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In this paper, we review some of the extant literature on the study of interstellar objects (ISOs). With the
forthcoming Vera C. Rubin Telescope and Legacy Survey of Space and Time (LSST), we ¯nd that 0:38� 84
`Oumuamua-like interstellar objects are expected to be detected in the next 10 years, with 95% con¯dence. The
feasibility of a rendezvous trajectory has been demonstrated in previous work. In this paper, we investigate the
requirements for a rendezvous mission with the primary objective of producing a resolved image of an inter-
stellar object. We outline the rendezvous distances necessary as a function of resolution elements and object
size. We expand upon current population synthesis models to account for the size dependency on the detection
rates for reachable interstellar objects. We assess the trade-o® between object diameter and occurrence rate,
and conclude that objects with the size range between a third of the size and the size of `Oumuamua will be
optimal targets for an imaging rendezvous. We also discuss expectations for surface properties and spectral
features of interstellar objects, as well as the bene¯ts of various spacecraft storage locations.

Keywords: ISOs.

1. Introduction

Observations and numerical simulations indicate
that the young solar system was very e±cient at
ejecting planetesimals into interstellar space as a
result of planet migration and resonance sweeping
(Tsiganis et al., 2005; Morbidelli et al., 2005). Given
how ubiquitous planetary systems are, and that

these planetesimal-clearing processes operate under

a wide range of planetary architectures (Raymond

et al., 2018a), it has been predicted that the Galaxy

contains a large population of planetesimals ejected

from planetary systems in the making. Another

source of interstellar planetesimals is the clouds of

comets loosely bound to stars, like the solar system
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Oort cloud, from where comets can be easily ejected
into interstellar space as the result of perturbations
by passing stars, the galactic tide, or stellar mass
loss at the end of a star's life. Interestingly, when
these ejected interstellar planetesimals cross star-
and planet-formation environments, they might get
trapped with the help of gas drag and act as \seeds"
of planet formation, helping overcome the meter-
size barrier (Pfalzner & Bannister, 2019; Pfalzner
et al., 2021; Moro-Martín & Norman, 2022).

It was expected that, eventually, one of these
ejected interstellar planetesimals would cross the
orbit of the solar system and become an interstellar
comet. Based on the expected contribution to the
population of interstellar planetesimals from planet-
forming systems, Moro-Martín et al. (2009) and
Engelhardt et al. (2017) estimated that there were
n � 5� 10�5 au�3 objects with e®ective radius
r > 0:5 km and n < 1:4� 10�4 au�3 in local inter-
stellar space. Therefore, the discovery of the ¯rst in-
terstellar object, 1I/2017 U1 (`Oumuamua) (Meech
et al., 2017), was a welcome advancement in the ¯eld.
However, even though its detection was expected, its
properties were not.

`Oumuamua was remarkably small (55130m)
(Jewitt et al., 2017; Meech et al., 2017; Fraser et al.,
2018; Drahus et al., 2018; Bolin et al., 2018a) and
could only be detected by the Panoramic Survey
Telescope and Rapid Response System (Pan-
STARRS) because it happened to pass very close to
the Earth on its way out of the solar system.Only a few
solar system objects of that size have been studied and
they are all near-Earth objects, limiting our ability to
make comparisons. Using the Pan-STARRS survey
volume and time span (leading to a detection fre-
quency), and assuming `Oumuamua represents a
background population of interstellar objects, the
number density of interstellar objects was inferred
(Trilling et al., 2017; Laughlin & Batygin, 2017; Jewitt
et al., 2017) and was found to be higher than expected
in the context of a range of plausible origins (Zwart et
al., 2018; Raymond et al., 2018b; Ra¯kov, 2018; Do et
al., 2018; Moro-Martín, 2018, 2019), raising the ques-
tion whether `Oumuamua was representative of an
isotropic distribution of ejected objects.

It is expected that the typical velocity of an
interstellar object increases with time due to per-
turbations by passing stars, molecular clouds, the
Milky Way spiral arms, and star clusters. However,
`Oumuamua featured a low incoming velocity with
respect to the local standard of rest (Mamajek,
2017). This implies a relatively nearby source and a

young < 40Myr age (Almeida-Fernandes & Rocha-
Pinto, 2018; Hallatt & Wiegert, 2020; Hsieh et al.,
2021). The latter is consistent with an excited ro-
tational state (Drahus et al., 2018; Fraser et al.,
2018; Mashchenko, 2019). In terms of its color, it
exhibited a reddened re°ection spectrum consistent
with iron-rich minerals and with space weathered
surfaces and resembled small bodies in the solar
system, including D-type asteroids, some Jupiter
Trojans and trans-Neptunian objects, and comets
(Meech et al., 2017; Jewitt et al., 2017; Bannister
et al., 2017; Knight et al., 2017; Masiero, 2017; Bolin
et al., 2018b; Fitzsimmons et al., 2018; 'Oumuamua
ISSI Team et al., 2019). The lack of an ultra-red-
dened spectrum suggests that `Oumuamua has not
been exposed to space weathering for Gyr (Gaidos
et al., 2017; Feng & Jones, 2018; Fitzsimmons et al.,
2018).

Immediately apparent, `Oumuamua lacked
any sign of a cometary tail in deep composite im-
aging (from dust or volatile outgassing), despite its
small perihelion distance of 0.25AU (Meech et al.,
2017; Jewitt et al., 2017; Fitzsimmons et al., 2018;
Trilling et al., 2018). This was unexpected because
models show that the majority of the objects ejected
during planet formation originate beyond the
snowline in their parent planetary systems and are
therefore are expected to have a cometary nature.
Most strikingly, in spite of the lack of apparent
cometary activity, `Oumuamua exhibited a signi¯-
cant non-gravitational acceleration (Micheli et al.,
2018) that declined smoothly with distance from the
Sun, showing no change in spin or sudden kicks, as
routinely observed from jets on the surface of
comets (Ra¯kov, 2018), and no apparent cut-o® at
the distance beyond which evaporation of water ice
by sunlight is expected to stop. The Spitzer tele-
scope data, sensitive to CO outgassing, ruled out
the level of evaporation that would have been re-
quired to account for the observed non-gravitational
acceleration if it was caused by the rocket e®ect
from normal cometary outgassing amounting to
about 10% of its mass (Micheli et al., 2018), unless
the object chemical composition di®ered signi¯-
cantly from that of small bodies in the solar system
(Füglistaler & Pfenniger, 2015; Trilling et al., 2018;
'Oumuamua ISSI Team et al., 2019; Seligman et al.,
2019; Seligman & Laughlin, 2020a; Levine &
Laughlin, 2021; Seligman et al., 2021; Jackson &
Desch, 2021; Desch & Jackson, 2021).

