10

11

12

13

14

15

16

17

18

19

20

DRAFT VERSION 2018-04-17
Typeset using IATEX default style in AASTeX61

NON-GRAVITATIONAL ACCELERATION IN THE ORBIT OF 11/2017 Ul (‘Oumuamua)

Marco MicHELLY 2 DaviDeE FArNoccHIA,® KAREN J. MEEcH,* Marc W. Buig,® OLivier R. HaiNauT,®
DiNA PRIALNIK,” HAROLD A. WEAVER,® PauL W. CHopas,® JaN T. KLEYNA,? RoBERT WERYK,*
RICHARD J. WAINSCOAT,* HARALD EBELING,* JACQUELINE V. KEANE,* KENNETH C. CHAMBERS,?

DeTLEF Koscuny,b 1% AND ANAsTassios E. PETRoPOULOS®

LESA SSA-NEO Coordination Centre, Largo Galileo Galilei, 1, 00044 Frascati (RM), Italy

2INAF - Osservatorio Astronomico di Roma, Via Frascati, 33, 00040 Monte Porzio Catone (RM), Italy

3 Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive, Pasadena, CA 91109, USA

4 Institute for Astronomy, 2680 Woodlawn Drive, Honolulu, HI 96822, USA

5Southwest Research Institute, 1050 Walnut Street, Boulder, CO 80302, USA

8 Buropean Southern Observatory, Karl-Schwarzschild-Strafie 2, 85748 Garching bei Miinchen, Germany

7School of Geosciences, Sackler Faculty of Fract Sciences, Tel Aviv University, Ramat Aviv 69978, Israel

8 The Johns Hopkins University Applied Physics Laboratory, Space Exploration Sector, 11100 Johns Hopkins Road, Laurel, MD 20723, USA
9ESTEC, European Space Agency, Keplerlaan 1, 2201 AZ, Noordwijk, The Netherlands

10 Chair of Astronautics, Technical University of Munich, Boltzmannstrafie 15, 85748 Garching bei Miinchen, Germany

(Received 2018-04-17; Revised TBD; Accepted 2018-04-TBD)
Submitted to Nature

ABSTRACT

Nature Letters have no abstracts.

Keywords: asteroids: individual (11/2017 Ul) — asteroids: interstellar

Corresponding author: Marco Micheli

marco.micheliQesa.int


http://orcid.org/0000-0001-7895-8209
http://orcid.org/0000-0003-0774-884X
http://orcid.org/0000-0002-2058-5670
http://orcid.org/0000-0003-0854-745X
http://orcid.org/0000-0001-6952-9349
http://orcid.org/0000-0002-6317-4839
http://orcid.org/0000-0003-0951-7762
http://orcid.org/0000-0002-6381-8534
http://orcid.org/0000-0002-4734-8878
http://orcid.org/0000-0002-0439-9341
http://orcid.org/0000-0002-1341-0952
http://orcid.org/0000-0001-8429-2739
http://orcid.org/0000-0002-2021-1863
http://orcid.org/0000-0001-6965-7789
http://orcid.org/0000-0001-8690-3507
http://orcid.org/0000-0003-2990-3986
mailto: marco.micheli@esa.int

21

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

a7

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

2 MICHELI ET AL.

SUMMARY

The motion of celestial bodies is mostly governed by gravity, with non-gravitational effects having
been observed only for a limited number of Solar System objects. The detection of any deviation from
a purely gravity-driven trajectory requires high-quality astrometry over a long arc. Here we report the
detection, at 300 significance, of non-gravitational acceleration in the motion of ‘Oumuamua, the first
and only known object of interstellar origin to have entered the Solar System. We performed a careful
analysis of imaging data from extensive observations by both ground-based and orbiting facilities.
This analysis rules out systematic biases and shows that all astrometric data can be described once a
non-gravitational component representing radial acceleration proportional to ~ =2 or ~ r~! is included
in the model. Exploring physical causes of the observed non-gravitational acceleration of ‘Oumuamua,
we rule out solar radiation pressure, drag- or friction-like forces, interaction with solar wind for a
highly magnetized object, as well as geometric effects originating from ‘Oumuamua potentially being
composed of several spatially separated bodies or having a pronounced offset between its photocenter
and center of mass. Outgassing, however, is found to be a viable explanation, provided ‘Oumuamua
has major volatiles and thermal properties similar to other comets. Our hypothesis remains tentative,
as it requires a number of assumptions, specifically regarding the dust content, grain size distribution,
ice-to-gas ratio and minor species composition. In-situ observations would be required to determine
conclusively the nature, origin, and physical properties of ‘Oumuamua and potentially similar objects
yet to be discovered.

