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ABSTRACT

During the planet formation process, billions of comets are created and ejected into interstellar space. The detection
and characterization of such interstellar comets(ICs) (also known as extra-solar planetesimals or extra-solar
comets) would give us in situ information about the ef� ciency and properties of planet formation throughout the
galaxy. However, no ICs have ever been detected, despite the fact that their hyperbolic orbits would make them
readily identi� able as unrelated to the solar system. Moro-Martín et al. have made a detailed and reasonable
estimate of the properties of the IC population. We extend their estimates of detectability with a numerical model
that allows us to consider“close” ICs, e.g., those that come within the orbit of Jupiter. We include several
constraints on a“detectable” object that allow for realistic estimates of the frequency of detections expected from
the Large Synoptic Survey Telescope(LSST) and other surveys. The in� uence of several of the assumed model
parameters on the frequency of detections is explored in detail. Based on the expectation from Moro-Martín et al.,
we expect that LSST will detect 0.001–10 ICs during its nominal 10 year lifetime, with most of the uncertainty
from the unknown number density of small(nuclei of � 0.1–1 km) ICs. Both asteroid and comet cases are
considered, where the latter includes various empirical prescriptions of brightening. Using simulated LSST-like
astrometric data, we study the problem of orbit determination for these bodies,� nding that LSST could identify
their orbits as hyperbolic and determine an ephemeris suf� ciently accurate for follow-up in about 4–7 days. We
give the hyperbolic orbital parameters of the most detectable ICs. Taking the results into consideration, we give
recommendations to future searches for ICs.

Key words:comets: general– ISM: general– methods: observational– planetary systems

1. INTRODUCTION

The current understanding of planet formation suggests that
very large numbers of minor bodies are ejected into interstellar
space by planets during and after formation(e.g., Safronov
1972; Duncan et al.1987; Dones et al.2004, pp. 153–174). In
typical simulations of solar system formation, only a small
fraction of the small bodies that have a close encounter with the
giant planets are captured into the Oort cloud(the current
source of long-period comets, Oort1950), the rest are ejected
into the interstellar medium. Despite changing understanding of
the formation and properties of our Oort cloud(e.g., Levison
et al.2010; Kaib et al.2011), extra-solar debris disks(e.g., de
Vries et al. 2012), and planet formation(e.g., Chiang &
Laughlin 2012), there is general consensus that interstellar
space must be populated with a non-trivial population of small
bodies, including those corresponding in size to the asteroids
and comets in the solar system.

Minor planets that originate in other planetary systems but
are currently unbound are usually called interstellar comets
(ICs).7 Although there is one candidate IC known(Section2.2),
at present, their existence is essentially theoretical(Whipple
1975; Sekanina1976; McGlynn & Chapman1989; Fran-
cis 2005). Technically, many long period comets have slightly

hyperbolic orbits, but these clearly originate in the solar system
and only appear unbound at present due to minor gravitational
and non-gravitational perturbations, so are not considered ICs.
Indeed, identi� cation of an object as abona� deIC in the usual
orbit determination process would be straightforward, since ICs
would have a highly hyperbolic orbit, i.e., eccentricities clearly
greater than 1. Future advanced sky surveys, particularly the
Large Synoptic Survey Telescope(LSST), will be many times
more sensitive than past or present observations(LSST Science
Collaborations et al.2009). It is therefore natural to consider
whether LSST will detect ICs.

