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Abstract

2014 MUG69 (named Arrokoth), targeted by New Horizons, has a unique bilobate shape. Research suggested that
there is a large circular depression feature with a diameter of ~7 km on the smaller lobe of this object. This feature,
called Maryland, is surrounded by topographically high regions and faces perpendicular to the shortest axis of this
object. Here, following the interpretation by earlier work that Maryland is formed by an impact, we investigate how
the Maryland impact affects the structure of a neck of this object. We find that to avoid a structural breakup driven
by this impact, MU69 needs high cohesive strength, at least tens of kilopascals depending on the bulk density. The
cohesive strength at this level is much higher than that of other small bodies observed at high resolution, which is
usually reported to be a few hundred pascals. It may be possible that MU69 actually has such a high cohesive
strength, which may challenge the current knowledge about the cohesive strength of small bodies. Alternatively,
we hypothesize a scenario that the Maryland impact actually broke the neck structure and made the shape settle
into the current configuration. Considering this scenario, we obtain that the bulk density of MU69 should be
between 300 and 500 kg m >,
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1. Introduction

Many trans-Neptunian objects (TNOs) are reported to be equal-
sized bilobate objects (Thirouin & Sheppard 2019a, 2019b).
Bilobate TNOs may form due to multiple different processes
(e.g., Davidsson et al. 2016; Morbidelli & Nesvorny 2019). One
scenario is soft merging of primordial lobes (e.g., Davidsson et al.
2016). In this scenario, gas and dust particles in the solar nebula
accumulate by collisional agglomeration (e.g., Birnstiel et al.
2016) or by gravitational instability (e.g., Johansen et al. 2007;
Nesvorny et al. 2010), leading to the formation of primordial
binary systems (e.g., Fraser et al. 2017). Another scenario is that
catastrophic collisions directly produce binary systems, followed
by the formation of bilobate shapes (e.g., Jutzi & Benz 2017;
Schwartz et al. 2018). Either way, two components may
eventually merge softly when their mutual orbit is dynamically
unstable (e.g., Scheeres 2007).

Bilobate objects are more structurally vulnerable than round
objects because of their necks (Hirabayashi & Scheeres 2019).
The spin states of cometary nuclei can rapidly evolve due to
outgassing activities (Bodewits et al. 2018). Depending on their
structural conditions, bilobate objects may end up in fission
(Scheeres 2007). The fate of the split components depends
on the energy of the system (Jacobson & Scheeres 2011). If
the energy is positive, these elements may eventually escape
from each other (Jacobson & Scheeres 2011). This dynamics
analysis was applied to explain a shape reconfiguration process
of the bilobate nucleus of comet 67P/Churyumov-Gerasimenko
(Hirabayashi et al. 2016).

The close flyby of 2014 MU69 (also known as Arrokoth), a cold
class Kuiper Belt Object (KBO), by the New Horizons spacecraft
in 2019 showed that this object has a unique bilobate shape that
consists of smoothed surfaces, hexagonal patches, and multiple
crater-like features (e.g., Schenk et al. 2019; Singer et al. 2019;

Stern et al. 2019). MUG69’s structure is likely to be icy and highly
porous (Stern et al. 2019). Among the crater-like features,
Maryland, a circular depression enclosed by topographically high
regions, is likely to be a crater with a diameter of ~7 km (Singer
et al. 2019; Stern et al. 2019). In this study, assuming that
Maryland formed after the formation of MUG9’s bilobate shape,
we explore how much cohesive strength was necessary for the
neck to resist structural disturbance by the Maryland impact event.

2. Model Formulation

We combine an impact crater scaling model (Model I) and a
dynamics and structure model (Model II). We assume MU69’s
shape to consist of a triaxial ellipsoid and a sphere. The larger lobe
of MUG9 is a triaxial ellipsoid with a size of 22 x 20 x 7 km,
while the smaller lobe is a sphere with an equivalent radius, Rg, of
6.3 km (Stern et al. 2019). The bulk density is a free parameter in
the following discussion.

