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1I/‘Oumuamua was discovered on 19 October 2017 in the wPS1-
band observations of the Panoramic Survey Telescope and Rapid 
Response System 1 (Pan-STARRS1) near-Earth object survey1. 

‘Oumuamua was discovered three days after its closest approach 
to Earth at 0.16 au, well after it had passed closest to the Sun on  
9 September 2017 at a perihelion distance of 0.25 au. By 22 October, 
there was sufficient astrometry to securely identify that the orbit 
was hyperbolic1. Because of its rapid motion, there was only a short 
interval during which observations were possible. Within a week, 
the brightness had dropped by a factor of 10 and within a month by 
a factor of 100.

The average brightness measured in visible wavelengths during the 
week after its discovery gave an absolute magnitude of 22.4 (refs. 1,2),  
providing the first indication that ‘Oumuamua has a radius in the 
100 m range. Spitzer Space Telescope observations in the infra-
red on 21–22 November did not detect ‘Oumuamua3. Their upper 
limits on the flux imply an effective radius between 49 and 220 m, 
depending on the assumed surface properties. For surface scattering 
parameters (called beaming parameters) that are typical of comets, 
this implies an effective radius of 70 m and a geometric albedo of 
0.1. Relatively few minor bodies this small have been as well char-
acterized physically, which hampers aspects of direct comparison of 
‘Oumuamua with similar objects from the Solar System.

Several teams obtained photometric and spectral data in the 
optical to near-infrared to characterize ‘Oumuamua’s surface com-
position. ‘Oumuamua is red, similar to many Solar System small 
bodies, for example, comets, D-type asteroids, some Jupiter Trojans 
and the more neutral trans-Neptunian objects1,2,4–7. Published mea-
surements give a red slope at optical wavelengths of approximately 
10–20% per 100 nm. While the colour is consistent with organic-
rich surfaces, it is also consistent with iron-rich minerals and with 
space weathered surfaces8. Thus, colour alone is not diagnostic of 
composition. Comparing the published spectroscopic and photo-
metric data implies that some spectral variability with rotational 
phase is plausible within the data’s uncertainties, but not certain6,9. 
As albedo and spectral variability do not necessarily correlate, this 
does not imply any albedo variation, although it cannot be ruled out.

‘Oumuamua exhibited short-term brightness variation of over 
a factor of ten (>2.5 magnitudes)1,2,5,7,10. The brightness range was 
unusually large. Of the minor planets in our Solar System with well-
quantified light curves, there are only a handful of asteroids with 
brightness variations of this scale (ref. 11, last updated 31 January 
2019). In most cases, these particularly high-amplitude light curves 

are based on observations of sub-100 m near-Earth asteroids at high 
phase angles or on fragmentary light curves of slow-rotating objects.

While brightness variations can be due to variations in the view-
ing geometry of a particular shape or due to patchy albedo across a 
surface, minor planets’ light curves are usually assumed to be shape 
dominated, as their surfaces are thought to be covered by a small 
regolith that is evenly distributed across the surface12. ‘Oumuamua’s 
light-curve shape, with narrow ‘V-shaped’ minima and broad 
maxima, is indicative that its large brightness variations are caused 
by its shape, rather than variations in its albedo13. Both phase 
angle and rotation state need to be considered in understanding 
‘Oumuamua’s shape. Only a limited range of phase angles (19–27°) 
could be observed in the short timespan during which observations 
useful for defining ‘Oumuamua’s rotation were made. Accounting  
for the known effect of the enhancement of amplitude with  
increasing phase angle14, the true ratio of longest axis to shortest 
axis was inferred to be ≥6:1 (ref. 15). Owing to the unknown orien-
tation of ‘Oumuamua’s rotation pole, this axial ratio represents only 
a lower limit.

‘Oumuamua’s brightness varied on a timescale of about 4 h 
(implying a rotation period of approximately 8 h for a double-
peaked light curve), but the various teams did not converge on a 
consistent rotation period while it was visible. Analysis of the full 
photometric dataset showed that ‘Oumuamua was in a state of 
excited rotation9,16,17. The most comprehensive model published 
to date17 concluded that ‘Oumuamua is rotating around its short-
est axis with a period of 8.67±0.34 h and has a likely period of 
rotation around the long axis of 54.48 h. How we interpret the 
shape of ‘Oumuamua depends on its specific state of rotation, 
including its rotation pole. ‘Oumuamua can either have a nar-
row elongated-ellipsoid shape or a shape more reminiscent of a  
flattened oval.