The motivation for� nding ICs is two-fold: discovering an IC
would provide new observational opportunities and an IC
would be an in situ sample of another solar system. Like the
discovery of the population of asteroids� 200 years ago and the
discovery of the Kuiper Belt 20 years ago(Jewitt & Luu1993),
the eventual discovery of ICs will open new and unique
avenues for exploration that will improve our understanding of
the formation and evolution of planetary systems. Photometric,
astrometric, and spectroscopic investigations can reveal
estimates of the origin, physical, and chemical properties of a
piece of another solar system. Even without detailed follow-up
observations, the currently unknown frequency of ICs is a
useful insight into the ef� ciency of planet formation in the
galaxy. By estimating the frequency at which we expect to
observe ICs and then comparing the expected value to the
actual observational frequency, we can adjust planet formation
models accordingly(e.g., Stern1990).
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7 Although there are no codi� ed de� nitions, objects unbound from any star
that are the natural minor body extension of the interstellar medium are usually
called ICs(e.g., Whipple1975; Sekanina1976), while minor bodies detected
orbiting around other stars are a natural extension of extra-solar planets and are
often referred to as extra-solar planetesimals(e.g., Jura2005). Moro-Martín
et al. (2009) is an exception to this typical nomenclature.
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No matter the particulars, discovering ICs or placing upper
limits on their frequency would help us to place our solar
system in galactic context. However, as a rarely observed
population with unique orbital properties, searching for ICs in
LSST data will likely require a signi� cant dedicated effort. The
value of this effort depends partly on whether the frequency of
ICs detected by LSST will have the power to discriminate
between different planet formation models. For this reason, we
provide a careful assessment of the sensitivity of LSST to
different parameters of the IC population.

The assessments of the frequency of detectable ICs has been
highly variable(Section2.1). Earlier studies predicted very
high numbers of observable ICs, usually by taking what was
known from the formation of our solar system, estimating how
many comets our solar system ejected into interstellar space,
and then multiplying by the number density of stars. For
example, McGlynn & Chapman(1989) predicted that the
number density of 1 km ICs was approximately 1013pc� 3 and
that this implied that several ICs should have already been
detected. Recently, a careful assessment of the frequency of ICs
by Moro-Martín et al.(2009, hereafterM09) showed that the
actual mass density is orders of magnitude less than these
previous estimates, resulting in a number density for ICs larger
than 1 km of 105–10pc� 3. M09 is the � rst study to self-
consistently account for several realistic properties of the IC
population by incorporating the stellar mass function, giant
planet frequency estimates, solar system minor planet size
distributions, and a more recent understanding of the formation
of planetary systems.

M09 considered the detectability of ICs by LSST, providing
a clear explanation of why we have not observed any ICs to
date. However, their analytical investigation was limited to
considering ICs at the distance of Jupiter and beyond. They
concluded that LSST would not be able to detect ICs at this
distance. However, there are several aspects that may
signi� cantly enhance the frequency of detectable ICs closer
than Jupiter: gravitational focusing by the Sun would enhance
the concentration of ICs within Jupiter’s orbit; ICs may
brighten by several magnitudes due to outgassing; much more
frequent smaller bodies can be seen at closer distances in a
magnitude limited survey; etc.

In order to estimate the realistic detectability of ICs, we have
developed a numerical simulation in order to consider all of the
factors that play a role in detecting ICs. Our model includes
effects from:

1. increased density due to gravitational focusing(the effect
of the Sun altering the trajectory of ICs);

2. photometric phase functions(the effect of observing ICs
at different angles);

3. comet brightening(accounting for the increase in bright-
ness of comets as they approach the Sun);

4. conditions required for observability such as solar
elongation(the angular distance between the IC and the
Sun) and air mass(e.g., constraints on the altitude of
topocentric observations).

These realistic factors will be discussed in full detail in
Section3. In addition, our method allows for a determination of
many other IC properties relevant to observers, such as typical
orbital parameters, rates of motion, and sky distribution.

It is worth noting that the results of this paper can be divided
into two parts. The orbit propagation and astrometry is based

on some small assumptions, but is mostly robust. The
estimation of the number of ICs that could be detected by
LSST, on the other hand, requires several assumptions, in some
cases using quantities not known even to within an order of
magnitude which we leave as tunable parameters. In this
regard, we occasionally neglect effects that would change the
highly uncertain results by a factor of� 2. The large uncertainty
in our estimates should not be seen as a drawback of the model,
but rather a motivation to search for ICs in order to place
constraints on their currently unknown properties, with
implications for planet formation theory.

