NRC Publications Archive
Archives des publications du CNRC
Col-OSSOS: colors of the interstellar planetesimal 1I/2017 U1 in context
with the Solar System
Bannister, Michele T.; Schwamb, Megan E.; Fraser, Wesley C.; Marsset,
Michael; Fitzsimmons, Alan; Benecchi, Susan D.; Lacerda, Pedro; Pike,
Rosemary E.; Kavelaars, J. J.; Smith, Adam B.; Stewart, Sunny O.; Wang,
Shiang-Yu; Lehner, Matthew J.

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. /
La version de cette publication peut être l’une des suivantes : la version prépublication de l’auteur, la version
acceptée du manuscrit ou la version de l’éditeur.

Publisher’s version / Version de l'éditeur:
Astrophysics, 2017-11-16

NRC Publications Record / Notice d'Archives des publications de CNRC:

https://nrc-publications.canada.ca/eng/view/object/?id=4ff7361c-d9a9-4662-a379-b605d277a32e
https://publications-cnrc.canada.ca/fra/voir/objet/?id=4ff7361c-d9a9-4662-a379-b605d277a32e
Access and use of this website and the material on it are subject to the Terms and Conditions set forth at
https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.
L’accès à ce site Web et l’utilisation de son contenu sont assujettis aux conditions présentées dans le site
https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.
Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.
Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la
première page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez
pas à les repérer, communiquez avec nous à PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

D RAFT VERSION N OVEMBER 17, 2017
Typeset using LATEX twocolumn style in AASTeX61

COL-OSSOS: COLORS OF THE INTERSTELLAR PLANETESIMAL 1I/2017 U1 IN CONTEXT WITH THE SOLAR
SYSTEM

arXiv:1711.06214v1 [astro-ph.EP] 16 Nov 2017

M ICHELE T. BANNISTER , 1 M EGAN E. S CHWAMB , 2 W ESLEY C. F RASER , 1 M ICHAEL M ARSSET , 1 A LAN F ITZSIMMONS , 1
S USAN D. B ENECCHI , 3 P EDRO L ACERDA , 1 ROSEMARY E. P IKE , 4 J. J. K AVELAARS , 5, 6 A DAM B. S MITH , 2 S UNNY O. S TEWART , 2
S HIANG -Y U WANG , 7 AND M ATTHEW J. L EHNER 7, 8, 9

1 Astrophysics
2 Gemini

Research Centre, School of Mathematics and Physics, Queen’s University Belfast, Belfast BT7 1NN, United Kingdom
Observatory, Northern Operations Center, 670 North A’ohoku Place, Hilo, HI 96720, USA

3 Planetary

Science Institute, 1700 East Fort Lowell, Suite 106, Tucson, AZ 85719, USA
for Astronomy and Astrophysics, Academia Sinica; 11F AS/NTU, National Taiwan University, 1 Roosevelt Rd., Sec. 4, Taipei 10617, Taiwan
5 Herzberg Astronomy and Astrophysics Research Centre, National Research Council of Canada, 5071 West Saanich Rd, Victoria, British Columbia V9E 2E7,
Canada
6 Department of Physics and Astronomy, University of Victoria, Elliott Building, 3800 Finnerty Rd, Victoria, BC V8P 5C2, Canada
7 Institute of Astronomy and Astrophysics, Academia Sinica; 11F of AS/NTU Astronomy-Mathematics Building, Nr. 1 Roosevelt Rd., Sec. 4, Taipei 10617, Taiwan
4 Institute

8 Department

of Physics and Astronomy, University of Pennsylvania, 209 S. 33rd St., Philadelphia, PA 19104, USA
Center for Astrophysics, 60 Garden St., Cambridge, MA 02138, USA