Sensitive searches for activity (Fig. 1) showed no evidence for 
micrometre-sized dust near ‘Oumuamua1,2,4,18. However, the obser-
vations were not sensitive to the detection of millimetre-sized and 
larger dust, so we have no constraints for the presence of large 
grains. There was also no detection of any gas, including searches 
for CN, H2O, CO and CO2 (refs. 3,4,6,19), although the level to which 
each gas can be ruled out varies significantly. We summarize these 
and other measured properties of ‘Oumuamua in Table 1.

A detailed investigation of the astrometric position measure-
ments from the first observations in mid-October 2017 to the last 
observations obtained by the Hubble Space Telescope on 2 January 
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2018 showed that a gravity-only orbit provided an inadequate fit 
to the data. Instead, the data were well fit with the addition of a 
radial acceleration varying as 1/r2, where r is the heliocentric dis-
tance18. This type of acceleration is frequently used in orbital studies 
of comets, and usually interpreted as being due to an activity-driven 
cometary acceleration consistent with the decreasing energy with 
distance from the Sun.

a critical review of current theories
The detection of interstellar objects was anticipated for decades20 
due to our understanding of how planetary systems form and evolve, 
but ‘Oumuamua managed to surprise us nonetheless. Most notably, 
it was generally assumed that the first interstellar object would be 
an obviously active comet because they are much brighter than an 
asteroidal object for a given nucleus size. The assumption seemed 

Table 1 | a summary of measured properties of ‘Oumuamua

Quantity Value references

Dynamical properties

 Perihelion distance q (au) 0.255912 ± 0.000007 a

 Eccentricity e 1.20113 ± 0.000002 a

 Incoming radiant α, δ (°) 279.4752, 33.8595 b

 Earth close approach Δ (au) 0.16175 ± 0.000001 a

 Incoming velocity v∞ (km s−1) 26.4204 ± 0.0019 b

 Non-gravitational acceleration A1r−2 (m s−2) (4.92 ± 0.16)×10−6 18

Physical properties

 Absolute magnitude Hv 22.4 ± 0.04 1

 Albedo pv >[0.2,0.1,0.01] 3

 Effective diameter DN (m) <[98,140,440] 3

 Rotation state Complex, long-axis mode 9,16,17

 Rotation period P (h) 8.67 ± 0.34 h (long-axis precess) 17

 Axis ratio a:b >6:1 15

 Shape Cigar or oblate spheroid 17

 Spectral slope Sv (% per 100 nm) 23 ± 3, 10 ± 6, 9.3–17 1,4,6

 Surface spectral type D-type 1,6

 H2O production Q(H2O) (molecules s−1) 4.9×1025 @ 1.4 au (model) 18

 OH production Q(OH) (molecules s−1) <1.7×1027 @ 1.8 au (observation) 19

 Hyper volatile (CO?) Q(X) (molecules s−1) 4.5×1025 @ 1.4 au (model) 18

 CO2 production Q(CO2) (molecules s−1) <9×1022 @ 2.0 au (observation) 3

 CO production Q(CO) (molecules s−1) <9×1023 @ 2.0 au (observation) c

 CN production Q(CN) (molecules s−1) <2×1022 @ 1.4 au (observation) 4

 C2 production Q(C2) (molecules s−1) <4×1022 @ 1.4 au (observation) 4

 C3 production Q(C3) (molecules s−1) <2×1021 @ 1.4 au (observation) 4

 Dust production Q(dust) (kg s−1) <1.7×10−3 @ 1.4 au (observation) 1

<10 @ ~103 au (observation) 3

aJPL Horizons orbital solution no. 16. bRef. 86 using the pure 1/r2 radial acceleration solution from ref. 18. cM. Mommert (personal communication) revising the calculation in ref. 3.

