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Abstract

NASA’s Double Asteroid Redirection Test (DART) spacecraft impacted Dimorphos, the natural satellite of
(65803) Didymos, on 2022 September 26, as a first successful test of kinetic impactor technology for deflecting a
potentially hazardous object in space. The experiment resulted in a small change to the dynamical state of the
Didymos system consistent with expectations and Level 1 mission requirements. In the preencounter paper,
predictions were put forward regarding the pre- and postimpact dynamical state of the Didymos system. Here we
assess these predictions, update preliminary findings published after the impact, report on new findings related to
dynamics, and provide implications for ESA’s Hera mission to Didymos, scheduled for launch in 2024 October
with arrival in 2026 December. Preencounter predictions tested to date are largely in line with observations, despite
the unexpected, flattened appearance of Didymos compared to the radar model and the apparent preimpact oblate
shape of Dimorphos (with implications for the origin of the system that remain under investigation). New findings
include that Dimorphos likely became prolate due to the impact and may have entered a tumbling rotation state. A
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possible detection of a postimpact transient secular decrease in the binary orbital period suggests possible
dynamical coupling with persistent ejecta. Timescales for damping of any tumbling and clearing of any debris are
uncertain. The largest uncertainty in the momentum transfer enhancement factor of the DART impact remains the
mass of Dimorphos, which will be resolved by the Hera mission.

Unified Astronomy Thesaurus concepts: Asteroids (72); Asteroid dynamics (2210); Asteroid satellites (2207)

1. Introduction

On 2022 September 26, NASA’s Double Asteroid Redirec-
tion Test (DART) spacecraft impacted Dimorphos, the natural
satellite of (65803) Didymos, as the first full-scale demonstra-
tion of the kinetic impact deflection technique (Daly et al.
2023). Prior to intercept, the Didymos system was not a hazard
to Earth, and the experiment did not increase the likelihood of
collision (Makadia et al. 2022). Rather, the impact reduced the
orbital period of Dimorphos around Didymos by 33.0 £ 1.0
(30) minutes, from 11.92 to 11.37 hr (Thomas et al. 2023).
Preliminary modeling found this corresponded to an along-
track orbital speed change of —2.70 & 0.10 (10) mm s~ for the
satellite, implying a momentum transfer enhancement factor
(ratio of target momentum change to spacecraft momentum,
accounting for any ejecta boost) of (= 3.61f8:£ (1o)
assuming a bulk density of 2400 kg m > (Cheng et al.
2023). These results, together with later analyses (Chabot et al.
2024), indicate DART met all of its Level 1 requirements,
namely to impact Dimorphos, to change the orbital period by at
least 73 s, to measure the period change to an accuracy of 7.3 s,
and to measure [ (Rivkin et al. 2021). There was no direct mass
measurement of Dimorphos, so (3 ranges plausibly from 2.2 to
4.9, assuming a Dimorphos bulk density range of 1500—
3300 kg m . Hera, ESA’s follow-on mission to the Didymos
system with a planned launch in 2024 October and rendezvous
in late 2026 December, promises to constrain the postimpact
mass of Dimorphos and therefore (3 to much higher precision
(Michel et al. 2022). Together, Hera and DART comprise the
Asteroid Impact and Deflection Assessment cooperation
between ESA and NASA.

Prior to DART’s encounter, Richardson et al. (2022) put
forward predictions for the dynamical state of the Didymos
system before and after the DART impact based on best-
available data and modeling. Table 1 summarizes the main
predictions of both the pre- and postimpact dynamical states
and their evaluation in light of observations during and after
encounter. Table 2 provides an update on key dynamical
parameters from the best-available data and analysis, noting
that in some cases different approaches give slightly different
values, as indicated in the table footnotes (see the primary
sources for more details).

In the remainder of this paper, we expand on the
postencounter observations and dynamics implications in
detail. Section 2 describes constraints on the perturbed
dynamics of the system from observations of the postimpact
mutual binary orbit, with implications for the possible new
shape and spin state of the secondary, limits on the system
mass distribution, and the possible importance of postimpact
ejecta momentum exchange. Section 3 provides an update on
the (3 estimate, including progress toward measuring the
heliocentric momentum change, modeling of exchanges
between ejecta fragments and the binary components, and the
effect of surface curvature on recoil efficiency. Section 4
provides implications for the inferred component rubble
structure in light of new observations, the possible origin of

the oblate preimpact shape of Dimorphos, effects on 3 and the
rotation state arising from possible reshaping of the secondary,
and implications for secular effects driven by tides and BYORP
over year-long timescales. Section 5 presents expectations for
Hera given our best assessment of the postimpact dynamical
state of the system. Section 6 summarizes our conclusions from
this work. The reader is referred to companion papers in this
focus issue to form a complete picture of the aftermath of the
DART mission.

2. Perturbed Dynamics

Spin—orbit coupling is common in binary asteroids due to
their generally irregular shapes and close mutual proximity.
Thus, binary asteroids are best modeled by the full two-body
problem (F2BP). We can numerically simulate the dynamics of
binary asteroids by integrating the F2BP using software such as
the General Use Binary Asteroid Simulator (GUBAS; Davis &
Scheeres 2020, 2021). The effects of perturbations are also
strongly coupled as explored in detail in Meyer et al. (2023b).
The observed changes in the orbit of Dimorphos allow us to
constrain the properties of the system in the following way. The
impact decreased the semimajor axis of the system and
increased its eccentricity (at least initially; see Section 2.4).
As aresult, the system was perturbed out of equilibrium and the
argument of periapsis precessed at the rate given in Table 2.
Simultaneously, the rotation state of Dimorphos was probably
excited in the impact (Section 2.2), and its evolution was
coupled to the evolution of the binary eccentricity and
semimajor axis. The tangential component of the orbital-
velocity change (AV7) is one of the main measurements that
allows us to bridge preencounter and postencounter states,
giving insight into the dynamical parameters.

Based on the initial results published by Li et al. (2023),
Thomas et al. (2023), and Cheng et al. (2023), Daly et al.
(2023) calculated AV;=2.74+0.1 mm s~ ! due to the DART
impact. This calculation was corroborated by Meyer et al.
(2023b), who go on to calculate the change in eccentricity and
semimajor axis of the orbit. Using so-called “observable
elements,” defined using only the physical separation between
the two asteroids, they report a postimpact observable
eccentricity of 0.027 £0.001 and a postimpact observable
semimajor axis of 1189 £ 17 m.

Since these publications, the postimpact measurements of the
system have been refined. Using the iterative algorithm defined
in Agrusa et al. (2021) and Meyer et al. (2023b), the nominal
parameters of the pre- and postimpact Didymos—Dimorphos
system (listed in Table 2) lead to an estimate of the system’s
bulk density equal to 2.79 g cm . This value of the bulk
density is in line with the bulk densities measured for other
S-type asteroids: somewhat higher than Itokawa (1.95 g cm ),
but similar to Eros and Ida (2.6 g cm ; Belton et al. 1995;
Wilkison et al. 2002; Abe et al. 2006). This is also between the
density of (66391) Moshup (1.97 g cm ™) and its secondary
Squannit (2.81 g cm™>; Ostro et al. 2006).
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Table 1
Summary of Preencounter Predictions and their Postencounter Evaluation

Prediction

Evaluation

The system at encounter will be in a low-energy state, with small/zero eccen-
tricity, no excited modes, and Dimorphos tidally locked to Didymos; no
recent big impacts or encounters.

Insufficient observational constraints of the preimpact state at encounter; low/
zero eccentricity consistent with modeled low postimpact eccentricity
(Section 2); Dimorphos’s apparent preimpact oblate shape consistent with
undetectable signature of rotation in lightcurves, implying slow but not
necessarily zero tidal damping (Section 4); no indication of excitement from
recent perturbation but not ruled out.

Impact yields 3 between 1 and 5, reducing orbital period (for § > 1) and
inducing few minute orbital-period variations; heliocentric 3 may be
measurable.

[ between 2.2 and 4.9 for plausible Dimorphos bulk density; period reduced by ~
33 min but postimpact nonsecular variations unobservable due to high fre-
quency (Section 2); successful future heliocentric 3 measurement likely
(Section 3).

Impact alters rotation state, inducing libration; may excite instability depending
on Dimorphos’s inertia moments.

Postimpact secondary lightcurve minima offsets from mutual events consistent
with libration of a few tens of degrees amplitude (Section 2); observed varying
postimpact secondary lightcurve amplitude and postimpact orbit modeling
consistent with possible non-principal-axis (NPA) rotation state/tumbling
(Section 4).

Shape change of either body could change 3 measurably.

No Didymos spin change detected to 1 s precision (Section 4); Dimorphos likely
reshaped due to detection of secondary lightcurve (Section 4).

Postimpact secular effects (tidal friction, binary Yarkovsky—O'Keefe—Rad-
zievskii—Paddack (BYORP)) may alter system state prior to Hera arrival.

Possible postimpact drop(s) in eccentricity and orbital period (Section 2) noted in
postimpact orbit modeling but likely too soon as of this writing to observe
measurable effects of tides/BYORP (Section 4).

Table 2

Selected Dynamical Parameters of the Didymos System before and after the DART Impact®
Parameter Preencounter Preimpact Postimpact
Volume-equivalent Diameter of Primary® [m] 780 £ 30 730 £ 17 assumed unchanged
Volume-equivalent Diameter of Secondary® [m] 164 £ 18 150.0 £ 2.5 assumed unchanged
Bulk Density of Primary, Secondary® [kg m ] 2170 £ 350 (both) 2790 £ 140, 2400 £ 300 assumed unchanged
Mean Separation of Component Centers® [km] 1.20 £+ 0.03 1.189 £ 0.017 1.152 £ 0.018
Secondary Shape' a,/b;, by/c, 1.3+£02,1.2 1.06 £ 0.03, 1.47 £+ 0.04 1.300 £ 0.010, 1.3 £0.2
Total Mass of System® [10"" kg] 5.55+£0.42 53402 assumed unchanged
Mutual Orbital Period" [hr] 11.921629 + 0.000003 11.921493 + 0.000016 11.3674 £ 0.0004
Mutual Orbital Eccentricity' <0.03 <0.03 0.0274 £ 0.0015
Primary Rotation Period’ [hr] 2.2600 +£ 0.0001 2.2600 +£ 0.0001 2.260 £ 0.001
Secondary Rotation Period® [hr] 11.921629 £ 0.000003 11.92149 4+ 0.00002 pending
Secondary Orbital Inclination [°] 0 (assumed) 0 (assumed) pending
Apsidal Precession Rate' [* day '] 6.7+0.2

Notes.

 “Preencounter” values are from Richardson et al. (2022) before DART’s arrival in the system. “Preimpact” (using DART data) and “Postimpact” values are from just
Erior to and just after the DART impact, respectively, based on the latest measurements and modeling as of this writing. Uncertainties are 1o.

Preimpact value from Barnouin et al. (2024).
¢ Preimpact value from Daly et al. (2024).

d Preimpact values from Naidu et al. (2024) for Didymos and Daly et al. (2023) for Dimorphos. A larger preencounter bulk density estimate of 2370 + 300 kg m > for

both is reported by Scheirich & Pravec (2022).

¢ Preimpact value from Naidu et al. (2024); postimpact change in value from Meyer et al. (2023a).
f Preimpact values from Daly et al. (2024); postimpact values from Naidu et al. (2024). Note: the shape of Dimorphos is not directly measured postimpact in this
model. The reported axis ratios correspond to the shape of an ellipsoid having the same moments of inertia. Pravec et al. (2024) find a postimpact range of 1.1-1.4 for

ay/bs.
€ Preimpact value from Naidu et al. (2024).

