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ABSTRACT

The first interstellar object observed in our solar system, 1I/‘Oumuamua, exhibited several pecu-
liar properties, including extreme elongation and non-gravitational acceleration. Bergner & Selig-
man (2023) (hereafter BS23) proposed that evaporation of trapped Hy created by cosmic rays (CRs)
can explain the non-gravitational acceleration. However, their modeling of the thermal structure of
1I/‘Oumuamua ignored the crucial cooling effect of evaporating Hy. By taking into account the cooling
by Hs evaporation, we show that the surface temperature of Ho-water ice is a factor of 9 lower than
the case without evaporative cooling. As a result, the thermal speed of outgassing Hs is decreased by
a factor of 3. Our one-dimensional thermal modeling that takes into account evaporative cooling for
two chosen values of thermal conductivity of x = 0.01 and 0.1 WK~'m~! shows that the water ice
volume available for Hy sublimation at 7' > 30 K would be reduced by a factor of 9 and 5 compared
to the results of BS23, not enabling enough hydrogen to propel 1I/‘Oumuamua.
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1. INTRODUCTION

The detection of the first interstellar object,
1I/‘Oumuamua by the Pan-STARRS survey (Bacci et al.
2017) implies an abundant population of similar inter-
stellar objects (Meech et al. 2017; Do et al. 2018). An
elongated shape of semi-axes ~ 230 mx 35 m is estimated
from light-curve modeling (Jewitt et al. 2017). The ex-
treme axial ratio of 2 5 : 1 implied by ‘Oumuamua’s
lightcurve is mysterious (Fraser et al. 2018).

Several authors (Bannister et al. 2017; Gaidos 2018)
suggested that ‘Oumuamua is a contact binary, while
others speculated that the bizarre shape might be the re-
sult of violent processes, such as collisions during planet
formation. Domokos et al. (2017) suggested that the
elongated shape might arise from ablation induced by
interstellar dust, and Hoang et al. (2018) suggested that
it could originate from rotational disruption of the orig-
inal body by mechanical torques. Sugiura et al. (2019)
suggested that the extreme elongation might arise from
planetesimal collisions. The latest proposal involved the
tidal disruption of a larger parent object close to a dwarf
star (Zhang & Lin 2020), but this mechanism is chal-
lenged by the preference for a disk-like shape implied by
‘Oumuamua’s lightcurve (Mashchenko 2019).

The detection of non-gravitational acceleration in the
trajectory of ‘Oumuamua is another peculiarity (Micheli

et al. 2018). The authors suggested that cometary ac-
tivity, such as the outgassing of volatiles, could explain
the acceleration excess. Interestingly, no cometary ac-
tivity of carbon-based molecules was found by deep
observations with the Spitzer space telescope (Trilling
et al. 2018) and Gemini North telescope (Drahus et al.
2018). Bialy & Loeb (2018) explained the accelera-
tion anomaly by means of radiation pressure acting on
a thin lightsail, and other authors (Moro-Martin 2019;
Luu et al. 2020; Sekanina 2019) suggested a porous ob-
ject. Fitzsimmons et al. (2018) proposed that an icy ob-
ject of unusual composition might survive its interstel-
lar journey. Previously, Fiiglistaler & Pfenniger (2018)
suggested that ‘Oumuamua might be composed of Hs.
However, Rafikov (2018) argued that the level of out-
gassing needed to produce the acceleration excess would
rapidly change the rotation period of ‘Oumuamua, in
conflict with the observational data.

Hydrogen ice was suggested by Seligman & Laugh-
lin (2020) to explain ‘Oumuamua’s excess acceleration
and unusual shape. Their modeling implied that the ob-
ject is ~ 100 Myr old. Assuming a speed of 30 kms™?,
they suggested that the object was produced in a Gi-
ant Molecular Cloud (GMC) at a distance of ~ 5 kpc.
However, their study did not consider the destruction of
Hs ice in the interstellar medium (ISM), through evap-
oration by sunlight. Hoang & Loeb (2020) showed that
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Hs iceberg could not survive the journey as it would be
heated and destroyed by starlight from the GMC birth-
site to the solar system. Recent studies by Jackson &
Desch (2021); Desch & Jackson (2021) have proposed
that ’Oumuamua is a fragment of Ny ice since an ob-
ject of this type is more likely to survive the interstellar
journey owing to a much lower sublimation rate.

