of e.g. aminoacids and Fe-bearing molecules.  
Lab experiments show that: 

- Large rocks may protect dormant microorganisms from cosmic ray exposure. 
- Bacterial spores, cyanobacteria and lichen embedded in martian-like rocks 
could survive under shock pressures similar to those suffered by martian 
meteorites upon impact ejection.

Regime: planetesimals  > 10 kg; nearly parabolic orbits. 

Introduction

(Part II)
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Melosh (2003): 
- for field stars, the transfer probability is extremely low because of the high relative 
velocities of the stars and the low stellar densities. 

Adams & Spergel (2005): 
- for stellar clusters, the transfer probability increases because of the smaller relative 
velocities and larger stellar densities. 
- adopting ejection velocities of 5 km/s and assuming mostly binaries, they expect 
1010-1013 transfer events within the cluster before it disperses in  10-100 Myr. 

Previous work

Our work
Belbruno, Moro-Martin, Malhotra (submitted)

- for stellar clusters, we use nearly parabolic trajectories (instead of hyperbolic 
trajectories): the solid material “weakly” escapes the planetary system by slowly 
meandering away with vejec ~ 0.1 km/s; it might then be “weakly” captured with low 
velocity by another planetary system with vcap ~ vrel ~ 1 km/s. 
- low velocities increase significantly the probability of transfer of solid material 
between the planetary systems in a stellar cluster. 

    - we consider single stars (instead of binaries).

Introduction

Sunday, January 17, 2010



Transfer via nearly parabolic trajectories

di
st

. =
 D [1] The 

planetesimal 
escapes at a very 
low velocity σ = 
0.1–0.3 km/s.
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Transfer via nearly parabolic trajectories

di
st

. =
 D

[2] The 
planetesimal 
moves away at a 
constant velocity 
of 0.1-0.3 km/s, 
neglectible wrt to 
the stellar 
relative velocities 
(U ~ 1 km/s). 

[1] The 
planetesimal 
escapes at a very 
low velocity σ = 
0.1–0.3 km/s.
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Transfer via nearly parabolic trajectories

[3] The planetesimal might be 
captured whithin the weak 
capture boundary = 2Gm1*/U2, 
with U = 1 km/s.

We can use geometrical 
considerations to set an upper 
limit for the capture probability: 

Relative capture cross-
section:  Gf (Rcap(m1*)/D)2

D: distance between stars
Gf: gravitational focusing 
factor, Gf = 1 + (vesc/v∞)2

v∞: velocity at infinity
vesc: escape velocity at Rcap

In this case: 
v∞ ~  vesc ~ 1 -> Gf ~ 2
but Gf can be larger

di
st

. =
 D

[2] The 
planetesimal 
moves away at a 
constant velocity 
of 0.1-0.3 km/s, 
neglectible wrt to 
the stellar 
relative velocities 
(U ~ 1 km/s). 

Ke
pp

le
r 

En
er

gy
 w

rt
 P

1*

Time

x

y P1

P1*

P0

Transfer probability between two stars of 
equal mass m1*: 
2(Rcap(m1*)/D)2 x (PIMF(m1*))2/3

Average interstellar distance 
between stars of mass m1*:
(1/nm1*)1/3 ~ D(PIMF(m1*))-1/3

PIMF from Trapezium cluster 
(Lada and Lada, 2003) D = n−1/3 ; n = 3N/(4πR3cluster); Rcluster = 1pc(N/100)1/2

(Lada & Lada 2003; Carpenter 2000)

[1] The 
planetesimal 
escapes at a very 
low velocity σ = 
0.1–0.3 km/s.
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8.1x10−5

1.7x10−4

Capture probability

Transfer probability between two 
stars of equal mass: 
2(Rcap(m1*)/D)2 x (PIMF(m1*))2/3
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Number of planetesimals that may be ejected (NR)

We are interested in objects with m > 10 kg (D > 26 cm for ρ = 1 g/cm3), large enough to 
shield biological material from the hazards of radiation and impact ejection and landing 
(Horneck 1993; Nicholson et al. 2000; Benardini et al. 2003; Melosh 2003, following Adams & Spergel 2005).