%‘ Pre- and postimpact values from Naidu et al. (2024). Using a different model, Scheirich et al. (2024) find a postimpact value of 11.3675 = 0.0004 hr.

! Preimpact value from Scheirich & Pravec (2009); postimpact value from Naidu et al. (2024). Scheirich et al. (2024) find a postimpact value of 0.028 4 0.005, but
possibly dropping to zero 70 days after impact gives the best fit in their model (see Section 2.4).

1 Preimpact value from Pravec et al. (2006); postimpact value from J. Durech & P. Pravec (2024, in preparation).

K Preimpact value assumed to be same as secondary orbital period (tidal lock).

! Value from Naidu et al. (2024). Scheirich et al. (2024) find 7.°3 & 0.°7 day’1 in their model.
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Using the calculated change in semimajor axis from Meyer
et al. (2023b), we find a postimpact observable semimajor axis
of 1152+ 18 m. The measured postimpact eccentricity is
consistent with a physically circular preimpact orbit, as
described in Meyer et al. (2023b).

Similar to the approach in Meyer et al. (2023a), we iterate
the system mass to match the preimpact orbital period, then
iterate the tangential AV7 until we match the postimpact orbital
period. Using this approach with the updated nominal
postimpact system, we calculate a nominal AV of 2.42 mm
s L Interestingly, (Naidu et al. 2024) calculate a AV of
2.62 mm s~ ', slightly larger than our value. Our smaller value
is the result of the change in orbital period caused by secondary
reshaping (Nakano et al. 2022; Meyer et al. 2023b). However,
these values are largely consistent when considering the system
uncertainties.

2.1. Orbital Precession

The measured postimpact precession rate of around
6°7 day_l warrants discussion (Naidu et al. 2024; Scheirich
et al. 2024). The J, value reported in Naidu et al. (2024),
estimated using an orbit fit matching the photometry data, is
about 0.092. For a detailed discussion of the methods used for
this estimation, see Naidu et al. (2022) This is consistent with a
uniform-density distribution in Didymos and suggests a much
faster precession rate, around 13° day ' using classical
perturbation theory (Murray & Dermott 2000). One interpreta-
tion of this discrepancy is that Didymos in reality has an
overdense interior that decreases its effective J,. However, a
reduction in J, of around 50% that is required to achieve the
observed precession rate is physically unrealistic, requiring an
inner core with a radius equal to the polar radius of Didymos
and a density of 4-5 g cm >, which is unrealistic for a rubble-
pile S-type asteroid such as Didymos.

Another consideration is how the secondary’s elongation and
libration affect the system’s precession rate, as shown by Cuk
& Nesvorny (2010). Meyer et al. (2021) demonstrated that both
the (3 value of the impact and the secondary’s elongation affect
the apsidal precession of the orbit. Once Cheng et al. (2023)
estimated the impact’s (3, Meyer et al. (2023b) calculated that
increasing the postimpact elongation of Dimorphos reduced the
system’s precession rate. We note the apsidal precession rate is
given by the expression (Cuk & Nesvorny 2010)

le’l + sza\/l — 62

3
2 a?(1 — €2)? e

X 1 9cos2¢cosf + 6sin2¢>sinfw , ey
1 + esinf

where f is the true anomaly, ¢ is the secondary’s physical
libration angle, a is the semimajor axis, e is the eccentricity, n
is the mean motion, and J, and C,, are the second-degree
gravity terms. Changing the elongation of the secondary
changes its C,, gravity term, which affects the precession rate.
We also note how both the libration angle and true anomaly
appear in this expression. By changing the (§ value of the
impact, the relationship between these two angles will also
change, again affecting the precession rate. Furthermore, larger
impact § values also result in a smaller semimajor axis and
larger eccentricity. This demonstrates the complex nature of
orbital precession in perturbed binary asteroid systems.
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Figure 1. For the observed precession rate of the mutual orbit, the curve
indicates the necessary Dimorphos elongation for a given J, value for
Didymos, with error bars corresponding to the uncertainty on the precession
rate measurement. The homogeneous density J, is shown as a red dashed line,
which corresponds to a uniform-density distribution in Didymos.

Thus, we find a degeneracy in explaining the orbital
precession rate, as both the primary’s interior structure and
the elongation and libration of Dimorphos can contribute to the
observed value. To illustrate, using fully coupled numerical
simulations we plot the necessary Dimorphos elongation, a,/b,,
as a function of the primary’s J,, in Figure 1. This curve
represents possible combinations of primary oblateness and
secondary elongation that can account for the observed
precession rate. When accounting for the secondary’s libration,
the estimate in Naidu et al. (2024) suggests a J, value largely
consistent with a homogeneous density distribution in
Didymos, shown as a dashed red line in Figure 1.

Furthermore, lightcurves suggest a more elongated second-
ary with a,/b, between 1.1 and 1.4 (Pravec et al. 2024), also
indicating a homogeneous density distribution within Didymos.
To go along with their estimate of J,, Naidu et al. (2024) also
estimate an elongated secondary around a,/b;=1.3. These
results are consistent with impact simulations suggesting a
global reshaping of Dimorphos (Raducan et al. 2024a). The
reshaping of Dimorphos could also substantially affect its
postimpact orbital-period change and rotational state (see
Section 4.4 for details).

2.2. Dimorphos’s Rotation

The rotation state of Dimorphos is of particular interest to
Hera (Section 5), which will deploy two CubeSats to perform
proximity operations around the secondary. The likely circular
preimpact orbit indicates a lack of substantial forced libration in
Dimorphos prior to the impact, meaning the secondary’s
rotation rate is nearly identical to the orbit rate over the full
orbit. Thus, the typical assumption of a perfectly synchronous
preimpact secondary still holds (Richardson et al. 2022). We
can therefore determine the minimum amount of libration in the
postimpact system, which occurs if DART impacted in line
with the center of mass of Dimorphos.

To investigate the postimpact rotation of Dimorphos, we
perform high-fidelity numerical simulations using GUBAS,
(Davis & Scheeres 2021) following the methodology from
Agrusa et al. (2021): we apply a AV to Dimorphos when it is
rotating synchronously with the preimpact orbital period, then
simply track the postimpact attitude of the perturbed secondary
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Figure 2. Libration angle of Dimorphos for the nominal system if the impact

vector passed through its center of mass.

-30

over time. We use the nominal system parameters (Table 2)
without uncertainties as inputs for a GUBAS simulation, and
integrate for 100 days. This simulation is used to predict the
libration amplitude in the system, which has not previously
been studied in high-fidelity simulations. Figure 2 shows the
libration angle, measuring the angle between the secondary’s
long axis and the line connecting the centers of the two bodies,
over time for the case where the impact vector passes through
the secondary’s center of mass, meaning there is no torque
imparted by the impact. Thus, this is the minimum amount of
libration present in the system, corresponding to an amplitude
of £25°. We note that this nominal system remains attitude
stable after the impact, where rotation only occurs about the
secondary’s major principal inertial axis. There are several
underlying periods driving the behavior of the libration angle,
all with periods on the order of hours. Using a fast Fourier
transform decomposition, we find the main frequency of
libration has a period around 14 hr, with a secondary period
around 11.4 hr (equal to the mean motion), and several other
minor frequencies. These commensurate periods result in
beating in the libration angle.

However, in reality there is still considerable uncertainty
surrounding the postimpact secondary shape. As a result, not
only are larger libration amplitudes possible, Dlmorphos may
be in an NPA rotation state (i.e., tumbhng) The nominal
secondary shape given in Table 2, a,/b;=1.3 by/c,=1.3, is
near a large region of attitude instability (Agrusa et al. 2021).
Adjusting the shape slightly can induce attitude instabilities.
For example, the 1-2-3 roll, pitch, and yaw Euler angles,
measuring the secondary’s attitude relative to a rotating Hill
frame, for the shape a,/b, = 1.2 and b,/c, = 1.4, are plotted in
Figure 3 (for methods, see Agrusa et al. 2021). This
demonstrates that not only are larger libration amplitudes
possible, the secondary can begin tumbling after the impact.
However, this tumbling state of Dimorphos is still on-average
synchronous with the orbit rate, so its long axis is still generally
pointed toward Didymos. In Figure 3, this is illustrated by the
yaw angle 63 remaining <90°.

The impact and corresponding ejecta almost certainly
imparted some amount of torque to Dimorphos, so we now
relax our torque-less impact assumption and include a
perturbation to the secondary’s spin rate. The spin angular

35 Pravec et al. (2024) indicate that postimpact tumbling is expected for the
range of shapes that fit their models while Naidu et al. (2024) find a
nontumbling spin state is consistent with their data and cannot be ruled out.
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Figure 3. 1-2-3 roll, pitch, and yaw Euler angles for the secondary for the

tumbling case. On average, the secondary is still tidally locked with the
primary.

momentum imparted to Dimorphos is
AL = rimp X Ap, 2)

where ry is the impact location of DART relative to the center
of mass of Dimorphos and Ap is the momentum transfer
caused by DART. The spacecraft impacted roughly 25 m off
from the center of figure (under our uniform-density assump-
tion this is also the center of mass; Daly et al. 2023). The
change to Dimorphos’s spin vector is then

Aw = Iil(rimp X Ap)s (3)

where I is the (unmeasured) inertia tensor of Dimorphos.

The true impact geometry, taken from Daly et al. (2023),
does not pass through Dimorphos’s center of mass. Impor-
tantly, the resultant torque of the impact and ejecta acts to
increase the secondary’s spin period. On the other hand, the
postimpact orbital period is reduced. This means the new
Didymos system has a larger difference between the second-
ary’s rotation period and the orbital period than if the impact
did not change the spin period, leading to a larger libration
amplitude.

The importance of including the impact torque is illustrated
in Figure 4. One case includes the effects of the impact’s
imparted AV, whereas the other includes both AV and Aw.
We see larger libration amplitudes when we include the change
in rotation rate caused by the impact torque. This demonstrates
the importance of the torque imparted by the impact, and shows
the predictions by Agrusa et al. (2021) are underestimates.

In a formal analysis of the post-DART rotation state of
Dimorphos, Pravec et al. (2024) leverage synthetic lightcurves
of Dimorphos to assess the rotational stability of Dimorphos.
They find significant NPA rotation is required to reproduce
observations of the secondary lightcurves.

2.3. Orbital Period

While the average orbital period has been measured to high
accuracy, the instantaneous orbital period will experience
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Figure 4. Maximum yaw angle of Dimorphos, comparing the effects of including the impact torque. When this torque is included, the libration amplitude of the
postimpact system generally increases on the order of 10°. When Aw is included and Dimorphos has a dynamically equivalent a,/b, < 1.005, the impact can cause
Dimorphos to immediately break from synchronous rotation. The shape of the best-fit ellipsoid is shown by the gray error bars (Daly et al. 2023). The structure of
these plots is explained by resonances among Dimorphos’s natural frequencies that can trigger attitude instabilities (see Agrusa et al. 2021, and references therein).

nonsecular variations due to precession and angular momentum
exchange within the system (Meyer et al. 2021). In calculating
the system’s orbital period, it is useful to use the sidereal orbital
period, calculated as the time required for the secondary to
move 360° around the primary in inertial space (Meyer et al.
2021, 2023a). From the simulations we presented above
showing the secondary’s attitude, we now also plot the sidereal
orbital period in Figure 5, for the stable libration system
(ay/by=1.3 and by/c;=1.1) and the unstable tumbling system
(ay/by=1.2 and b,/c,=1.4).