a b c d

6,300 km 2,500 km 10,600 km 2,210 km

Fig. 1 | montage of images of ‘Oumuamua showing its point-like unresolved appearance with no hint of detectable activity. a, A 0.4 h integration through 
an R-band filter with the Nordic Optical Telescope on 26 October 2017 (ref. 2). b, ‘True colour’ image simulated from grizY-band images obtained on  
27 October 2017 for a total integration of 1.6 h with the Gemini South telescope1. c, A deep 3.6 h r-band composite image obtained on 27–28 October 2017 
with the Gemini North telescope16. d, A F350LP image from the Hubble Space Telescope18. Panels adapted from: a, ref. 2, IOP; c, ref. 16, Springer Nature Ltd. 
Panel b courtesy of Gemini Observatory/AURA/NSF. Image in d created from data in ref. 18.
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natural because of the expected similarity between interstellar inter-
lopers and objects from the Solar System’s Oort cloud that have been 
stored in the deep freeze of deep space for billions of years. As it 
was thought that most objects from the Oort cloud appear as long-
period comets, the interstellar objects were expected to have the 
same morphology. Thus, with limited exceptions21, most specula-
tion on the properties and discovery of interstellar objects involved 
strongly active comets. The belief that most Oort cloud objects 
become active comets when they enter the inner Solar System drove 
most of the limits on the spatial density of interstellar objects. We 
now know that there are many inactive or weakly active Oort cloud 
objects22 and if we assume that interstellar objects share the same 
characteristics then their spatial density would be higher than origi-
nally expected. The second surprising aspect of ‘Oumuamua is that 
it was discovered much faster than expected — early predictions 
were that Pan-STARRS1 was unlikely to detect an interstellar object 
in 10 yr of operation23. Finally, ‘Oumuamua is much smaller than 
would have been imagined as the expectation was that it would 
be similar to a long-period comet, a kilometre-scale active object. 
Detecting and characterizing objects of ‘Oumuamua’s size within 
our own Solar System is limited to near-Earth objects, so that even if 
its size had been anticipated there are limited examples from which 
to form our expectations. Furthermore, even if its small size had 
been predicted, with a corresponding likelihood of being irregularly 

shaped, no one would have imagined it to be so unusually elon-
gated. Despite all these surprises ‘Oumuamua’s properties can be 
readily and naturally explained.

‘Oumuamua originated in a planetary system. A number of pro-
cesses have been invoked to explain ‘Oumuamua’s origins and pecu-
liarities since its discovery (Fig. 2). These models generally expect 
‘Oumuamua or its parent body to have been born as a planetary 
building block — a planetesimal — in a gas-dominated protoplan-
etary disk around a young star. Planetary disks containing plane-
tesimals are common around very young stars (<3 Myr; refs. 24,25). 
Roughly 20% of slightly older Sun-like stars are observed to still 
have mid-infrared excess emission26, interpreted as the dust gener-
ated by colliding outer planetesimals (‘debris disks’27). This implies 
that a large fraction of stars are indeed born with large reservoirs of 
planetesimals capable of being dynamically ejected.

A straightforward explanation for ‘Oumuamua is that it is a 
planetesimal (or a planetesimal fragment) ejected from its home 
system28,29. During planetary system formation, a significant por-
tion of a system’s planetesimals are ejected into interstellar space30. 
Gravitational interactions with the stars of the surrounding cluster 
or with the giant planets of the planetary system itself are major 
mechanisms of ejection31. Simulations show that planetesimals 
are most efficiently ejected in systems in which the giant planets  

Giant planet ejection

Interstellar ablation

  

Fluidization to Jacobi ellipsoid 
during red giant phase

Tidal disruption by
giant planets

Tidal disruption by white
dwarf star, or binary system

Stripped from star
during cluster phase

Fig. 2 | montage of potential formation scenarios of ‘Oumuamua as a natural planetesimal. Top left, NASA and The Hubble Heritage Team (STScI/
AURA)/C. R. O’Dell (Vanderbilt University); top middle foreground, NASA/ESA/A. Feild (STScI); top middle background, JAXA; top right, Susanne 
Pfalzner; bottom left, ESO/L. Calçada; bottom middle, NASA/JPL/D. Seal; bottom right, CfA/Mark A. Garlick.
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themselves become unstable32. In close binary systems (with a 
planet-forming disk exterior to two stars), planetesimals that enter 
within a critical distance to the binary are destabilized33 and quickly 
ejected as interstellar objects34. Close stellar flybys, which are com-
mon during the approximately 3–5-Myr-long embedded cluster 
phase35, can strip planetesimals from the outer parts of planetary 
systems36. As their host stars evolve off the main sequence and lose 
mass, planetesimals will eventually also be liberated from their 
home systems37.