9 Harvard-Smithsonian

Submitted to ApJL
ABSTRACT
The recent discovery by Pan-STARRS1 of 1I/2017 U1 (‘Oumuamua), on an unbound and hyperbolic orbit, offers a rare opportunity to explore the planetary formation processes of other stars, and the effect of the interstellar environment on a planetesimal
surface. 1I/‘Oumuamua’s close encounter with the inner Solar System in 2017 October was a unique chance to make observations
matching those used to characterize the small-body populations of our own Solar System. We present near-simultaneous g′ , r′ ,
and J photometry and colors of 1I/‘Oumuamua from the 8.1-m Frederick C. Gillett Gemini North Telescope, and gri photometry
from the 4.2 m William Herschel Telescope. Our g′ r′ J observations are directly comparable to those from the high-precision
Colours of the Outer Solar System Origins Survey (Col-OSSOS), and offer unique diagnostic information for distinguishing between outer Solar System surfaces. Substantial, correlated near-infrared and optical variability is present, with the same trend in
both near-infrared and optical. Our observations confirm that 1I/‘Oumuamua rotates with a double-peaked period of 8.10 ± 0.42
hours and is a highly elongated body with an axial ratio of at least 5.3:1, implying that it has significant internal cohesion.
1I/‘Oumuamua’s color is at the neutral end of the range of observed g − r and r − J solar-reflectance colors, relative to asteroids,
more distant minor planets, and to the trans-Neptunian populations measured by Col-OSSOS. The color of the first interstellar
planetesimal is like the colors of the Solar System, in particular some of the dynamically excited objects of the Kuiper belt and
the less-red Jupiter Trojans.
Keywords: minor planets, asteroids: individual (1I/2017 U1)
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1. INTRODUCTION

The first discovery of an interstellar minor planet, 1I/2017
U1 (‘Oumuamua), came on 2017 October 19, at mV = 19.6,
by Pan-STARRS1 (Chambers et al. 2016)) (MPEC 2017U181 2017). In 19 years of digital-camera all-sky surveying, it is the first definitively interstellar, decameter-scale object to be found. The earlier lack of detections has implied
a low density of interstellar planetesimals (Francis 2005;
Cook et al. 2016; Engelhardt et al. 2017). Several Earth
masses of ejected bodies are expected per star during planetary formation and migration (e.g. Levison et al. 2010; Barclay et al. 2017). Given the number of Galactic orbits since
the major ejection of planetesimals from the Solar System,
1I/‘Oumuamua is statistically unlikely to originate from the
Solar System.
1I/‘Oumuamua’s orbit1 has a securely extrasolar origin.
1I/‘Oumuamua came inbound to the Sun on a hyperbolic and
highly inclined trajectory that radiated from the solar apex,
with an orbital eccentricity of e = 1.1994 ± 0.0002 and inclination of 122.7◦ , avoiding planetary encounters. Such
orbits are not bound to our Solar System. The planetesimal was travelling at a startlingly high velocity of v∞ =
26.02 ± 0.40 km/s. This velocity is typical for the mean
Galactic velocity of stars in the solar neighborhood (Mamajek 2017).
The physical properties of 1I/‘Oumuamua are not yet well
constrained. Its approach geometry and fast passage left only
a brief window when it was observable, after its 0.16 au minimum approach to Earth on 2017 October 14. As the NEOWISE scans missed its outbound trajectory (J. Masiero,
pers. comm.), no albedo is yet known. 1I/‘Oumuamua
has an absolute magnitude of HV = 22.08 ± 0.45, implying
a size of . 200 m, assuming it has an albedo in the range
seen for either carbonaceous asteroids or Centaur albedos of
pV = 0.06 − 0.08 (Bauer et al. 2013; Nugent et al. 2016). No
detection was seen in STEREO HI-1A observations (limiting magnitude of m ∼ 13.5) near 1I/‘Oumuamua’s perihelion
passage at 0.25 au on 2017 September 9 (K. Battams, pers.
comm) . Consistent with this earlier non-detection, it was
a point source in deep VLT imaging on 2017 October 24,
with no coma (MPEC 2017-U183 2017), and upper limits
of surface brightness of 28–30 mag arcsec−2 within ∼ 5′′ radial distance were set by Ye et al. (2017) on October 26 and
Knight et al. (2017) on October 30. This implies observations
of 1I/‘Oumuamua directly measure its surface.
Measurement of the surface reflectivity of 1I/‘Oumuamua
will provide the first ever comparison between solar planetesimals and those from another star. Such measurements
1 JPL Horizons heliocentric elements, as of 2017 November 14: https:
//ssd.jpl.nasa.gov/sbdb.cgi?sstr=2017%20U1