The object now known as 1I/‘Oumuamua was discovered on 2017 October 19 by the Pan-STARRS1 survey':2.
Within a few days, additional observations collected with ESA’s Optical Ground Station (OGS) telescope, together
with pre-discovery data from Pan-STARRSI, allowed us to determine a preliminary orbit that was highly hyperbolic
(eccentricity of 1.2), identifying the object as originating from outside the Solar System® and approaching from the
direction of the constellation Lyra, with an asymptotic inbound velocity of vo, ~ 26 km s~ 1.

The extreme eccentricity of ‘Oumuamua’s orbit led the Minor Planet Center to initially classify the object as a
comet?. However, this classification was later withdrawn when imaging obtained immediately after discovery using
the Canada-France-Hawaii Telescope (CFHT) and, in the following weeks, the ESO Very Large Telescope (VLT) and
the Gemini South Telescope, both 8-meter-class facilities, found no sign of coma despite optimal seeing conditions
(see Fig. 1 and discussion in Methods). In addition, spectroscopic data obtained®® at around the same time showed
no evidence of identifiable gas emission in the visible wavelength region of the spectrum. Although the object has a
surface reflectivity similar to comets®>°, all other observational evidence available at the time thus suggested that
‘Oumuamua was likely inactive and of asteroidal nature, contrary to the expectation that most interstellar objects are
cometamy3 .

In parallel with physical and compositional studies, our team continued to image ‘Oumuamua to further constrain
its orbit through astrometric measurements. As our target continued to fade, we obtained additional data with CFHT,
VLT, and the Hubble Space Telescope (HST; see Methods). A final set of images was obtained with HST in early 2018
for the purpose of extracting high-precision astrometry. The resulting dataset provides dense coverage from discovery
to 2018 January 2, when the object became fainter than V' ~ 27 at a heliocentric distance of 2.9 au.

We carefully analyzed all observational data, applying the procedures and assumptions discussed in the Methods
section. Our analysis shows that the observed orbital arc cannot be fit in its entirety by a trajectory governed solely
by gravitational forces due to the Sun, the eight planets, the Moon, Pluto, the 16 biggest bodies in the asteroid main
belt, and relativistic effects”. As shown in the left panel of Fig. 2, the residuals in right ascension and declination of
the best-fit gravity-only trajectory are incompatible with the formal uncertainties: ten data points deviate by more
than 50 in at least one coordinate, and 28 are discrepant by more than 30. Furthermore, the offsets (some as large as
20") are not distributed randomly but show clear trends along the trajectory.

To improve the description of ‘Oumuamua’s trajectory, we included a radial acceleration term A;g(r) in the model®,
where A; is a free fit parameter, 7 is the heliocentric distance, and g(r) is set to oc 7~2, matching the decrease of
solar flux with distance, with g(1 au) = 1. As shown in the right panel of Fig. 2, the addition of this term allows us
to explain the data for a value of A; of (5.01 £ 0.16) x 10~¢ m s=2, corresponding to a formal ~ 300 detection of
non-gravitational acceleration. Additional analyses, discussed in greater detail in the Methods section, further support
our finding that any non-gravitational acceleration is preferentially directed radially away from the Sun, and allow
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Figure 1. Deep stacked images centered on ‘Oumuamua. Top row: 2017 October 25-26° (ESO VLT and Gemini S); second
and third rows: 2017 November 21 and 22 (HST). Left column: orientation of the images, showing the antisolar and antimotion
directions. Second column: the stacked images; third column: self-subtracted image (see Methods section for details); fourth
and fifth column: as columns three but after application of a wavelet and adaptive filter, respectively, to further enhance low
surface brightness features. No dust is visible.
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Figure 2. Normalized right ascension and declination residuals for a gravity-only solution (left) and a solution that includes
a non-gravitational radial acceleration A;r~2 (right).
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4 MICHELI ET AL.

Table 1. x? of the fit to the ‘Oumuamua astrometry for different non-gravitational models. For reference we also list the x?
value of a gravity-only model of the trajectory.