The expected number density of interstellar objects in space. 
Combining the observed absolute magnitude of ‘Oumuamua with 
current sky-survey detection limits, the number density of objects 
in interstellar space of the same size as ‘Oumuamua or larger is 
about 0.1 au−3 (refs. 1,38,39). This estimate applies to objects with little 
to no activity (like ‘Oumuamua) and implies that interstellar objects 
are continuously passing through the Solar System below our cur-
rent detection threshold.

It has been asserted that this number density of interstellar 
objects is two to eight orders of magnitude higher than would be 
expected from planet formation scenarios40. However, transforming 
a number density of interstellar objects to a mass density requires 
knowledge of the population’s size-frequency distribution (SFD)41. 

With a single detected object there are no firm constraints on this 
distribution: until the interstellar object SFD is known from tens 
of detections, there is a disconnect between the measured number 
density of interstellar objects and their mass density.

We show with a simple experiment that the expected number 
density of interstellar objects varies by many orders of magni-
tude depending on the SFD applied to the mass (Fig. 3). Our esti-
mate is based on the idea that ‘Oumuamua is a planetesimal (or a 
planetesimal fragment) that was ejected from its home system by  
giant planets28,32.

We first estimate the underlying mass density of interstel-
lar objects based on planet formation theory and observational 
constraints. The density and mass distribution of stars are well 
known42; they are dominated by low-mass stars, with a Galactic 
Disk-averaged value of approximately 0.2 stars per cubic parsec. 
Virtually all stars host planets43. Radial velocity surveys find that 
approximately 10–20% of Sun-like stars have gas giants44, but this 
fraction drops significantly for low-mass stars45. The stellar mass-
averaged frequency of gas giants is approximately 1–10% (ref. 46). 
Microlensing surveys find that the occurrence rate of ice giants is 
significantly higher (approximately 10–50%) and has a weaker stel-
lar mass dependence47. Similarly, the ubiquity of gap structures in 
the Atacama Large Millimeter/submillimeter Array disks suggests 
that Neptune-mass planets are common at large distances, with an 
occurrence rate estimated at approximately 50% (ref. 48).

How much mass in planetesimals does each system eject? This 
depends on the dynamics of each individual system and whether 
the planets remain stable32. We assume that each gas giant system 
ejects 1–100 Earth masses32. The abundant ice giants also efficiently 
eject planetesimals during49 and after31 their formation; we assume 
each ice-giant system ejects 0.1–10 Earth masses. Allowing for the 
frequency of the types of planetary systems, this comprises 0.1–10 
Earth masses per star ejected by gas giants and 0.01–5 Earth masses 
by ice giants. This totals 0.02 to 15 Earth masses in interstellar 
objects per star or 0.004 to 3 Earth masses per cubic parsec.

We then calculate the expected number density of interstellar 
objects from that mass density estimate. Figure 3 shows the huge 
diversity of number densities of interstellar objects that can be 
inferred: the differences arise purely from the choice of plausible 
SFD. While the uncertainty in our estimate of ejected planetesimal 
mass per star spans three orders of magnitude, the difference in 
inferred number density between SFDs is even larger. For example, 
a power-law distribution characteristic of planetesimal formation 
simulations (SFD a1) requires an implausibly large amount of mass 
— thousands of Earth masses — to be ejected per star to match the 
observational constraint on the number density28,50,51,52. However, 
several SFDs from Fig. 3 with more mass in small objects (for exam-
ple, SFD b2 has 3% by mass in fragments and is otherwise similar to 
SFD a1) can match the measured interstellar object number density. 
It is easier to match the inferred number density at the higher end 
of our estimate of the interstellar object mass density, but the main 
uncertainty comes from the assumed SFD.

Thus, given that the number density of interstellar objects can-
not yet be reliably related to the mass density, the claim that the 
observed number density is presently ‘higher than expected’ from 
planet formation scenarios is not supported.