2. BACKGROUND

2.1. History and Results of Other IC Studies

The currently accepted model of the origin of long-period
comets was not always widely accepted. After some initial
work by Öpik (1932), the beginnings of the modern model of
an isotropic cloud of comets tenuously bound to the solar
system emplaced by the planet formation process was
originally posed as a“hypothesis” by Oort (1950). At that
time, only� 20 long-period comets had well-determined orbits
after correcting for planetary perturbations. One major alter-
native hypothesis was that all(long-period) comets were
interstellar, with perhaps an unseen stellar companion to the
Sun helping to capture them(e.g., Valtonen & Innanen1982).
The distribution of long-period comets and other small bodies
in the solar system now give overwhelming evidence for
cometary origins in the Oort cloud, though the origin and
history of this cloud is still under discussion(e.g., Levison
et al.2010; Kaib et al.2011).

One of the earliest references to ICs in the context of the
Oort cloud origin for long-period comets, is the estimate of
Whipple (1975) on the frequency of ICs from their non-
detection and from the frequency of gamma-ray bursts. As
required for an unobserved population, Whipple(1975) made
various assumptions to estimate the mass density of ICs in the
galaxy to be less than�q ��

�:M3 10 4 pc� 3. Similarly, Sekanina
(1976) estimated an upper limit to the mass density of comets
of �1 �q ��

�:M6 10 4 pc� 3 based on the non-detection of ICs up to
that point.

Based on updated estimates of the number of Oort cloud
comets, McGlynn & Chapman(1989) use a simple model to
estimate that the number of comets is� 1013pc� 3. If all of these
are assumed to have� 1 km in radius, this suggests a mass
density of approximately ��

�:M10 5 pc� 3. These estimates
effectively took the number of Oort cloud comets expected
from the formation of the solar system(� 1014 at the time) and
multiplied this by the local density of stars. This is well
explained by Stern(1990), who explicitly consider how the
frequency of ICs can be used to infer properties of planet
formation in the galaxy.

Upon� nding that we have not seen the predicted number of
ICs, McGlynn & Chapman(1989) attempt to draw strong
conclusions, despite the simplicity of their model for the
frequency and detectability of ICs. As a response, Sen & Rama
(1993) suggested that the stellar density used by McGlynn &
Chapman(1989) was an order of magnitude too high, bringing
the expected frequency of detectable ICs down enough that
they were no longer missing from the observations.

Using a much more detailed model and a survey simulator,
Francis(2005) placed a limit of �q3 1012 ICs per cubic parsec
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based on a non-detection of ICs in the LINEAR survey. If these
are all assumed to be� 1 km in radius, this suggests a mass
density of �q ��

�:M3 10 6 pc� 3, two orders of magnitude lower
than the earliest estimates. Meinke et al.(2004) mention a study
of the Spaceguard survey which found a 97% upper limit on
1 km ICs of 1014 ICs per cubic parsec, but included a power
law distribution (corresponding to � � � �q q 3.51 2 in our
nomenclature below).

The most recent study(Engelhardt et al.2014) used Pan-
STARRS 1 data, a careful analysis of detectability, a power-
law distribution (with � � � �q q 3.51 2 ), and included the
possibility of cometary activity. This most sophisticated
method has similarities with our methodology described below.
The 90% con� dence upper limit on the number density of
�21km ICs per cubic parsec was �q4.7 1014 for inactive comets
(“asteroids” in our nomenclature) and �q1.6 1013 for active
comets. This is not as strong a limit as the Francis(2005) result,
but is the result of a more detailed assessment. It is also able to
roughly rule out the McGlynn & Chapman(1989) estimate.

M09 was the� rst theoretical estimate to use a more modern
understanding of planet formation, accurate distributions for
the frequency of stars of different masses in the Galaxy, and
incorporating an IC size distribution to determine a much more
realistic estimate for the frequency of ICs. Although their
model makes many assumptions about the unknown properties
of planet formation and IC properties, these are mostly
included in the form of tunable parameters.M09 estimate the
mass density of ICs to be� _ � q�� �:M2 10 7 pc� 3, which, when
considering a size distribution for ICs, yields a number density
of ICs larger than 1 km of 105–10pc� 3. This is between 3 and 8
orders of magnitude below the McGlynn & Chapman(1989)
estimate and the Engelhardt et al.(2014) upper observational
limit.