Also remarkable was `Oumuamua's drastic
brightness variations, that combined with the phase
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angle indicated a fairly extreme 6:6:1 geometry
(Meech et al., 2017; Knight et al., 2017; Bolin et al.,
2018a; McNeill et al., 2018; Belton et al., 2018; Dra-
hus et al., 2018; Seligman et al., 2019), found to be
disk-like at the 90% con¯dence level (Mashchenko,
2019). However, the shape remained uncertain be-
cause there were not enough observations sampling
di®erent phase angles and also because it is unknown
to what degree the surface albedo variations con-
tributed to the brightness variability.

With the detection of the second interstellar
interloper, C/2019 2I/Borisov, it has become evi-
dent that the galaxy contains a massive population
of interstellar objects. Unlike `Oumuamua, 2I/Bor-
isov had a clear cometary nature. It exhibited a
distinct dusty coma (Jewitt & Luu, 2019; Bolin
et al., 2020b; Fitzsimmons et al., 2019; Ye et al.,
2020; McKay et al., 2020; Guzik et al., 2020; Hui
et al., 2020; Kim et al., 2020; Cremonese et al., 2020;
Yang et al., 2021) with traces of carbon and nitro-
gen-based species (Opitom et al., 2019; Kareta et al.,
2020; Lin et al., 2020; Bannister et al., 2020; Xing
et al., 2020; Aravind et al., 2021), and it was par-
ticularly enriched in CO compared to H2O, with an
abundance ratio more than three times higher than
in any comet in the inner solar system (Bodewits
et al., 2020; Cordiner et al., 2020). This indicates
that 2I/Borisov is an ejected ice-rich planetesimal
that formed in the outermost region of its planetary
system. 2I/Borisov's coma made the determination
of the size of its nucleus challenging, estimated to be
200–500 m, without evidence of being as elongated
as 1I/`Oumuamua (Jewitt et al., 2020a). It was also
found to exhibit an abnormally high polarization
(Bagnulo et al., 2021). Interestingly, the comet
produced atomic nickel vapor (Guzik & Drahus,
2021) and experienced a rotational bursting of one
or more meter-size boulders (Drahus et al., 2020;
Jewitt et al., 2020b, 2020c; Bolin et al., 2020a;
Zhang et al., 2020a; Kim et al., 2020). While 2I/
Borisov exhibited non-gravitational acceleration
similar to `Oumuamua, the astrometric positions
were consistent with observed levels of outgassing
(Hui et al., 2020; de la Fuente Marcos & de la
Fuente Marcos, 2020; Manzini et al., 2020).

The contrast between the expected properties of
2I/Borisov and the unexpected properties of
`Oumuamua highlighted the elusive nature of the
latter, leading to a variety of hypothesis regarding
its provenance that contemplated objects that have
never been seen before. These hypotheses can
broadly be categorized into the postulated source of

the anomalous acceleration and they all have theoret-
ical and/or observational shortcomings (Hoang &
Loeb, 2020; Levine et al., 2021; Siraj & Loeb, 2022).

If the acceleration was caused by cometary out-
gassing, as ¯rst proposed by Micheli et al. (2018),
which would be consistent with the observed
brightness variations (Seligman et al., 2019), this
could be explained if the outgassing were dominated
by H2 (Füglistaler & Pfenniger, 2015; Seligman &
Laughlin, 2020a; Levine & Laughlin, 2021), CO
(Seligman et al., 2021), orN2 (Jackson&Desch, 2021;
Desch & Jackson, 2021), implying `Oumuamua was
like an \iceberg" that fragmented from a molecular
cloud (if dominated by H2 or CO) or chipped o® the
surface of a planet like Pluto (if dominated by N2).

If the acceleration was caused by radiation
pressure, as ¯rst discussed by Micheli et al. (2018),
this could be explained if the object had an ultra
porous structure (Moro-Martín, 2019; Sekanina,
2019a; Luu et al., 2020) or an extremely thin ge-
ometry (Bialy & Loeb, 2018). The former hypoth-
esis implies that `Oumuamua was a cosmic \dust
bunny" with a bulk density about 100 times less
than air. Numerical simulations indicate that such
structures could form as the result of the collisional
growth of icy dust particles beyond the snowline of a
protoplanetary disk (Okuzumi et al., 2012); if this
were its origin, it would make `Oumuamua a never
seen before intermediate product of planet forma-
tion (Moro-Martín, 2019). Alternatively, it has been
proposed that an ultra-porous structure grew from a
collection of dust particles in the coma of an active
comet that then escaped (Luu et al., 2020), or from
the disintegration of an \ordinary" km-sized extra-
solar comet as it passed near the sun (Sekanina,
2019a). The thin-geometry hypothesis implies that
`Oumuamua could have been a new kind of natural
astrophysical object or the remnant of an extrater-
restrial civilization (Loeb, 2018a, 2018b, 2018c;
Bialy & Loeb, 2018; Loeb, 2021a, 2021b). In the
context of the latter extraordinary hypothesis, it is
of interest that in September 2020, another object
was discovered by Pan-STARRS, sharing some of
`Oumuamua's anomalous properties, such as exhi-
biting an excess acceleration but no cometary out-
gassing.. Given the astronomical name 2020 SO
(MPEC 2020-S78:2020 SO), it was later con¯rmed
to be the lost rocket booster from NASAs failed
1966 Surveyor 2 mission to the Moon; its thin walls
resulted in a large area-to-mass ratio that allowed
the object to be pushed by radiation pressure,
accounting for its non-gravitational acceleration.

Mission to an Interstellar Object
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It has been estimated that the Vera C. Rubin
Observatory Legacy Survey of Space and Time
(LSST) (Jones et al., 2009; Ivezić et al., 2019),
whose ability to detect transient objects has been
demonstrated (Solontoi et al., 2009; Vereš & Ches-
ley, 2017a, 2017b; Jones et al., 2018), will be able to
detect 1–10 interstellar objects of `Oumuamua's size
or larger every year (Engelhardt et al., 2017; Cook
et al., 2016; Trilling et al., 2017). This will shed light
on their population and possible origin. The detec-
tion of interstellar objects by LSST will also enable
follow-up studies for detailed characterization by
ground-based and spaced-based facilities, including
by future intercept or rendezvous missions. An
extraordinary opportunity has opened to study
up-close planetesimals ejected from other planetary
systems, as is surely the case of 2I/Borisov, and
unusual interstellar objects like `Oumuamua, of
particular interest for the Galileo Project.

