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The recent discovery of the first interstellar object 1I/'Oumuamua passing through the solar
system  has  provoked  intense,  sustained  interest  by  the  scientific  community.  ‘Oumuamua
illustrates the opportunity to study objects from other planetary systems, allowing us to assess
similarities and differences in the chemistry and physical processes driving planetary growth in
other  planetary  systems.  The  study  of  interstellar  objects  incorporates  a  broad  range  of
scientific disciplines including Galactic, stellar, and planetary dynamics, planetesimal formation,
tidal disruption, shape modeling, and the nature and evolution of cometary nuclei (including
spin evolution). Finding and characterizing interstellar objects will be made possible by LSST. 
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Interstellar Objects: Discovery, Characterization, and Origin of 'Oumuamua
On 2017 October 19, the Panoramic Survey Telescope And Rapid Response System (Pan-

STARRS1)  discovered  a  rapidly  moving  object  (Williams  2017;  Meech  et  al.  2017,  Error:
Reference source not found).  By October 22, its orbital eccentricity had been determined to be
1.188, establishing it as the first interstellar object (ISO).  Designated 1I/2017 U1 ('Oumuamua),
the object had passed perihelion inside the orbit of Mercury at 0.255 au on September 9 and
made its closest approach to Earth (0.162 au distant) on October 14, prior to its discovery.  The
average  brightness  suggested  an  object  with  an  average  radius  of  102±4m,  assuming  a  4%
albedo.

With a velocity with respect to the
Sun  between  40-90  km  s1 in  the
inner  solar  system,  only  a  short
interval was available for characteri-
zation  as  'Oumuamua  receded  from
the Earth and Sun. Within a week of
discovery, its brightness dropped by
a factor of 10, and a factor of 100 in
less than a month.

A possible origin for 'Oumuamua
is  that  it  is  a  comet  ejected  from
another  planetary  system (Raymond
et al. 2018), but deep images showed
no cometary activity,  with an upper
limit  of  1  kg  on  the  amount  of
micron-sized  dust  within  750  km
(Meech et al. 2017). The light curve
showed  an  instantaneous  rotation
period  of  7.34 hr  with  a  brightness
range of 2.5 magnitudes (Figure 2), implying an extremely elongated axis ratio greater than 7:1,
for a non-zero rotation axis obliquity.  Assuming an albedo typical of comets (4%), a 10:1 axis
ratio gives dimensions of 800 m   80 m   80 m.  However, as more data were obtained, it
became evident that 'Oumuamua is in an excited spin state (Fraser et al. 2018; Belton et al. 2018;
Drahus et al. 2018), with the long axis precessing around the total angular momentum vector
with an average period of 8.67 ± 0.34 hr. The timescale for damping an excited spin in a body
this  size  is  long,  so the spin  state  may reflect  the potentially  violent  process  of  ejection  of
'Oumuamua from its host planetary system.  Spitzer  observations suggested that the data were
consistent with a higher albedo, and thus smaller size (Trilling et. Al 2018).

'Oumuamua's  surface  reflectivity  is  red,  consistent  with  comet  surfaces,  the  dark  side  of
Iapetus,  and other minerals  (e.g.,  Meech et  al 2017; Jewitt  et al 2017; Bannister et al  2017;
Fitzsimmons et al 2018). Various groups have reported different spectral reflectivities between
10%–30% per 100 nm, possibly reflecting color differences over the surface.  