Following Alcock et al.(1986), Jura(2011) has also recently
shown that the space density of ICs must be less than predicted
by the earlier optimistic assessments by studying the chemical
composition of unpolluted white dwarfs(which would have
retained signatures of accreted ICs). They place an upper bound
on the space density of ICs in agreement withM09 and far less
than McGlynn & Chapman(1989). Zubovas et al.(2012)
predict a similar frequency of ICs near the galactic center as a
possible source of Sgr A* � ares.

Besides illustrating the decline in IC frequency estimated
over time, these studies show that simplifying assumptions and
unknown properties can yield IC detectability estimates that
span many orders of magnitude. Even intercomparing the
results of these studies requires assumptions about the size
distribution or typical size of detectable comet nuclei and the
mass–radius–brightness relation of comet nuclei, neither of
which are known very well. As inM09, we have tried to use
tunable parameters to understand the importance of various
assumptions. By using the most up-to-date theory fromM09
with a model that incorporates realistic estimates of detect-
ability, we have produced the most sophisticated estimate of
the frequency of detectable of ICs to date.

2.2. A Candidate IC?

Królikowska & Dybczy� ski (2013) and Dybczy� ski &
Królikowska(2015) � nd that comet C/ 2007 W1(Boattini) is a
strong candidate IC. While some comets appear slightly
hyperbolic due to interactions with the giant planets and/ or
non-gravitational forces, an analysis of these effects show that,

in this case, they are much too small to explain C/ 2007 W1�s
orbit with an initial semimajor axis of � 23,000 au
( � � � � � o � q ��a1 42.75 2.34 106 au), perihelion of 0.83 au,
and inclination of 10° (Dybczy� ski & Królikowska 2015).
Over 1000 observations of C/ 2007 W1 were obtained over 13
months, suf� cient to produce a high quality orbit, as re� ected
on the Minor Planet Center, which has similar orbital estimates.
Another candidate IC, C/ 1853 E1(Secchi), relies on century-
old astrometry and can be probably attributed to systematic
errors(Branham2012).

C/ 2007 W1 was observed spectroscopically and found to be
an unusual comet chemically, as might be expected for an IC
(Villanueva et al.2011), although it was not completely out of
the range of known comets. It was also the source of a
somewhat unusual meteor shower(Wiegert et al.2011).

Converting the excess energy in C/ 2007 W1 from
Dybczy� ski & Królikowska (2015) to a velocity at in� nity
gives �o�d ��v 0.27 0.01km s� 1, much smaller than the
expected� 20 km s� 1 for an IC. Along the same lines, C/
2007 W1 has a post-perihelion orbit that is bound to the solar
system (semimajor axis of 1800 au, perihelion distance of
0.85 au) which seems unusual for an IC, though this is not an
entirely separate argument, since the capture is highly enhanced
due to the low �dv . In our simulations, we do not� nd a
particularly enhanced preference for detecting low�dv ICs, so
this low relative velocity is seemingly an argument against the
interstellar origin of C/ 2007 W1.

Altogether, the orbital and chemical evidence for the
interstellar nature of C/ 2007 W1 is highly suggestive, but
not conclusive. We, therefore, proceed without including this
comet in our analysis.

2.3. Properties of the Source Region of ICs

During the lifetime of LSST(10 years), even ICs with
unusually high(100 km s� 1) relative velocities to the Sun will
only traverse approximately 200 au or� 0.001 pc. Therefore,
the dominant medium of ICs observable in the next several
decades is the region of space extremely close to the Sun, in a
galactic sense, and dominated by the so-called Circumhelio-
spheric Interstellar Medium(CHISM or CISM), sometimes
called the Very Local Interstellar Medium. This region is much
smaller than the Local Interstellar Cloud(� 10 pc) or Local
Bubble (� 100 pc), and not even much larger than the
heliosphere(� 100 au). Indeed, any IC passing by Earth within
the next decades is currently residing within the inner Oort
cloud, far closer than the aphelion of Sedna and other Kuiper
Belt objects(Brown et al.2004). Here we brie� y review the
known properties of the IC source region. In situ samples of the
CHISM as it � ows into the inner solar system are taken by
observing interstellar neutral atoms, interstellar pickup ions,
interstellar dust grains(� 1 � m, entrained in the local gas� ow),
and interstellar micrometeorites(� 10� m and decoupled from
the gas). Observations of the CHISM over the last four decades
have not shown any signi� cant evolution, suggesting that the
properties are homogeneous on the scales relevant to near-
future IC detections(Frisch et al.2011). The mass ratio of gas
to dust in the CHISM is thought to be� 100(Frisch et al.2011)
and the dust mass density is about� 100 times bigger than the
mass in ICs estimated byM09 (Landgraf et al.2000).