could be used to infer the formation environment of this object, or provide evidence for a surface composition that is
distinct from solar planetesimals. However, 1I/‘Oumuamua’s
surface composition may have experienced substantial alteration during its exposure of Myr, and potentially Gyr, in interstellar space. No star has yet been confirmed as a potential origin (Mamajek 2017), therefore the upper bound on
1I/‘Oumuamua’s age is around 10 Gyr, after the formation
of stars of moderate metallicity.
Compositional information on minor planets as small as
1I/‘Oumuamua is limited. In reflectance relative to the colour
of the Sun, larger Solar System objects range from neutral to substantially more red (e.g Jewitt 2015, and references therein), with spectra ranging from featureless (Ctype asteroids) to strong absorption bands (S-type asteroids)
(Rivkin et al. 2015; Reddy et al. 2015). Initial observations
of 1I/‘Oumuamua with 4–5-m class telescopes show a featureless spectral slope that is similar to many small transNeptunian objects (TNOs): moderately redder than solar.
Optical spectra in the wavelength range 400-950 nm from
2017 October 25 and 26 include slopes of 30± 15% (Masiero
2017), 17 ± 2% (Fitzsimmons et al. 2017), and 10 ± 6% (Ye
et al. 2017) per 1000 angstroms.
Both optical and near-infrared spectral information beyond ∼ 1 µm are necessary to distinguish the compositional
classes seen in the outer Solar System (Fraser & Brown
2012; Dalle Ore et al. 2015; Pike et al. 2017). Thus, Jband photometry is key for establishing the relationship
of 1I/‘Oumuamua’s surface type to the Solar System. We
present near-simultaneous grJ photometry and colors of
1I/‘Oumuamua in the optical and near-infrared, and compare to the colors of known Solar System bodies.