Hubble Space Telescope and ground-based data were combined for a detailed study of the
orbit.  An analysis of all astrometric data showed that the orbit could not be fitted by a gravity-
only  trajectory  but  could  be  fitted  (at  the  30 level)  with  the  addition  of  a  radial  non-
gravitational acceleration (Micheli et al 2018).  The most physically plausible explanation for the
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Figure 1. PanSTARRS1 discovery image of 'Oumuamua, (left) the first
recognized interstellar object in the solar system, and the follow up image
from the Canada-France-Hawaii  telescope on October 22 that showed
there was no cometary activity.  The discovery of additional interstellar
objects  has  the  potential  to  provide  new  insights  into  the  formation
processes of planetary systems by providing direct access to extrasolar
planetary systems.  Notably, many current and near-term surveys could
provide a significant increase in the yield of interstellar objects merely by
modest  changes  to  survey  strategies  and  new processing  algorithms
(from Meech et al. 2017).
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non-gravitational  motion  is  cometary  outgassing.   No  water  was  detected  coming  from the
nucleus (Park et al. 2018) but the upper limits were not very strong. Ye et al. (2017) published an
upper limit for CN production based on spectroscopy, and this limit suggested that we should
have detected water if ‘Oumuamua had a CN/OH ratio typical of comets in our solar system.
However the depletion in CN at this level has been seen in a comet before.   Micheli et al. (2018)
was able to model the non-gravitational acceleration with water sublimation consistent with the
observational limits, but this required an additional more volatile component (possibly CO or
CO2). Spitzer observations produced very sensitive upper limits to the possible outgassing from
CO or CO2 (Trilling et al. 2018).  There could, however, been other more volatile gases present
that the Spitzer observations would not have detected.
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Figure 2. The light curve of 'Oumuamua shows 2.5 magnitudes of variation, suggesting a highly elongated object (as much as
10:1).  This extreme aspect ratio may indicate that 'Oumuamua was a fragment of a disrupted planetesimal or planet, rather than
simply an ejected planetesimal.  Further discoveries have the potential to illuminate the balance between simple planetesimal
ejections resulting from dynamic interactions between planets and more violent  processes during planetary formation (from
Meech et al. 2017).

Scientific Opportunity: Interstellar Objects as Samples of Exoplanetary Systems
After the discovery of ‘Oumuamua a large number of models were proposed to explain its

origins (Cuk 2018; Jackson et al 2018; Raymond et al 2018a, 2018b; Portegies Zwart et al 2018;
Rafikov 2018; Moro-Martin 2018, 2019a; 2019b; Hands et al 2019).  Most models assume that
‘Oumuamua  represents  a  planetesimal  or  a  planetesimal  fragment  that  was  formed  in  a
protoplanetary disk around another star and subsequently ejected into interstellar space. While
there is no consensus as to ‘Oumuamua’s origins, a number of processes are likely to be at play,
and  improving  our  understanding  of  ISOs  will  require  a  concerted  study  of  the  relative
importance of and interplay between them. These include mechanisms of dynamical ejection as
well as physical processes that may modify objects themselves. 

Mechanisms of Dynamical Ejection
- Ejection by planets. A straightforward interpretation is that ‘Oumuamua’s represents a

planetesimal  that  was ejected  from its  home system by gas  giant  or  ice  giant  planets
(Raymond et al  2018a, 2018b). Planetesimals  can be gravitationally  ejected by planets
(Tremaine 1993), and a large number of planetesimals are ejected during planet formation
(Charnoz & Morbidelli  2003;  Raymond & Izidoro  2017).  Giant  planets  are  especially
efficient  at  ejecting  planetesimals,  especially  when  they  undergo  long-range  orbital
migration or dynamical instabilities (Raymond et al 2010).  Thus, the production of ISOs
may in principle be constrained by the demographics of exoplanets.

- Ejection in binary star systems.  Binary stellar companions are capable of imparting very
strong  gravitational  kicks  and  can  likewise  eject  planetesimals.   Jackson  et  al  (2018)
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proposed that many ISOs are produced in close binary systems in which planetesimals
form in a disk exterior to a tight binary pair.  In contrast, Cuk (2018) proposed that ISOs
originate in wide binary systems.

- Stripping of planetesimals from stellar encounters. During the embedded cluster phase
stars  undergo  close  enough  encounters  to  strip  planetesimals  from their  outer  regions
(Pfalzner et al 2015; Hands et al 2019). 

- Planetesimal loss during stellar evolution. Stellar evolution-driven mass loss liberates the
outer parts of planetary systems (Veras et al 2011; Veras 2016).  Different 

Physical Processes.
- Tidal disruption.  Some models propose that ‘Oumuamua is not pristine but a fragment of

a larger object that was torn apart. Raymond et al (2018a, 2018b) showed that a small
fraction of planetesimals should be disrupted by close encounters with giant planets prior
to their ejection; while fragments carry little mass they might dominate by number.  In
contrast, Cuk (2018) suggested the ‘Oumuamua may be a fragment of a planet that was
disrupted by a close encounter with a low-mass star prior to its ejection.  

- Cometary ‘extinction’. A puzzling feature is ‘Oumuamua’s combination of photometric
colors characteristic of volatile-rich objects but its lack of, or very low-level, outgassing.
One possible explanation is that before its ejection ‘Oumuamua’s surface volatiles were
depleted by repeated passages close to its star (Raymond et al 2018b; calibrated to Solar
System comet-focused study by Nesvorny et al 2017).