In this paper, we discuss the characterization
from close range of interstellar objects that, like
`Oumuamua, do not have an unequivocally identi-
¯ed nature. Previous studies conclude that, based
on the close proximity to Earth of the objects that
are detectable by LSST, it would be feasible from an
energetic standpoint to perform a space-based ren-
dezvous mission (Seligman & Laughlin, 2018; Hein
et al., 2017; Meech et al., 2019; Castillo-Rogez et al.,
2019; Hibberd et al., 2020; Donitz et al., 2021;
Meech et al., 2021; Hibberd et al., 2022; Moore
et al., 2021a); the European Space Agency Comet
Interceptor mission (Jones & ESA Comet Inter-
ceptor Team, 2019; Pau S�anchez et al., 2021) or the
proposed NASA concept study Bridge (Moore et al.,
2021b) may provide us with this opportunity. Re-
cently, Hoover et al. (2022) presented detailed dy-
namical simulations of the population of interstellar
objects passing through the Solar System, and
provided constraints on the distribution of the or-
bital properties for objects that will be detectable by
LSST and reachable for an in-situ rendezvous. In
this paper, we build upon this work to assess the
feasibility of an intercept mission to an interstellar
object that, like `Oumuamua and 2020 SO (MPEC
2020-S78:2020 SO), exhibits a non-gravitational
acceleration but no signs of cometary activity.

In Sec. 2, we discuss the resolution achievable in
the di®raction-limited and °ux-limited regimes of a
close encounter with an ISO, as well as the tradeo®
between resolution and encounter timescale. In
Sec. 3, we explore LSST's capability for detecting
ISOs as a function of distance from the Earth and as

a function of object size. In Sec. 4, we then present
predictions for the detection rate of reachable ISOs
given a certain intercept �v. Section 5 considers
possible spectral features of ISOs detectable from
close range, and Sec. 6 discusses mission storage and
surveyor telescope locations. Finally, we summarize
our conclusions in Sec. 7.

2. Close Encounter with an ISO

2.1. Di®raction-limited regime

The maximum number of linear resolution elements
across an object in the di®raction limit is

N � D
d

�

� �
1

b

� �
; ð1Þ

where � is the wavelength that we observe with, D
is the aperture size of the telescope, d is the e®ective
spherical diameter of the object, and b is the impact
parameter or closest approach to the object. The
encounter timescale is tenc ¼ ðb=vencÞ, and needs to
be long enough for the spacecraft to capture mea-
surements of the object. Figure 1 shows di®raction-
limited linear resolution and encounter timescale as
a function of close approach to an ISO for a 0.5m
telescope aperture and an encounter speed of
50 km s�1, since this is a typical encounter speed
between a gravitationally bound orbit and an un-

bound one near the Earth, �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð30 km s�1Þ2 þ ð40 kms�1Þ2

q
.

Given these parameters, an encounter timescale of
> 10 s and a sub-m linear resolution can be

Fig. 1. (Color online) Linear resolution in the V band as a
function of closest approach distance to the interstellar object,
with the corresponding encounter timescale on the secondary
y-axis. Green shading denotes an encounter timescale of > 10 s,
while blue shading indicates a linear resolution of < 1m, for the
¯ducial parameters.
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simultaneously achieved in the range
� ð0:5� 1Þ � 103 km. This suggests that a close
approach distance of several hundred km may be a
\sweet spot" that balances linear resolution and
encounter timescale for an ISO encounter mission. A
close approach of b � 103 km with a D � 50 cm
telescope would allow for linear resolution of � 1m,
which would produce a � 104 pixel image of an
object with a size of � 100m. In such a scenario, the
spacecraft would have an encounter timescale of
� 20 s to make the measurement.

2.2. Flux-limited regime

At greater distances of closest approach, the amount of
re°ected sunlight received from the ISO limits the
maximum number of resolution elements we can
sample across the object. Here we calculate this max-
imum number of linear resolution elements as a func-
tion of closest approach for the °ux-limited regime.

The solar °ux is F� ¼ ðL�=4�d2
BSÞ, the photon

energy is E� ¼ ðhc=�Þ, the °ux dilution factor at the

telescope is fFD ¼ ð�D2=4�b2Þ ¼ ðD2=4b2Þ, the
object's cross-sectional area is A ¼ ð�d2=4Þ, the
encounter timescale is tenc ¼ ðb=vencÞ, the albedo is
�, the signal-to-noise ratio is S=N, and the fraction
of the object's energy °ux contained in the wave-
length band centered at � is f�, where L� is the
Solar luminosity, dBS is the distance of the object
from the Sun, h is the Planck constant, and c is the
speed of light. The total power at the telescope is
F�fFDf��A, and therefore the number of photons
reaching the telescope is F�fFDf��Atenc=E�. This

gives the constraint

N <
S

N

� ��1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F�fFDf��Atenc

E�

s
; ð2Þ

or equivalently, given the de¯nitions above

N <
S

N

� ��1 D� d

8dOS

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L��f��
bvenchc

s
: ð3Þ

To compute f� and E�, we adopt the V band, which

is centered at � ¼ 551 nm with an FWHM of 88 nm.
The result is shown in Fig. 2 for a signal-to-noise ratio
of S=N ¼ 100, a distance from the Sun of
dOS ¼ 1AU, an albedo of � ¼ 0:1, and a relative
encounter speed of 50 km s�1. For these ¯ducial
parameters, telescope with an aperture of 10 cm
becomes °ux-limited beyond � 400 resolution ele-
ments at a close-encounter distance of� 104 km from

the object. This suggests that close encounters of the
type mentioned in Sec. 2.1 at distances . 103 km are
not °ux-limited, and therefore di®raction-limited.

3. LSST Detection Volume

`Oumuamua's absolute magnitude is H ¼ 22:4 and
we adopt a number density of n � 0:1AU�3. LSST
can see objects down to m ¼ 24. We adopt a ve-
locity dispersion at in¯nity of � � 40 km s�1, since
the velocity dispersion of interstellar objects is
expected to be similar to that of local stars.

We use the phase functions described in
Eqs. (8)–(10) of Hoover et al. (2022) to derive the
apparent magnitude m of an object with absolute
magnitude H at a distance from the Earth of dBO, a
distance from the Sun of dBS , and with the distance
from the Earth to the Sun being dOS ¼ 1AU. This
allows us to compute the brightness of an object
with a given absolute magnitudeH at every point in
space.

The number density of ISOs is

n� 1þ 2GM�
dBS�2

� �
; ð4Þ

where G is the gravitational constant and M� is the
mass of the Sun. This allows us to compute number
densities of ISOs at every point in space.