Uniqueness of the trajectory. While not typical for field stars, 
‘Oumuamua’s trajectory is exactly what was expected for detect-
able interstellar objects21. As they age, stars in the solar neighbour-
hood are perturbed away from the local standard of rest, which is 
defined by the galactic motions of nearby stars. Of course, a small 
fraction of older stars may still have small random velocities53. 
‘Oumuamua’s random velocity is 9 km s−1 from the local standard 
of rest, far smaller than the approximately 50 km s−1 velocity dis-
persion of nearby stars54. This small random velocity could imply 
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Fig. 3 | Inferred interstellar object number density — for a fixed estimate 
of the mass density of 0.004–3 earth masses per cubic parsec — 
assuming different underlying SFDs. We tested three SFDs: (1) power laws 
(a1–3) in which the number of objects N of a given mass m is N(m) ∝m−x; 
(2) power laws in which a small fraction (typically 1%) of the mass has been 
converted into fragments — comparable in size to ‘Oumuamua, perhaps 
due to tidal disruption from giant planet encounters before ejection28,29 
(b1–3); (3) two-component power laws (c1–3). The power laws extend from 
effective radii rmin to rmax with N(m) ∝m−x, and all three have rmax = 100 km. 
Distribution a1 is consistent with simulations of planetesimal formation93,94 
and has rmin = 100 m and x = 0.6. Distribution a2 assumes collisional 
equilibrium95 and has rmin = 50 m and x = 5/6. Distribution a3 is bottom 
heavy (the smallest objects dominate by mass); it extrapolates the SFD of 
boulders on comet 67P/Churyumov–Gerasimenko96 to large sizes and has 
rmin = 50 m and x = 1.2. Distribution b1 contains 99% of its mass following 
distribution a2 with 1% by mass in 50-m-sized fragments. Distribution b2 
contains 97% of its mass following distribution a1 and 3% in 50-m-sized 
fragments (see ref. 28). Distribution b3 is a single-size distribution, assuming 
that all interstellar objects are ‘Oumuamua-sized (100 m). Distributions  
c1 to c3 all assume rmin = 50 m and rmax = 100 km. Distribution c1 has x = 0.6  
for objects larger than 1 km and x = 5/6 for smaller ones. Distribution 
c2 has the same power laws but with the change of slope at 10 km. 
Distribution c3 has x = 0.6 for objects larger than 10 km and x = 1.2 for 
smaller ones.
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that ‘Oumuamua is dynamically young1, with a statistically derived 
dynamical age of <2 Gyr (refs. 55,56).

Gravitational focusing by the Sun creates an observational bias 
that favours the detection of interstellar objects with low random 
velocities, like that of ‘Oumuamua21. This means it is challenging to 
use ‘Oumuamua’s galactic motion to constrain the interstellar object 
population’s velocity dispersion. Indeed, as demonstrated in Fig. 4, 
there appears to be nothing unusual about the specific parameters 
of ‘Oumuamua’s hyperbolic trajectory, as its perihelion distance, 
eccentricity and inclination agree well with the predicted distribu-
tion of the values for interstellar objects detectable by the major 
contemporary asteroid surveys — a prediction published21 nearly 
eight months before ‘Oumuamua was discovered!

‘Cometary’ activity and retention of volatile materials. The 
mass loss needed to explain ‘Oumuamua’s observed non-gravita-
tional acceleration18 is on the order of 1 kg s−1. Outgassing mod-
els for an object the size of ‘Oumuamua with comet-like properties 
can produce this amount of mass loss at the distances observed57. 
Furthermore, when the Rosetta observations of comet 67P/
Churyumov–Gerasimenko (made at comparable heliocentric dis-
tances to when ‘Oumuamua was observed) are scaled down to an 
‘Oumuamua-sized object, they yield a similar outgassing rate58. 
Depending on the assumptions, the total mass lost during the 
interval of observations may represent up to approximately 10% of 
‘Oumuamua’s total mass59.

