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In 2017, 1I/Oumuamua was identified as the first known interstellar object in the Solar
System!. Although typical cometary activity tracers were not detected*®, ‘Oumuamua ex-
hibited a significant non-gravitational acceleration”. To date there is no explanation that can
reconcile these constraints®. Due to energetic considerations, outgassing of hyper-volatile
molecules is favored over heavier volatiles like H,O and CO-°. However, there are are theo-
retical and/or observational inconsistencies!” with existing models invoking the sublimation
of pure H, ?, N,, W and CO ', Non-outgassing explanations require fine-tuned formation
mechanisms and/or unrealistic progenitor production rates »13715, Here we report that the
acceleration of ‘Oumuamua is due to the release of entrapped molecular hydrogen which
formed through energetic processing of an H,O-rich icy body. In this model, ‘Oumuamua
began as an icy planetesimal that was irradiated at low temperatures by cosmic rays dur-
ing its interstellar journey, and experienced warming during its passage through the Solar

System. This explanation is supported by a large body of experimental work showing that



H; is efficiently and generically produced from H;O ice processing, and that the entrapped
H; is released over a broad range of temperatures during annealing of the amorphous water
matrix!®22, We show that this mechanism can explain many of ‘Oumuamua’s peculiar prop-
erties without fine-tuning. This provides further support® that ‘Oumuamua originated as a

planetesimal relic broadly similar to Solar System comets.

After the identification of ‘Oumuamua as an interstellar object, extensive follow-up stud-

DU

ies revealed it to host a featureless red reflection spectrum =, no detectable dust or gas coma

2 2114123

40 an extreme 6:6:1 geometry , and a low inbound galactic velocity dispersion implying

a young <100 Myr age 2423,

Considering these constraints, together with the observed non-
gravitational acceleration”, we propose that ‘Oumuamua originated as an H,O-rich icy planetes-
imal that was ejected from its formation system and underwent energetic processing in the cold
interstellar medium. This bombardment by cosmic rays and high energy photons produced en-
trapped Hs that was released upon thermal annealing of the H,O matrix during its passage through
the Solar System. This model does not require a fine-tuned formation scenario, and reconciles the
observations that (1) the surface properties of ‘Oumuamua are consistent with some Solar System
comets, (ii) spectroscopically active gases were not detected, and (iii) the body nonetheless exhib-
ited non-gravitational acceleration. Note that Hy would not be detectable from the spectroscopic
observations of ‘Oumuamua at optical, centimeter, and IR wavelengths which were used to provide

upper limits on the production rates of other gases>%29,

The processing of H>O ice in astrophysically relevant conditions has been extensively ex-



plored with laboratory experiments. Hy formation from H,O processing (or Dy from D5O) has
been demonstrated for various energy sources (energetic particles, UV photons, electrons), water
structures (crystalline and amorphous), and compositions (water ice that is both pure and doped

with other volatiles)!0"22

. Of relevance to the highly porous structure of comet-like bodies, Hy
production has been shown to increase along with ice porosity 22, The majority of H, produced

from in situ ice processing at low temperatures (~10 K) remains trapped within the water matrix

until the ice is heated to temperatures ranging from 15 to 140 K220,

Non-gravitational acceleration of some form is required to match the 207 astrometric ob-
servations of ‘Oumuamua collected when it was between 1.2-2.8 au %12, The best fit to the
non-gravitational acceleration is primarily in the anti-solar direction with an r—! or 2 radial
dependency. During this time (and specifically during the first 6 October nights when high tempo-
ral cadence photometric data were obtained) the lightcurve was used to infer object dimensions of
115x 111 x 19 meters, though the size is degenerate with the geometric albedo* (the quoted dimen-

sions assume an albedo of 0.1). Before this time, it is unknown whether ‘Oumuamua experienced

non-gravitational acceleration and what its shape or size may have been.

H,/H,0 yields as high as 35% have been measured in experiments of H,O ice processing™’.
H>/H50 yields of tens of percent are predicted for the top few meters of a cometary body exposed
to galactic cosmic rays (GCRs)*’. Indeed, GCRs are the most relevant energy source for this
scenario since they can penetrate to depths of tens of meters into an icy body<®. Moreover, in the

solar system, the H/(C+O) ratio in volatile cometary material is ~1.6, compared to a ratio of ~0.5



in refractory organic material®*2". This implies that a majority of the original H content can be
lost during chemical processing of volatile ice mixtures. Based on the above lines of evidence, it
is reasonable to assume that Hy/H5O yields in the low tens of percent can be achieved for the top
several meters of an irradiated comet-like body. In our model we test uniform fixed Ho/H5O ratios
of 0.3 and 0.4 throughout the body, corresponding to conversion yields Hy(final)/H;O(initial) of

~20-30%.