Model x*
Gravity-only 1082

1. Impulsive Av event 100

2. Pure radial acceleration: A;g(r) ocr=*; k=0,1,2,3 100, 86, 91, 113
3. RTN decomposition: [A;, A2, A3]g(r) <~ k=0,1,2,3 92, 85, 87, 100
4. ACN decomposition: [Aa, Ac, An]g(r) <% k=0,1,2,3 104, 88, 84, 95
5. Pure along-track acceleration: Aag(r) ocr*; k=0,1,2,3 1082, 1074, 1049, 1007
6. Constant acceleration vector 115

Ta. Aigco(r) 95

b. Aigu,o(r) 129

Tc. [A1, A2, As] gco(r) 89

7d. [A1, A2, A3] gHy0(r) 101

Te. [A1, Aa, As] gu,o(r), AT 98

both the aforementioned r—2 dependency and a less steep r~' law. By contrast, constant acceleration independent
of distance is strongly disfavored, regardless of direction (either radial, along the instantaneous velocity vector of
‘Oumuamua, or inertially fixed). Table 1 presents the x? values of the astrometric fits for each of the tested models
(see the Methods section for details).

We performed a series of tests, also discussed in greater detail in the Methods section, which confirm that the
observed non-gravitational signature is neither an artifact caused by some subset of the observations, nor the result of
overall systematic biases unaccounted for in the analysis. Even a substantial inflation of the assumed error bars in the
astrometry, applied to reflect possible catalog biases or uncorrected distortions, still results in a significant detection.
In addition, the non-gravitational acceleration is clearly detected both in ground-based observations alone and in an
HST-only arc complemented with just a few early high-quality data points.

Exploring a variety of possible explanations for the detected non-gravitational acceleration, we find outgassing to be
the most physically plausible explanation, although with several caveats. A thermal outgassing model®, which treats
‘Oumuamua like a common cometary nucleus, creates a non-gravitational force proportional to ~r~2 in the range
of distances covered by our observations. The model predictions for the magnitude and temporal evolution of the
non-gravitational acceleration are (barely) consistent with observations (within a factor of about 5; see Methods) for a
water production rate of Qu,0 = 8 x 10?5 molecules s™!, or 2.5 kg s~! near 1.4 au and an additional contribution from
Qco of 1.5 kg s~!. Outgassing at this level is not in conflict with the absence of any spectroscopic signs of cometary
activity, since the quoted values are well below the spectroscopic limits on production rates®!°. The model, however,
also predicts 0.2 kg s~! of dust production, which should have been detectable in the images. While problematic at
face value, this discrepancy could be resolved by adjusting the dust grain size distribution, the pore size of the nucleus,
and the ice-to-gas ratio.

Alternative explanations for the observed acceleration proved to be either physically unrealistic or insufficient to
explain the observed behavior:

1. Solar radiation pressure. The simplest physical phenomenon that could cause a radial acceleration following an
r~2 dependency and directed away from the Sun is pressure from solar radiation, which has indeed been detected
for a few small asteroids'''?13:14, However, for ‘Oumuamua the magnitude of the observed acceleration implies
an unreasonably low bulk density roughly three to four orders of magnitude below the typical density of Solar
System asteroids of comparable size. Additional considerations regarding the plausibility of radiation pressure
as an explanation for the non-gravitational motion are presented in Methods.

2. Yarkovsky effect. A rotating body in space experiences a small force due to the anisotropic emission of thermal
photons'®. The resulting perturbation can, however, be excluded as an explanation for the observed acceleration
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both because of its low intensity (at most comparable to that of solar radiation pressure) and because it mainly
affects the motion in the along-track direction, in conflict with our data.

3. Friction-like effects aligned with the velocity vector. Some dynamical effects, such as friction or drag-like phe-
nomena, tend to be aligned with the direction of motion and not with the heliocentric radial vector. However,
decomposition of the non-gravitational acceleration shows that the respective best-fit component along the di-
rection of motion is not only insufficient to explain the observations (see Table 1), but is also positive, while
drag-like phenomena would require it to be negative.

4. Impulsive event. Models of the trajectory that include an impulsive event, such as a collision, provide a poor fit
to the data (Table 1). Since the non-gravitational signal is present even in disjoint subsets of the observed arc,
continuous acceleration is a far more likely explanation.