We then perform a cut for LSSTs sensitivity
range of m < 24. The crossing speed is

vcross �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GM

dBS

þ �2

s
; ð5Þ

and the crossing time is tcross ¼ dcross=vcross, where
dcross � ð4=3ÞV 1=3

detect, and Vdetect is the detection

Fig. 2. (Color online) The °ux-limited maximum number of
resolution elements as a function of closest approach distance to
an `Oumuamua-size object, given telescopes with apertures
sizes of 10 cm, 30 cm, and 1m, calculated using Eqs. (2) and (3).
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volume. The crossing rate is then �cross ¼ t�1
cross, and

the detection rate per unit volume is the product of
the number density and the crossing rate. Inte-
grating the detection rate per unit time per unit
volume over the LSST detection volume then yields
the overall detection rate. Figure 3 shows that the
detection rate for `Oumuamua-like objects follows a
simple volumetric scaling up to � 1AU away from
the Earth and Fig. 4 indicates the overall detection
rate as a function of ISO size. The results are de-
rived from the numerical simulation described
above, by summing the ISOs as a function of radial
distance from the Earth and computing the number
of ISOs (of varying absolute magnitudes) within the
LSST detection volume on the night side of the
Earth, respectively. We consider size distributions
of the form Nð> dÞ � kd1�q with 2 � q � 5 (Moro-
Martín, 2018, 2019), where q is an index k and a

normalization factor. Note that objects smaller than
1=3 the size of `Oumuamua (more than an order of
magnitude lower in brightness) would be undetect-
able by LSST since the detection volume crossing
time would be less than 0.1AU/ð30 km s�1 þ �2Þ �
10 days, thereby prohibiting the 3 LSST detections
required to constrain an orbit at the planned ca-
dence of � 100 sky location visits per year.(a) ISOs
with detection rates of . 0:1 yr�1 are also unde-
tectable, given that LSST will operate for a decade.

We ¯nd that the number density of n ¼
0:1AU�3 corresponds to 15 `Oumuamua-like objects
over LSST's 10 year lifespan, with a 95% Poisson
con¯dence interval yielding the range 0.38–84.
Poisson statistics imply that there is a � 6% chance
that LSST will not discover any `Oumuamua-like
objects, and that there is a � 20% chance that LSST
will discover only one `Oumuamua-like object in the
¯rst three years of operation. Siraj & Loeb (2019)
found that q � 3:5 may be implied by the detection
of CNEOS 2014-01-08, which corresponds to � 50
objects with H � 25 over LSST's lifetime, with a
95% Poisson con¯dence interval of 1.3280.

4. Mission Dependence on ISO Size

Table 2 from Hoover et al. (2022) suggests that the
number of detectable ISOs with upper limits on the
intercept �v ranging from 2–30 km s�1 scales as N
ð< �vÞ / ð�vÞk where k � 2:4, and the fraction of
all detectable objects that satisfy �v < 30 km s�1 is
f � 0:4, where f � 1 would represent all detectable
objects. Furthermore, ranging from objects with
sizes a factor of 4 smaller than `Oumuamua to
objects with similar sizes to `Oumuamua, k and f
follow the respective empirical scalings, k / d0:24

and f / d�0:66. These empirical scalings serve as
interpolation functions over �v parameter space;
we do not extend them beyond the bounds enu-
merated in Hoover et al. (2022). The power law
indices presented here simply characterize the dis-
crete results presented in Table 2 of Hoover et al.
(2022) over the range 2–30 km s�1 in a continuous
fashion.

The ISO detection rate scales with volume
(d3

BO) but also with the di®erential size distribution,
which is a power law with slope �q. Given some
magnitude limit and albedo, the distance out to
which we can see an object scales as the size of the
object, dBO / d, so we can express the dependence

Fig. 3. (Color online) LSST detection rate for ISOs as a
function of distance from the Earth. Power-law with a slope of 3
shown for reference, showing a strong match for dBO . 1AU.

Fig. 4. (Color online) LSST detection rate for ISOs as a
function of object size relative to `Oumuamua, adopting various
values for the di®erential power-law size distribution index q for
the form Nð> dÞ � kd1�q. The shaded color bands correspond
to 95% con¯dence intervals given Poisson statistics for a single
object. The dashed boundaries correspond to the thresholds of
forbidden parameter space for LSST; crossing times < 10 days
and detection rates < 1 per decade. ahttps://docushare.lsst.org/docushare/dsweb/Get/LPM-17.
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of the detection rate on d as

� / d3�q: ð6Þ
The LSST ISO detection rate is then

� � 1:5 yr�1f
�vUL

30 km s�1

� �
k d

dO

� �
3�q

; ð7Þ

where f � 0:4 d�0:66 and k � 2:4 d0:24, over the
range 0:25 < ðd=dOÞ < 1 and 2 km s�1 < �vUL <
30 km s�1, where dO is the diameter of `Oumuamua
and �vUL is the upper limit on the required impul-
sive change in speed �v. Similarly

�vUL � 30 km s�1 r

rO

� � q�3
k �

1:5 f

� � 1
k

; ð8Þ

where r is the e®ective radius of the object.
We ¯nd that if the payload is launched as soon

as an ISO is detected, there is an � 85% chance of
¯nding a suitable `Oumuamua-like target within
LSST's 10-year life-span if the budget is
�vUL � 30 km s�1, but this is reduced to a coin-°ip
if the budget is �vUL � 15 km s�1. For a budget of
�vUL � 10 km s�1, the chance of ¯nding a suitable
`Oumuamua-like object in 10 years is only � 33%.
The theoretical likelihood of success can be maxi-
mized by relaxing the size requirement to (1/3) the
size of `Oumuamua, yielding a & 90% chance for
�vUL � 30 km s�1, a & 75% chance for �vUL �
15 km s�1, and a & 60% chance for�vUL � 10 kms�1,
but in reality the short timespan available to reach
such an object may render the detection and
launching procedures prohibitively di±cult to de-
sign. The ideal size of an ISO for maximizing the
likelihood of a suitable target within LSST's lifetime
is therefore likely between (1/3) and order unity
relative to the size of `Oumuamua. It is also im-
portant to note that the linear resolution of the
spacecraft's measurements is proportional to object
size, so this must also be taken into account when
optimizing mission parameters. The planned budget
for ESA's Comet Interceptor mission (Jones & ESA
Comet Interceptor Team, 2019; Pau S�anchez et al.,
2021), �vUL � 15 km s�1, gives a � 0:02% and
& 0:04% (but . 15%) likelihood of ¯nding a suit-
able target within 10 years, for `Oumuamua-like
objects and objects (1/3) the size of `Oumuamua,
respectively.