For the stable system, we see two distinct signals in the
orbital period. The long-period signal is the result of the orbit’s
precession, which was measured with observations. The short-
period signal is caused by libration within the system, but is
likely at too high a frequency and too low an amplitude so that
the mean anomaly modulation is less than 1° and is too small to
be detected in the data (Meyer et al. 2021). This signal could
potentially be found by calculating the variation in mutual-
event timings over many orbital periods.

In the unstable system, the onset of tumbling removes the
periodic behavior from the variations in favor of chaotic
behavior. Again, the variations are likely too high in frequency
and too low in amplitude for detection, but otherwise they
would indicate an unstable rotation state in the secondary. Also
note the long-period signal is lost, suggesting that the loss of
the precession signal in the observations also indicates
tumbling in the secondary. This is consistent with a relatively
large reduction in the orbit’s eccentricity caused by the onset of
secondary tumbling (Meyer et al. 2023a).

The detection of these orbital-period variations would
require high-quality data over an extended period of time.
This is only possible using space-based measurements.
Ground-based measurements are limited to sparse coverage
and typically combine several nights’ worth of data (Thomas
et al. 2023). This approach would average out any small
modulations of the orbital period. However, space-based
measurements could provide full coverage of several orbital
periods. Thus, these measurements may be possible from the
Hera spacecraft. A variation of the orbital period of 0.03 hr to
an average orbital period of 11.3674 hr is a modulation of
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Figure 5. Top: sidereal orbital period for the system with secondary a,/
b, =1.3 and b,/c; = 1.1. Bottom: sidereal orbital period for the system with
secondary a,/b; = 1.2 and by/c; = 1.4.

about 0.26%. This corresponds to a correction to the mean
anomaly of about 1°. Extended, high-quality observations have
a chance at detecting this error in mean anomaly given
sufficient coverage in time. Thus, while orbital-period varia-
tions may be hidden from ground-based data, Hera could
feasibly detect this phenomenon.

While secular damping is possible in the near future, it is
unlikely to have major effects on the system when Hera arrives
(Meyer et al. 2023b). Thus, Hera may encounter a tumbling
Dimorphos, complicating proximity operations. Monitoring of
the rotation state with Hera will allow estimates of Aw,
particularly if the system is in stable libration, but much more
uncertain if Dimorphos is tumbling.

There is also a possible detection of a secular trend in orbital
period for a short interval after impact that may be due to
momentum exchange between the binary and the ejecta. This is
discussed further in Section 3.3.3.
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2.4. Eccentricity Drop

If Dimorphos entered a tumbling state after impact, this
would be accompanied by a relatively rapid decrease in the
mutual orbital eccentricity (Meyer et al. 2023b). This is driven
by an exchange of angular momentum, where the onset of
tumbling causes the secondary’s angular momentum to
decrease on average, resulting in an increase in the orbital
angular momentum and corresponding decrease in eccentricity.
The magnitude of this decrease depends on the change of
libration amplitude in Dimorphos: a large libration amplitude
when Dimorphos starts tumbling corresponds to a large drop in
eccentricity, whereas a smaller change in libration amplitude
corresponds to a smaller drop in eccentricity. So if the libration
amplitude after the onset of tumbling is nearly the same as the
amplitude prior to tumbling (i.e., there is a small change in the
secondary’s angular momentum), there will not be a large
reduction in eccentricity. But if the libration amplitude is much
larger after tumbling begins (i.e., a large change in the
secondary’s angular momentum), there will be a large
reduction in eccentricity. Thus, while the eccentricity of
0.027 seen shortly after the impact is consistent with a circular
preimpact orbit, this value may change over the course of
several days, indicating NPA rotation in Dimorphos. Indeed,
Scheirich et al. (2024) find in their dynamical model that after a
transient period of about 70 days postimpact, during which the
average eccentricity is 0.028 +0.005, either a drop in
eccentricity to essentially zero or the start of chaotic orbital
behavior with onset of tumbling in Dimorphos, is needed to
explain their lightcurve data.

3. The Momentum Transfer Enhancement Factor
3.1. Mutual Orbit Change

A key objective of DART as a planetary defense test mission
was to determine the momentum transfer to the target body
relative to the incident momentum of the spacecraft, which is
quantified by the momentum transfer enhancement factor, (8
(Cheng et al. 2023), defined by the momentum balance of the
kinetic impact

MAV = mU + m(8 — 1)(E - U)E. 4)

Here, M is the mass of Dimorphos, AV is the impact-induced
change in Dimorphos’s orbital velocity, m is DART’s mass at
impact, U is DART’s velocity relative to Dimorphos at impact,
and E is the net ejecta momentum direction. MAV is the
momentum transferred to Dimorphos, mU is DART’s incident
momentum, and the final term in the equation is the ejecta’s
net momentum written in terms of the spacecraft’s incident
momentum. This definition of 3 can be reexpressed as the ratio of
the components along E of both the momentum transfer and the
incident momentum vectors, or = M(E - AV)/m(E - U).
Since the along-track component of AV, which is the component
along Dimorphos’s orbital-velocity direction, €,, can be estimated
from Dimorphos’s orbital-period change, the momentum transfer
enhancement factor (3 is reexpressed in terms of AV - ér = AVy
as

AV — (U - ér)
=1+ ~ — . (5)
(E-U)(E -ér)
The determination of 3 for the DART impact (Cheng et al.
2023) required estimation of AV, M, and E. A Monte Carlo
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method was used to find a distribution for AV consistent with
the measured period change incorporating the uncertainties in
the Didymos system parameters, such as the ellipsoid axial
lengths of the asteroids, the preimpact orbit separation distance
between the asteroids, the pre- and postimpact orbital periods,
and the net ejecta momentum direction E. Full two-body
numerical simulations (Davis & Scheeres 2021) of the coupled
rotational and orbital dynamics were used to determine AV for
each sampled combination of input parameters, finding
AVy=-27040.10 (1o) mm s~ !. The mass M of Dimorphos
was estimated from the volumes of the ellipsoidal shape models
(Daly et al. 2023) with assumed values for Dimorphos’s
density, which was not directly measured by DART. In the
Monte Carlo analysis, Dimorphos’s density was uniformly
sampled between 1500 and 3300 kg m>. The ejecta
momentum direction E was found from Hubble Space
Telescope (HST) and LICIACube observations of the ejecta,
which yielded an estimate of the ejecta cone axis direction.
This direction is identical to E assuming the ejecta plume holds
the momentum uniformly, and E points toward an R.A. of 138°
and a decl. of +13° with an uncertainty of 15° around this
direction. Combining the inputs for AVy M, and E, the
dynamical Monte Carlo analysis (Cheng et al. 2023) found [ as
a function of Dimorphos’s bulk density pj

Ps

8 =3.61=£02) 2200 kg m=

For a Dimorphos bulk density range of 1500-3300 kg m >,
the expected value of the momentum transfer enhancement
factor, (3, ranges between 2.2 and 4.9. These 3 values indicate
that significantly more momentum was transferred to Dimor-
phos from the escaping impact ejecta than was incident
with DART.

While additional observational data on the Didymos system
have been collected in the months following the results shown
in Cheng et al. (2023), none of the updates to the
aforementioned input parameters for the (3 analysis have
changed sufficiently from their previous values to warrant
recalculation of the [ estimate. Thus, the next anticipated
update to the § result for DART’s impact on Dimorphos is
expected to come from Hera mission data.

—0.03 £0.02(1o). (6)

3.2. Heliocentric Orbit Change

The DART impact changed the heliocentric orbit of the
Didymos system in addition to changing the mutual orbit of
Dimorphos and Didymos. The initial impulse delivered to the
system’s barycenter was augmented by the momentum carried
by the ejecta that escaped the system (Jewitt et al. 2023). We
define the escape criterion as ejecta crossing the Hill sphere of
the binary asteroid. The combination of the DART impulse and
the momentum transported out of the system by ejecta can be
encapsulated in the heliocentric momentum transfer enhance-
ment factor, 8. The 3. value describes the total change in the
heliocentric momentum, and therefore the changes to the
heliocentric orbit of the Didymos—Dimorphos system caused
by the DART mission. Without measuring 3., the total
momentum transfer on the entire system can only be
constrained through its natural upper bound, namely the local
[ measured from the change in Dimorphos’s orbit. Since some
ejecta may stay trapped in the binary system, 3., cannot exceed
(. Given the short postimpact observation arc at the time of this
writing, a measurement of (3, is not yet possible (Makadia et al.
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Table 3
Estimated Accuracy for Retrieved (3, for Various Future Observational
Campaigns
Scenario Bo SNR
Five Occ. (2024) 3212 4.850
Five Occ. (2024) + Five Occ. (2027) 3.025 7.835
Five Hera (2027) 3.011  16.747

Five Occ. (2024) + Five Occ. (2027) + Five Hera (2027)  3.031  17.014

Note. The target value to be retrieved in these simulations is 5. = 3; Occ:
stellar occultation measurements; Hera: Hera pseudorange measurements.

2024). However, high-quality astrometry derived from stellar
occultations between 2022 October and 2023 March has helped
to make strides toward a statistically significant 3., estimate.

Observing stellar occultations is one of the most accurate
ground-based methods for measuring the on-sky position and
directly determining the size and shape of solar system objects
(Ferreira et al. 2022). However, stellar occultations of <1 km
diameter asteroids present their own inherent challenges
(Souami et al. 2022). The Asteroid Collaborative Occultation
Research via Occultation Systematic Survey (ACROSS)
project, funded by ESA in its initial exploratory phase,
supports the DART and Hera missions. ACROSS observational
campaigns on different continents between 2022 June and 2023
March led to 20 successful stellar occultations by Didymos
being recorded, four of which allowed for the detection of
Dimorphos. This makes Dimorphos the smallest object ever
observed during an occultation campaign (Souami et al. 2022).
It is worth noting that at the end of the Didymos campaigns,
occultation astrometry was fundamental to reach an exceptional
orbit quality (50 m uncertainty on the sky plane in 2023
March).

Makadia et al. (2024) investigated whether more occultation
data could help speed up the process of determining (3. This
was done by directly adding [, to the list of estimated
parameters during the orbit determination process for the
Didymos system barycenter. The least-squares orbit determina-
tion process naturally gives estimates and corresponding 1o
uncertainties for G after solving the normal equations. Table 3
shows a summary of future observational scenarios considered
for the estimation of .. The first row corresponds to a case
that assumes five new monthly occultation measurements
between 2024 June and October, before the launch of the Hera
spacecraft. The second row corresponds to five additional
occultations in 2027 February—June, while the Hera spacecraft
is at the Didymos system. The third row considers just five
additional pseudorange measurements of the Didymos system
barycenter. These pseudorange measurements are radar delay
measurements of the system barycenter taken from tracking
data of the Hera spacecraft. Finally, the last row is the
combination of all previous scenarios. For additional justifica-
tion of the number and types of these observations, as well as
the full methodology behind estimating (., the reader is
referred to Makadia et al. (2024).

The highest signal-to-noise ratio (SNR) for (. naturally
comes from the case with the highest number of future high-
accuracy observations. However, the more interesting result is
that a statistically significant estimate of (3, could be generated
through additional occultation observations even before the
launch of the Hera spacecraft. This scenario is contingent on
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successful observations from the stellar occultation measure-
ment campaigns in the second half of 2024.