2.1. Impact Crater Scaling Model (Model I)

Applying the m-scaling relationship by Holsapple (1993),
Model I computes the linear momentum that generates the
Maryland crater on the smaller lobe. Unfortunately, the
material properties of MU69 are not well known, and thus
proper scaling parameters are not available. To give constraints
on the impact behavior in the gravity and strength regimes on
this body, we consider two endmember target material groups.
Endmember A consists of a porous sand target (Wiinnemann
et al. 2006) and an icy, porous target (Arakawa & Yasui 2011)
in the strength regime. Endmember B includes a water-ice
target (Kraus et al. 2011) in the gravity regime and an icy,
porous target (Arakawa & Yasui 2011) in the strength regime.
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In the gravity regime, the scaling relationship is provided as
(Wiinnemann et al. 2006; Kraus et al. 2011)

= Cymy ¥, ey
where C, and [, are empirical parameters. 7y, characterizes
the volume of the transient crater cavity, while m = g/v? x
(4mr? /3)1/3 where g is the surface gravity, v; is the impact
speed, and r; is the impactor radius (Holsapple 1993). Note that
because Wiinnemann et al. (2006) and Kraus et al. (2011) used
7p, where mp = (24w, /7)'/3 (Richardson et al. 2007), instead
of my, we properly convert their empirical parameters in our
study. In the strength regime, on the other hand, the scaling
relationship is written as (Arakawa & Yasui 2011)

Yy = Cyﬂ'i:i‘ﬁy, (2)

where Cy and 3y are empirically determined. 7 is given as

KY
==, 3)
Do
where Y is the material strength, and p, is defined as
C() Vi
Po = pl—p’c’ 4)
] + &>
p;iCoi

Co, and Cy; are the sound speeds in the target and the impactor,
respectively. We use the sound speed in bubble-free water ice
for Cy, and that in olivine-rich dunite for Cy;. For the bubble-
free water-ice structure, the sound speed is 1.85km s lata
temperature of 260 K, and it may be higher with the decrease of
temperature (Vogt et al. 2008). For the dunite structure, the
sound speed is 4.5 km (Christensen 1966). Also, p, and p; are
the bulk densities of the target and the impactor, respectively.
In this study, p; is fixed at 2000 kg m>.

We apply the 7y, parameter by Holsapple (1993) to smoothly
connect the scaling relationship in the gravity regime
(Wiinnemann et al. 2006; Kraus et al. 2011) and that in the
strength regime (Arakawa & Yasui 2011). The classical form of
the my parameter by Holsapple (1993), however, violates the
smooth connection between the two regimes because there are
fewer parameters in his expression than necessary. To avoid
this issue, we update his 7y parameter and write it as

m = Kilmm, ' + (Krty ] 2, )

where K, K>, and y are empirical parameters, and m = p,/p;.
v is a new parameter that allows for incorporating the scaling
relationship for an icy, porous target by Arakawa & Yasui
(2011) in the strength regime. Note that in the classical form
of Ty, 7 and ~y are identical to m = ¥ /(p,v?) and (2+4)/2,
respectively (Holsapple 1993; Richardson et al. 2007). We
determine K;, K,, p, and 7y so that Equations (1), (2)
asymptotically correspond to Equation (5) in each regime.

Using Equation (5), we obtain the transient crater diameter,
D,,, as (Richardson et al. 2007)

1

24 m; 3

D, = (——m) : ©)
™ Py

where m; is the mass of the impactor. We next compute the
final crater diameter, Dy. A typical value of Df/ D,, for terrestrial
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Figure 1. Schematic of the force balance during the Maryland impact. The
dashed line defines the direction along the long axis of the modeled MUG69.

craters may be ~1.1-1.3 (Melosh 1989), although this can
strongly be dependent on the gravitational collapse of crater
walls (Kraus et al. 2011). Here, we use the scaling relationship
for an icy target by Kraus et al. (2011), who gave