5. Binary or fragmented object. In this scenario, the center of mass of the combined system does in fact follow a
purely gravitational trajectory, and the detected non-gravitational signature is an artifact, caused by us tracking
only the main component of ‘Oumuamua. However, no secondary body or fragment is visible in our data down
to a few magnitudes fainter than ‘Oumuamua, and any object smaller than the corresponding size limit (~ 100
times smaller than ‘Oumuamua) would be insufficient to explain the observed astrometric offsets.

6. Photocenter offset. ‘Oumuamua may feature surface characteristics that significantly displace the optical photo-
center (the point whose position is measured astrometrically) from its center of mass. However, even assuming
the longest possible extent of 800 m for the object®, derived assuming a low albedo of p = 0.04, the maximum
separation between the two reference points would be approximately 0.005” at closest approach, many orders of
magnitude less than the observed offset from a gravity-only solution.

7. Magnetized object. If ‘Oumuamua had a strong magnetic field, the interaction with solar wind could affect its
motion'%!7. However, assuming a dipole field, a plasma-fluid model, and typical solar wind speed and proton
number density'®, we find the resulting acceleration for an object of the nominal size of ‘Oumuamua® to be only
2x 107 m 572, i.e., too small by a factor of about 10°, even if we adopt the high magnetization and density of
asteroid (9969) Braille'?.

While this list of possible alternative explanations is certainly not exhaustive, we believe that it covers most physical
mechanisms worth exploring based on the data in hand. We note, however, that the models tested in this work attempt
only to describe the dynamical behavior of ‘Oumuamua within the temporal arc covered by the available observations.
The presence of non-gravitational acceleration and the complexity of the physical explanation proposed by us suggest
that an extrapolation of ‘Oumuamua’s past and future trajectory outside the modeled arc may be subject to significant
uncertainties.

Our proposed explanation of outgassing provides the most plausible physical model of the observed non-gravitational
acceleration by postulating that ‘Oumuamua behaves like a comet of miniature size. By establishing the object as an
icy body (albeit one with possibly unusual dust properties), this scenario resolves the puzzle of the object’s apparent
asteroidal nature® and reconciles ‘Oumuamua’s properties with predictions that only a small fraction of interstellar
objects are asteroidal (rocky-to-icy ratio in the 0.01% to 0.5% range®”). The lack of observed dust lifted from the object
by the hypothesized cometary activity can be explained by an atypical dust grain size distribution that is devoid of
small grains, smaller-than-usual pores in the nucleus, a low dust-to-ice ratio or surface evolution from its long journey.
However, these important aspects of ‘Oumuamua’s physical nature cannot be resolved conclusively with the existing
observations. In-situ observation would be essential to reveal unambiguously the nature, origin, and physical properties
of ‘Oumuamua and other interstellar objects that may be discovered in the future.
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METHODS

Ground-based observations. We found first evidence of non-gravitational forces acting on ‘Oumuamua in astrome-
try derived from a set of ground-based optical images obtained by our team with various ground-based telescopes®. Our
first optical follow-up observations was performed with ESA’s 1.0-meter Optical Ground Station (OGS) in Tenerife,
Spain, only 13 hours after ‘Oumuamua’s discovery. Subsequent deeper observations were conducted with the 3.6-
meter Canada-France-Hawaii Telescope (CFHT; seven nights), the 8.2-meter ESO Very Large Telescope, UT1 (VLT;
two nights), and the 6.5-meter Magellan Baade telescope (two nights). The astrometric positions derived from this
ground-based dataset, together with the associated error bars, are already sufficient to detect the non-gravitational
acceleration at the > 40 level.

Search for pre-discovery detections. We searched for pre-discovery images of ‘Oumuamua at positions computed
from a model trajectory that included the observed non-gravitational acceleration. Pan-STARRS1 observed suitable
fields through its broad w-band filter on 2017 June 18 and 22, and through its i-band filter on 2017 June 17, almost
three months before perihelion. During this time, ‘Oumuamua’s predicted brightness (albeit uncertain due to the
large amplitude of the object’s lightcurve) was around V~26, significantly fainter than the limiting magnitude of
Pan-STARRS1. No object was visible in these images at the predicted location.