There is, therefore, a clear benefit from follow-up stellar
occultation observations, certainly in 2024. The ACROSS
collaboration plans to organize dedicated occultation cam-
paigns to observe those events. We predict that the uncertainty
of the current orbit of Didymos propagated to the beginning of
its observability period in 2024 is only ~1 Didymos body
radius. This means that a small number of observers on the
ground can lead to a successful occultation event. Following
similar plans to the 2022-2023 campaigns, the ACROSS
collaboration will be deploying some of its instruments for the
2024 campaigns and will be interacting with the amateur
community to ensure the best coverage of the best events. A
first positive detection in 2024 will then provide the accuracy
needed for successful stellar occultation campaigns that capture
the events that will follow. As mentioned above, if successful,
these 2024 occultations should already provide an SNR of x5
by the end of next year. Given additional measurements from
the Hera spacecraft, this SNR can then jump to =17 in 2027.

3.3. The Dynamical Effects of DART-produced Ejecta on the
Didymos System

Here we discuss and quantify the dynamical effects that
DART-produced ejecta have on the dynamics of the Didymos
system.

3.3.1. Ejecta Mass Estimates

Postimpact observations have provided estimates about the
mass of the ejecta produced by the kinetic impact of DART on
Dimorphos. As reported in Table 4, the observations are in
agreement within an order of magnitude around ~10’ kg.
Studies based on observed ejecta quantify the mass of a
subgroup of ejecta, i.e., leaving the Didymos system up to 2-3
weeks after the DART impact, or within a certain size range.
Also, some studies (i.e., Gudebski et al. 2023; Jewitt et al.
2023; Roth et al. 2023) assume a lower system density
compared to the latest estimates (Table 2). In addition, many
observations have preferred sensitivity to specific particle sizes
(e.g., of order millimeter in diameter), likely missing ejecta in
the full particle size range. This implies that numbers in Table 4
likely represent lower-bound values.

The total quantity and mass of ejecta can be estimated by
comparing observations to numerical models of dust dynamics
and dispersal taking into account a distribution of ejection
velocities and particle sizes as well as both gravity and solar-
radiation pressure. Such estimates for the total quantity and
mass of ejecta vary widely, as summarized in Table 4. The
particle sizes of this material probably extend from micro-
meters into the boulder size regime (Cheng et al. 2020, 2022).

Figure 6 shows two examples of ejecta evolution in time. In
these cases, the total ejecta mass is ~6 X 10° kg (Moreno et al.
2023) and ~1.5 x 10" kg (Ferrari et al. 2024), respectively.
Both models resolve the dynamics of the ejecta fragments as
they evolve after the DART impact but starting from different
assumptions regarding their initial state. In more detail, both
works consider particles in the range of micrometers to
centimeters, but Moreno et al. (2023) use a broken power
law with index —2.5 for particles smaller than 3 mm, and —3.7
for larger ones, while Ferrari et al. (2024) use a single power
law with index —2.7. Also, Moreno et al. (2023) initialize the
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Figure 6. Evolution of ejecta mass in time showing mass escaped from the system versus the mass that remains in the system, either by orbiting about it (labeled “in
the system”) or after reimpacting on Didymos/Dimorphos. The colored regions indicate the amount of mass that belongs to each subgroup at each time: i.e., 100% of
the mass at 7 = 0 is “in the system,” while some mass is being lost to impact on Didymos/Dimorphos, or to escape the system, as time progresses. Left: Moreno et al.

(2023). Right: Ferrari et al. (2024).

Table 4
Estimates of the Total Ejecta Mass from Observations and Constrained Numerical Simulations
Total Mass (kg) Notes Reference
42 % 10° numerical simulations (preimpact) Moreno et al. (2022)

6.8 x 10° observations, visible, w/HST

Li et al. (2023)

(integrating under a differential size—frequency distribution fit to tail profiles)

(1.3-2.2) x 107
0.9-5.2) x 107

5.2 x 10° observations, visible, w/HST
(mass of slow-boulder population alone)
9.4 x 10° numerical simulations

observations, visible, w/UNISTELLAR network
observations, millimeter wave, with the Atacama Large Millimeter/submillimeter Array

Graykowski et al. (2023)
Roth et al. (2023)
Jewitt et al. (2023)

Moreno et al. (2023)

(constrained by HST observations in Li et al. 2023)

(1.1-5.5) x 107 numerical simulations

Ferrari et al. (2024)

(constrained by HST observations in Li et al. 2023)

(1.7-4.3) x 107 numerical simulations

Raducan et al. (2024a)

(constrained by LICIACube observations in Dotto et al. 2024)

(0.65-4.1) x 107

point-source scaling from numerical simulations

Cheng et al. (2024)

(constrained by LiciaCube observations in Dotto et al. 2024)

(1.7-2.2) x 107 numerical simulations

Kim & Jewitt (2023)

(constrained by HST observations in Li et al. 2023)

(4.5 +3.7) x 10°

analytic arguments from observed postimpact period change

Section 3.3.3 of this work

(constrained by ground-based observations in Naidu et al. 2024; Scheirich et al. 2024)

Note. The former are limited to observed ejecta (i.e., within a certain range of sizes, or within a certain time span), while the latter are limited by model assumptions (

i.e., size range and distribution of ejecta).

velocity of ejecta particles using a combination of an isotropic
distribution (equal to the escape speed from Didymos) and a
power law with index —0.5, while Ferrari et al. (2024)
investigate velocity power-law distributions with the index
between —0.4 and —1. Both cases show the amount of mass
contributing to the early tail (escaped) and the ejecta mass that
remains in the Didymos system, either orbiting about it (Iabeled
“in the system”) or impacted on Didymos/Dimorphos. Both
cases provide a similar estimate of escaped mass after 15 days
(~(2.15-2.27) x 10° kg), whereas the largest difference is
given by the mass that remains in the system by that time.
The estimates above provide a range of values for impacted
mass on Didymos/Dimorphos after 15 days between

~2.8 x 10° and ~4.4 x 10° kg. Reaccreted mass increases in
time, potentially leading to nonnegligible modification of the
mass and inertial properties of the asteroids. This affects the
dynamics of the binary system, as discussed in Section 3.3.3
below.

3.3.2. Effect of Impact Site Curvature and Geometry

Both the ejecta cone edge’s mass and geometry play a role in
determining 3, as well as the dynamical evolution of the ejecta
in the system. LICIACube’s LUKE and HST images captured a
relatively wide cone (Li et al. 2023; Dotto et al. 2024). The
HST image analysis derived the opening angle as 125° 4+ 10°
under the assumption that the ejecta cone was axisymmetric (Li
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et al. 2023). We expand this earlier work to apply both
LICIACube LUKE and HST images to further constrain the
ejecta cone edge geometry using the different view planes of
these observers. The cone axis was found to point toward (R.
A., decl.) = (141.°0 £+ 4.°0, 20.°2 4 8°0) in the J2000 equator-
ial frame, which is consistent with the DART spacecraft’s
incoming direction to within 20° (Hirabayashi et al. 2024). The
analysis determined the ejecta cone was elliptical in opening
angle, i.e., its intersection with a plane perpendicular to its axis
formed an ellipse. The narrower cone opening angle in the
direction of the ellipse’s shorter axis was 94.°8 4 5.°4 and the
wider cone opening angle in the direction of the ellipse’s longer
axis was 133.°3 +9.°2. The latter direction is favored along
Dimorphos’s north-south direction but was rotated by 26.°
0 + 16.°0 counterclockwise from the north about the cone axis
in the Dimorphos-fixed frame. This condition results in ejecta
from high latitudes tending to depart from Dimorphos more
shallowly relative to a plane normal to the along-track direction
than from lower latitudes. This ejection angle variation
indicates the contribution of Dimorphos’s higher curvature
along its body-frame north—south direction compared to its
east—west direction (Hirabayashi et al. 2024). Further assess-
ments applying the derived ejecta geometry analysis and
numerical simulations of the DART impact reveal that the
curvature of the target led to a reduction of the along-track
momentum transfer enhancement (Raducan et al. 2024a;
Hirabayashi et al. 2024).

3.3.3. Binary Hardening Effect

Most of the dynamical modeling of the Didymos system
after the DART impact has focused on understanding the
system’s excitation in the F2BP; however, the complete
Didymos system immediately and for some time after the
impact consisted of many interacting bodies. Indeed, preimpact
numerical simulations predicted that a large amount of debris
could be generated from the impact (e.g., Fahnestock et al.
2022; Ferrari et al. 2022; Rossi et al. 2022; Tancredi et al.
2023). Observations from LICIACube and nearly simultaneous
space-based and ground-based observations demonstrated that
large amounts of debris were generated at the time of impact
(e.g., Graykowski et al. 2023; Kareta et al. 2023; Li et al.
2023). Follow-up observations from both space- and ground-
based observatories have also seen a persistent tail that has
lasted for over 250 days (e.g., Li et al. 2023; Moreno et al.
2023). Finally, dynamical models of the postimpact two-body
system indicate a reduction in the orbital period of 34 £ 15 s
(Naidu et al. 2024) and 19+£6 s over the first ~15 days
(Scheirich et al. 2024; 1o uncertainties). These aspects
motivate considering whether the binary was “hardened,” i.e.,
the binary’s orbital energy decreased due to gravitational
interactions with the debris, so that the lost orbital energy was
transferred to either escaping unbound debris or transferred via
collisions into the rotation states of Didymos and/or
Dimorphos.

The bound ejecta would have formed a thick, broad,
evolving annulus about the Didymos—Dimorphos system
(Ferrari et al. 2022). Collisions between debris particles would
only be important if the debris cloud were a very thin and
narrow annulus, e.g., ~100 m wide (Stewart et al. 1984)
assuming a very thin annulus given ejecta mass on the order of
107 kg (see Table 4) and a typical particle of about 1 mm
diameter with a density of 3 g cm™~ (Moreno et al. 2023).
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Instead, the bound ejecta disk must have been very broad,
extending from the binary orbit (~1.2 km) out to the Hill
sphere of the system (Jewitt et al. 2023; Kareta et al. 2023; Li
et al. 2023). Furthermore, the disk will hardly be thin since the
debris was ejected in a cone geometry (Deshapriya et al. 2023;
Li et al. 2023; Dotto et al. 2024), placing debris on a range of
inclinations relative to the Didymos—Dimorphos orbital plane.
Thus, the postimpact debris cloud was very diffuse, particle—
particle collisions were rare, and the orbits of debris particles
evolved due to other processes.

Due to interactions both with the binary gravitational
dynamics and solar-radiation pressure, ejecta are unlikely to
settle onto stable orbits (Ferrari et al. 2022; Rossi et al. 2022).
Instead, the particles will have strong interactions at their
orbital pericenters with Didymos and Dimorphos. Each
encounter will scatter the particles onto new orbital planes
and create a random walk in the semimajor axis, eccentricity,
and inclination of the ejecta orbits (Jacobson & Scheeres 2011;
Rossi et al. 2022). Furthermore, solar-radiation pressure will
strongly perturb particle orbits and will quickly unbind
particles less than about 1 mm in diameter (Ferrari et al.
2022; Tancredi et al. 2023). However, larger particles are likely
to persist for a longer time that depends on their size, consistent
with the observed long-lasting tail (Moreno et al. 2023).