"

T-n
Dy = (1.3;4)0"( g ”) "Dy, (7

sc

where k = 1.19 and n = 0.04. D, is the transition diameter
from a simple crater to a complex crater. To determine Dy, for
MU69, we follow the technique by Kraus et al. (2011). Dy on
Ganymede is ~2km (Kraus et al. 2011) under its surface
gravity, i.e., ~1.425m s2 (Anderson et al. 1996). Using this,
we can compute D, for MU69 as ~2 km X gg, /8Mueos
where ggany and gmueo are the surface gravities of Ganymede
and MUG9, respectively. If p, for MU69 is 500 kg m >, given
the equivalent radius of MU69, R,,, as ~8.573 km, the surface
gravity is ~1.198 x 10 *ms ™2, and D, is ~2378 km. In our
simulations, Equation (7) yields D;/D,. ~ 1.2, which is
consistent with Melosh (1989).

2.2. Dynamics and Structure Model (Model 1)

Model II computes the minimum cohesive strength required
for the neck to avoid structural failure during the Maryland
impact, ¢*. To determine the structural failure condition of
the neck, we use the Mohr—Coulomb yield criterion, which is
given as

T=otan¢ + c, 3

where 7 is shear stress, o is normal stress, ¢ is the angle of
friction fixed at 35° (Lambe & Whitman 1969), and c is
cohesive strength. To determine ¢ and 7 during the Maryland
impact, we consider a force balance condition (Figure 1).
Because the cavity of Maryland faces almost perpendicular to
the long axis of MU69 (Stern et al. 2019), the impactor is
assumed to impact on the smaller lobe in the normal direction
to that axis. We assume a zero-obliquity impact case for
simplicity while nonzero cases may be possible (e.g., Melosh
1989).
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The impact-driven force, fimp, is the time derivative of the
change in the linear momentum of a target. The magnitude of
this linear momentum change is equal to that of the linear
momentum of the impactor, p = m; v;, where m; and v; are the
mass and speed of the impactor, respectively. v; is assumed to
be 2.0 kms~', which is consistent with a typical impact speed
in KBOs (e.g., Johnson et al. 2016). Note that the momentum
transfer effect is not assessed in the present model, although it
may generate an additional linear momentum (e.g., Holsapple
& Housen 2012; Cheng et al. 2018; Hirabayashi et al. 2019a).
Because the linear momentum may be delivered over the entire
body as a form of wave propagation, fim, may depend on how
waves reach the neck region from the impact site. In a solid
medium like the structure of MUG69, an impact-generated stress
wave, which consists of elastic and plastic waves, is always
faster than a sound wave; as it grows in strength, the plastic
wave catches up and surpasses the elastic wave by forming a
shock wave (Melosh 1989). We compute a lower limit of fiy,
by averaging p over the time when a sound wave goes from one
side to the other in the smaller lobe, At:

Fimp ~ L )

E’

where At ~ 2Rg/Cy,.
The normal force along the long axis of MUG69, fiom, 1S
affected by the gravity force and the centrifugal force:

From ™~ ‘ G fL fs 9 tmsdm,

ds,

= ML A 4 Ro)W2,
mg + my,

(10)

where m is the mass of each lobe, and the subscripts S and L
indicate parameters for the smaller lobe and the larger lobe
respectively. dg; is a vector from an element in the smaller lobe
to that in the larger lobe, and dg; is its scalar value. G is the
gravitational constant, A is the semimajor axis of the larger
lobe, and w is the spin rate of MUG69 (the spin period, P,, is
1592 hr; Stern et al. 2019). We use an elliptical integral
algorithm (Press et al. 2007) to compute the gravity term. We
note that f,,,., becomes positive during compression.