HST data and astrometry. Images of ‘Oumuamua were obtained with HST in two separate awards of Director’s
Discretionary (DD) time. The first set of observations was designed soon after ‘Oumuamua’s discovery, with the
primary goal of extending the observational arc in order to obtain tighter astrometric constraints on the object’s orbit.
Three HST visits were executed on 2017 November 21-22, one visit was executed on 2017 December 12, and a fifth
visit was executed on 2018 January 2. To maximize the length of the covered orbital arc, the last observation was set
to be performed as late as possible, assuming that we would know the rotational phase sufficiently well to allow us to
catch our steadily fading and only barely detectable target at lightcurve maximum. The discovery of non-principal-
axis rotation?"?? invalidated our assumption of a predictable lightcurve and motivated a second allocation of four
additional HST orbits, added to the final visit, that allowed us to cover ‘Oumuamua in a more sophisticated temporal
cadence designed to maximize its detectability regardless of lightcurve phase.

Each visit employed the same basic observing pattern of five 370 s exposures of the full field of WFC3/UVIS, an
exposure time that is just long enough to accommodate CCD readout and data storage overheads without loss of
integration time within the allocated single orbit. All images were taken through the extremely broad F350LP filter,
chosen for maximum throughput. This strategy was modeled after very similar observations of (486958) 2014 MUsgy,
the New Horizons extended mission target, and resulted in a signal-to-noise ratio (SNR) of approximately 2 to 3 for a
solar-color object of magnitude R = 27.5.

During all observations, HST tracked ‘Oumuamua, and target motions and parallax corrections were applied. As
a result, the object appears as a point source in our images, and the background field stars appear as long trails.
As the density of background stars was very low for these observations, the exact placement of our target within the
instrument’s field of view had to be adjusted for some visits to ensure that the number of reference stars (3 to 10) was
sufficient for the aimed-at high-precision astrometric solution.

The positions of reference stars were determined from Point Spread Function (PSF) fitting using the Tiny Tim
model?? and applying a smearing function derived from the HST-centric motion of the object during each exposure.
Uncertainties of the resulting position and flux measurements were derived using a Markov Chain Monte Carlo sampling
algorithm?*. The Probability Density Functions (PDFs) from this calculation were then used to update the default
World Coordinate System (WCS) solution of each image, using the Gaia DR1?° position of each star as a reference.
A PDF was also derived for this final reference WCS.

The position of ‘Oumuamua was computed in the same fashion, except that no smearing function was needed. Object
position, flux, and a PDF were derived for each frame where possible (a few images were lost to cosmic-ray strikes). In
the final visit, our target was detected in only two of the five orbits. Using the aforementioned WCS PDF for reference,
we combined these results to obtain the final sky-plane PDF for the object in each image and then converted the PDF
to a Gaussian approximation covariance for use in the fitting of ‘Oumuamua’s orbit. While the resulting uncertainties
are dominated by catalog errors for the earlier visits, the low SNR of the object contributes significantly to the error
budget for the final visit. The formal uncertainties from this procedure reach at most 0.01” to 0.02”, while the absence
of proper motions in Gaia DR1 contributes an additional systematic uncertainty of ~ 0.04”.
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Accumulated observational dataset. Our attempts to constrain the trajectory of ‘Oumuamua made use of all
available astrometric positions. In addition to our own astrometric dataset, we included all relevant data submitted
to the Minor Planet Center for a total of 179 ground-based observations and 30 HST observations. Seven additional
ground-based observations deemed unreliable by the respective observers were not considered. Where no uncertainties
were provided by the observers, we assumed a 1” positional uncertainty; a handful of observations that showed poor
internal consistency were further deweighted (up to 6”). Moreover, we assumed that the reported observation times are
uncertain by 1 s. Finally, positions that did not use the Gaia DR1 catalog?® as reference were corrected for systematic
errors of the respective star catalog?®, resulting in corrections as large as 0.4” for the USNO-B1.0 catalog®’.

Potential biases in the detection of non-gravitational motion. To test whether the detected non-gravitational
acceleration could in fact be an artifact introduced by a subset of biased astrometric observations, we used the A;g(r),
g(r) oc r=2 non-gravitational model and performed a series of analyses on chosen subsets of the full data arc, designed
to highlight whether specific groups of observations could be responsible for the signal. Our findings can be summarized
as follows:

1. The signal is not caused by the early, noisier observations. Fitting only data taken after 2017 October 25, or
after 2017 November 15, still yields a detection of A; at 180 and 3.50 confidence, respectively.

2. Similarly, the signal is not caused only by the late part of the arc. Fitting only data taken prior to 2017 November
15, or up to 2017 December 1, still yields a detection of A; at 3.00 and 7.30 confidence, respectively.