2. OBSERVATIONS AND ANALYSIS

2.1. Observations
We observed 1I/‘Oumuamua with two telescopes on 2017
October 29. First, we observed 1I/‘Oumuamua with the 8.1m Frederick C. Gillett Gemini North Telescope on Maunakea. JPL Horizons2 predicted from the available 15-day
arc that 1I/‘Oumuamua was then at a heliocentric distance
of 1.46 au and geocentric distance of 0.53 au (phase angle α = 24.0◦ ), producing a rapid rate of on-sky motion of
R.A. 160 ′′ /hr and Decl. 14 ′′ /hr. We therefore tracked the
telescope non-sidereally at 1I/‘Oumuamua’s rates (Fig. 1).
The observations were in photometric skies between airmass
1.04-1.14, with seeing in r′ of 0.7′′ to 0.5′′ . The waxing 63%illuminated Moon was 39◦ away, producing a sky brightness
of ∼ 20 mag/arcsec2 in r′ .
2
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g′ , r′ , and J imaging were obtained using the imaging
mode of the Gemini Multi-Object Spectrograph (GMOSN, Hook et al. 2004) and the Near-Infrared Imager (NIRI;
Hodapp et al. 2003). The predicted apparent magnitude of
1I/‘Oumuamua was mv = 22.7; exposure times are in Table 1.
We observed with GMOS in two filters: r_G0303 (λ=6300 Å,
δλ=1360 Å) and g_G0301(λ=4750 Å, δλ=1540 Å), which
we refer to as r′ and g′ , and which are similar to r and g
in the Sloan Digital Sky Survey (SDSS) photometric system
(Fukugita et al. 1996). GMOS was configured with the upgraded red-sensitive CCDs from Hamamatsu Photonics. The
target was kept on the middle GMOS CCD, and 2×2 binning
was used, resulting in an effective pixel scale of 0′′ .1614.
NIRI J band (λ=12500 Å, 11500-13300 Å coverage) images
were acquired using the f/6 camera (pixel scale of 0′′ .116).
For both instruments, we dithered between exposures in the
same filter.
Any significant magnitude changes due to rotational variability of 1I/‘Oumuamua will affect its measured colors.
Our observing program therefore employed the design of
the Colours of the Outer Solar System Origins Survey (ColOSSOS; full detail of the techniques used will appear in
Schwamb et al. 2017). Col-OSSOS uses repeated measurements in each band to distinguish any light curve effects from
the change in surface reflectance during the observing sequence, bracketing the NIRI observations with GMOS imaging in a r′ g′ Jg′ r′ filter pattern. With this cadence, we can
identify if 1I/‘Oumuamua is variable on the timescale of our
observations, and apply a correction, assuming that all filters
are similarly affected (see § 2.3). This is reasonable as brightness variations for solar system objects in 1I/‘Oumuamua’s
size regime are due to object shape; use of filter bracketing during Col-OSSOS has been effective at removing light
curve effects (Pike et al. 2017).
We acquired specific observations for calibration temporally adjacent to our science data. The optical sequence was
bracketed by a single 150 s sidereally-tracked exposure in
each optical filter, centered close to 1I/‘Oumuamua’s predicted location. For the NIR calibration, we observed NIR
standard GD 246 at two different airmasses, with a set of
nine dithered, sidereally tracked exposures at the beginning
and end of our observing sequence.
Thirteen hours after the Gemini observations, we observed
1I/‘Oumuamua, then at very similar geometry with a phase
angle of α = 24.4◦ , with the 4.2 m William Herschel Telescope (WHT) on La Palma. Non-sidereally guided imaging
was obtained in photometric conditions and ∼ 1′′ seeing, at
airmass 1.3–1.1, with the imaging mode of the ACAM imager/spectrograph (Benn et al. 2008) (pixel scale of 0′′ .253).
The data were acquired with four filters: ING Filter #701,
#702, #703 and #704, corresponding to g, r, i, z in the SDSS
photometric system. Individual exposures were 100 s, in a
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Color-corrected Gemini photometry of 1I/‘Oumuamua in g’, r’, and J
(Table 1). The line indicates best fit.
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NIRI J-band
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Imaging of 1I/‘Oumuamua with non-sidereal tracking on the R.A. 160′′ /hr
motion rates of 1I/‘Oumuamua; a single 300 s GMOS exposure in r (left)
and a stack of 11 NIRI 120-s exposures in J (right). 1I/‘Oumuamua was
free of cosmic rays in all exposures.

Figure 1. Observations and photometry of 1I/‘Oumuamua from
Gemini North on 2017 October 29.