In order to be a feasible accelerant, H, outgassed from the surface layers of ‘Oumuamua
must provide sufficient force to explain the observed non-grativational acceleration. To test this
model, we calculate the number of H, molecules in an outgassing shell on the surface of the el-
lipsoidal body (V2 shei1), and compare this to the total number of molecules required to explain
the non-gravitational acceleration (V2 accel) (Methods; Equation @) When N2 shen / Nu2,accel
>1, the model is feasible. This fraction depends on several parameters which are unconstrained
for ‘Oumuamua: the albedo (and corresponding size) of the body, the outgassing depth, the tem-
perature of the outgassing H,, the geometry of outflowing gas (e.g. collimated vs. isotropic), the
H,/H50 ratio, and the water/dust mass ratio. We therefore explore a range of values reasonable
for a comet-like body, described in the Methods section. Figure 1 demonstrates that the feasibil-
ity criterion is satisfied for a wide range of the expected parameter space in both optimistic and

conservative cases.

We next perform thermal modeling of ‘Oumuamua (Methods) to determine whether the ob-

ject could produce H, from the depths implied by Figure 1. Experiments have demonstrated that



(@) Th2=140 K, Xn20/dust=3, XH2/H20=0.3

(b) Th2=100 K, Xn20/dust=1, Xn2/120=0.3
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Figure 1: The model feasibility for a range of possible parameter space. The model is feasible
when Ny shel/ Vu2,accel >1, 1.€. the number of Hy molecules in an outgassing shell is sufficient
to explain the observed non-gravitational acceleration between 1.2-2.8 au. Each panel shows
this ratio for a range of geometric albedos and outgassing depths. The white regions represent
unphysical combinations of albedo and outgassing depth (d > r.). Different assumptions for the
outflow temperature, HoO/dust mass ratio, and Ho/H>O number density ratio are shown in Panels
A-D. Lines show where the ratio is 1 for the case of a collimated outflow (dotted, (=1) and an
entirely isotropic hemispherical outflow (dashed, (=0.5). Regions above these contours represent
allowable parameter space for a given set of assumptions. In panel B the dashed line corresponds
to a ratio of 0.95, the maximum reached for that (=0.5 scenario. Colormaps correspond to the (=1

case for each panel.



H, is released from within an amorphous H5O ice matrix between 15-140 K, first due to subli-
mation of Hy from channels with access to the surface (<30 K), and then due to annealing of the
H,0 ice which causes micropores and macropores to collapse!®2231, The fractions released within
different temperature regimes have been estimated at 2/3 from 15-30 K, 1/9 from 30-80 K, and
2/9 from 80-140 K=2, though this may differ in ices of cometary thickness compared to the exper-
iments. Based on these experiments, we expect H, outgassing to be active for comet layers that
are warmed to ~15-140 K. Figure 2 shows the simulated radial temperature profile of ‘Oumua-
mua over the course of the observations. We show the temperature profile for two end member
values of the thermal conductivity *¥. For a low thermal conductivity, temperatures of 15-140 K
are reached between 50-250 cm below the surface, while for a higher thermal conductivity the
necessary temperatures are reached down to ~8 meters. It is possible that additional heating may
be produced from the exothermicity of crystallization or annealing of the water matrix**. Upon
comparison with Figure 1, it is clear that the nucleus can be warmed to sufficient depths to explain

the necessary extent of Hs outgassing (e.g. 200400 cm for moderate albedos).

Our thermal models predict that surface temperatures greater than the water sublimation tem-
perature (~150 K) can be reached interior to 3 au. While it has been shown that H,O alone could

not provide sufficient non-gravitational acceleration due to energetic constraints %22

, spectroscopic
observations did not rule out HO outgassing. Indeed, upper limits from radio lines of OH (a disso-
ciation product of H,O) with the Green Bank Telescope correspond to an upper limit on the water

mass loss rate of M < 30 kg s~* at 1.8 au®2%, which is considerably higher than the production that

would be needed to power the non-gravitational acceleration”. If H,O sublimation was active, this
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Figure 2: Thermal model of ‘Oumuamua during the observational arc where non-gravitational
acceleration is required. We adopt a bulk density pp.;; = 0.5 g cm™3, specific heat capacity of
cp = 2000 J kg~! K and thermal conductivity x = 1072 W K~! m (panel A) and x = 107t W K!

m (panel B). H, outgassing is expected for temperatures of ~15-140 K.



would lower the required yields of Hs needed to explain the non-gravitational acceleration. Based
on the energetic constraints from , H,O sublimation could explain at most ~50% of the observed
non-gravitational acceleration. Alternatively, HoO may not have been present near the surface due
to the formation of a low-conductivity regolith during interstellar radiation processing>#5¢, In any
case, we have demonstrated that radiolytically produced H, could provide the non-gravitational

acceleration of ‘Oumuamua despite the ambiguity regarding HoO production.