Dust smaller than� 10� m is observed in situ by dust
detectors on NASA spacecraft(e.g.,Ulysses, Cassini, Helios,
andStardust) in deep space. The observations show that these
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grains are fully entrained in the local interstellar� ow, as
expected since they are small enough to couple to the gas, even
at the low CHISM gas densities(Frisch et al.2011). The NASA
Stardustmission returned samples from its Interstellar Dust
Collector, which was designed to capture interstellar grains
directly from this local� ow (Westphal et al.2014).

On the other hand, the trajectories of interstellar dust larger
than� 10� m is dominated by solar gravity in the region of the
Sun and can travel unperturbed for hundreds of parsecs from its
source region where they are detected as Earth-impacting
micrometeorites by ground-based optical and radar observa-
tions (Baggaley2000; Murray et al.2004; Musci et al.2012).
Very little is known about the frequency or properties of larger
particles (Socrates & Draine2009). Observations of these
interstellar micrometeorites have detected a broad“back-
ground” source, but also a signi� cant discrete source that
may be associated with debris-disk and planet hosting star�
Pictoris(Baggaley2000; Lagrange et al.2010). Murray et al.
(2004) suggest that large grains may indeed be from discrete
sources. However, there is a chance that these interstellar
meteoroids are contaminated by solar system particles that have
reached hyperbolic velocities due to planetary encounters
(Wiegert2014). Generally, these have lower velocities than the
expected incoming stream of interstellar micrometeorites, but it
does present a source of confusion. See Wiegert(2014),
Hajduková et al.(2014) and references therein for additional
discussion on interstellar micrometeorites and meteorites.

Direct observation of ICs with LSST or other optical surveys
probes the local IC population well above 1 m sizes.M09 (and
our own simulations) found that the most detectable objects
will be the smallest ICs which, though intrinsically fainter,
typically pass much closer than the larger ICs which more than
compensates for their smaller area. Large(� 100 km) ICs are so
rare, that they are very unlikely to be seen.

We are not considering objects in the� 10,000 km size
regime, as these unbound planet-sized objects(variously called
free-� oating planets, rogue planets, interstellar planets, or
nomads) can have intrinsic luminosity and have been studied
elsewhere(e.g., Kirkpatrick et al.2011; Strigari et al.2012).

3. METHODS

We estimate the number of ICs that are detectable with
optical surveys. To do so, we simulate the detectability of
billions of ICs numerically. Starting with estimates for the
physical and orbital properties of the IC population, we
calculate their brightness as a function of time based on
empirical relations developed for comets and asteroids.
Potentially detectable ICs are investigated in more detail to
determine their visibility to LSST. Throughout we keep track
of tunable parameters, noting that the unknown frequency of
ICs means that our� nal results can vary by at least an order of
magnitude. Still, we have attempted to be accurate in our
modeling, in order to understand the importance of various
effects.8

3.1. Physical and Orbital Properties

3.1.1. Initial Position and Velocity

Our main mode of simulation assumes that ICs have been
well-mixed and form an isotropic population. Therefore, we

simulate a large cube centered on the Sun within which the
initial positions of ICs are randomly and isotropically generated
(but see Section4.10 below). The cube is chosen to be large
enough(1000 au) that our simulation is insensitive to edge
effects.