3. To rule out biases in data from ground-based observations, e.g., due to color refraction in the atmosphere, we
computed orbital solutions using only HST data and a single ground-based observation set, either OGS on
October 19, CFHT on October 22, or VLT on October 25. In all three tests, non-gravitational motion was
detected at a significance of at least 120.

4. The vast majority of astrometric positions for ‘Oumuamua were measured relative to the Gaia DR1 catalog,
which does not include the proper motions of stars. Since Gaia DR1 uses 2015 as the reference epoch, offsets
due to proper motions?® could amount to as much as ~ 0.04”. We tested the impact of this effect by limiting our
analysis to a single astrometric position for each of the four HST visits and a single OGS position on October
19, and added ~ 0.04”+/5 x 2 in quadrature to the astrometric uncertainties to account for the cumulative effect
of missing proper motions. We still found a 5.30 detection of Aj;.

5. To rule out the possibility that the detection of non-gravitational motion could be due to issues with HST
data (such as in the case of comet C/2013 Al where the HST astrometry was found to have larger errors than
expected?®), we performed a fit using only ground-based observations and still detected non-gravitational motion
at 7.3c0 significance.

6. To make sure that the high significance of the detected non-gravitational signal is not caused by overly optimistic
assumptions regarding the astrometric uncertainties, we used an uncertainty floor of 1” and still obtained a 7.0c
signal for A;.

The results of our tests show that the observed non-gravitational signature is not an artifact of biases in the data or
the specifics of the analysis performed, but is indeed present in the motion of ‘Oumuamua.
Non-gravitational models. In addition to A;g(r), with g(r) oc =2, we considered several alternative models for the
observed non-gravitational acceleration of ‘Oumuamua; the x? values of the corresponding fits to all astrometric data
are shown in Table 1 for comparison with the gravity-only reference model. A brief summary of each model (numbered
as in Table 1) is provided below:

1. We searched for evidence of an impulsive Av event and found two x? minima, one on 2017 November 5 and
another on 2017 December 7, both requiring a Av of 5 m s~! or more. However, the corresponding orbital
solutions provide a poorer fit to the data than continuous acceleration models. Moreover, as discussed before,
evidence of non-gravitational acceleration is found in the arcs prior to 2017 December 7 and after 2017 November
5. Therefore, an impulsive Av event alone cannot model the trajectory of ‘Oumuamua.

2. We tested different power laws for for the radial dependency of the acceleration; g(r) oc r=% k = 0,1,2,3. A
constant g(r) (k = 0) provides a poorer fit to the data. Within our fit span, which extends from r = 1.1 au
to r = 2.9 au, the acceleration decreases with increasing heliocentric distances at a rate that cannot be much
steeper than 72, but can be gentler, e.g., »—!, with both trends having comparable likelihood. A trend going
with r—3, on the other hand, is again strongly disfavored by the data.
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3. Adding transverse, A2g(r), and normal (out-of-plane), Asg(r), acceleration components to a radial-acceleration-
only model (the result is referred to as the RTN model) yields only a modest improvement of the fit, regardless of
the dependence with heliocentric distance we select, showing that the non-gravitational acceleration of ‘Oumua-
mua is mostly radial. The best-fit values for A and Aj are consistent with zero (significance < 1o) and are an
order of magnitude smaller than that for A;.

4. Alternatively, the acceleration vector can be decomposed into along-track, cross-track, and normal (ACN) com-
ponents. The goodness of the resulting fit is comparable to that obtained by for the RTN. However, in the ACN
frame all three directions are needed to describe the data, while a single parameter is sufficient in the RTN frame.
In particular, the fit is unacceptably poor for an exclusively along-track acceleration Ag(r) with g(r) oc r=2.

5. An unacceptably poor fit is obtained if the acceleration is assumed to act exclusively in the direction of the
object’s velocity vector, with any g(r) oc =% k= 0,1,2,3.

6. We also tested the possibility of a constant acceleration vector, fixed in inertial space. The resulting fit is
significantly worse than that obtained by decomposing the acceleration into RTN components and allowing g(r)
to decrease with increasing heliocentric distances.

7. Finally, we tested non-gravitational models involving cometary activity. A CO-driven® g(r) behaves similarly to
r~2 for r < 5 au and provides a better fit than a HyO-driven® g(r), which falls off like 7=2-1° for r < 2.8 au and
then abruptly decays like »~26. This latter model provides a significantly improved fit if we include a time offset
AT = 56 d with respect to perihelion for the acceleration peak®’, thus moving the fast decay of g(r) outside of
the data arc.