The population of larger particles in the Didymos system
will decay with time due to loss onto heliocentric orbits and
collision with Didymos and Dimorphos, as shown in Figure 6.
While particle—particle collisions are unlikely to play a
significant role in the evolution of their orbits, a significant
number fraction of the particles will likely collide with
Didymos or Dimorphos (see Figure 6). In other words, each
particle’s residence time in the Didymos system depends on its
properties (radius, density, etc.) and ejection location and
velocity, but not on the other particles. This means the particle
loss rate is proportional to the total number of particles N
remaining in the system, i.e., d—lj o< —N, which has the well-

known solution of exponential decay, N = Nye ~©/7  where
T is the exponential decay timescale, Ny is the initial number of
particles, and ¢, is the time of the DART impact. Using this
exponential decay model, the timescale for clearing the
Didymos system is proportional to the timescale associated
with the scattering events that occur near the pericenter of each
particle’s orbit. Thus, 7 is proportional to a characteristic ejecta
orbital period P,: 7 x P,.

Ejecta will have a range of Didymos—Dimorphos system
orbital periods P, depending on their ejection velocity after the
DART spacecraft impact. All ejecta not lost immediately to
heliocentric orbit have ejection speeds less than the escape
speed from the Didymos system (i.e., <24 cm s~ '; Tancredi
et al. 2023). For ejecta launched with very low speeds relative
to Dimorphos, the ejecta period is similar to the mutual orbital
period of Didymos—Dimorphos P,= (0.5 days. Other bound
ejecta will have been launched on orbits with apocenters Q,
very close to the Didymos—Dimorphos system Hill radius r at
the time of the DART impact

m 1/3
ry =7, = 73 km,
y (3M)

where rp = 1.1 au is the heliocentric distance of the Didymos
system at the time of the DART impact (Rivkin et al. 2021),
m=35.3x 10" kg is the Didymos—Dimorphos system mass

(N
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(Table 2), and M., = 2.0 x 10% kg is the Sun’s mass. Debris
with apocenters closest to the Hill radius are very easily
perturbed by solar-radiation pressure onto heliocentric orbits,
contributing to the long-lasting tail, and so they do not interact
much with the Didymos—Dimorphos system. However, stably
bound debris (Q, < 0.5 ry, i.e., with apocenters well within the
Hill radius, motivated in part by studies of the stability of
irregular satellites; Nesvorny et al. 2003) will have orbital
periods of about P, < 15 days assuming pericenters ¢, near the
Didymos—Dimorphos separation distance ¢g.~a=1.2 km.
These estimates set a clearing timescale 7 on the order of days
to weeks, which is consistent with both the more detailed
numerical experiments shown in Figure 6 and is consistent with
the observed mutual orbital-period change timescale (Scheirich
et al. 2024).

The effect of this exponentially decreasing population of
debris on the dynamics of the Didymos—Dimorphos system is
the dynamical hardening of the binary due to exchange of
angular momentum of the binary system with the escaping
ejecta, potential small impulses upon the binary components
from accretion impact events, and to a much-lesser extent an
increase of the system mass due to that same accretion. To test
whether these processes may be responsible for the observed
change in the Didymos—Dimorphos orbital period, we calculate
an independent estimate of the amount of ejected mass needed
to effect that change and compare it to observed estimates of
the ejected mass.

First, using a Keplerian model for the Didymos—Dimorphos
system, we determine how much the orbital angular momentum
of the binary changed given the observed period change

AL =L Ap,

3P ©

where L = m;+/Gma is the initial angular momentum of the
Didymos-Dimorphos circular orbit, m=m,+m, is the
combined mass of Didymos m, and Dimorphos m,, and we
assume the reduced mass can be approximated by the mass of
Dimorphos. The change in angular momentum of the binary
AL is the opposite of the change in the angular momentum of
the particle orbits AL,, which is the difference in angular
momentum of the ejected particles on their final parabolic
orbits and their elliptic orbits immediately after ejection. Thus,
the change in the angular momentum of the binary is

AL=—AL,

= —m.(2Gma,(1 — e,) — \/Gma.(1 — ¢?)),

where m, is the mass of ejected material that is not lost
immediately to heliocentric orbit. To good approximation, the
Didymos—Dimorphos orbit is circular and since most of the
ejecta were launched off the leading face of Dimorphos, the
ejecta would have an apocenter exterior to the Didymos—
Dimorphos orbit and a pericenter similar to the semimajor axis
of Dimorphos’s orbit: a,(1 — e,) = a. Equations (8) and (9) can
then be solved for the initially bound but ejected mass

©)

me

B m (g) _ (95+5.9) x 10°kg
3P

\ll—i—e:—«/f \/_—w/l—i—ee

(10)
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where the mass of Dimorphos is m; = (4.5 +0.4) x 10° kg and
the postimpact mutual period is P = 11.3674 £0.0010 hr (see
Table 2). The two estimates of the postimpact period change
are AP = —34 + 15 s (Naidu et al. 2024) and AP=—-19+6s
(Scheirich et al. 2024). Scheirich et al. (2024) caution that their
estimate is only a lower limit on the absolute magnitude of the
change and that the real change may be slightly higher. If we
take these estimates at face value and average them, we
estimate the period change as AP = —26+ 16 s. A minimum
ejected mass estimate m, > (2.3 & 1.4) x 10°kg is obtained
if the initial ejecta eccentricities are low (e, ~ 0). If the ejecta
that interact strongly with the Didymos—Dimorphos system
(i.e., have many pericenter passages) are initially spread out
evenly on orbits with apocenters between the Didymos—
Dimorphos orbit (Q, = a, and so e, ~ 0) and half the distance
to the Hill radius (Q,=0.5 ryg and so e,=~0.9), then the
estimated ejecta mass is m, = (4.5 £ 3.7) x 10°kg. This
estimate of the unbound ejecta mass estimate is a similar order
of magnitude as other estimates of the ejected mass, although
most of those are for the unbound component (see Table 4).
Notably, it is very similar to the comparable fallback mass of
5.4 x 10° kg estimated from analysis of HST images (Kim &
Jewitt 2023).

Next, we consider the change in angular momentum of the
binary system due to reimpacting mass. This is very similar to
the original DART experiment except that the debris is not
likely striking Dimorphos only in the along-track direction.
Trrespective of the momentum transferred from colliding ejecta
to the binary components, in a Keplerian model, growth in the
binary mass changes the binary orbital period according to
AP =—PAm/(2m). Using the same values as above, the
change in the system mass would need to be about 0.13% or
Am=6.6 x 10° kg to explain the observed period change.
This is much more ejecta mass than other independent
estimates suggest. Thus, mass reaccretion will play only a
small role in any detected period change.

However, reaccretion will also deliver angular momentum to
the orbit due to small torques associated with each impact
event. If these torques are truly random, then they will cancel
out, but if not, then this reimpacting ejecta material may change
the orbital period. In this case, the change in the angular
momentum due to reimpacting material can be estimated as

AL = m,\/Gma,(1 — ¢?), (11)

where a, and e, are the average semimajor axis and eccentricity
of ejecta material prior to reimpact, respectively, and m, is the
reimpacting mass that contributes to the final change in angular
momentum of the binary (note that this reimpacting mass is a
lower limit since some mass might have reimpacted that did not
change or even increased the angular momentum of the binary,
canceling out yet other mass that did decrease the binary
angular momentum). Equations (8) and (11) can then be solved
for an estimate of minimum reaccreted mass, then

my > mgJ1 + e,(%) = JT + ¢ (9.5 £59) x 10 kg,
(12)

where we have again asserted that the pericenter of the
reimpacted debris is similar to the semimajor axis of the
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Didymos—Dimorphos system. If the debris is mostly circular
(e,~0), then the minimum reimpacting mass is
m, > (9.5 £ 5.9) x 107 kg. Since much of the debris is likely
placed on eccentric orbits and some of the debris is likely to
collide with Didymos or Dimorphos to increase the binary
orbital angular momentum, we emphasize that the required
mass of reaccreted debris is likely much higher than this
estimate. Many independent estimates of the ejected debris are
on order 10° kg, so it may be reasonable that a similar mass
was lofted but ultimately reaccreted by Didymos and
Dimorphos. This calculation establishes that such a large mass
of debris would be necessary to fully explain the observed
period change of the binary, but whether reaccreted mass
would ultimately add or remove angular momentum requires
future detailed simulations. Thus, reaccretion and ejection
likely play a role in the observed postimpact binary hardening
of the system.

From these simple considerations, we find that the cloud of
nonescaping ejecta should dissipate on an exponential time-
scale and gravitational interactions with that cloud would lead
to angular momentum transfer that would ultimately harden the
orbit of the Didymos—Dimorphos system due to slowly
escaping material. These considerations are consistent with
both observations of a mutual orbital-period change of the
system as well as independent estimates of the amount of debris
created and its evolution. Future work should examine the
many-body dynamics of the ejecta cloud and binary system
more fully. The angular momentum transfer between the bound
ejecta cloud and the binary system appears measurable, and so
this is an independent constraint on the amount of slow ejecta
created by the DART impact.

The previous analysis has implications for 3. The negative
period change induced by the DART impact appears to be
slightly increasing in magnitude over time (and therefore the
measure of (3 is also slightly increasing). That is, the
“immediate” (3 is slightly lower than the “eventual” [ for this
system. This is likely to be true of any binary system when
impacting the secondary more or less head on. Although this
effect is measurable in this instance, it has a very minimal
effect on the final period change and eventual 3. Consider the
persistent particles in the system. Among the particles ejected
by the DART impact, many were launched from the surface of
Dimorphos at speeds less than the escape speed of the system.
This resulted in particles orbiting in the system for some time
after the impact. These persistent particles can reach a number
of outcomes: they can reimpact Dimorphos, transfer impact
onto Didymos, escape the system after close encounters with
Dimorphos, or find a stable orbit within the system. Finding a
stable orbit in the system is very unlikely for most of the
particles but we include this possible outcome for complete-
ness. Particles that have close encounters with Dimorphos are
efficient at increasing the period reduction for Dimorphos and
can explain the continuous period change. Such change appears
to be a product of Dimorphos being in a binary system and it is
possible that a single asteroid would not experience a similar
phenomenon. This is one instance where the DART impact
diverges from the case wherein a single asteroid is impacted.
An impact into a single body would still result in a fraction of
persistent particles but this would likely be a much smaller
fraction than what we see at Dimorphos. The particles ejected
from a single body below its escape speed would (mostly) be
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on reimpact trajectories with the body. Some may orbit the
single body but they could not escape the system via close
encounters with a secondary body. This is a fundamental
difference between two-body systems and three-body systems,
where three-body systems often eventually eject the smallest
body and two-body systems have no ability to do so without
external perturbation.

4. Shape and Structure Effects

Detailed images from DRACO, DART’s camera, documen-
ted unique geologic features of both Didymos and Dimorphos
(Daly et al. 2023). This binary system, or at least its satellite, is
likely made of gravitational aggregates rather than monolithic
bodies, given the observed unique surface morphology and
shapes (Daly et al. 2023). The Didymos binary system is a
member of the most common class of binary systems, in which
the satellite is much smaller than its primary (a few percent of
the system’s mass; Pravec et al. 2006). Binary systems should
form and evolve due to mass transport between gravitationally
bound bodies driven by events changing their dynamical and
structural configurations such as impacts, tidal effects, and solar
radiation. Didymos looks like a top shape but not exactly so;
compared to Ryugu (Watanabe et al. 2019) and Bennu
(Barnouin et al. 2019), the very oblate shape likely resulted
from various mechanisms related to its fast spin. The oblate
shape of Dimorphos (at least prior to impact) is at odds with the
expectation of a prolate shape (Walsh & Jacobson 2015) and is
an important constraint on formation models. Structural
modifications during the system’s evolution also change the
system’s dynamical behavior. This section describes the current
state-of-the-art understanding of the binary system’s structural
stability and how it contributes to dynamical evolution.