sequence 6r − 6g − 7r − 10i − 6r − 12z − 6r (Table 1), with the
repetition of r to test for variability.
2.2. Data Reduction
The Gemini and WHT images3 were prepared for analysis using standard reduction techniques. The GMOS observations were bias-subtracted and flat-fielded using standard
methods with Gemini IRAF v1.14 in AstroConda, with a
master flat frame built from the last month of GMOS twilight flats, and the CCD chips mosaiced into a single extension. For the NIRI sequence, flat-fielding was with a master
3 All reduced data are at http://apps.canfar.net/storage/
list/ColOSSOS/Interstellar, which will be made into a DOI for
publication.
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flat frame built from the Gemini facility calibration unit flats.
A sky frame was produced for each image of 1I/‘Oumuamua
from the unshifted 14 frames closest in time to the image, and
subtracted from that image. We removed cosmic rays from
each NIRI image with L. A. Cosmic (van Dokkum 2001),
then aligned and stacked 20 of the 21 science 120-s NIRI
exposures, rejecting one frame where 1I/‘Oumuamua was in
front of a background source. To assess for any variability in
1I/‘Oumuamua, we built independent stacks from each third
of the J image sequence (Table 1). The WHT imaging were
bias-subtracted and flatfielded with archival sky flats from
2017 August, as the sky flats taken prior to the observations
had strong gradients across the field due to scattered moonlight and twilight variations.
Photometric measurements on all Gemini data (Table 1)
were performed with TRIPPy (Fraser et al. 2016), using a
round aperture with a radius of 3.0× the point-spread function (PSF)’s full-width-half-maximum (FWHM). Because of
the non-sidereal tracking of our target, the elongated stars
in the 1I/‘Oumuamua images cannot be used to compute
a point-source aperture correction. We instead derived a
mean stellar PSF profile from the calibrator images for each
dataset, and used this profile to calculate both the FWHM radius and an aperture correction, for photometry on the nonsidereal 1I/‘Oumuamua images. For the optical GMOS photometry, the four bracketing sidereally-tracked images were
calibrated to the SDSS system. Image zeropoints and a linear
color term were fit using the instrumental SDSS magnitudes
of stars in the calibration images, to scale the SDSS system
to the Gemini filter system. The zeropoints of the science images were set from those of the calibrator temporally closest
to each science image, introducing 0.02 magnitude of uncertainty in the calibration of those frames to encompass the size
of the variation in the zeropoint. An additional 0.02 magnitude uncertainty is due to the indirect measure of the aperture
correction (Fraser et al. 2016). For the J-band NIRI photometry, we apply a mean aperture correction of 0.03 mag on the
1I/‘Oumuamua data. While this does not account for seeing
variation along the longer J-band sequence, the highly stable
sky conditions during our observations and the use of a large
aperture mitigate the need for a variable aperture correction.
The magnitudes of 1I/‘Oumuamua in Table 1 from the Gemini observations are thus in the Gemini filter system.
Photometry on the WHT imaging used a slightly different analysis, as we did not have sidereally tracked calibrator
frames. The photometry of trailed stars in all images were
measured using TRIPPy pill-shaped apertures, with length
equal to the known rate of motion during the image. Stellar centroids were found with Source Extraction and Photometry in Python (Barbary et al. 2017), using a custom
linear kernel of the trail length and angle, which was convolved with a gaussian to simulate the appropriate stellar

Table 1. Photometry of 1I/2017 U1 with the 8.1-m Frederick C. Gillett
Gemini North Telescope and the 4.2 m William Herschel Telescope
MJD

Filter

Effective
Exposure (s)

m f ilter

Note

GMOS-N and NIRI (Gemini North)
58055.25860

r_G0303

300

22.74 ± 0.03

58055.26323

r_G0303

300

22.66 ± 0.03

58055.26902

g_G0301

300

23.11 ± 0.07

58055.27337

g_G0301

300

23.02 ± 0.06

58055.28856

J

840

21.19 ± 0.07

7-image stack

58055.29954

J

840

21.29 ± 0.08

7-image stack

58055.30914

J

720

20.99 ± 0.07

6-image stack

58055.31881

g_G0301

300

22.40 ± 0.03

58055.32281

r_G0303

300

22.08 ± 0.02

ACAM (WHT)
58055.82845

r_ING702

600

22.47 ± 0.09

6-image stack

58055.83740

g_ING701

600

23.28 ± 0.30

6-image stack

58055.84646

r_ING702

700

22.83 ± 0.11

7-image stack

58055.86336

i_ING703

1000

22.81 ± 0.08

10-image stack

58055.87835

r_ING702

600

23.40 ± 0.18

6-image stack

N OTE—GMOS-N (Gemini) photometry is color term corrected, in the GeminiHamamatsu system. ACAM (WHT) photometry is in the SDSS system. For
both, shot noise, calibration, and aperture correction uncertainties are incorporated in quadrature.