- Oort Cloud comets are weakly bound to the Solar System; subject to weak escape. 
- 2–18% of the planetesimals in the Jupiter–Saturn region became part of the primordial 
Oort Cloud (Brasser, Duncan & Levison 2006); 
- Adopting the surface density of dust in the MMSN,  ∑= 0.1(a/40AU)−3/2 g/cm2, there 
was 1029 g of solids in the primordial 4-12 AU region (Weidenschilling 1977, Hayashi 1981). 

Planetesimals originating in the early Solar System could have met the conditions for 
weak escape in the Sun’s birth cluster.

Planetesimal size distribution is highly uncertain, but can be constrained roughly from 
KBO observations (Bernstein et al. 2004) and coagulation models (review in Kenyon et al. 2008). 

Case A:  q1 = 4.3, q2 = 3.5, D0 = 100 km 
Cases B:  q1 = 3.3, q2 = 3.5, D0 = 2 km
Cases C:  q1 = 2.7, q2 = 3.5, D0 = 2 km
Case D: q1 = 4.3, q2 = 1.1, D0 = 100 km

with Dmax = 2000 km (Pluto’s size), Dmin = 1 µm (blow-out size)
Power-law: dN/dD ∝ D−q1 for D > D0 and dN/dD ∝ D−q2 for D < D0

Sunday, January 17, 2010



Expected number of weak transfer events within a stellar cluster

(Adams & Spergel 2005: 
1010-1013 transfer events 
within the cluster before it 
disperses in  10-100 Myr). 

Worst case scenario in which the depletion of the 
small bodies took place very early on, before the 
objects were thrown into the Oort Cloud. 

Total number of 
planetesimals with D>26cm

Expected number of 
planetesimals with 
D>26 cm that may 
have populated the 
primordial Oort Cloud

2-18%

Number of weak transfer 
events between two solar 
mass stars = NR·Probcap

Probcap = 8.1·10-5Probcap = 1.7·10-4

⤷
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Expected number of weak transfer events within a stellar cluster

Total number of 
planetesimals with D>26cm

Expected number of 
planetesimals with 
D>26 cm that may 
have populated the 
primordial Oort Cloud

2-18%

Number of weak transfer 
events between two solar 
mass stars = NR·Probcap

Probcap = 8.1·10-5Probcap = 1.7·10-4

There is the possibility that, via the weak transfer mechanism,  solid 
material could have been transferred in large quantities between the 
Solar System and other solar-type stars in its maternal cluster. 
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Time for a remnant to exit the Solar System; move from its periapsis (rp) with respect to the 
central star to the distance Resc(m1) along a parabolic trajectory: TR =(2rpL +L3/3)/2(Gm1)1/2

where L = (2rp)1/2 tan(ν/2) and ν = arccos((p/Resc) - 1) (true anomaly)
For 2rp << Resc       L = (2Resc)1/2; assuming rp = 5 AU...

TR ≈ 0.6 Myr (for m1 = 0.1 M⊙; Resc = 1.8·104 AU)
TR ≈ 6 Myr (for m1 = 1 M⊙; Resc = 1.8·105 AU)
TR ≈ 60 Myr (for m1 = 10 M⊙; Resc = 1.8·106 AU)

Timescales

Timescale for Ejection

Timescale for interstellar transfer 
Interstellar distance: D ~7·104–105 AU; Velocity ~ 0.1 km/s; Transfer time ~ 3.3-4.8 Myr

Timescale to land on a terrestrial planet
Because the captured planetesimal may not approach the star in the ecliptic plane, multiple 
periapsis passages could be needed before it can collide with a planet ~ 10’s Myr 

Timescale for survival in outer space (??)
Dormant microorganism can survive for 1000’s yr; survival > 10 Myr is very 
controversial (Napier 2004) 

Aminoacids may survive (e.g. Stardust has discovered glycine in Wild 2 - Elsila et al. 2009)

(Timescale for cluster dispersal: 10-100 Myr)
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