Bergner & Seligman (2023) (hereafter BS23) proposed
that the cosmic-ray (CR) bombardment can dissociate
water in the water ice comet and create Hy which are
trapped within the CR track under the surface. When
’Oumuamua approaches the Sun, solar radiation heating
can cause thermal annealing, which results in the reorga-
nization of the water ice matrix so that Hs entrapped at
some pores below the surface can sublimate and escape
from the surface, inducing the recoil torque. They found
that the temperature of ‘Oumuamua can reach above
~ 140 K at the surface and decreases with the depth for
its heliocentric distance below three au (see their figure
3), which is enough for thermal annealing and sublima-
tion of He. By assuming the well mix of Hy and HyO
within the ice, they suggested that the observed accel-
eration of 1I/‘Oumuamua (Micheli et al. 2018) can be
explained if at least a third of all the water dissociated
by CR impact into molecular hydrogen within the ice-
berg. The temperature profile of the object is a crucial
parameter for the release of Hy trapped within the water
ice matrix. However, the one-dimensional thermal mod-
eling in Bergner & Seligman (2023) ignored the effect
of Hy evaporative cooling. Here, we calculate the body
temperature profile by taking into account the evapora-
tive cooling and discuss the implications for understand-
ing the true nature of ‘Oumuamua.

In Section 2, we discuss the heating and cooling mech-
anisms and calculate the surface temperature and one-
dimensional temperature profile of ‘Oumuamua. Our
discussion and conclusions are presented in Section 3.

2. SURFACE TEMPERATURE

In this section, we first consider the heating and
cooling processes that occur in the surface layer of
1I/’0Oumuamua and derive the surface temperature of
the object. Then, we perform detailed calculations for
the one-dimensional thermal model of 1I/‘Oumuamua.

2.1. Heating and radiative cooling

Heating by starlight and solar radiation raises the sur-
face temperature of the Ho-water ice. The local inter-
stellar radiation field is assumed to have the same spec-
trum as the interstellar radiation field (ISRF) in the
solar neighborhood (Mathis et al. 1983) with a total ra-

diation energy density of uypmp ~ 8.64x 10713 ergcm 3.

We normalize the strength of the local radiation field by
the dimensionless parameter, U, so that the local energy
density is uyaq = Uunmp. For simplicity, we assume a
spherical object shape in our derivations, but the results
can be easily generalized to other shapes.

Let p be the albedo of the object surface. The heating
rate due to absorption of isotropic interstellar radiation
and solar radiation is given by,

di;bs = 1R |Uuninp + % 1-ple, (1)
where €, is the surface emissivity averaged over the back-
ground radiation spectrum, and d is the heliocentric dis-
tance, i.e., distance from the Sun (Hoang & Loeb 2020).

In principle, the object can be heated by collisions
with ambient gas (Hoang & Loeb 2020), but this process
is subdominant in the solar system.

The cooling rate by thermal emission is given by,

dEemiss

T ArR%epoT?, (2)

where er = [dve(v)B,(T)/ [ dvB,(T) is the bolomet-
ric emissivity, integrated over all radiation frequencies,
v.

2.2. Thermal sublimation and evaporative cooling

The binding energy of Hy to water ice is Ep/k ~ 500K
(Sandford & Allamandola 1993), equivalent to Ep(Hsz) ~
0.05eV. Hs can sublimate when the surface tempera-
ture is sufficient such that the thermal energy exceeds
the binding energy. The characteristic timescale for the
evaporation of an Hy molecule from a surface of temper-
ature Ty i

_ E

where vy is the characteristic oscillation frequency of
the Hy lattice (Watson & Salpeter 1972). We adopt
vp = 10*2 s~ for Hy ice (Hegyi & Olive 1986; Sandford
& Allamandola 1993).