shape. A filter-dependent FWHM of 0.7–1.3′′ were measured directly from 1I/‘Oumuamua. It was not visible in
the z stack or in the fourth r stack, and thus we do not report z photometry. Apertures 7 pixels in radius (1.8′′ ) were
used for both the round aperture used to measure the flux
from 1I/‘Oumuamua, and the pill apertures used on the stars.
As this implicitly assumes identical aperture corrections for
both aperture shapes, we adopt 0.02 magnitudes as a conservative estimate of measurement uncertainty, induced by the
use of a fixed aperture. Stellar calibration magnitudes were
extracted from the Pan-STARRS1 catalog (Chambers et al.
2016), and converted to SDSS using the Tonry et al. (2012)
transformations. As insufficient stars were available to measure a color term, we required the SDSS stars to have similar
colors to 1I/‘Oumuamua: 0.1 < (g − r) < 0.7. This induced
a 0.02 magnitude uncertainty in calibration. The magnitudes
of 1I/‘Oumuamua in Table 1 from the WHT observations are
thus in the SDSS system.
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Table 2. Optical-NIR SDSS Colors of
1I/2017 U1
Filters

Measured Color

Observations

g−r

0.47 ± 0.04

Gemini

g−r

0.63 ± 0.31

WHT

r−i

0.36 ± 0.16

WHT

r−J

1.20 ± 0.11

Gemini

N OTE—Gemini g − r and r − J colors are nearsimultaneous; WHT g − r and r − i are from
13 hours later.

2.3. Color Computation
For the g − r and r − J colors of 1I/‘Oumuamua, a best-fit
line and an average g − r color term were fit to the higherprecision Gemini optical data, in the Gemini system (Fig. 1).
A mean r − J color was found by estimating the r value from
the fitted line at each J stack epoch. Uncertainties in the fit,
and in the individual J measurements were folded together.
The g−r and r −J colors thus determined were then converted
to the SDSS system using the color terms determined from
the initial calibration, carrying uncertainties in the color term
appropriately.
The colors from the WHT measurements are consistent,
but substantially more uncertain, and we subsequently consider only those from Gemini. We note the r − i color corresponds to a spectral slope of 22 ± 15%, consistent with the
earlier reports. The measured SDSS colors of 1I/‘Oumuamua
are in Table 2.
3. VARIABILITY AND SHAPE OF 1I/2017 U1

There are significant and correlated brightness increases
in optical and NIR for 1I/‘Oumuamua during our Gemini
observations, with the variability in J-band tracking that in
the r′ and g′ bands (Fig. 1). Over the 0.48 hours of Jband imaging, 1I/‘Oumuamua brightens systematically by
0.183 ± 0.065 magnitudes, and likewise, brightens by 0.66 ±
0.03 and 0.71 ± 0.05 magnitudes between the first and last r’
and g’ observations, which respectively span 1.54 and 1.19
hours. These are significant variations given the short timeframe (Table 1). As they correlate across filters, the brightening is most likely due to 1I/‘Oumuamua’s shape rather
than to variability in albedo or surface spectral reflectance.
This is supported by the general consistency of the WHT
colours, observed at a different part of 1I/‘Oumuamua’s
lightcurve (Fig. 2, discussed below). Our image stacks all
had point-like PSFs, and we thus do not assess upper limits
for the presence of coma. However, the overall periodicity
of 1I/‘Oumuamua’s brightness (Fig. 2) also implies our ob-