4.1. Structural Properties and Stability of Didymos

4.1.1. Preencounter Understanding Constrained by Shape and Spin
State

Prior to the DART encounter, the binary system’s physical
characteristics were primarily inferred from ground-based
observations. Photometric and radar observations estimated
Didymos’s spin period to be 2.2600 4+ 0.0001 hr, and the
mutual orbit elements yielded bulk density estimates of
pp=2170 + 350 kg m > and 2370 & 300 kg m > for Didymos
(see Table 2). The radar-derived shape model gave Didymos’s
dimensions along the principal axes as (832% +6%) x
(838% £ 6%) x (786% + 10%) m (Naidu et al. 2020).

The preencounter understanding implied Didymos possesses
mechanical strength, ensuring both interior and surface
structural stability (Hirabayashi et al. 2022). Numerical
simulations using discrete-element modeling provide two
avenues to maintain Didymos’s structural integrity at its rapid
spin rate, i.e., through either global weak cohesion or strong
mechanical core strength (e.g., Zhang et al. 2021; Ferrari &
Tanga 2022). Assuming a homogeneous rubble-pile structure
with various potential boulder size distributions, Didymos’s
minimum required bulk cohesive strength is estimated to be
~11-17 Pa for p,=2170 kg m > and ~2-13 Pa for Pp=
2370 kg m > (Zhang et al. 2021). Alternatively, if Didymos’s
strength distribution is heterogeneous, a cohesionless external
layer can suffice for structural stability, provided that over half
of the interior possesses strong mechanical strength or rigidity
(Ferrari & Tanga 2022).
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4.1.2. Postencounter Understanding Constrained by Shape and Spin
State

By analyzing the close-encounter images obtained from
DRACO, Didymos’s dimensions were updated to (819 &
14) x (801 & 14) x (607 = 14) m (Barnouin et al. 2024). This
shape is remarkably smaller and more oblate than the radar
shape model, yielding a significantly higher bulk density of
2790 + 140 kg m ™ (see Table 2). Material cohesive strength is
no longer a crucial requirement for maintaining Didymos’s
interior structural stability at the spin period of 2.26 hr,
provided its material internal angle of friction (a measure of
friction between particles that opposes shear and that is
typically similar in value to the macroscopic “angle of repose”)
is larger than ~40° (Zhang et al. 2017; Agrusa et al. 2024). For
a lower friction angle of ~35°, interior cohesion of ~10 Pa is
still needed to prevent internal deformation (Agrusa et al. 2024;
Barnouin et al. 2024). Some surface regions on Didymos have
slopes exceeding 45°, indicating that a small cohesive strength
of ~1-2 Pa might be present on Didymos for maintaining the
stability of these high-slope regions (Barnouin et al. 2024). The
surface cohesive strength might need to exceed the static
estimate in order to maintain the structural stability of the
surface during the impact of ejecta resulting from the DART
impact (see Section 4.1.4).

If the interior does not possess a proper level of mechanical
strength, internal failure of a rubble-pile body may occur
during a spin-up process driven by YORP torque (Hirabayashi
et al. 2015; Sanchez & Scheeres 2018). This could explain the
pronounced oblateness observed in Didymos’s current shape.
Conversely, high internal strength coupled with low surface
strength might induce surface mass transport, which is hinted at
in the DRACO images (Barnouin et al. 2024). The possibility
of shedding these mobile surface materials, followed by their
gravitational accumulation in orbit around Didymos, offers a
plausible explanation for the origin of Dimorphos (see
Section 4.2). It is likely that Didymos’s structural properties
lie between these two extremes, allowing it to exhibit both
interior- and surface-failure behaviors at fast spin (Barnouin
et al. 2024). Internal failure could give rise to a density
distribution heterogeneity with a less-dense core, akin to the
case of Bennu (Zhang et al. 2022). The upcoming gravity-field
measurements and radio experiments to be conducted by the
Hera mission (Section 5) will provide the means to confirm the
existence of such heterogeneity and quantify the interior
structure’s influence on the dynamics of the binary system.

4.1.3. Reshaping of Didymos

Due to Didymos’s fast spin, it is possible that the body is
sensitive to structural failure at present (e.g., Hirabayashi et al.
2015; Nakano et al. 2022). Small perturbations, such as ejecta
from the impact site on Dimorphos striking Didymos at various
speeds, could thus trigger a reshaping process, wherein its
equatorial radius increases while its polar radius decreases,
resulting in a more oblate shape (Hirabayashi et al. 2022;
Nakano et al. 2022). Such reshaping would perturb the mutual
gravitational fields and therefore the mutual dynamics between
the bodies. Studies prior to the DART impact demonstrated that
Didymos’s reshaping under constant volume (i.e., no mass
change due to ejecta accretion) always reduces the orbital
period of Dimorphos owing to an increased J, moment
(Nakano et al. 2022; Richardson et al. 2022). It was found
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Figure 7. Scheme for positioning boxes on the surface of an ellipsoidal body.
The x’-y’ coordinates represent the rotating frame of reference of the
simulation box. The angles A and « represent the latitude and the surface slope,
respectively, in the inertial frame. The vectors g, v;, and f.., are gravity, the
projectile’s impact velocity, and centrifugal force at the surface, respectively.

that a 0.7 m of change in the polar radius leads to an orbital-
period change of 7.8 s, which exceeds the DART Level 1
measurement requirement (i.e., 7.3 s; Rivkin et al. 2021). This
implies that the 3 estimation process likely needs to account for
the effect of Didymos’s reshaping when the magnitude of
reshaping exceeds 0.7 m, as otherwise, the § value could be
overestimated (Nakano et al. 2022; Richardson et al. 2022).

Importantly, if Didymos’s reshaping were to occur, its spin
period would change as its moment of inertia is modified. This
potentially provides a means to constrain the magnitude of
reshaping, as the spin period change can be precisely measured.
However, current measurements show that the spin period has
been constant since preimpact, with an uncertainty of 1 s at the
3¢ level (J. Durech & P. Pravec 2024, in preparation). This
suggests that Didymos’s reshaping likely did not occur,
possibly due to either the impact-related perturbations not
being strong enough to trigger reshaping or the asteroid’s
structure being relatively resistant to reshaping, allowing it to
withstand the perturbations. Therefore, it is reasonable to
conclude that the (3 estimation process currently does not need
to account for the effect of Didymos’s reshaping.

4.1.4. Surface Strength Constrained by Ejecta Impacting on the
Surface

As noted earlier, the DART impact generated a lot of debris,
so much so that Dimorphos acquired a long-lived tail that
transformed it into an active asteroid. Part of this debris very
likely landed on Didymos, but no appreciable change in either
its shape or dynamics was observed (Section 4.1.3). This
implies Didymos’s surface was strong enough to withstand
such impacts. Here we simulate this process using an oblate
spheroid of homogeneous density and strength rotating around
its shortest axis to represent Didymos (Figure 7), updating the
work of Hirabayashi et al. (2022) who assumed a spherical
shape. We simulate impacts onto surface elements of Didymos
to infer a lower limit for its cohesive strength. Impact
simulations were carried out using Granular Dynamics Code—
Impacts, a soft-sphere discrete-element method code for
simulating impacts at various velocities (Sanchez &
Scheeres 2018; Ballouz et al. 2021). Within the method, each
particle is treated as an individual object that follows the laws
of classical mechanics and moves under the influence of the
forces imposed on it. Particles interact with each other through
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repulsive soft potentials and a collision is said to have occurred
when the distance between the center of any two particles is
less than the sum of their radii. The normal repulsion force is
provided by a spring (linear or Hertzian) and dashpot model.
Friction forces are implemented through tangential springs
whose response is truncated to satisfy the local Coulomb
criterion. Rolling and twisting friction can also be implemented
to mimic the behavior of nonspherical particles (for details see
Ai et al. 2011; Sanchez & Scheeres 2011; Schwartz et al. 2012;
Sanchez & Scheeres 2016).

Following Hirabayashi et al. (2022), we place 1 X2 x 1 m
boxes, with periodic boundary conditions, on the surface of the
oblate spheroid and fill them with 60,000 spherical grains with
a uniform distribution of diameters between 2 and 3 cm to a
height of ~84 cm. We assume Didymos has a bulk density of
2950 kg m ™, and the particle density is set to 4916.67 kg m >
so that the bulk density of the box is the same as that of
Didymos. Note that, as investigated by Sunday et al. (2022),
boundary effects could affect the outcomes of the simulated
impact scenarios. In our case, the periodic boundary conditions
eliminate the effects of the walls and emulate an infinite
granular surface on which particles of the ejecta field will
impact (Radjai 2018). If we tried to eliminate boundary effects
by increasing the size of the system so that sound waves do not
reach the border, we would need a granular bed of 4 X 4 X 2 m
(95% of energy is dissipated every ~2 m; Sanchez et al. 2022);
this would incrementally increase the simulation time by a
factor of 32. If we add a reduction in the particle size to just
half of what we have, that time would increase fourfold.
Together they would increase the computation time by a factor
of 128 (=1 yr per simulation) making them impractical with the
current computational facilities and code. Furthermore, since it
is the impact of many particles of an ejecta curtain that we seek
to simulate, ours is an appropriate representation of a
realistically much larger system as it would be unlikely that
only one impact takes place in isolation of all others.

The angle of friction of this granular bed is set to ~35°, a
common value for geological regolith and also what was
estimated for asteroid Dimorphos (Robin et al. 2024). These
boxes are placed in the northern hemisphere of the spheroid,
along the longest meridian and at latitudes of 0°, 15°, 30°, 45°,
60°, and 75°. Cohesive strength was tested at 0, 1, 2, 3, 4, 5, 10,
15, and 20 Pa. The impact speed was kept at 1 m s~ ' in the
inertial frame (Yu & Michel 2018), but it changes in the body
frame depending on the latitude of impact due to the rotation of
the asteroid, which provided a horizontal velocity component
(up to 0.32 m s~ ). All impacts were set to be perpendicular to
the axis of rotation in the inertial frame of reference (see
Figure 7). Each granular bed was impacted five times by
identical projectiles at the same speed at 2 s intervals. The first
projectile is always placed just above the surface of the
granular bed and then shot. After 2 s, the same projectile is
repositioned outside of the box and reshot. The process is
repeated four times to complete five impacts. In most cases, this
2 s time interval was enough for the projectiles to either stop
due to the collision or simply pass through the granular material
if the previous impact had already fluidized it. A granular
material is said to be fluidized when the kinetic energy of the
system is comparable to its potential energy. The projectiles
were aimed to a point in the center of the box, 10 cm below the
surface. Note that though the simulation has periodic boundary
conditions, the projectile is impervious to them and simply sees
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the granular bed and not the containing box. We do this
because of two reasons, one computational and one physical.
Computationally, given that four out of the five projectiles start
their motion from outside the box, this would have brought
complications for the algorithms. Physically, if the granular bed
is already so fluidized that a projectile goes through the
boundary after the impact, it will not have made a difference in
our assessment of whether or not the bed was already fluidized.
If the granular bed is not fluidized and the projectile merely
bounced on the surface, most of its energy would have been
already dissipated in the first impact; a second impact after
crossing the boundary would not have done anything
significant.