Evaporating Hy, molecules carry away heat from
the surface and cause evaporative cooling (Watson &
Salpeter 1972; Hoang et al. 2015). Let f(Hg) be the ratio
of Hy to water on the ice surface, i.e., f(H2) = Xu,.1,0-
Following Hoang & Loeb (2020), the cooling rate by
evaporation of Hy and water is given by,

dEevap o Ebdeol o Esz
dt N dt N Tsub (Tsurf) ’

(4)

where dNpyo1/dt is the evaporation rate, namely, the
number of molecules evaporating per unit time, and
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N; = 47 R%f(H3)/r? is the number of surface sites with
rs = 10 A being the average size of the H, surface
site, which is taken from that of HyO (see Sandford
& Allamandola 1993). Here, we neglect the cooling by
water because of its much higher sublimation tempera-
ture. We also neglect the exothermic effect of anneal-
ing/crystallization.

2.3. FEquilibrium surface temperature

The energy balance between surface heating and cool-
ing is described by
dEa S dEemiss dEeva
b _ + P

dt dt dt (5)

Using Equations (1), (2) and (4, one obtains

L
7R?%c |Uunmp + ﬁ (1 —pes =47 R%eroT?
Esz

Tsub (Tsurf) . (6)

For our numerical calculations, we adopt the typical
albedo value of p = 0.1 and the interstellar radiation
strength of U = 1. The radius of the object is assumed
to be R = 1000 m, and ep = ¢, = 1.

Figure 1 (left panel) shows the heating and cooling
rates when ‘Oumuamua is located at 1.4 au from the
Sun. Evaporative cooling is dominant over radiative
cooling at the temperature above 20 K. Therefore, the
effect of evaporative cooling by Hy cannot be ignored as
in Bergner & Seligman (2023) and must be considered
for calculations of the surface temperature.

We numerically solve Equation (6) for the surface
equilibrium temperatures for the different distances
from the Sun. The right panel of Figure 1 compares
the realistic surface temperatures when the evaporating
cooling is taken into account with the results without
evaporative cooling for the different values of f(Hj). For
the case without evaporative cooling, our obtained tem-
perature is comparable to those obtained in Bergner &
Seligman (2023) (see their figure 3). With evaporative
cooling, the surface temperature increases slightly with
increasing f(Hsg) for the considered range. As shown, the
realistic temperature is significantly lower than the tem-
perature obtained when ignoring the evaporative cool-
ing, by a factor of 9.

2.4. One-dimensional thermal model

Our previous calculations ignore the heat conduction
from the surface layer to the inner region and obtain the
maximum surface temperature. In this section, we take
into account the effect of heat conduction and calculate
the body temperature (T') as a function of the depth (z).

The heat conduction equation is given by

ar _ r &T
dt  pcp dz?’

(7)

where k is the thermal conductivity, and cp is the spe-
cific heat capacity.

Taking into account the heat conduction and heat dif-
fusivity, Equation 6) becomes

(1-p) Lo B,
— epoT 2l
1 dmd(p)? Tt o Tanr?
dT
+ (H) + PbulkCPAZATsurfa (8)
dz ) ,_,

where the last two terms of the right-hand side describes
the heat conduction and heating of the surface layer
of the thickness Az and temperature AT, respectively.
The minor contribution from the ISRF is also ignored.
The above equation determines the surface temperature.

We use the numerical code from BS23 that is based
on the second Newton-Raphson iterative technique to
solve Equation (7) for the surface temperature that is
constrained by Equation (8). We adopt the same param-
eters as BS23, with ppuk = 0.5gcm™>,e = 0.95,¢cp =
2,000J kg ' K~1'. The heat conductivity is chosen for
% =0.01 and 0.1 WK~ 'm~!.

The top and bottom row of Figure 2 shows the thermal
model of 1I/’0Oumuamua obtained for the case without
and with evaporative cooling, respectively. We adopt
a value of f(Hy) = 0.1. The body temperature is in
general higher for larger conductivity, x, due to fast
heat conduction. In particular, the body temperature
is much lower when evaporative cooling is taken into ac-
count. We note that the surface temperature for the case
of low conductivity of x = 0.01 WK~'m~! is similar to
the result obtained in Figure 1.

From Figure 2, one can see that, for the lower con-
ductivity, the critical depth at which the temperature is
still high enough for Hy sublimation, take at 15 K (see
BS23), zr—15k decreases by a factor of 2 (see panels
(a)). For the higher conductivity (see panels (b)), the
depth of zp—_15k decreases by a factor of 1.5. For ther-
mal annealing which requires the minimum temperature
of 30 K, the critical depth is more significantly reduced,
by a factor of 278 1 /zpsok ~ 9 and ~ 5.