5

served increase in brightness in the Gemini data is not from
dust emission.
We assess the lightcurve of 1I/‘Oumuamua by combining our optical photometry from 2017 October 29 (Table 1)
with the optical photometry of Knight et al. (2017) with the
4.3 m Discovery Channel Telescope (DCT) on 2017 October
30. The combined, geometrically corrected photometry is in
Fig. 2. Using both the Lomb-Scargle technique (Lomb 1976)
and a modified PDM fitting technique (Stellingwerf 1978),
we obtain a consistent double-peaked period of 8.10 ± 0.42
hours, with a peak-to-peak amplitude from the fitted model
of ∆m = 1.8 magnitudes. We note that the last pair of Gemini
observations imply an excursion from our lightcurve model;
the data are entirely reliable, given the consistent stability
of the observing conditions and the calibrations, and from
careful inspection of the images. Our results using only our
Gemini and WHT photometry with that from the DCT are
independently in agreement with those of Bolin et al. (2017),
which used photometry from the 3.5 m Apache Point Observatory and the DCT photometry.
Its lightcurve implies that 1I/‘Oumuamua is either a very
elongated object, or a contact binary system of two equal
sized, prolate components aligned for maximum elongation
(Sheppard & Jewitt 2004; Leone et al. 1984). From simulations for resolved Centaur binaries in our Solar System (Noll
et al. 2006), a contact binary would stay intact through perihelion. The light curve yields consistent results in either
case. We consider 1I/‘Oumuamua’s elongation and density
assuming it is a prolate ellipsoid with semi-axes a > b = c.
The observed ∆m = 1.8 mags would require an axis ratio
of a/b = 5.3, or larger if 1I/‘Oumuamua was not observed
equator-on (Lacerda & Luu 2003). Such an ellipsoid spinning in P = 8.1 hours with a/b = 5.3 (Fig. 2) would require a
density at least ρ = (a/b)2 (3π)/(GP2 ) = 5.9 g.cm−3 to prevent
it from shedding regolith, consistent with the observed absence of coma. If it is instead a contact binary of two prolate
components, each with axes ratio 0.5(a/b) (to produce the
same ∆m) a similar density of 5.9 g.cm−3 is required to hold
the components in mutual orbit. As these densities are unreasonably higher than those of likely compositions of silicate
or icy materials, it requires that 1I/‘Oumuamua has internal
strength.
Small TNOs with H < 9 and Centaurs with H < 11 typically have 7–9 hour rotation periods with peak-to-peak variations of ∼0.3 magnitudes (Duffard et al. 2009), though light
curve amplitude changes of a magnitude or more have been
measured for TNOs in this size range (Benecchi & Sheppard 2013). Small asteroids with 1I/‘Oumuamua’s degree
of elongation are rare but not unknown; examples include
the ∼ 200 − 300 m diameter Near-Earth Asteroids 2001 FE90
and 2007 MK13, both with lightcurve amplitudes ≥ 2.1 magnitudes (Warner et al. 2009).

BANNISTER ET AL .

Absolute Magnitude

6

22

22

23

23

24

24

0.0

0.2

0.4

0.6

0.8

1.0

Rotational Phase
Gemini r

Gemini g

WHT

DCT

Figure 2. Lightcurve of 1I/‘Oumuamua during 2017 October 29–30. Absolute magnitude assumes a linear phase function with slope 0.03
mag/deg. Rotational phase starts at MJD 58055.0 and assumes a spin period P = 8.1 hr. Overplotted is a model based on a prolate ellipsoid with
axes ratio a/b = 5.3, which has ∆m = 1.8 mag. A similar curve would be produced by a contact binary with equal sized, prolate components
each with a/b ∼ 2.7, elongated along a line connecting their centers.
4. 1I/2017 U1 IN CONTEXT WITH THE COLORS OF