Wait time, � , de¯ned as the time between the
detection of a reachable object and its closest ap-
proach to the Earth, is roughly proportional to

distance of detection � / dBO, since the velocity
dispersion of ISOs is expected to be comparable to
or exceed the orbital speed of the Earth around

the Sun, �&
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2GM�=R�

p
. Since dBO / r and the

typical wait time for objects reachable with
�vUL � 20 km s�1 is � � 2 months (Hoover et al.,
2022), the scaling, � � 2 months (r=rO), can be used
to estimate the typical wait time to order of mag-
nitude for objects similar in size to `Oumuamua.
Note that the�v values, adopted from Hoover et al.
(2022), are based on wait time. Figure 5 shows this
approximation of wait time as a secondary x-axis for
object size on the plots based on Eqs. (7) and (8),
which illustrate the interplay between intercept
�v and LSST detection rate. Furthermore, the
wait time convention used here and in calculating
delta-v is the most optimistic case possible because
there is no delay between detection and mission
launch. While we do not take into account any
delay between detection and launch, we do take
into account the time for the payload to reach
the object.

Fig. 5. (Color online) LSST detection rate and intercept�v as
a function of interstellar object size or wait time. Dark regions
correspond to q ¼ 3:6� 0:5 and light regions signify the 95%
Poisson con¯dence intervals for the light regions. The gray
dashed line corresponds to an `Oumuamua-like object, and the
plot shows results for an order of magnitude in size centered
around `Oumuamua.
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5. Surface Properties and Spectral
Features

Characterizing the surface properties of interstellar
objects such as composition, re°ectivity, and surface
roughness, will be critical for each phase of this in-
vestigation. First, this is vital for identifying inter-
esting ISOs on their approach to the inner solar
system, to decide whether to attempt a spacecraft
intercept or rendezvous; and (2) in order to distin-
guish between hypotheses for the origin and prove-
nance of these objects.

Possibly the most valuable measurement
derives from re°ectance and emission spectroscopy,
which can provide a wealth of information on the
mineralogical composition of planetesimals. Plane-
tary space probes typically use imaging spectro-
meters to provide spatially resolved spectral maps of
planetesimal surfaces during °yby and orbital sur-
vey missions. These spectrometers provide images,
where each pixel represents both spatial and spec-
tral information. The variation in mineralogical/
chemical composition of the upper surface layers can
inform geological maps to provide a geochemical
survey of the object under study. To identify and
quantify the abundance of a particular mineral
within the surface layers, observed spectra are

compared with reference spectra measured in labo-
ratory experiments. The locations, depths, and ab-
sorption band areas of the observed spectral data
can be compared to a library of reference spectra of
varying band depths and areas to provide informa-
tion about the minerals on the surface of a plane-
tesimal (e.g. Pyroxene, Spinel, Olivine, Iron–Nickel
alloy, etc.), including their modal abundances and
grain size. Example re°ectance spectra of potential
relevance to distinguishing between hypotheses for
the provenance of `Oumuamua-like objects are
shown in Figs. 6–8.

5.1. Rocky materials

Passive re°ectance spectra over the wavelength
range 0.4 to 2.5�m can be used to discriminate
di®erent minerals based on the locations of ab-
sorption band minima. A common class of mineral
found in asteroids is silicates, identi¯ed by the
presence of broad absorption bands near 1 and
2�m. Carbonaceous-type asteroids show hydroxyl
(–OH) near 2.7�m, the presence of N–H at 3.05�m,
carbonate (C–H) near 3.4�m, and possibly car-
bonate at 3.95�m with absorption near 3.4�m also
noted. In general, the speci¯c mineral detected using
re°ectance spectroscopy depends on electronic and

Fig. 6. (Color online) Re°ectance spectra measured in the laboratory over the UV to shortwave-IR spectral range (� 0:4 to
2.5�m). Each natural material shows a distinctive spectral signature that can be used for its detection and/or identi¯cation.

Sources: Viviano-Beck et al. (2014), MRO CRISM Type Spectra Library, 2015, https://crismtypespectra.rsl.wustl.edu, USGS
Spectral Library Version 7, 2017, https://doi.org/10.3133/ds1035.
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vibrational transitions within the mineral crystals
or molecules. Both ionic (e.g. Fe2þ, Fe3þ, etc.) and
molecular (e.g. H2O, CO3, OH, etc.) species are
found in spectra of asteroids, each producing ab-
sorption features at di®erent wavelengths. For the
case of a mixture of di®erent minerals on an aster-
oid's surface, various advanced spectral analysis
techniques exist, including linear mixing, matched
¯lter combined with partial spectral mixing (e.g.
mixture-tuned matched ¯lter), and machine learn-
ing algorithms. The accuracy of the identi¯cation of
the minerals depends strongly on the quality/accu-
racy of the reference spectral library used in the
analysis. Example spectra relevant to rocky surfaces
are shown in Fig. 6.

Laboratory experiments can also produce ref-
erence spectra that have been modi¯ed by various
space weathering e®ects. This is important in per-
forming a geochemical analysis of asteroids, since
the e®ects of space weathering (e.g. irradiation by
high-energy particles and micrometeoroid bom-
bardment over geologically long periods of time) can
alter the overall slope of the observed spectrum.
Space weathering e®ects are more important for
silicate-type asteroids, which tend to show a dark-
ened and reddened re°ectance spectrum over the
wavelength range 0.2 to 2.7�m (Hapke, 2001). In
laboratory experiments, the e®ects of cosmic rays
and micrometeorites on asteroid surfaces, can be
simulated using nanopulse lasers on various miner-
alogical samples. The lab experiments show that
asteroid spectra can be darkened, reddened, and
their absorption bands dampened by space weath-
ering e®ects (Sasaki et al., 2001; Brunetto et al.,
2006). It is therefore important to include the
results of these laboratory experiments when ana-
lyzing the spectra of asteroids and interstellar
objects. Furthermore, the addition of endmember
spectra in mixtures of spectra can lead to a degen-
eracy (i.e. an ambiguity caused by more than one
mineral having similar spectral pro¯les), and should
be emphasized during the analysis reporting phase.
Advanced techniques such as derivative spectros-
copy can prove useful in accentuating weak or
blended spectral features, thus mitigating to a cer-
tain degree the problem of spectral ambiguities en-
countered in the analysis of asteroid and interstellar
object spectral data.

In the case of interstellar objects, spectroscopy
can provide data that could be used to characterize
the formation processes of \exo-planetesimals"
or planetesimals that formed around other star

systems. The spectral data could also be used to
study the e®ects of long-term exposure of these
objects due to their trajectories through interstellar
medium. For example, the lack of surface ice as
determined by re°ective and infrared spectroscopy
studies of ISOs could imply the possibility of an
insulating or protective mantle produced by the
object's exposure to cosmic rays over its long in-
terstellar journey towards our solar system. For
objects in the outer solar system with possible sur-
face ice (e.g. Centaurs, KBOs, ISOs, etc.), spec-
troscopy beyond 2.5 �m (both MWIR and LWIR)
can be used to detect the presence of phyllosilicates,
organics and di®erent frozen volatiles (e.g. water,
ammonia, methane, etc.), as well as the degree of
hydration.