A typical comet with this level of outgassing would produce dust 
of all sizes, yet no dust was detected. The absence of a radiation-
pressure-swept tail indicates that if any particles were released, the 
effective particle size must be large. Observations by both ground-
based telescopes and space missions to comets have shown that the 
ejection of fine-grained dust, which dominates the reflected light 
at visible wavelengths, is not always correlated with gas release. 
For example, comet 2P/Encke reaches a similar perihelion dis-
tance as ‘Oumuamua and it often lacks any detectable dust at vis-
ible wavelengths60. Some long-period comets preferentially eject 
large particles due to a mechanism that is currently not under-
stood61. Unfortunately, no observations were sensitive to large dust 
grains, which are most detectable in radio wavelengths, and meteor 
observations (sensitive to 0.1–1 mm dust) can only rule out activ-
ity at unrealistically large heliocentric distances (<1,000 au) or with 
unusual strength4.

The search for gas emission from ‘Oumuamua was not compre-
hensive owing to the challenging observing circumstances. There 
were no observations that could have made sensitive-enough detec-
tions of water outgassing to test for comet-like activity. The relative 
abundance of CN to H2O of ‘Oumuamua needed to reconcile the 
non-detections of CN (ref. 4) with the inferred H2O outgassing rate 
needed to account for non-gravitational forces18, while unusual, is 

not unprecedented. ‘Oumuamua needed to be depleted in CN by at 
least a factor of 15 relative to typical abundances in comets, while 
comets C/1988 Y1 Yanaka62 and 96P/Machholz 163 were depleted 
by factors of 25 and 72, respectively. One of these highly depleted 
comets, 96P, also has a very low amount of dust observed at visible 
wavelengths compared with gas63, like ‘Oumuamua.

The upper limits to the CO and CO2 production rates (ref. 3  
and M. Mommert, personal communication) combined with 
the inferred H2O production rate imply abundances of CO/H2O  
≤ 2% and CO2/H2O ≤ 0.2%. This CO upper limit is within the range 
of measurements for known comets, while the CO2 upper limit is 
about an order of magnitude lower64. However, CO2 is difficult to 
measure, so the known sample may be biased to higher abundances. 
Both CO and CO2 are much more volatile than H2O, resulting in a 
trend to lower ratios with smaller heliocentric distances65. The vola-
tility difference would have resulted in CO and CO2 being depleted 
deeper than H2O. Thus, ‘Oumuamua may have lost most/all of its 
CO and CO2 before the observations that would have constrained 
their abundances. Alternatively, it may have had intrinsically low 
abundances of CO and CO2 due to formation conditions in its home 
system. The range of these ratios of volatiles in comets has recently 
been found to be far greater than was previously known: C/2016 
R2 PanSTARRS has CO/H2O at least several orders of magnitude 
higher than any other measured comet, with no H2O yet conclu-
sively detected66.

Thermal models show that ices may exist within just ~30 cm 
of the surface without being released during ‘Oumuamua’s peri-
helion passage6,67. A natural consequence would be a thermal lag 
in which outgassing begins much later. Such a scenario would 
decrease the total amount of volatile material needed to explain the 
observed non-gravitational acceleration and shorten the timescale 
over which torques were at work. One thermal model was shown 
to be consistent with the observed non-gravitational acceleration 
by assuming outgassing from water in combination with another 
volatile species18.

Based on the lack of detected activity, it has been suggested that 
‘Oumuamua had repeated passages close to its host star before being 
ejected29. Such repeated close passages can remove volatiles from 
planetesimals’ surfaces and render ejected planetesimals inactive 
or extinct68. Models that match the various distributions of Solar 
System comets69 predict that smaller objects become inactive more 
quickly, so it could simply be that 100-m-scale ejected objects like 
‘Oumuamua are devolatilized in their outer layers. There could very 
well be a population of inactive small objects from our own Oort 
cloud that goes undetected because of their lack of activity, as evi-
denced by the Manx objects22.

Besides outgassing, a number of possible explanations for the 
observed non-gravitational acceleration were considered, but ulti-
mately rejected18. Most prominent was solar radiation pressure, 
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orbital elements for inactive objects. Figure adapted from ref. 21, IOP.
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which required ‘Oumuamua’s density to be three to four orders of 
magnitude lower than that of asteroids of similar size (solar radia-
tion pressure effects have been detected on a few small asteroids70). 
Alternative explanations in support of solar radiation pressure 
have suggested that ‘Oumuamua had a low density due to a fractal 
aggregate structure produced by either devolatilization of a comet-
like body before its discovery71 or having formed as a very large 
aggregate of icy dust particles beyond the snow line in its home 
system72. Such extended, extremely low-density objects have never 
been detected, but might naturally explain some other phenomena 
observed for disrupting comets71 or help reconcile some aspects of 
protoplanetary disk models72.