THE SOLAR SYSTEM
For comparison with 1I/‘Oumuamua, we collated colors
of minor planet populations in our Solar System from four
datasets of optical and near-IR measurements: SMASS for
asteroids, Emery et al. (2011); Marsset et al. (2014) for
Jupiter Trojans, MBOSS for a variety of distant populations,
and Col-OSSOS for trans-Neptunian objects (TNOs). The
Small Main-Belt Asteroid Spectroscopic Survey (SMASS)4
(Xu et al. 1995; Burbine & Binzel 2002; Bus & Binzel
2002b) measured spectra for a range of asteroid dynamical groups, from near-Earth objects through the main belt to
Mars-crossing asteroids. SMASS provided 157 objects with
both optical and NIR spectra, representing 23 of the 26 spectral types in the Bus & Binzel (2002a) taxonomy (the Cg, D,
and Q types were not available in NIR). For P and D types,
we used the 38 Jupiter Trojans with NIR spectra from Emery
et al. (2011) for which Marsset et al. (2014) collated optical
spectra. We converted each spectra to grJ colors by convolving the filter bandpasses. The mean and range for each spectral type are shown in Fig. 3. The Minor Bodies in the Outer
Solar System (MBOSS) (Hainaut et al. 2012) database5 in4
5
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dexes the reported colors for objects in outer Solar System
dynamical populations, including Jupiter Trojans, short- and
long-period comets, Centaurs and TNOs. 47 objects in the
MBOSS tabulation have measurements in comparable filters
and of sufficiently high-SNR to provide comparison to our
grJ measurements of 1I/‘Oumuamua. The MBOSS colors
were converted to g − r and r − J assuming a linear spectrum
through the V, R, g, r range. We retained objects if the uncertainties on their color measurements had d(V − R) < 0.4 and
d(V − J) < 0.4. Col-OSSOS provides high-precision grJ colors for mr < 23.6 TNOs from the Outer Solar System Origins
Survey (Bannister et al. 2016), acquired in the same manner
as our observations of 1I/‘Oumuamua with Gemini (§ 2.1).
We use the 21 Col-OSSOS TNOs with grz photometry discussed in Pike et al. (2017); the grJ measurements are forthcoming in Schwamb et al. (2017).
The grJ colors of 1I/‘Oumuamua are at the neutral end
of the Solar System populations (Fig. 3). About 15% of
the trans-Neptunian objects have colors consistent with
1I/‘Oumuamua, all in dynamically excited populations.
1I/‘Oumuamua’s color is also consistent with that of the less
red Jupiter Trojans, which are P type (Emery et al. 2011),
and with Bus & Binzel (2002a); DeMeo et al. (2009) X type
in the asteroids, which encompasses the Tholen (1984) E, M
and P classifications. As its albedo is unknown, we do not
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Figure 3. The grJ colors of 1I/‘Oumuamua in context with the known Solar System. The mean color and range of asteroids and the two
color classes of Jupiter Trojans are given from 157 asteroids in 23 of the 26 Bus & Binzel (2002a) spectral types as recorded in SMASS, and
38 Jupiter Trojans (Emery et al. 2011; Marsset et al. 2014). The much more sparsely sampled distant populations are shown with individual
objects, with their measurement uncertainties from MBOSS and Col-OSSOS. The observations of 1I/‘Oumuamua and of Col-OSSOS were
performed in the same way.
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describe 1I/‘Oumuamua as consistent with Tholen (1984) P
type.
Notably, 1I/‘Oumuamua does not share the distinctly redder colors of the cold classical TNOs (Tegler et al. 2003; Pike
et al. 2017), which may be on primordial orbits. Nor is its
color among the red or “ultra-red" colors of the larger TNOs
on orbits that cross or are well exterior to the heliopause
(Sheppard 2010; Trujillo & Sheppard 2014; Bannister et al.
2017). The cause of ultra-red coloration of these TNOs is
unknown, but has been attributed to long-term cosmic ray alteration of organic-rich surfaces (Jewitt 2002), such as would
be expected during the long duration of interstellar travel.
1I/‘Oumuamua’s neutral color opens up a number of possibilities. It could imply that the correlation of ultra-redness
with heliocentric distance has an alternative cause. It could
suggest that 1I/‘Oumuamua formed with an organics-poor
surface, within its star’s water ice line. 1I/‘Oumuamua’s
color being within the observed range for minor planets in
the Solar System could support that 1I/‘Oumuamua originated from a star from the Sun’s birth cluster, which should
have a similar chemistry. A possible additional complication
could be resurfacing due to surface activity, which would
affect surface color. This seems unlikely as no surface activity was detected during 1I/‘Oumuamua’s perihelion passage, but 1I/‘Oumuamua could have had past activity in its
origin system or in another close encounter. We emphasise that our observations only probe the top few microns of
1I/‘Oumuamua’s surface.
Our Gemini and WHT observations show that 1I/‘Oumuamua
has consistent optical and near-infrared variability, implying minimal color variation. We provide high-precision,
lightcurve-independent optical and NIR color measurements
for 1I/‘Oumuamua. With its period of 8.1 ± 0.4 hours, highly
elongated 5.3:1 ellipsoidal or prolate-binary shape, and neutral grJ color, 1I/‘Oumuamua is within the known parameters of minor planets from the Solar System, but lies at the
extreme ends of the physical ranges.
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