- Fluidization  and extreme heating during red giant  phase.  Katz  (2018) invoked this
mechanism to explain ‘Oumuamua’s shape.  

- Collisional growth of fractal ice aggregates. Moro-Martin (2019b) invoked this idea to
explain non-gravitational acceleration (via very low density object).

- Erosion/abrasion  from  dust  collisions  in  interstellar  space. Domokos  et  al  (2018)
invoked this to explain shape.

- Excitation/de-excitation of planetesimal spin. Connecting tumbling (Fraser et al,  2018
Drahus et al 2018) with outgassing (Rafikov 2018).

Using  ISOs  to  Constrain  (Exo-)Planet  Formation. In  principle  ‘Oumuamua  offers  a
constraint on the exo-planetesimal formation process.  However, the number density of ISOs
inferred from ‘Oumuamua’s detection (~0.1 au-3; Do et al 2018) is not consistent with a smooth
power-law distribution expected from planetesimal formation (Raymond et al 2018a; Rafikov
2018; Moro-Martin 2018). Rather, our ignorance of the size-frequency distribution (SFD) makes
it impossible to infer the mass density of ISOs to constrain formation models. Tens of ISOs are
needed to obtain a reasonable SFD. The expected detection rate of ISOs with LSST (estimated at
roughly one new object per year by Trilling et al 2017 and Seligman & Laughlin 2018) implies
that we should have an approximate SFD of ISOs by the end of the next decade.  This would
mark a great leap forward in our understanding of planetesimal formation around other stars
(modulo the other processes described above).
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Key Advances: Required Observations and Theory
With  only  a  single  object  known  studied  for  a  very  short  observation  window,  our

understanding  of  interstellar  objects  and  what  they  imply  about  the  processes  of  planetary
formation  processes  necessarily  hinges  upon the  discovery  of  additional  objects  in  the  solar
system.  We envision a decade in which there are potentially many additional discoveries that
would then be used to refine models for the processes that occur during planetary formation and
provide new constraints on the chemistry of extrasolar systems. Additional detections would also
provide constraints on the size-frequency distribution and preferred origin of these bodies that
would help pave the way for future spacecraft exploration.

Required Observations: Discovery
An  essential  conclusion  of  the  discovery  of  'Oumuamua  is  that  future  discoveries  of

interstellar  objects  are  quite  plausible,  even  with  existing  telescopes.   Rates  predicted  for
discovery with current and future facilities, notably the LSST, can exceed 1 yr 1 (e.g., Meech et
al. 2017).  A key limitation in finding additional interstellar objects is their non-sidereal motions.
Many surveys capable of finding objects  as faint as mag 22 exist  today, with LSST coming
online we will need to be in a position for a rapid and extensive follow up of new discoveries. 

Required Observations: Followup
  Because of the likely short  observation window for each ISO, it  is important  to have a

coordinated plan in place to maximize the follow up resources.  Ideally, we want to acquire
information about the size, shape, strength (through its rotation period), surface composition, and
chemistry of any emitted gas species. If ‘Oumuamua’s size is representative of most ejected
planetesimals, then these measurements will require the use of the HST, Spitzer/JWST, and large
ground-based facilities, including the next generation of extremely large telescopes.  

Required Theory
To date, there have been a remarkable number of papers written on 1I/‘Oumuamua – over 65

at last count (nearly 40 of which have been published).  It is clear from the rich stimulation of
ideas that there are areas of theory that also need development, including:

- Planetesimal formation modeling: get a better idea of “before” population
- Orbital dynamics simulations: ejection from different types of planetary systems and link

estimates of their space density with exoplanet demographics
- Stellar dynamics: stripping planetesimals from young systems 
- Galactic  dynamics:  evolution of  the velocity  distribution  of ejected  planetesimals  with

constraints on their home systems and evolution
- Tidal disruption: how common? Consequences for shape?
- Shape modeling and light curve inversion
- Spin evolution of small bodies (in particular under the influence of low-level outgassing):

disruption from non-gravitational acceleration?

The discovery an follow up of 1I/‘Oumuamua has stimulated a remarkable burst of science, and 
for the next decadal survey we need to be ready to take advantage of what can be learned from 
the next one – even to the extent of looking at possible missions.
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