5.2. Ices

For KBOs in the outer solar system, where tem-
perature is low enough, the dominant ice species
seen in spectra include CO and CO2, with minor
amounts of reduced carbon (mostly CH4, N2,
CH3OH, H2CO, and H2S). Spectral measurements
of the icy surface of Pluto reveal the presence of
methane (CH4), nitrogen (N2), ammonia (NH3),
and water ice (H2O), with minor abundances of
organic materials. Spectra of methane, nitrogen,
and water ice are featured in Fig. 7.

Water, carbon monoxide, carbon dioxide, and
methane ice have characteristic spectral features in
the 1–20�m range. In a 1997 study, Robert H.
Brown and Dale P. Cruikshank collected laboratory
re°ectance spectra ranging from 1 to 5�m of these
ices. CO has strong absorption at 4.67�m, which is
Gaussian band centered, and a weak absorption of
similar shape at 2.35�m. The 2.35�m band is a
result of the ¯rst overtone of the fundamental
transition of CO. For CO2, there are several
combination absorption bands in the 1.9–2.9�m
spectral region, more speci¯cally two sets of
combination absorption bands centered at about
2.0 and 2.7�m. Additionally, strong absorption
is exhibited at 4.3�m. H2O has characteristic
absorption features at 1.5, 2.0 and 4.6�m.

CH4 has four fundamental modes: 3.31 and
7.66�m (infrared active) as well as 3.43�m and
6.55�m. Boogert et al. (1997) report that the in-
frared active fundamental modes (3.32�m and
7.68�m) are due to C–H stretching and deforma-
tion modes, 	3 and 	4. Note that the stretching
mode at 3.32�m can be entangled with the deep
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absorption band of water at 3.07�m, complicating
the ability to detect methane ice via spectra (Boo-
gert et al., 1997). Mencos & Krim (2018) note eight
absorption bands for methane ice. Two are attrib-
uted to v3 and v4 fundamental modes (3.32 and
7.69�m), another two to 3v4 and 2v4 overtone
modes (2.6 and 3.86�m), and four to v2+v3, v3+v4,
v1+v4, and v2+v4 combination modes (2.21, 2.33,
2.38, and 3.55�m, respectively).

Additionally, Lynch (2005) reports four fea-
tures dominating the spectrum of water ice from
2–20 �m. The ¯rst is absorption at 3.16 �m due to
O–H–O symmetric stretch vibration. Features at
6.1�m and 4.6�m are both attributed to the 	2
bending mode and a combination of 	2 and a weak
libration mode, respectively. Another absorption
feature highlighted by Lynch (2005) is at 3�m and
is attributed to OH stretching. There is also a broad
absorption centered at 13�m due to a lattice ab-
sorption. Another laboratory study by Gerakines
et al. (1995) observed infrared band strengths of
water, carbon monoxide, and carbon dioxide ices.
H2O band positions are reported as 3.045�m (O–H
stretch), 6.024�m (O–H bend), and 13.16�m
(libration). Stretching of 12C�O and 13C�O are

responsible for the 4.675�m and 4.780�m bands,
respectively, observed for CO. As for CO2, there are
many band positions resulting from 	3, 	2, and
combinations of 	1 þ 	3, and 2	2 þ 	3. Similarly to
CO, there are two bands from 12C�O and 13C�O
stretch, positioned at 4.268�m and 4.380�m, re-
spectively. Finally, bands at 15.15�m and 15.27 are
attributed to O¼C¼O bending (	2), while the
2.697�m and 2.778�m bands are attributed to 	1 þ
	3 and 2	2 þ 	3 combinations, respectively.

Two other ices of interest include hydrogen and
nitrogen ice — both of which have been suggested
for the composition of `Oumuamua. Hydrogen ice
has no prominent emission lines, and nitrogen ice
has a weak absorption band at 2.15�m, with the
implication that these substances would be chal-
lenging to detect (Seligman & Laughlin, 2020a;
Grundy et al., 2013). By contrast, nitrogen ice, as
well as carbon monoxide and methane ices, are
readily identi¯able in re°ectance spectra of Pluto
and Triton taken by the SpeX spectrograph and
imager aboard NASA's Infrared Telescope Facility
(Grundy et al., 2013, 2010).

Finally, ammonia ice has absorption bands at
2.006 and 2.229�m attributed to v3 þ v4v3 þ v2 and

Fig. 7. (Color online) Re°ectance spectra of methane, water, and nitrogen ices, and a simulated ice mixture of 60% methane,
20% water, and 20% nitrogen at 35K. Spectra range from 1.2 to 2.5�m in the UV to shortwave-IR spectral range. Each ice shows a
distinctive spectral signature that can be used for its detection and/or identi¯cation.

Source: NASA Planetary Spectrum Generator, 2022, https://psg.gsfc.nasa.gov.
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combination modes respectively (Zheng et al.,
2009). If ammonia ice is mixed with water ice, the
wavelength of these absorption bands will shift to-
wards shorter wavelengths; a higher percentage of
water ice results in a larger shift towards shorter the
wavelengths.

5.3. Arti¯cial materials

We may anticipate that the spectra of arti¯cial
materials of extrasolar provenance may exhibit
marked di®erences with respect to both naturally
occurring and human-manufactured materials.
Nevertheless, these latter materials provide the best
analogue available and so we brie°y review their
signi¯cant features. Re°ectance spectra of common
spacecraft materials are visualized in Fig. 8.

Cowardin et al. (2021) created DebriSat, a high-
¯delity, mock-up satellite representative of present-
day, low Earth orbit satellites and is constructed
with modern spacecraft materials of various shapes,
bulk density, and dimensions. It is tested in con-
trolled and instrumented laboratory conditions to
see how the materials on board change with space
conditions. The study showcases spectra measured
from solar cells, circuit boards, and aluminum 6061

(Al 6061). Al 6061 is the most commonly used
aluminum alloy and is typically used in aircraft
components and hardware (e.g. cameras and elec-
trical components and connectors).