Limits on cometary activity. We estimated that no more than ~ 1 kg of 1 um-sized dust grains could have
been present in the direct vicinity of ‘Oumuamua (< 2.5” or < 750 km from the nucleus)® on October 25-26. Here we
perform the same analysis on deep stacks of the 2017 November 21, 22, and December 1 HST data in search of evidence
of dust. To this end, we subtracted a copy of each image from itself after rotation by 180°. Since any dust is pushed
from the nucleus by solar radiation pressure, its distribution is expected to be highly asymmetric. The self-subtraction
removes the light from the nucleus and from the symmetric component, and makes the asymmetric component more
prominent. The subtracted frames were further enhanced by wavelet filtering (which boosts the signal with spatial
frequencies corresponding to 2 to 8 pixels) and adaptive smoothing (which smooths the signal over a region whose size
is dynamically adapted such that the SNR reaches a threshold, set here to 2). Careful examination of the resulting
images, shown in Fig. 1, does not reveal any sign of dust to a similar limit. The asymmetry test is particularly sensitive
for the October 25-26 stack: because the Earth was only 15° above the object’s orbital plane, any dust released from
the nucleus since its passage through perihelion is expected to be confined to a narrowly fanning region with position
angles of approximately 90° to 135°. Our findings thus indicate that the original upper limit of ~ 1 kg of 1 um dust
within 750 km is conservative.

From the orbital fits we know that the non-gravitational acceleration on ‘Oumuamua on October 25 was
2.7 x 1079 m s72. The mass m of ‘Oumuamua can be estimated from the photometry®, assuming an albedo of
0.04 (or 0.2), and a bulk density of 400 kg m~—3 (or 3000 kg m~3) for a cometary (or asteroidal) object!. If the
non-gravitational force is due to cometary activity, Newton’s law can be used to relate the observed acceleration
to the gas production rate®?, Q, via ma = QCv;, where v; is the gas ejection velocity and ¢ a poorly constrained,
dimensionless efficiency factor that accounts for (among other effects) the geometry of the emission. At the heliocentric
distance of ‘Oumuamua on October 25 of 1.4 au, (v; would fall between 150 m s~! to 450 m s~!; in the following, we
adopt 300 m s~!. The resulting gas production rates, at a heliocentric distance of 1.4 au, range from 0.7 kg s~! to
140 kg s~! depending of the size, shape, and mass of the object, with a mass loss of Q = 10 kg s~! being our best
estimate. This value was used to constrain the thermal model discussed in the following.

Outgassing models. In order to verify whether cometary activity can produce the observed non-gravitational accel-
eration, we modeled® the object as a comet. Note that, because of the large range of plausible masses for the nucleus,
our results should be considered order-of-magnitude estimates. We assumed the following physical characteristics for
a spherical nucleus®: a radius of 102 m, an albedo p of 0.04, a density p of 500 kg m~3, an ice-to-dust ratio of unity
(in mass), and 30% porosity, all typical values for comets?. The model considers sub-surface HoO and CO ices (with
CO/H20 = 0.05 by mass) and, following this model nucleus along ‘Oumuamua’s orbit, evaluates the sublimation over
a 400-day period centered on perihelion. The water production rate was found to peak close to perihelion and then
decline following a ~ r~2 profile until 70 days after perihelion (at 1.9 au in mid-November 2017), when it starts to
decrease sharply. At that point, the CO production rate, which does not change much along the trajectory, becomes
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dominant, and hence the total production rate continues to follow the ~ =2 trend. The gas velocity was estimated
at v; = 390 m s~!, within the range of (v; values discussed above.

Additional physical parameters characterizing the model nucleus (e.g., thermal conductivity, ice-to-dust ratio, bulk
density) were adjusted in an attempt to match Qu,0 = 10 kg s=! at 1.4 au, our estimate of the gas production rate
required to generate the observed non-gravitational acceleration. The resulting model parameters are mostly within
acceptable limits and physically meaningful; for instance, the required thermal conductivity matches that of silicates,
rather than that of a mix of silicate and organics. The dust production was estimated using a low drag coefficient,
acknowledging that the gas, and therefore the dust, would come from the sub-surface. For our initial model, however,
Qqust = 0.2 kg s71, and the maximal gas production at 1.4 au is Qu,0 = 2.5 kg s~!, which provides insufficient
acceleration. Qu,o would increase to about 4 kg s~! if the fraction of CO ice (which has a much lower heat of
sublimation) were high. A further increase in mass loss by approximately 30% would result if the surface area had
an ellipsoidal shape. Finally, acceleration from outgassing would reach the required value if the assumed density of
‘Oumuamua is lowered to around 200 kg m~3. The dust production rates inferred from the thermal models require
the grains to be relatively large, in order to match the optical limits on dust. Large grains are typical of outgassing
from sub-surface layers as seen in laboratory experiments>?.