Our modeling approach is necessarily simple owing to a dearth of quantitative constraints.
Additional laboratory efforts are needed to enable a more sophisticated treatment. In particular,
we stress the need to robustly establish the yields of H, from different types and doses of energetic
processing, both for pure H,O ice and comet-like volatile ice mixtures. This also includes mea-
suring the Hs fraction that escapes in different temperature regimes for different ice thicknesses.

Better descriptions of the energetics and kinetics of amorphous H>O ice annealing are also needed.

A remaining obstacle to any outgassing-based explanation for ‘Oumuamua’s non-gravitational
acceleration is the upper limit on the reported (and model-dependant) pm sized dust production
(M < 2x107% - 2x1073 kg s~!), which is lower than expected based on active solar system
comets =%, Micheli et al. ” posit that the dust from ‘Oumuamua could have been released as larger
grains (>100xm), and also note that small dust activity is not universal in solar system comets>’.
For example, the well studied comet 2P/Encke is notoriously underabundant in small dust particles
28 though this may be due to thermal processing within the inner solar system. We expand upon

these arguments by considering pm sized dust that is initially on the surface of the object or trapped



within the subsurface ice matrix. It has been demonstrated that interactions with ambient gas in the
interstellar medium preferentially remove small dust grains from the surface of long-period comets
and interstellar comets 2. Furthermore, ‘Oumuamua is considerably smaller than any active comet
detected to date in the solar system®. It is possible that smaller objects with weaker self gravity
are less efficient at retaining surface dust particles. Indeed, the lack of known small Solar System
comets could reflect an observational bias due to intrinsically lower dust production rates. In the
scenario proposed here, we further note that Hs is less massive than other volatiles associated with
cometary activity (e.g. 2 vs. 28 my for Hy vs. CO). Therefore, H, production will provide consider-
ably less momentum for entraining dust either from the surface or within the ice matrix. Similarly,
it is is plausible that H,O annealing will release entrapped H, while the primordial dust remains
bound in the ice matrix. Improved constraints on the efficiency of small dust entrainment in the
outgassing of different hypervolatiles are important not only for ‘Oumuamua but for interpreting

cometary activity more generally.

The model proposed here is generic and implies that all icy bodies exposed to sufficient high
energy radiation should exhibit some degree of H,O conversion to Hy. This process should be par-
ticularly efficient for Oort Cloud comets that are not shielded from cosmic rays by the heliosphere.
It is important to note the small size of ‘Oumuamua, which is at least an order of magnitude smaller
than solar system comets with ‘classic’ activity (e.g. spectroscopically active volatiles and/or small
dust; see Figure 5 in ®). Because ice processing will be most efficient in the top few meters of the
surface of a comet’, the outgassing of H, from a larger, more massive body should not be expected

to produce a meaningful acceleration. Therefore, it is likely that the detection of non-gravitational
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Figure 3: Thermal model of ‘Oumuamua over the course of the entire trajectory interior to the

orbit of Neptune. Adopted parameters are the same as in Figure 2.

acceleration of ‘Oumuamua was possible owing to its small size.

A prediction of our model is that small long-period and interstellar comets should exhibit
non-gravitational accelerations analogous to ‘Oumuamua as they approach the Sun, even if they
exhibit faint or non-detectable activity. Figure 3 shows the thermal profile of an object on the same
trajectory as ‘Oumuamua to distances past Neptune. Based on this model, Hs outgassing from the

surface layers of icy bodies may begin at large heliocentric distances (e.g. outgassing down to 2

10



meters between 10-20 au). Follow-up observations of small solar system bodies and interstellar
objects discovered with the Rubin Observatory Legacy Survey of Space and Time (LSST) will
therefore enable the proposed mechanism to be tested. Future detections of small bodies with non-
gravitational acceleration and faint coma could provide insights into the origins of ‘Oumuamua

even though it has long departed the Solar System.