Alien technology? The idea of ‘Oumuamua as alien technology has 
been advocated in a series of papers 40,73,74. The authors argue that 
the dimensions needed to explain the observed solar radiation pres-
sure are consistent with a ‘solar sail’. While this fits some aspects of 
the observations — the basic idea of ‘Oumuamua having a highly 
flattened shape was previously considered17,18 — it appears unable to 
explain other key aspects of the observations, and some arguments 
in favour of this hypothesis are simply wrong.

The key argument against the solar-sail hypothesis is 
‘Oumuamua’s light-curve amplitude. For a solar sail to cause the 
observed non-gravitational acceleration, it needs to remain properly 
oriented towards the Sun. However, to yield the observed brightness 
variations, its orientation would need to be varying as viewed from 
Earth. Furthermore, since the actual dimensions of the solar sail 
would be >10:1, the orientation as viewed from Earth would need to 
be very nearly edge on, and remain so throughout the observations 
despite viewing geometry changes. It has not been shown that an 
orientation exists that can achieve all of these constraints imposed 
by the observational data. Furthermore, as discussed earlier, the 
shape of ‘Oumuamua’s light curve, with broad maxima and narrow 
minima, is consistent with an elongated ellipsoid.

The claim73 that ‘Oumuamua must be at least ten times ‘shinier’ 
than all Solar System asteroids to make the Spitzer Space Telescope 
data consistent with the ground-based observations is incor-
rect. The Spitzer observations are consistent with geometric albe-
dos 0.01 ≤ pv ≤ 0.5 (ref. 3), with a most likely albedo of pv ~ 0.1. 
Comets have geometric albedos of pv = 0.02–0.07, carbonaceous 
and silicate asteroids have pv = 0.05–0.21, and the most reflective  
asteroids have pv ~ 0.5 (refs. 75,76). Thus ‘Oumuamua’s measured 
reflectivity of about 0.1 is entirely consistent with normal Solar 
System small bodies.

Finally, it was argued that ‘Oumuamua was deliberately sent 
towards Earth based on its ‘unusual’ kinematics and presumed 
scarcity40. While provocative, this argument is baseless. First, 
‘Oumuamua’s trajectory is consistent with predictions21 for detect-
able inactive interstellar objects. Second, the measured number 
density cannot be claimed to be at odds with expectations because 
of our ignorance of the size distribution of interstellar objects.

Thus, we find no compelling evidence to favour an alien explana-
tion for ‘Oumuamua.

Open questions
We have discussed the many aspects of ‘Oumuamua’s properties that 
can be explained naturally. However, there remain several unan-
swered questions regarding ‘Oumuamua that warrant further study.

Shape. While several models have been proposed to explain 
‘Oumuamua’s very elongated shape, none can naturally match such 
an extreme axis ratio (of at least 6:1) within a self-consistent frame-
work. One model77 invokes the complete fluidization of a planetesi-
mal by an evolving red giant star, causing the object to assume the 
shape of a high angular momentum Jacobi ellipsoid. Other models 
have proposed that ‘Oumuamua is a fragment of a planetesimal29,71,52 

or planet78 that was tidally disrupted after a very close passage to a 
low-mass star, white dwarf or giant planet, or simply as it neared 
perihelion. It remains to be demonstrated whether such disruption 
events create fragments as stretched out as ‘Oumuamua appears to 
be. A third model proposes that a large number of high-velocity 
impacts with dust grains may create sharp edges and planar surfaces 
on small bodies79 or simply erode enough material to substantially 
increase the axis ratio of small objects80, while a fourth proposes that 
it formed from a low-speed collision between two approximately 50 
m planetesimals in a protoplanetary disk81. In the context of these 
models, it remains to be understood why such extreme shapes are 
so rare among larger Solar System bodies; though this may partly be 
an observational selection effect. At two orders of magnitude larger 
than ‘Oumuamua, the primordial Kuiper belt object 2014 MU69 
has a bi-lobed structure with substantive ‘pancake’ flattening to the 
larger lobe82.