Using these force elements, we can calculate 0 = fyom/S
and T = fimp/S, where S is the area of the contact between
the larger lobe and the smaller lobe. Based on the reported
shape model (Stern et al. 2019), we determine S ~ 0.257 X
(36.3% x 20 km) x (50% x 7km) = 80 km?. Finally, we
obtain ¢* as

¢t = % - —f";fm tan ¢. (11

Given the present settings, the derived value of ¢* may be a
lower limit of the actual cohesive strength.

2.3. Integration of Models I and II

We now integrate Models I and II. In this integration, we
assume Y ~ ¢* by considering Y to represent the strength of
surface materials at zero pressure, which is equivalent to the
cohesive strength. In Equation (7), the final crater is a function
of r;, p, and ¢". Because the Maryland crater is 7 km in
diameter, we can use this equation as a constraint on these
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properties:
Df = h](l",‘, Py C*) = 7 km. (12)

On the other hand, Equation (11) is a function of r; and p,
which is given as

C* = h”(ri’ p[) (13)

Given the bulk density, we can implicitly solve these equations
to compute r; and ¢*. All the defined parameters for solving
these equations are given in Table 1.

We investigate how ¢* and r; vary as a function of p,, given
the defined endmember groups (Figure 2). ¢* increases with p,
due to gravitational and centrifugal forces (Equation (11)) even
though a higher-bulk-density target may create a smaller crater
(Equation (6)). The size of a crater is smaller on a porous sand
target (Wiinnemann et al. 2006) than on a water-ice target
(Kraus et al. 2011). Because the structure of MUG9 is icy and
highly porous (Stern et al. 2019), the actual values of ¢* and r;
for MU69 may be placed between the endmember groups. We
obtain that ¢* is always higher than the order of kPa in the
considered bulk density range.

The results show that the cohesive strength of MU69 may be
higher than that of the reported small bodies. Small rubble pile
asteroids are typically observed to have cohesive strengths of
~300Pa or lower (e.g., Hirabayashi et al. 2014, 2019b;
Scheeres et al. 2019; Watanabe et al. 2019), and so does the
cometary nucleus of 67P (Hirabayashi et al. 2016). There are
exceptional objects having a cohesive strength up to 1kPa
(Polishook et al. 2016). A ballistics analysis of the Deep Impact
ejecta also showed that the cohesive strength of the nucleus
of comet 9P/Tempel 1 may likely be less than ~340Pa
(Richardson et al. 2007). We note that Richardson et al. (2007)
introduced an effective strength, which was defined as K,Y.
K> > 30 in our analysis, and they estimated an upper limit of
the effect strength as 10 kPa, leading to a cohesive strength
of this nucleus less than ~340 Pa. Also, the cohesive strength
of ice rubbles is around 1 kPa, depending on the shear speed
(Ettema & Urroz 1989). Finally, while the impactor’s speed
and bulk density are fixed at 2kms ' and 2000kgm >,
respectively, their variations do not change ¢* by an order of
magnitude. As these parameters change, the impactor’s size
should also be adjusted to generate a 7 km diameter crater on
the smaller lobe. This mechanism does not change p much.

3. Discussion and Conclusion

Our model argued a discrepancy between the cohesive
strength of MUG9 and that of small bodies observed at high
resolution. One explanation is that MU69’s neck is strong
enough to resist structural disturbance by the Maryland impact.
This explanation, however, is inconsistent with the present
knowledge about the cohesive strength in small bodies.

3.1. Breakup Scenario Driven by the Maryland Impact

We propose a scenario that, due to the Maryland impact, the
neck fails structurally and loses its strength to hold the
positions of the larger lobe and the smaller lobe. These two
lobes can freely move to settle into a stable shape configuration
where the energy is lowest (Scheeres 2007). We compute the
bulk density that makes the current bilobate shape stable by
using the energy analysis approach by Scheeres (2007). This
approach can give proper shape equilibria of bilobate shapes at
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Figure 2. Impact cratering condition as a function of the bulk density. (a) Distribution of ¢*. The red line shows a limit of the reported cohesive strength of small

bodies. (b) Distribution of r;. The shaded region is between the endmember groups.