Spectra were taken in NASA's Optical Mea-
surement Center with an Analytical Spectral Device
(ASD) ¯eld spectrometer with a range from 350–
2500 nm. In the optical regime (350–700 nm), the
blue anodized Al 6061 sample had a peak in re°ec-
tance near 400 nm. The gold and red Al 6061 had
uneven peaks in re°ectance near 550–600 nm.
Magenta's purple and red components were repre-
sented in the spectra of the magenta Al 6061 sample
with two re°ectance peaks near 380 nm and 600 nm.
The black Al 6061 sample was featureless and had
low re°ectance throughout the entire visible region.
In the infrared (beyond 700 nm), all samples had an
absorption feature at 850 nm. The absorption of the
anodized/unpainted Al 6061 sample was the dee-
pest, likely due to the lack of interference from the
absence of paint. Additionally, there were absorp-
tion features at 1400 and 1900 nm that were likely
the result of water. The last feature of note was the
wide absorption at 2200 nm, indicating the presence
of organic content. This was likely from C–H bonds
or oxygen-hydrogen bonds.

Fig. 8. (Color online) Re°ectance spectra of commonly used spacecraft materials measured in the laboratory over the UV to
shortwave-IR spectral range (� 0:4 to 2.5�m). Each arti¯cial material shows a distinctive spectral signature that can be used for its
detection and/or identi¯cation.

Source: Mark Elowitz.
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While observing arti¯cial materials in con-
trolled environments is instructive (e.g. DebriSat),
studies of materials exposed to uncontrolled, natu-
ral space environments can tell us how these mate-
rials respond to the space environment. Abercromby
et al. (2009) captured spectra at the NASA Infrared
Telescope Facility of objects in GEO (geostationary
orbit) or near-GEO which is 36,000 km above the
surface. Their results included a comparison of
spectra of a spacecraft, a rocket body, and debris
(see Fig. 9 in Abercromby et al. (2009)). The
spacecraft is a Hughes 376 bus type — a cylindrical
satellite with a de-spun dish, covered with solar cells
around the body. The rocket body (R/B) under
observation was the Inertial Upper Stage (IUS) with
outer surfaces covered in white paint, multi-layer
insulation, and carbon–carbon epoxy. The debris
was from the Titan 3C Transtage breakup.

The spectra of the R/B and Titan debris in-
crease in slope through 1.5�m. The spacecraft
spectrum has a notable band gap near 1�m. Addi-
tionally, C–H absorption features at about 2.3�m
are present for both the spacecraft and R/B. For the
spacecraft, this is thought to be from the C–H bonds

in the solar cell material; on the other hand, for the
R/B, the absorption is likely due to re°ective paint.
The centers of the 2.3�m absorption are slightly
shifted from one another. This shift is also seen in
the spectra of laboratory samples of white paint and
solar cells, and is therefore not an e®ect of the space
environment. By looking at the slopes and absorption
features of these three spectra, the study concluded
that each class of object (spacecraft, R/B, debris) has
a distinctive, readily distinguishable spectrum.

As in natural materials, multiple arti¯cial
materials may be present and disentangling their
spectral signatures can be a challenge, partly be-
cause some features overlap. Carbon monoxide's
absorption feature at 2.35�m is close to methane's
in this part of the spectrum. The spacecraft and R/B
in the study by Abercromby et al. (2009) both had
absorption features around 2.3�m as well.

5.4. Albedo

Another possible discriminator between a natural
object, such as an asteroid or comet, and an arti¯-
cial object of extraterrestrial origin is its Bond al-
bedo — the fraction of the total incident solar
radiation re°ected by an object back to space. As
shown in Fig. 9, the average albedo of Solar System
asteroids is 0:13� 0:11, while that of 19 Solar Sys-
tem comets is 0:05� 0:03 (JPL Small-Body Data-
base, 2022). By contrast, the albedo of metallic
surfaces, as might apply to spacecraft, typically
range between 0.30 and 0.98 (e.g. Mongelli (2019)).

For an ISO of undetermined size, which is likely
the case when an object is ¯rst detected, the albedo
can be derived with knowledge of its equilibrium
temperature and distance from the Sun. The ISO
temperature can be determined from its spectrum—
speci¯cally, the wavelength at which its continuum
emission peaks, as shown in Fig. 10 — while its
distance from the Sun must be inferred from a tra-
jectory determination.

Assuming the ISO to be a spherical blackbody
of uniform surface temperature, the Bond albedo, a,
is given by

a ¼ 4� 0:25� TISO

T�

ffiffiffiffiffiffiffi
d

R�

s !4" #

¼ 4� 0:25� 4:09� 10�11ðTISO

ffiffiffiffiffiffiffiffi
dAU

p
Þ4

h i
; ð9Þ

where TISO is the spectrum-determined ISO tem-
perature in Kelvins, T� is the Sun's e®ective

Fig. 9. (Color online) Top: Albedo of 138,568 Solar System
asteroids versus their orbital semi-major axis. Bottom: Histo-
gram of asteroid albedos.

Source: JPL Small-Body Database, 2022, https://ssd.jpl.nasa.
gov/tools/sbdb query.html.
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blackbody temperature of 5780K, d is the ISO dis-
tance from the Sun in cm, dAU is the ISO distance
from the Sun in AU, and R� is the Sun's radius of
7� 1010 cm.

To account for departures from sphericity and a
uniform surface temperature, it will be important to
obtain spectra over multiple days. The periodicity
and range of albedo variations thus derived can
provide important information about the object's
rotation and surface composition while helping to
di®erentiate between natural and arti¯cial objects.

5.5. Polarimetry

The identi¯cation of the speci¯c type of object (e.g.
natural solar system object, arti¯cial space probe)
can be augmented when polarimetry measurements
are used in synergy with spectral data. Polarimetric
observations using an instrument capable of re-
cording the intensity of light at several di®erent
orientations (from which the Stokes parameters can
be estimated) can provide information about the
surface properties (e.g. roughness, orientation) of an
unknown object. For example, smooth/shinny me-
tallic alloys tend to produce a single surface scatter
leading to a linear polarization of the return signal to
the observing sensor in contrast to regolith, which
tends to produce a more complex volumetric scatter-
ing that does not produce strong polarization. The
degree of polarization can be quanti¯ed using the
derived Stokes parameters from the recorded intensity
data by computing the degree of linear polarization. If
the polarization data indicates a metallic surface,
spectroscopy can be used to potentially identify the
speci¯c metal or metal alloy (e.g. the 0.84 micron
absorption band indicative of aluminum).

5.6. Impact features

Impact cratering contributes to surface roughness,
even on metallic surfaces exposed to space for long
periods, which may limit the utility of polarimetric
observations as a discriminating observation. The
size distribution of impact features will vary dra-
matically depending on the provenance of ISOs in
extrasolar systems. Collision rates in peripheral
Oort clouds are relatively low, as evidenced by the
New Horizons close encounter with the KBO 486958
Arrokoth (Stern et al., 2019). Even inner solar sys-
tem objects may not preserve small-scale roughness
from impacts on account of impact-induced seismic
shaking, which tends to eliminate these features
(Richardson et al., 2004). A solar sail ISO made of a
thin sheet may be densely perforated by impacts
and for this reason exhibit nonzero bulk transmis-
sivity. A camera prepositioned to capture the object
following closest approach during a spacecraft ren-
dezvous may permit occulation observations of
background stars and determine whether starlight is
transmitted through the object.