Rotation state. The ensemble of published photometry reveals that 
‘Oumuamua is in non-principal axis rotation (NPA)9,16,17, which is a 
spin state commonly observed among asteroids, including objects 
as small as ‘Oumuamua83. The details of the NPA are non-unique 
from the available data, including when ‘Oumuamua achieved NPA 
rotation. Disruption or strong gravitational encounters could have 
created the NPA state and the >1011 yr damping timescale is suf-
ficiently long that the tumbling may have originated in or during 
departure from its home system9,16,17,84. Alternatively, the NPA rota-
tion might have occurred during ‘Oumuamua’s journey through our 
system. It has been argued that the level of outgassing needed to 
explain the non-gravitational acceleration would have resulted in 
a rapid change in rotation period85. Even a small asymmetry in the 
torquing might have perturbed ‘Oumuamua from simple rotation 
to NPA rotation.

One work found that if the large non-gravitational accelera-
tion was caused by typical cometary outgassing, then the associ-
ated torques should have caused ‘Oumuamua to rapidly spin up 
beyond its rotational break-up limit85. In contrast, others showed 
that outgassing activity that followed the subsolar point of an elon-
gated body could produce the observed non-gravitational accelera-
tion and would naturally result in NPA rotation with a light-curve 
amplitude and period comparable to the observations, without 
causing extreme spin up59.

The orientation of ‘Oumuamua’s rotational angular momentum 
vector is unconstrained from the finite available data, but is criti-
cal for properly assessing the shape from the light curve. Dynamical 
work found that the rotation can be in one of five different modes, 
and if it is closest to its lowest rotational energy, the shape can resem-
ble the elongated ‘cigar-like’ shape, and only in the highest energy 
state would it be an ‘extremely oblate spheroid’17. The cigar-like shape 
is the more likely configuration, both because it is energetically more 
stable and because it permits a much larger range of orientations in 
the sky (as previously discussed, a very flat shape requires a very 
specific orientation to produce the observed light curve).

Home system. In spite of many attempts to trace the orbit of 
‘Oumuamua back to its home system86–89 or star cluster90,91, no con-
vincing candidate origin star systems or stellar associations have 
been identified. Whether tracing back to a unique origin is feasible 
depends on how long ago ‘Oumuamua was ejected from its home 
system, as more distant regions must be considered for longer travel 
times, and whether it had past encounters, as each effectively erases 
its dynamical past. Although future data releases of high-precision 
surveys such as Gaia are likely to spur deeper searches and may yet 
reveal plausible candidates, it is likely that no system will be defini-
tively shown to be ‘Oumuamua’s origin.

In addition to travel time, uncertainties in velocity/acceleration 
affect our ability to identify its home system. The first generation 
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of searches87–91 were based on the Keplerian orbit solution available 
at the time, while a later study86 utilized the solution that included 
non-gravitational acceleration, assuming that it was symmetric pre- 
and post-perihelion. Whether this assumption is justified is ulti-
mately unknown as no pre-perihelion observations are available, 
but it is likely that outgassing was delayed due to a thermal lag6. 
Without observational constraints, the parameter space to search 
for a home system increases considerably.

Conclusions
As the first interstellar visitor to our Solar System, ‘Oumuamua 
has challenged many of our assumptions about how small bodies 
from another star system would look. While ‘Oumuamua pres-
ents a number of compelling questions, we have shown that each 
can be answered by assuming ‘Oumuamua to be a natural object. 
Assertions that ‘Oumuamua may be artificial are not justified when 
the wide body of current knowledge about Solar System minor bod-
ies and planetary formation is considered.

The Large Synoptic Survey Telescope is expected to begin full 
operations in 2022 and is predicted to discover on the order of one 
interstellar object per year38,67,92. Thus, we will soon have a much 
better understanding of how common — or rare — the properties 
of ‘Oumuamua are. This knowledge will yield great insight into the 
planetesimal formation, evolution and ejection processes at work 
across the Galaxy.

Data availability
The authors declare that the main data supporting the findings of 
this study are available within the article. Extra data are available 
from the corresponding author upon request.
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