Parameters Used in the Present Model

Parameter Model Description Value Units Reference

1) 1 Angle of friction 35 [deg] Lambe & Whitman (1969)

Di LI Bulk density of impactor 2000 [kg m7] [-1

v LI Impact speed 2.0 [kms™ 1 Johnson et al. (2016)

K 1 Empirical parameter 1.19 [-] Kraus et al. (2011)

n I Empirical parameter 0.04 [-] Kraus et al. (2011)

Cy I Empirical parameter for porous water ice 0.01 [-] Arakawa & Yasui (2011)

By 1 Empirical parameter for porous water ice 1.2 [-] Arakawa & Yasui (2011)

Co, LI Speed of sound in MU69 1.85 [kms™ 1 Arakawa & Yasui (2011)

Coi 1 Speed of sound in impactor 4.50 [kms™} Arakawa & Yasui (2011)

Ry 1 Equivalent radius of MU69 8.57 [km] Stern et al. (2019)

A I Semimajor axis of the larger lobe 11 [km] Stern et al. (2019)

Rs I Equivalent radius of the smaller lobe 6.3 [km] Stern et al. (2019)

S I Neck area 80 [km?] Stern et al. (2019)

P, 11 Spin period of MU69 15.92 [hr] Stern et al. (2019)

Porous Sand Material in the Gravity Regime

C, 1 Empirical parameter 0.478 [-] Wiinnemann et al. (2006)

B, 1 Empirical parameter 0.495 [-] Wiinnemann et al. (2006)

m I Empirical parameter 3.95 x 107! [-] Wiinnemann et al. (2006)
Arakawa & Yasui (2011)

¥ 1 Power index 2.42 [-] Wiinnemann et al. (2006)
Arakawa & Yasui (2011)

K I Empirical parameter 6.01 x 107! [-] Wiinnemann et al. (2006)
Arakawa & Yasui (2011)

K, r Empirical parameter 3.04 x 10! [-] Wiinnemann et al. (2006)
Arakawa & Yasui (2011)

Water-ice Material in the Gravity Regime

C, 1 Empirical parameter 2.05 [-] Kraus et al. (2011)

Be 1 Empirical parameter 0.480 [-] Kraus et al. (2011)

n 1 Empirical parameter 3.81 x 107! [-] Kraus et al. (2011)
Arakawa & Yasui (2011)

¥ 1 Power index 2.50 [-] Kraus et al. (2011)
Arakawa & Yasui (2011)

K, I* Empirical parameter 2.55 [-] Kraus et al. (2011)
Arakawa & Yasui (2011)

K> I* Empirical parameter 1.01 x 10? [-] Kraus et al. (2011)

Arakawa & Yasui (2011)

Note. If necessary, the m-scaling parameters are derived under the assumption that the target bulk density is 500 kg m . These parameters are indicated by adding
asterisks in the model column.
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a. Shape 1
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b. Shape 2

Figure 3. Possible shape configurations. The arrows show the directions of rotation. These shapes exist at different energy levels at a constant angular momentum.

different spins when two components are considered to be a
sphere and a triaxial ellipsoid. This shape assumption simplifies
the calculation of the system’s energy.

We compare the energy levels of two shape equilibria that
MUG69 possibly had before the Maryland impact event (Figure 3).
Shape 1 corresponds to the current configuration in which the
smaller lobe is resting on the long axis of the larger lobe (Stern
et al. 2019). Shape 2 is a condition in which the smaller lobe is on
the intermediate axis of the larger lobe. If MUG69 had had Shape 2
initially, the spin period at that time would have been ~14.70 hr,
given the current angular momentum. Note that we omit another
configuration that the smaller lobe is on the short axis (Scheeres
2007) because only either Shape 1 or Shape 2 can energetically be
lowest in the current problem.