In keeping with our isotropic assumption, for each IC we
choose a single, initial, randomly oriented velocity(v0). To
track the importance of the velocity in IC detectability, we
choose to do many independent runs with constant initial
velocities rather than a velocity dispersion in a single run, but
this does not affect our conclusions. These simulations
con� rmed that slower ICs were more concentrated toward the
Earth and Sun(due to gravitational focusing), with about twice
as many comets withv0 of 5 km s� 1 coming within� 5 au than
comets with ��v 300 km s� 1. Over the age of the universe,
even high-velocity ICs will only typically intersect their own
mass if they are smaller than� 1 cm, suggesting that larger
particles are completely decoupled from gas in the interstellar
medium. These ICs therefore keep their original velocity with
which they were originally ejected and are stirred collision-
lessly in the gravitational potential of the galaxy, like stars, and
should have a similar velocity dispersion of tens of km s� 1.

The Sun is not� xed with respect to the galactic reference
frame of ICs. The Sun and its vicinity are rotating together
around the center of the galaxy. To isolate the local relative
motions relevant here, a construct called the Local Standard of
Rest (LSR) is used, which is a coordinate system moving
around the galaxy in a circular orbit at� 220 km s� 1. The Sun’s
“peculiar” motion relative to the LSR is not known precisely;
we use a recent proposed LSR velocity for the Sun from
Schönrich et al.(2010): (( � : � : � :U V W, , LSR) ; (11.1, 12.2,
7.3) km s� 1). To keep the Sun� xed in the center of the
simulation, we subtract this velocity from each IC, which
preserves the notion that the Sun is� ying through an isotropic
background of ICs, though they also have their own isotropic
velocity dispersion(e.g., Whipple1975). We neglect the tiny
Coriolis force due to the rotating reference frame.

The Sun’s peculiar velocity relative to the LSR is based on
the mean motion of main sequence stars assumed to be moving
together around the galaxy; the distances to these stars is much
greater than the current source region of ICs, but the velocity of
the Sun relative to the local interstellar wind or� ow is quite
similar. Though there are slight differences(usually within the
error bars), the entrained dust, the neutral helium, and the
cluster of local interstellar clouds are all traveling at nearly the
same velocity and uniform direction relative to the Sun(Frisch
et al. 2011) which is slightly faster(by 6.6 km s� 1) and � 40°
offset from the direction of the Sun’s peculiar motion relative
to the LSR. There is some evidence that the� ow direction is
even changing with time(Frisch 2012). However, our
simulations show that the direction and magnitude of the solar
velocity does not affect the detectability of ICs and we use the
LSR-relative motion for simplicity.

3.1.2. Orbital Motion and Gravitational Focusing

Since they are not bound to the Sun, ICs follow hyperbolic
orbits. Using the aforementioned initial heliocentric position
and velocity, the entire orbital path is determined using the
standard equations and osculating orbital elements for hyper-
bolic orbits in the two-body problem. We do not integrate the
orbits of the ICs and therefore do not account for perturbations
by the planets(Torbett1986) or non-gravitational forces(due8 The code is available upon request.
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to outgassing, e.g., Aksnes & Mysen2011), since these are
both negligibly small for our statistical purposes. By calculat-
ing their hyperbolic orbits explicitly, our simulation auto-
matically accounts for gravitational focusing: the excess of ICs
that will pass near the Sun due to its gravitational in� uence.
This is not present in the initial placement of the ICs, but as our
simulations run forwards and backwards in time for thousands
of years, the initial isotropic placement is acceptable.

We also calculate the motion of the Earth(with an arbitrary
phase). From this we can determine at any time�%earth, the
distance from the IC to the Earth, and�%sun is the distance from
the IC to the Sun. Furthermore, we can calculate the astrometric
position(R.A. and decl.) of each IC as a function of time, as
discussed below.

3.1.3. Broken Power Law Size Distribution and Mass Density

The number and size of the ICs that are initially placed in the
simulation cube is determined by using a broken power law
size distribution and an overall mass density(mtotal). The size
distribution de� nes the number of ICs we expect to exist for a
given radius. Throughout this paper the“size” of an IC refers to
the radius of the comet nucleus. The mass density is the amount
of mass we expect exists in a given volume. The size
distribution and mass density are combined by assuming that
all ICs have the same density(nominally 0.5 g cm� 3). As a
result we can calculate the number of ICs that would exist in a
given volume along with their respective radii.