3. DISCUSSION AND CONCLUSIONS

More than 5 years after the discovery of
1I/‘Oumuamua, many peculiar properties of it are still
hotly debated. Bergner & Seligman (2023) proposed
that evaporation of trapped Hs created by cosmic rays
(CRs) by sunlight can explain the non-gravitational ac-
celeration. However, their calculations of surface and
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Figure 1. Left panel: comparison of heating and cooling rates when the object is located at 1.4 times the Earth separation from
the sun. Evaporative cooling by Hz is dominant over radiative cooling. The intersection of heating and total cooling determines
the equilibrium surface temperature. Right panel: surface temperature at different distances, calculated for the case with (solid
lines) and without (dashed-dotted line) evaporative cooling. Different ratio of Ha to water is assumed. Evaporative cooling by
H, decreases significantly the surface temperature compared to the case without evaporative cooling (dashed-dotted line).

body temperature disregard the cooling effect by evap-
orating Hs.

To quantify the effect of evaporative cooling, we first
calculated the surface temperature in the presence of
evaporative cooling using an energy conservation equa-
tion without heat conduction. We found that the result-
ing surface temperatures are much lower than the case
without evaporative cooling (see Figure 1, right panel).
For instance, at a distance of 1 au, our surface temper-
ature is a factor of 9 lower than the case without evapo-
rative cooling. As a result, the evaporating cooling rate
is then larger by a factor of ¢? = 10%, and the thermal
speed of outgassing Hy is consequently decreased by a
factor of v/9 = 3.

We also constructed a one-dimensional thermal model
of ‘Oumuamua by taking into account the evaporative
cooling by Hy evaporation. Our results in Figure 2 show
the subsurface temperature decreases to below 15-30 K
at the depth below 10 cm from the surface. There-
fore, the thermal annealing of amorphous water ice, a
key process that is appealed to by Bergner & Selig-
man (2023) to release Ha, only occurs in the thin warm
surface layer with temperature exceeding the annealing
threshold of Thnnear ~ 30 K. Therefore, the amount of
H, available for outgassing is reduced by a factor of
(2N k)7 piak) ~ 1.5 and 2 for two chosen values
of k. In particular, the amount of water ice that can
undergo thermal annealing at 7" > 30 K is significantly
reduced by a factor of (2775 /2130 k) ~ 9 and 5 for
the two chosen values of k.

The reduction in the water ice volume suitable for
thermal annealing at 7" 2 30 K by a factor of 9 and 5
compared to the results of BS23, makes the model un-
tenable since not enough hydrogen will be available to
propel ‘Oumuamua. Even if a thin surface layer hap-
pens to be made of pure molecular hydrogen, it will
not survive the journey through interstellar space as
a result of heating by starlight (Hoang & Loeb 2020).
Long-period comets from the Oort cloud, which origi-
nate outside the heliosphere, are exposed to the same
interstellar conditions as interstellar comets and do not
show pure hydrogen propulsion. Indeed, the truly in-
terstellar comet, 2I/Borisov, resembled solar system
comets (Opitom et al. 2021).

Finally, it is noted that our calculations assumed that
the sublimation of Hy occurs from the surface layer.
Note that, when modeling outgassing and NGA, BS23
also assumed a well-mixed H:H5O throughout the body.
In realistic situations, sublimation can occur within the
object’s volume and would even consume more energy.
However, sublimating Hy must escape into the space in
order to produce recoil and explain the non-gravitational
acceleration. Therefore, sub-surface sublimation eventu-
ally results in the loss of surface energy and causes the
evaporative cooling. Moreover, given its long journey in
the ISM, the probability that all Hy entrapped below
the surface of ‘Oumuamua and undergo the sub-surface
sublimation is unlikely. Therefore, our results of the
body temperature profile correspond to a conservative
limit of the body temperature. A detailed modeling of
the location of sublimation and energy transfer of sub-
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Figure 2. Thermal model of 1I/‘Oumuamua as a function of the heliocentric distance and depth from the surface for two values
of heat conductivity x (left and right panels). Top: Without evaporative cooling. The results are the same as in BS23. Bottom:
With evaporative cooling for f(H2) = 0.1. The temperatures are much lower than the case without evaporative cooling. For
larger heat conductivity, heat is rapidly transported, raising the temperature of the body.
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