We plot the shape equilibria as functions of the bulk density
and the spin period (Figure 4). To develop this plot, we
compute the energy with a constant angular momentum at each
bulk density. Then, we calculate the spin periods of Shapes 1
and 2. The orange area means that regardless of MUG69’s initial
shape, Shape 1 is energetically lower, so the shape eventually
settles into Shape 1. The blue region indicates that Shape 1
becomes lower only if MU69’s original shape is Shape 1. In
other words, if MUG69’s original shape is Shape 2, the shape is
still stable and so does not change to Shape 1. This difference
comes from our consideration of the two shapes at a given bulk
density and a given angular momentum. Also, because the
body experiences fission at fast rotation, the spin period should
not be shorter than the fission limit.

3.2. Implication of the Merging Process

Because this shape sorting process should be satisfied
anytime, the observed spin state may be indicative of the
condition during the formation of the original bilobate shape of
MU69, which is consistent with the interpretation by Stern
et al. (2019). The Maryland impact cannot significantly change
MUG69’s rotational state. Even when we consider the highest
linear momentum input case in our study, i.e., an impactor with
a radius of 111 m, the spin period change of MU69 with Shape
1 is only ~4 minutes. This fact infers that MU69 has never
experienced Shape 2 in its history. Therefore, it is likely that
MUG69 originally had Shape 1, the neck broke up, and each
component was slightly reconfigured to settle into the current
shape. This leads to a bulk density between 300 and
500 kg m73, which is reasonably consistent with that of the
nucleus of 67P, i.e., ~530kg m~> (Sierks et al. 2015; Thomas
et al. 2015).

25.0 1 —— 15.92 [hr]
=== 14.70 [hr]
22.5 1 —— Shape 1
= ---' Shape 2
ey . .
— 20.0 A1 —-— Fission
©
°
8 17.51
©
c
£ 15.01
8
2
12.5 1
10.0 A

200 300 400 500 600 700 800 900 1000

Density [kg/m3]
Figure 4. Minimum energy shape equilibria as functions of the bulk density
(the x axis) and the rotational period (the y axis). The black solid and dashed
lines describe the spin periods of Shapes 1 and 2, respectively, when the energy
levels become the same for these shape configurations. The dotted—dashed line
indicates the fission limit. Also, the blue horizontal lines give the spin period of
each shape configuration given the current angular momentum.

3.3. Possibility of High Cohesive Strength in MU69

Importantly, we do not rule out that MUG69, a representative
of the classical KBO population and related populations at
comparable sizes (Centaurs, Trojans), possesses higher cohe-
sive strength. Different levels of cohesive strength may induce
various formation and evolution processes of primordial
bodies. With higher cohesive strength, close binary systems
in which two elements eventually collide with each other can
form contact binaries more easily because their contact points
can resist structural failure. Also, as such bodies consist of
mixtures of volatiles and dust, it is likely that such various
components may play a different role in cohesive strength in
bodies from in other comets and asteroids.

3.4. Summary and Unresolved Issues

Considering that Maryland formed after the formation of
MUG69’s bilobate shape, we present that the impactor likely
gave MU69’s neck strong structural disturbance, and the
necessary cohesive strength to resist this event may be much
higher than the reported strengths of small bodies observed at
high resolution. While the scenario of MU69’s high cohesive
strength cannot be ruled out, it may also be possible for MU69
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to break up and resettle into the current shape. In this case,
we can give constraints on the bulk density of MU69
(300 < p, < 500kgm™>). This discussion can be applicable
to its soft-merging process of primordial elements.

We address two issues on the current study. First, it is
uncertain whether the scaling relationships used are applicable
to materials in MUG69, which consist of a mixture of volatiles
and dust (Stern et al. 2019). In fact, those for water ice were
derived at a much higher temperature than MUG69’s surface
temperature, ~30K (Arakawa & Yasui 2011; Kraus et al.
2011). Second, our model simplified the force input by
averaging over the timescale of wave propagation, although
its time variation is likely to be critical. We leave these issues
as a future study.
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