Our nominal simulation adopts the mass density ofM09, with
the total mass of ICs ofmtotal = 2.2 × 10� 7 Me pc� 3�= �
4.5�× �1026g pc� 3�= �5.1�× �1010g au� 3. If the mass in a cubic
au were concentrated into a single object with the density of
water, it would only be 23 m in radius. This is ridiculously
sparse, which explains why ICs have evaded detection thus far,
even though their� 4 au yr� 1 motion relative to the Sun is
constantly replenishing the possibility of detection.

We note that, due to the uncertain nature of planet formation
and the creation and ejection of ICs, the estimate ofM09 could
be substantially in error. Several effects could increase the mass
density of ICs each by a factor of a few: an updated stellar
density(Garbari et al.2012), Oort cloud stripping from galactic
tides(Veras & Evans2013), ejection of Oort clouds due to the
death of stars(Veras et al.2011; Veras & Wyatt2012), and
many other possible effects. SinceM09, the Kepler Space
Telescopehas also discovered entirely new classes of planetary
systems, calling into question aspects of planet formation
theory used to justify the estimates ofM09.

Our simulations use the size distribution prescriptions
suggested byM09. In particular, the size distribution is a
broken power law, with a variable break radiusrb( ) and
different size distribution slopes on each side of the break.
Following M09, we de� ne differential size distribution slopes
q1 and q2, such that �r ��n r r q1( ) if ��r rb and �r ��n r r q2( ) if

��r rb. We place practical limits on the minimum and
maximum radii in our simulations(see below). The number
densities as a function of differentq1 and q2 values for

��r 3b km are shown in Figure1. By detecting serendipitous
KBO occultations, Schlichting et al.(2012) have estimated that

� x � oq 2.8 0.11 , while Fraser & Kavelaars(2009) and Fuentes
et al. (2009) suggest that �xq 4.52 with a break radius of

�xr 75b km in the Kuiper Belt(see also limits from the lack of
detection of KBOs byWMAP, Ichikawa & Fukugita2011). See

M09 for more discussion on the possible size distribution
relevant for ICs; here we simulate several different possibilities.

Our “nominal” model uses typically assumed values for the
variables that describe the properties of ICs except for the size
distribution, where we use a very optimistic case. It is
important to remember throughout that the observational and
theoretical estimates of parameters in our“nominal” model are
sometimes controversial and often with signi� cant uncertainty.
This reemphasizes the importance of leaving many variables as
free parameters.

Finally, we note here that there was a small error in the
number density equation as derived byM09. Their number
density equation(Equation(5) in M09) is only valid for radii
less than the break radius because of the limits of integration
used during its derivation(A. Moro-Martín 2016, personal
communication). A piecewise equation is needed to correctly
de� ne the number density for radii less than and greater than
the break radius. We have made this correction and reproduced
a plot of the number density of the ICs in Figure1, showing the
correction to their Figure 1 for their nominal mass density.
Since the number density and observability of ICs is
completely dominated by the small objects, their errors above
the break radius have no consequence for the results reported
in M09.

3.2. Calculating IC Brightness

3.2.1. Asteroid Case

Based on the above calculations, we now have the position
of the IC, Sun, and the Earth at any time. Determining the
brightness is based initially on the standard apparent magnitude

Figure 1. Interstellar comet(IC) cumulative number density per cubic parsec
and per cubic au as a function of different power law parameters
following M09. TheM09 IC mass density of � � � q��

�:m M2.2 10total
7 pc� 3 is

used. We use a broken power law; shown are the distributions with a break
radius at 3 km. This� gure also corrects a small error in Figure 1 ofM09. The
colors and line types correspond to��q 2.01 (light blue, lowest), 2.5 (red), 3.0
(blue), and 3.5(green, highest); ��q 32 (solid), 3.5 (dashed), 4 (dotted), 4.5
(dashed–dotted), and 5 (long dashed), where q1 is the differential size
distribution index for objects below the break radius andq2 is the same for
objects above the break radius. Notice the wide variety of number densities at
the smallest sizes which translates to signi� cant uncertainty in the detectability
of ICs.
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