As the simulation boxes themselves change their orientation
with respect to the body frame depending on their latitude, we
need to calculate some angles and distances so that gravita-
tional, Coriolis, and centrifugal forces are adequately calculated
(see Figure 7). So, if a, b, and ¢ are the dimensions of the
semiaxes of the spheroid, a > b > c. The distance r between the
body center and surface at a given latitude A is

ac

r(\) = . ,
Ja2sin? A + 2 cos? A

13)

which means that the radius of rotation of any box (the distance
between the box and the axis of rotation of the body) is r cos \.
Differentiating the ellipse equation (see Figure 7), the slope of
the curve (i.e., the meridian of the ellipsoid) is

—cr(A)cos A
aa* — rr(\)cos? \ |

which is a negative number. The angle of the gravity vector in
the rotating frame of reference is ™+ A — « and the angle of
the centrifugal force is —a, where « is the surface slope in the
inertial frame. Finally, the angle of the angular velocity vector,
for the calculation of the Coriolis force, is m — «.. These angles
are used in the simulation for the calculation of all these forces
on each grain.

Figure 8 shows snapshots of the simulated granular bed after
being impacted by the final projectile. With the new
constraints, this revised set of simulations shows that a bulk
cohesive strength of 3 Pa would be more than sufficient to
avoid material flow and any kind of global reshaping of
Didymos. This finding, along with those about the needed
cohesive strength for structural stability under rotation (see
above), show that a cohesionless structure is incompatible with
the observations. Our results show that asteroid Didymos needs
to have a nonzero cohesive strength to be able to maintain its
structure intact under rotation and debris impacts. Additionally,
and as observed experimentally by Murdoch et al. (2017b) and
Walsh et al. (2022) during the OSIRIS-REx mission TAGSAM
event, cohesionless systems are more easily penetrated and
fluidized in weaker gravitational fields compared to Earth’s
(Zacny et al. 2018).

Given that we have used only spherical particles, the amount
of geometrical interlocking (also called geometrical cohesion),
and its contribution to shear strength, is diminished (Govender
& Pizette 2021). Even if rolling friction is implemented, it is
difficult to establish how similar its effect is to interlocking to
avoid fluidization or granular flow. This implies then that the
exact amount of cohesive strength needed to avoid granular

« = arctan

(14)
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Figure 8. Snapshots of projectile impacts into a granular surface for different levels of cohesive strength. The images are taken 60 s after the last projectile was shot
(top: A = 0°; bottom: \ = 45°). From left to right, cohesive strength is 0, 1, 2, 3, 4, 5, 10, 15, and 20 Pa. The orange sphere that appears in some of the images is the
last projectile. Particles with speeds > 1 x 10~* m s~ " are turned green; blue particles were those on the very surface of the granular bed before the first impact. The

particles in the front half of the box have been made transparent to aid visualization.

flow on the surface of Didymos could be somewhat lower,
though still necessary.

4.2. Origin of Dimorphos and Its Preimpact Oblate Shape

Didymos’s shape, fast rotation, and geophysical properties
suggest that—at some point in the past—Didymos likely
exceeded its spin limit, leading to the formation of Dimorphos
(Walsh & Jacobson 2015; Barnouin et al. 2024; Agrusa et al.
2024). Dimorphos’s obliquity being near 180° (Rivkin et al.
2021) implies that this spin-up process was dominated by
YORP (Vokrouhlicky et al. 2015), although natural impacts
may have played some role as Didymos spends a significant
fraction of time in the inner main belt (Holsapple 2022; Campo
Bagatin et al. 2023).

If Dimorphos is indeed a rubble pile with little to no cohesion
(Barnouin et al. 2024; Raducan et al. 2024a), then Dimorphos
likely formed via gravitational reaccumulation outside the Roche
limit of Didymos, as the body would not survive a fission event
intact and would naturally be disrupted by tides (e.g., Agrusa
et al. 2022a). However, Dimorphos’s apparent oblate shape is
not immediately explained by such a scenario, since gravitational
accumulation in a strong tidal environment would tend to create
a more prolate shape (Madeira et al. 2023; Agrusa et al. 2024;
Wimarsson et al. 2024).

Although Dimorphos’s unexpected oblate shape is structu-
rally stable at its preimpact orbit and assumed spin period
(Holsapple & Michel 2006; Sharma 2009), this shape stands in
contrast to the measured shapes of other secondaries—either by
radar (Ostro et al. 2006; Becker et al. 2015; Naidu et al. 2015)
or by lightcurve measurements (Pravec et al. 2016, 2019)—
which tend to be more prolate. Given that DART only saw one
hemisphere of Dimorphos and the extent of the b axis was
inferred by the geometry of the terminator (Daly et al. 2023), it
is possible that Dimorphos’s true shape is prolate, with a small
libration that shifts the illumination so as to mimic an oblate
shape. If the true shape is oblate, then this means that
Dimorphos either formed with such a shape or longer-term
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processes such as additional mass-shedding events or natural
impacts could have led to an oblate shape. The issue of prolate/
oblate shape and its implications on the formation and
evolutionary processes at work are ongoing topics of study.

4.3. Structural Properties and Potential Postimpact
Reconfiguration of Dimorphos

The high-resolution images of Dimorphos’s surface returned
by DART exhibited a predominantly blocky texture composed
primarily of boulders with diameters in the 0.1-10 m range,
indicating a low-cohesion surface structure (Barnouin et al.
2024; Daly et al. 2023). If Dimorphos’s subsurface and interior
share a comparable distribution of boulder sizes, its overall
mechanical strength would be notably weak, and its shape and
surface morphology could be susceptible to alteration due to
the tidal forces exerted by Didymos or potential impacts from
external objects.

As a direct result of the DART impact, Dimorphos
undoubtedly experienced significant resurfacing near the
impact site (Raducan et al. 2024a). Additionally, indirect
downstream effects would likely alter Dimorphos’s postimpact
morphology on a longer timescale. For example, the impact
released significant amounts of ejecta (Li et al. 2023; Moreno
et al. 2023). Any material that was not on an escape trajectory
or blown away by solar-radiation pressure can remain bound to
the binary system for weeks or months, if not longer
(Section 3.3.3). A significant portion of this material will
reimpact Dimorphos at speeds on the order of a few centimeters
per second, likely disturbing the surface upon impact (Ferrari
et al. 2024). Another indirect mechanism for resurfacing is
caused by the postimpact excited dynamical state of Dimor-
phos. Building upon the current understanding of Dimorphos’s
shape and structural properties, we analyze the likelihood of
resurfacing and reshaping behaviors of Dimorphos after the
DART impact.
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4.3.1. Tidal Stress on Dimorphos, Material Displacement, and
Resurfacing Possibility

Periodic tidal stress studies done preencounter found that
local material failure due to tides was only possible for a
cohesionless Dimorphos with very low friction angle, i.e.,
<10°, and failure was restricted to surface layers at the poles
for homogeneous models and at the equator for layered
internal-structure models (Murdoch et al. 2017a). This result,
however, was made using models based on monolithic rocks,
did not take into account the rotation of the satellite, and
underestimated the oblateness of Dimorphos (Daly et al. 2023).

From the latest DART results, considering a weaker rubble-
pile model instead and matching the estimated shape and
rotation of Dimorphos would increase tidal stress inside
Dimorphos up to a few tenths of a pascal in amplitude. This
is an order of magnitude lower than the upper bound of the
best-fit results with the DART observables in Raducan et al.
(2024a) where cohesion is estimated to be lower than a few
pascals, consistent with the results of Cheng et al. (2024) where
cohesion was found to be lower than 500 Pa with no lower
limit. If cohesion of 0.1 Pa is present, tidal resurfacing and
faults due to tidal stress are unlikely to occur at the surface of
Dimorphos for synchronous rotation. Local resurfacing from
nontidal effects can still happen; due to structural readjustment
of the whole asteroid, slight deformation about the impact
antipodal site and moderate surface refreshment are still
possible (Liu et al. 2023).

However, in addition to Dimorphos’s excited postimpact
orbital state, its rotation state could have been significantly
excited (and possibly entered tumbling; Agrusa et al. 2021). As
a result, the tidal, centrifugal, and Euler accelerations felt by
boulders on Dimorphos’s surface can undergo significant orbit-
to-orbit changes. This can lead to surface slope changes on the
order of tens of degrees (Agrusa et al. 2022b). Depending on
the postimpact shape of Dimorphos (i.e., the initial surface
slopes), this may lead to motion on Dimorphos’s surface long
after the impact. However, this effect is difficult to quantify, as
it depends strongly on Dimorphos’s unknown postimpact
rotation state and shape. These various sources of resurfacing
suggest that Dimorphos may look very different upon Hera’s
arrival in late 2026 than it would have immediately following
impact. Distinguishing between surface features (i.e., crater
morphology) that were created directly by the impact from
these longer-term resurfacing processes will present a unique
challenge to the Hera team (Section 5).

4.3.2. Large-scale Reshaping of Dimorphos

Recent impact simulations have revealed that, if Dimorphos
is indeed a structurally weak, low-cohesion body, the DART
impact could have caused large-scale reshaping beyond just
forming an impact crater (Raducan & Jutzi 2022; Raducan
et al. 2022; Stickle et al. 2022; Raducan et al. 2024b). Material
displacement and compaction around the impact site likely
caused Dimorphos to become more elongated according to
these simulations and Dimorphos’s equatorial axis ratio a/b;
could reach 1.2 (Raducan et al. 2024a), a significant difference
from its preimpact value of 1.06 + 0.03.

Interestingly, ground-based observations also corroborate the
elongated shape of the postimpact Dimorphos. While none
were detected in the preimpact lightcurve data, recent high-
quality lightcurve data revealed secondary lightcurve variations
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corresponding to Dimorphos’s rotation (Pravec et al. 2024).
From these data, the upper bound of a,/b, is estimated to be
1.4. Though this estimate carries some uncertainties due to the
unknown attitude state of Dimorphos, it aligns well with the
estimate from a recent impact simulation (Raducan et al.
2024a). Additionally, postimpact orbit fitting using mutual-
event observations over 5 months, accounting for the planar
F2BP (Naidu et al. 2024), also leads to a similar a,/b;,
1.306 & 0.012, as well as a polar axis ratio by/c, of 1.2 £0.2
(Table 2).

Considering these numerical and observational constraints,
reshaping of Dimorphos appears to be highly plausible.
Consequently, it is important to consider the effect of reshaping
on the mutual dynamics of the Didymos system. The
elongation of Dimorphos leads to a change in its orbital period
(Nakano et al. 2022), which is critical to account for in the 3
estimation process. Moreover, the postimpact shape is likely to
have some degree of asymmetry, as the leading side of
Dimorphos undergoes more significant reshaping than the
opposite side. This asymmetry could influence Dimorphos’s
attitude dynamics and increase the likelihood of postimpact
attitude instability. These effects of Dimorphos’s reshaping will
be discussed further in Section 4.4.

In addition, the DART impact caused a change in the shape
of Dimorphos outside of a stable shape/dynamical configura-
tion that may be providing a continuous reservoir of material
that maintains the tail. The resettling timescale is largely
determined by the microgravity environment of the system, and
thus a continuous active release of particles up through the
present time cannot be ruled out. Investigation into the
timescale of how Dimorphos settles into a new shape and
dynamical configuration is ongoing.

4.4. Reshaping-induced Perturbations on the Mutual Dynamics

Nakano et al. (2022) conducted a preimpact statistical
investigation into the effect of Dimorphos’s reshaping on the
mutual dynamics, specifically focusing on the orbital period—
one of the key parameters in estimating 3. The current estimate
of a,/bs~ 1.3, however, exceeds the range explored in the
preimpact study. Here, we consider a range of a,/b, from 1.1 to
1.5, which thoroughly encompasses the current estimates of
a,/bg with the uncertainties owing to Dimorphos’s unknown
attitude state and investigate the effect of significant reshaping
on not only the orbital period but also the attitude state of
Dimorphos.