Methods

H; budget We first calculate the total number of H, molecules needed to explain the non-gravitational
acceleration between 1.2-2.8 au. Following the fits of 7, we assume the acceleration as a function

-2
of heliocentric distance r is described by a(r)=4.92x 1076 (7’ / 1au> m s~2. The mass production

rate () of sublimating molecules can be found using,

MCL(T’) = CQ"UHQ, (1)

where M is the mass of the body, vy is the velocity of the outgassing Hs, and ( represents the
fraction of outgassing momentum that is imparted in the anti-solar direction. vy is found from
(%k‘BTHQ /mi2)'/?, where Ty is the temperature of outflowing Hy and my, is the Hy mass. As
discussed in more detail subsequently, we assume 7} is comparable to or lower than the surface
temperature of the body, reflecting full or partial thermalization as H, escapes. Assuming an
ellipsoidal shape, we solve for the instantaneous H, production rate needed to power the non-

gravitational acceleration, Ny accel (Molecules s7hy:

. 4
Nh2 accel = <§77Ta7“b7“cp3uuca> / (Cmszm) , 2)
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where r,, 73, and 7. are the semi axes of the ellipsoid and ppg, is the density. The fofal number
of required H, molecules Ny2 accel 1 found by integrating NHZaccel over time during the trajectory.
Note that we only integrate over the portion of the trajectory during which astrometric measure-

ments of the object were obtained, e.g. between 1.2-2.8 au, denoted by times ¢; and ¢:

ty .
NH2,acccl = / NHQ,accol ( T ) dr. (3)
t;

To evaluate the feasibility of our hypothesis, we compare this with the number of H, molecules
contained within a volumetric, ellipsoidal shell with a finite thickness d. To do so we first solve for

the volumetric density of H, (molecules cm™—?) within the body:

P Bulk X H20 /dust X H2/H20
NH2 = ) (4)
mMu20

where X20/dust 18 the HaO:dust mass ratio, X /m20 18 the Ho:H2O number ratio, and my2o 18
the mass of H,O. The RHS of Equation (4| is multiplied by the shell volume to calculate the total

number of molecules in the outgassing shell, N2 ghelrs

AT ppuk
N2 shell = X120 /dust XH2/H20 5~

3 ) <7“a7“b7“c — (ro —d)(ry, — d)(re — d)) G

mMm20
With this treatment, we implicitly assume that the Hy content within an entire ellipsoidal shell
should ultimately be available for outgassing. At a given time we expect that outgassing will only
occur from the illuminated surface; however, ‘Oumuamua was tumbling with a rotational period
much shorter than the time in which its heliocentric distance changed substantially. Therefore,

12



over the trajectory the entire surface of the body should have been exposed to the Sun and subject

to Hs outgassing.

We adopt as our feasibility criterion the dimensionless quantity given by dividing Equation

[5|by Equation 3

m r, —d)(ry — d)(r. — d
NH2,she11/NH2,acce1 = X120 /dust XH2/H20 ( = ) (1 | )r — d)( ) )

(vmg//tff a(7’)d7).

When the fraction Np2 ghen/Naccel > 1, the scenario is feasible: the number of Hy molecules in

(6)

the shell is sufficient to explain the non-gravitational acceleration. Note that this condition is re-
lated to the model feasibility starting around the time of detection (roughly 1 au post-perihelion).
As discussed subsequently, pre-discovery outgassing might require a larger Ny ghen. In Equa-
tion [6] we assume that the velocity of the outgassing Hy is independent of heliocentric distance.
N2 shell/ Naceel does not formally depend on pp,. We assume a constant X, /120 of either 0.3 or
0.4, corresponding to an Hy yield of 23—28% of the original H,O content, as described in the main
text. Other unconstrained parameters that influence Nu2 shen/ NVu2 accel are the outgassing depth, the
size of the body, the outgassing temperature, the outflowing gas geometry (approximated by (),
and the mass ratio Xp20/qust- The size of the body is degenerate with geometric albedo (p), and
we explore a range of albedos from 0.05-0.9. The axis lengths of the ellipsoid (r,, 73, and r.)
are found by rescaling the dimensions found for an albedo of 0.1 (115 x 111 x 19 meters) by a
factor of \/Ol—/p 23 We also model a range of outgassing depths from 100-800 cm to explore the
depth required to explain the magnitude of observed non-gravitational acceleration. Note that for

13



high albedos, the nominal outgassing depth can be larger than the minor axis r.; these cases are

unphysical and result in the blank region of parameter space shown in Figure 1.

For Tyo and Xy20/dust, We evaluate two end member cases. For the first, less conservative
case we assume an outgassing temperature of 140 K and a H,O/dust mass ratio of 3:1. This tem-
perature assumes that the escaping Hy molecules are thermalized as they leave the surface. While
higher surface temperatures are possible (Figure 2), the water matrix will begin to sublimate some-
what above 140 K. A water:dust mass ratio of 3:1 was found to be the best fit to an outgassing
model of ‘Oumuamua by . For the second, more conservative model we assume a lower out-
gassing temperature of 100 K, representative of a scenario in which the escaping Hs is not fully
thermalized with the surface layers of the body; and a lower H,O/dust mass ratio of 1:1. The sec-
ond model is conservative in that both the lower temperature and the lower X020 /qust Tesult in a

lower N2 shen for a given albedo and outgassing depth.