Although other values could be obtained by adjusting the dust size distribution and the nucleus pore size, further
exercises would be of little benefit, as long as we do not have additional constraints. In conclusion, we find that
sublimation can account for the measured non-gravitational forces, when modeling ‘Oumuamua as a small comet, but
only if it has some unusual properties.

Solar radiation pressure. A simple radial dependency of the non-gravitational acceleration, decaying as A7 2
with the heliocentric distance, is allowed by the dataset for A; = (5.01 4 0.16) x 107% m s=2. If interpreted as solar
radiation pressure on the projected area of the object exposed to sunlight, this A; value would correspond to an Area
to Mass Ratio (AMR) between ~ 0.5 m? kg=! and 1 m? kg~

Given the range of possible sizes and shapes of ‘Oumuamua®, and assuming a uniform density and an ellipsoidal
shape for the body, this estimate of the AMR would correspond to a bulk density of the object between ~ 0.1 kg m—3
and ~ 1 kg m~3, three to four orders of magnitude less than that of water. Alternatively, to be composed of materials
with densities comparable to normal asteroidal or cometary matter (~ 1000 kg m~3), ‘Oumuamua would need to be
a layer, or a shell, at most a few millimeters thick.

Unless ‘Oumuamua has physical properties that differ dramatically from those of typical Solar System bodies within
the same size range, the interpretation of the non-gravitational acceleration being due to solar radiation pressure is
therefore unlikely.

Binary object or fragmentation event. The existence of one or more fragments could theoretically explain the
detected astrometric offsets by displacing the center of mass of the overall system from the main component that
was measured astrometrically. However, the existence of a bound secondary body of significant mass can be easily
discounted both directly and indirectly.

The offsets from a gravity-only solution (see Fig. 2) observed at the time of our deepest images are at the arcsecond
level, requiring a possible bound, secondary body to have a separation from the main mass that is of comparable or
greater size. No co-moving object was detected in the vicinity of the main body though, although most of the images
we obtained with large-aperture telescopes have sub-arcsecond resolution and reach a depth a few magnitudes fainter
than ‘Oumuamua. Specifically, the limiting magnitudes estimated from the SNR of ‘Oumuamua on deep stacks of
data from the VLT (October 25) and HST (November 21 and 22) are 7, = 27.0 and Vi, = 29.2), respectively.
Conversion to an upper limit for the radius of an unseen object yields 7.8 m (3.5 m) and 4.5 m (2.0 m) respectively, for
an albedo of 0.04 (0.2) (typical values for a cometary nucleus and an asteroid), i.e., ~ 100 times smaller than the main
body using the same assumptions. In addition, given ‘Oumuamua’s small mass, the radius of its sphere of influence
r ~ a(m/M)?/® (where a is the distance between the object and the Sun, m and M the masses of the object and of
the Sun) is of the order of ~ 1 km, corresponding to angular separations of milliarcseconds. Any object within such
a distance would be fully embedded in the main body’s PSF and therefore would not contribute any detectable offset
to the astrometric photocenter.

The possibility of an unbound fragment being ejected by ‘Oumuamua during the observed arc can also be excluded,
not just because no such fragment was seen in the deep images we obtained, but also because its dynamical effect
would correspond to an impulse-like event in the trajectory, which we have already shown to be incompatible with the
data.
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Code availability. The JPL asteroid and comet orbit determination code used in the in-depth analysis of the possible
dynamical scenarios is proprietary. However, some key results of this analysis, including the detection of a significant
non-gravitational acceleration at the ~ 300 level, can easily be reproduced by using freely available software, such as
Find Orb by Bill Gray (https://www.projectpluto.com/find_orb.htm). The code of the comet sublimation model
is not publicly available.

Data availability. The astrometric positions and uncertainties on which this analysis is based will be submitted to
the Minor Planet Center for public distribution.
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