5.7. Imaging spectrometry

A future space mission designed to investigate the
nature of interstellar objects (natural and/or arti-
¯cial) should carry a visible/near-IR imaging spec-
trometer, a MWIR/LWIR imaging spectrometer,
and an imaging polarimeter. The spectrometer(s)
and polarimeter will be pointed in the direction of
motion in order to collect a long-duration mea-
surement, although we note that spectral imaging
could present a challenge (for narrow-¯eld obser-
vations in the °ux-limited regime). If the main ob-
jective of the mission is to discriminate a possible
arti¯cial interstellar probe from a natural asteroid
or cometary object, then a VNIR/SWIR imaging
spectrometer sensitive to the wavelength range of
0.4 to 2.5�m may be su±cient, based on reference
spectra of various arti¯cial and natural minerals.
Advanced spectral mapping techniques, such as
principal components analysis, minimum noise
fraction transforms, matched ¯lter based methods,
linear mixing, and spectral feature ¯tting could be
used to produce a geochemical survey map of the
object. A seldom used, but extremely powerful
technique known as derivative spectroscopy would
accentuate any subtle, weak, or blended spectral
features present in each pixel of the spectral cube
data. False-color maps of the icy satellite surfaces
based on derivative spectral data would tend to

Fig. 10. (Color online) The relation between an object's
blackbody temperature and the wavelength at which its emission
peaks (i.e. Wien's Law).
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enhance di®erent minerals and/or arti¯cial materials
present in the surface layers of the object. These
proven methods have been extensively applied in the
terrestrial remote sensing community (Kale et al.,
2017). The data from the spectral and polarimetric
instruments, when used in synergy, would provide
the capability to assess if the material properties of
the interstellar object di®er markedly from natural
solar system objects and/or human-made arti¯cial
materials.

6. Mission Storage and Surveyor
Telescope Locations

The optimum telescope and survey strategy to se-
lect the very best ISO target for a one-shot inter-
stellar object interceptor mission to visit requires an
optimal storage location to be de¯ned. L2 would be
a reasonable place to discover and store the inter-
stellar object interceptor mission since it is the site
for major telescopes (JWST, now operating splen-
didly and the Roman Wide-Field telescope to be
placed there by 2028). L2 is a stable point in space
de¯ned by the Earth–Sun system that allows nearly
full sky viewing (excluding < 40	 from Sun) and
which has fully developed data download and mis-
sion commanding from the NASA Deep Space
Network. L2 is also the preferred location for a
Probe-class NASA mission to locate a 1.5m tele-
scope for the Time-domain Spectroscopic Observa-
tory (TSO) for imaging and spectroscopy over the
broad band 0.3–5�m. TSO would be the ¯rst space
telescope with rapid response to study very high
redshift gamma-ray bursts (GRBs) back to the very
¯rst generation of massive stars (PopIII) at redshifts
z ¼ 10–25.

TSO (L2) is relevant to the interstellar object
interceptor mission because a key mission require-
ment is to provide the most complete and compel-
ling set of measurements prior to launch. The best
astrometry and photometry for orbit determination
and measurements of non-gravitational acceleration
requires two telescopes: TSO at L2 and the now-
planned Near Earth Object (NEO)-Surveyor (for-
merly called NEOCam), at L1 are required to dis-
cover the \best" ISO for the interstellar object
interceptor mission to explore. The ¯rst advantage
is L2 and L1, combined, provide essentially full sky
coverage with minimal seasonal (Sun) loss of cov-
erage. The second advantage is the L1 versus
L2 baseline provides the best astrometry for
orbit determination and best parallax and distance

measures. Only ISOs arriving on a trajectory that is
roughly aligned with the L1–L2 axis will be missed,
if only temporarily.

Unlike JWST, which takes 2–5 days to plan and
then point to di®erent targets, TSO would enable
rapid (3–10min) slews for rapid near-UV to mid-IR
imaging and spectra of transients, particularly
Gamma-ray Bursts (GRBs), but also all classes of
transients, from °aring M-dwarfs to blazars to
tumbling or rotating ISOs. TSO would have very
deep imaging sensitivity: AB magnitude 25 in a
5min exposure due to its very cold (100K) mirror,
passively cooled by Sun-shields and radiating into
black space. No ground-based telescope (including
ELTs) can deliver comparable performance. TSO at
L2, together with the NEO Surveyor at L1, will be
used to search for dangerous NEO's (including any
ISOs) coming from the Sunward direction. This
would allow optimum parallax and orbit determi-
nation for any/all ISOs and then maximal light
curve coverage simultaneously in several bands and
using moderate resolution spectroscopy. TSO's
capabilites are described in Grindlay et al. (2019),
Tanvir et al. (2019), Metzger et al. (2019), and Shen
et al. (2019).

Although hardware at L2 must expend fuel to
avoid drifting away from this unstable position, a
spacecraft can sit at GEO without expending much,
if any, fuel. Since intercepting an ISO may require
signi¯cant amounts of propulsion, preserving fuel
before committing to an intercept could be critical.
The trade to be considered is the fuel required to
climb out of the earth's gravity well from GEO (or,
maybe even lunar orbit) versus the fuel required to
station keep at L2 for a year (or more). The L2 site
is preferred (despite station-keeping costs) since it
has signi¯cantly larger sky coverage than GEO
(with Earth, Moon and Sun restrictions) and
provides longer-term storage possibilities.

7. Conclusions

We have explored physical considerations involved
in planning an intercept mission to an `Oumuamua-
like object. We found that a close encounter with an
ISO at a distance of . 103 km would allow for high-
resolution measurements, but that requiring the
impact parameter to be & 102 km would ensure
su±cient time for taking observations. We pre-
dicted that LSST will discover � 15 `Oumuamua-
like objects over its 10-year lifespan, with a 95%
Poisson con¯dence interval spanning the range
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0.38–84. We calculated that a mission with a budget
of �vUL � 30 km s�1 would have an � 85% chance
of suitable `Oumuamua-like object in 10-years, but
a & 90% chance of ¯nding an ISO a third smaller in
size, although such a small object would require
launch to follow almost immediately after detection.
We then identi¯ed surface properties and spectral
features of rocky materials, ices, and arti¯cial
(manmade) materials, as well as expectations for
albedo and polarimetry measurements, that can be
used to discriminate between categories of inter-
stellar objects. Finally, we discussed imaging spec-
trometry capabilities and storage locations for an
interstellar object mission.
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