We also test two cases for the outflow geometry. For a fully collimated outflow, all momen-
tum from the outgassing H, is imparted in the anti-solar direction, corresponding to ¢ = 1. For an
entirely isotropic hemispherical outflow, half of the momentum is anti-solar, corresponding to { =
0.5. In reality, the outflow geometry is likely in between these cases. Note that in addition to the
parameters explored here, a momentum contribution from H,O sublimation would further expand

the allowable parameter space compared to what is shown in Figure 1.

For reference, we calculate the the H, mass production rate () at 1.25 au. Assuming an

outgassing temperature of 100 K and (=0.75, the mass loss rate ranges from ~10-800 g s~! for

14



the high- and low-albedo extremes, respectively. This is lower than previous estimates of the H,O
mass loss rate required to power the non-gravitational acceleration 2%, due to a combination of (i) a
higher gas velocity due to the smaller mass of Hy compared to H>O, and (i1) different assumptions

about the size of the body.

Thermal model In this section we describe our numerical thermodynamic model of the interior
temperature of ‘Oumuamau. This calculation is similar to the numerical experiments published by

“and *°. The absorbed solar flux, ®.,, along the trajectory is,

vo(t) = (op ) (1-9) )

where p is the albedo, R(t) is the time-dependent heliocentric distance and { = 0.25 is the average
projected surface area “’. We adopt p=0.1 as the fiducial albedo; the resulting temperature profile
is only weakly sensitive to the choice of albedo, and a higher albedo for the thermal model does
not affect our conclusions. We solve the radial temperature profile by solving the heat conduction

equation in cylindrical coordinates,

dI' & 12((971)7 ®

dt pBulkCP;ar TE
for the temperature 7". In Equation[§]  is the thermal conductivity, cp is the specific heat capacity,
and r is the depth. We implement an iterative scheme that uses a second order Newton-Raphson
technique to solve for the temperature at the surface, Tgy, . This Tg,r must balance (i) the ab-
sorption of solar flux (® (%)), (ii) the heating of the surface element material ( cpppur AT ATsut)

(iii) the reradiation from the surface (eoT3, ), and (iv) diffusion of heat from the surface into the

15



interior (x dT'/dr,_,). The outer boundary condition is given by,

dr

(I)(D(t) - €O-jjélurf - K/% 0

— cppuk AT ATsy s = 0. )

In Equation [9] € ~ 0.95 is the emissivity and o is the Stefan-Boltzmann constant. Because the
thermal properties of ‘Oumuamua are unconstrained, we assume a bulk density pp,x = 0.5 g
cm 3, typical of cometary nuclei #", and a specific heat capacity of cp = 2000 J kg~! K~! typical
for cometary materials and ices. We produce thermal models for x = 1072 W K=! m~! and

k=10"' WK m 142

Our thermal model implies that H, outgassing may be possible well before perihelion. Specif-
ically, temperatures > 15 K are achieved down to depths of ~2 and ~8 meters prior to perihelion
for thermal conductivities of £ = 1072 and x = 10~ W K~! m, respectively (Figure 3). This raises
the question of whether it is sufficient to explain ‘Oumuamua’s non-gravitational acceleration only
during the portion of the trajectory from 1-3 au post-perihelion when astrometric measurements
were obtained. However, there are major challenges associated with projecting any model prior
to the observable apparition. It is not obvious that the non-gravitational acceleration, which was
required to remove long-term trends from 76 days of astrometry’, can be extrapolated to the en-
tire trajectory. Other equally plausible scenarios exist, including that (i) the presence of a low-
conductivity regolith delayed the propagation of warming until post-perihelion=%; or (ii) the body
experienced ice sublimation around perihelion, leading to changes in its size and/or shape”, with
the implication that the original reservoir of Hy (and H,O) available to power an outgassing recoil
was larger than what would be inferred from the observations starting at 1.2 au post-perihelion.

16



Given these uncertainties, we only consider outgassing between ~1-3 au when there are con-
straints on ‘Oumuamua’s dimensions and non-gravitational acceleration. Still, we note that for
some parameter space (Figure 1), the outgassing shell contains factors of a few more Hy molecules
than is necessary to explain the non-gravitational acceleration from 1-3 au. It therefore remains

plausible that H, outgassing was ongoing prior to perihelion.
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