Following Nakano et al. (2022), we generate synthetic shape
models of Dimorphos in its reshaped form (Figure 9(a)) and
propagate the mutual dynamics using a finite-element F2BP
model. In order to constrain specifically the effect of reshaping,
the simulations do not account for the momentum and torque
imparted by the DART spacecraft and only consider Dimor-
phos’s reshaping. We assume that Dimorphos experiences
instantaneous reshaping under constant volume. Assuming that
the angular momentum is conserved before and after reshaping,
the angular velocity of the reshaped Dimorphos is adjusted in
each simulation based on the modified moment of inertia due to
reshaping. This ensures that the system’s initial state is
dynamically consistent throughout the simulations. We com-
pute the reshaping-induced orbital-period change by comparing
the orbital period of the reshaped Dimorphos with that of the
nominal, preimpact state (see Table 2). Dimorphos’s attitude
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Figure 9. (a) Schematic diagram showing a synthetic shape model of a reshaped Dimorphos. The axes are in Dimorphos’s body-fixed frame, with the X- and Y-axis
corresponding to the long and intermediate axis, respectively. We consider a physically plausible reshaping condition inferred from recent impact simulations and
describe such reshaping by changing the positive and negative sides of the X-, Y-, and Z-axis of the original Dimorphos shape model. We assume that the impact,
which was approximately aligned with the Y-axis, instantaneously shortened the Y-axis and lengthened the X-axis. The Z-axis is modified such that the volume of
Dimorphos before and after reshaping does not change. (b) Reshaping-induced orbital-period change, AP esnaping, as a function of the synthetic shape model’s a,/b,
and b,/c; that are permissible under the physically plausible reshaping condition. The red curve denotes APyeshaping = 0 s. The current estimates of the axis ratios a,/b;
and b,/c, are indicated by the horizontal and vertical error bars, respectively (i.e., 1.1 < a,/bs < 1.4 from Pravec et al. 2024; a,/b, = 1.300 £ 0.010 and b,/

¢y = 1.3 £ 0.2 from Naidu et al. 2024).

state after reshaping is described by using the 1-2-3 roll, pitch,
and yaw Euler angles as used in Section 2.2.

4.4.1. Orbital-period Change and AVt

Figure 9(b) shows the reshaping-induced orbital-period
change, AP eshaping, as a function of the synthetic shape model’s
ay/bs and bg/c,. We find that most of the shapes result in a
reduction of the orbital period, but a subset of the shapes,
characterized by b;/c, close to or less than unity, can lead to an
increase of the orbital period. The red contour line indicates
AP eshaping = 0 s. The unsmooth contour below b,/c, < 1.0 is
because of the orbital-period variation owing to the unstable
attitude of Dimorphos, as discussed in Section 2.3. In the same
figure, the horizontal and vertical error bars correspond to the
current estimates for a,/b, and by/c, (1.1 <a,/by< 1.4 from
Pravec et al. 2024; a,/b; = 1.300 + 0.010 and b,/c,=1.3+0.2
from Naidu et al. 2024). Note that the synthetic shape models
used here have symmetric configurations about the Y-axis
(Figure 9(a)); our investigation revealed that minor asymmetries
in shape do not exert any significant effect on AP eshaping
(Nakano et al. 2024).

Should postimpact Dimorphos fall within the uncertainty
range defined by the error bars in Figure 9(b), the resulting
AP eshaping Tanges from ~—250 to ~4-10 s. This implies that
within the observed 33 minute orbital-period change, as much
as ~4 minutes could potentially be attributed to Dimorphos’s
reshaping, as opposed to being solely attributed to the
momentum change caused by the DART impact and ejecta
recoil.

The tangential component of Dimorphos’s orbital-velocity
change AV corresponding to AP eghaping Of —250 to +10 s can
be computed; it ranges from —0.347 to 0.014 mm s~ ' (Nakano
et al. 2024). The initial estimate of AVy, —=2.70 = 0.10 mm s L
did not account for the effect of Dimorphos’s reshaping (Meyer
et al. 2023b; Cheng et al. 2023). However, as the effects of
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reshaping and the DART impact are independent to first order
(Nakano et al. 2022), adding this AV from reshaping to the
earlier estimate of AV, would lead to a good approximation of
the true AVr and thus g, effectively accounting for Dimor-
phos’s reshaping. This adjustment can be made once the
postimpact Dimorphos’s shape is thoroughly characterized
through the Hera mission.

4.4.2. Attitude Perturbation

Reshaping of Dimorphos, particularly for the magnitude
considered in this study (i.e., a,/b, from 1.1 to 1.5), generally
leads to an excitement of roll and pitch angles with an
amplitude of less than 10° and yaw angles with an amplitude of
about 20°. However, as can be seen from Figure 10(a), shapes
with bg/c,; below ~1.0 could experience higher amplitudes,
particularly exceeding 90° in the roll angle. These shapes also
experience high amplitudes in both pitch and yaw angle,
although the amplitudes remain relatively small compared to
the roll direction. This is likely attributed to the asymmetric
configuration about the long axis (X-axis) caused by the impact
(Figure 9(a)). The leading side of Dimorphos experiences more
severe reshaping than the other side, inducing a stronger
tendency for the body to roll about its long axis. Despite the
instability induced by Dimorphos’s reshaping, the body
generally remains tidally locked with Didymos.

However, it is important to recognize that the orientations of
the principal axes for the synthetic shape models considered
thus far roughly align with those of the preimpact Dimorphos.
This alignment arises from the assumption that reshaping
occurs along the original principal axes. If this is not the
case, that is, if reshaping occurs along off-principal axes,
Dimorphos’s attitude becomes even more perturbed. We have
thus conducted an additional investigation accounting for the
off-principal axes reshaping of Dimorphos. The off-principal
axes reshaping was parameterized with two angles, the in-plane
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Figure 10. (a) Maximum roll angle amplitude as a function of the synthetic shape model’s axis ratios a,/b, and b,/c,. The red curve denotes AP esnaping = 0 s from
Figure 9(b). The error bars denote the postimpact axis ratios and their uncertainties (Table 2). (b) A top and side view of a synthetic shape model of Dimorphos under
off-axial reshaping. The in-plane reshaping angle 6;, and the out-of-plane reshaping angle 6,,, are measured from Dimorphos’s intermediate axis (Y-axis). (c)

Maximum roll angle amplitude as a function of 6;, and 0.

reshaping angle, 6;,, and the out-of-plane reshaping angle, 6,
as depicted in Figure 10(b), and the finite-element F2BP model
(Nakano et al. 2022) was used to simulate the attitude dynamics
of Dimorphos. In Figure 10(c), we show the roll angle
amplitude of a synthetic shape model with a,/b;=1.3 and
by/c;= 1.1 as a function of the in-plane reshaping angle 6;, and
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the out-of-plane reshaping angle 6,, measured from the
intermediate axis (Y-axis). Notably, the attitude state can
exhibit significant deviations from the principal-axes reshaping
case (i.e., B, = O = 0°). Similar sensitivity to 6, and 0, is
observed in the pitch and yaw angles. This result highlights the
difficulty of predicting Dimorphos’s attitude state without
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Figure 11. Changes in the BYORP coefficient, B, as a function of crater depth and diameter (left) and postimpact elongation ratios a,/b; and by/c, under physically
plausible deformation (right). The white/black crosshairs in the crater plot mark the specific depth and diameter values corresponding to each case. The colored boxes
surrounding the crosshairs indicate the magnitude of AB. The black error bars denote the current estimates of the axis ratios a,/bs and b,/c; (as/b; = 1.300 £ 0.010
and by/cy = 1.3 £0.2 from Naidu et al. 2024; with the 1.1 < a,/b, < 1.4 range from Pravec et al. 2024). The black star represents the preimpact elongation ratios

provided in Table 2.

precise knowledge of its postimpact shape. Even if the axis
ratios of the postimpact shape are constrained through
numerical and observational means, the attitude state could
be significantly different, depending on how different the
orientations of the new principal axes are from the original
principal axes.

Importantly, the discussed attitude instability of Dimorphos
is solely a consequence of reshaping. As discussed in
Section 2.2, Dimorphos’s attitude instability including NPA
rotation is plausible, considering the preimpact shape and (,
even without reshaping. The findings presented here suggest
that Dimorphos’s reshaping further increases the likelihood of
such attitude instability.

4.5. Secular Evolutionary Effects

The long-term dynamical evolution of rubble-pile binary
asteroid systems is driven by BYORP and tides. A full
discussion on these phenomena and how they affect binary
asteroid evolution can be found in Richardson et al. (2022).
Note that the BYORP effect is dependent on the shape of the
secondary, from which a set of Fourier coefficients can be
computed (McMahon & Scheeres 2010). These coefficients are
based solely on the shape model of the secondary asteroid. The
dominant along-track coefficient, denoted B, is the indicator for
the direction of evolution. A positive B corresponds to
expansive BYORP, while a negative B corresponds to
contractive BYORP. Prior to DART, little was known about
the BYORP coefficient or tidal parameters of Dimorphos. It is
still difficult to constrain these quantities, but work has been
done in Cueva et al. (2024) to bound predictions of how much
B could have changed from the DART impact, and the
resulting implications for the dynamical evolution.

We assume a preimpact shape of a smooth oblate spheroid
with nominal extents along the (x, y, z) axes of 179, 169, and
115 m, respectively, from Daly et al. (2024; corresponding to a
near-zero BYORP coefficient) and tidal-BYORP equilibrium,
as Didymos is suspected to be at or close to this state
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(Richardson et al. 2022; Scheirich & Pravec 2022; Scheirich
et al. 2024). A nominal B was computed for the assumed
preimpact shape model following the methodology in Scheeres
(2007). We explore two avenues of reshaping, cratering and
global deformation, and evaluate the shape’s effect on B. This
is done by modifying the preimpact shape model and
recomputing B to quantify how much B deviates from the
nominal value. For the first regime, craters of various depths
and diameters are placed at the estimated impact location of 8.°
84 +0.°45 S, 264.°30 £+ 0.°47 E (Daly et al. 2023). For global
deformation, we use the methodology described in Nakano
et al. (2022) and used in Section 4.4 to explore deformed
shapes ranging from a,/b, = 1.06 to 1.5. We find that craters in
general lead to a net positive change in B, but a large, shallow
crater can cause a net negative change. All global deformation
cases resulted in a net negative change in B since flattening
occurred on the leading hemisphere of Dimorphos. The change
in magnitude becomes larger with more elongated secondaries
and/or flatter deformed leading hemispheres. The change in B
for the nominal postimpact elongations of a,/b,=1.3 and
by/cs=1.3 (Table 2) is AB= —2.33 x 102 These elongation
values are from the final orbital solution used throughout this
paper (Naidu et al. 2024), therefore this is the latest estimation
of AB for Dimorphos and is an update from the original value
reported in Cueva et al. (2024). For reference, the preimpact B
value for Dimorphos is expected to be on the order of
—5x 1072, depending on the true strength of tides (Cueva
et al. 2024). The change in magnitude of B for both craters and
global deformation are shown in Figure 11.

We ran dynamical simulations of the attitude and mutual
orbit dynamics incorporating forces and torques from solar-
radiation pressure, tidal dissipation on both the primary and
secondary, and solar third-body effects. The binary system’s
heliocentric orbit was also modeled in the simulations, which
has a semimajor axis of 1.64 au, eccentricity of 0.38, and
inclination of 3%4 with respect to the ecliptic (Richardson et al.
2022). The AB values for both cratering and global
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deformation were added to three theoretical equilibrium B
values corresponding to three different tidal strengths. Cases
were run for 10,000 simulated years in order to assess the initial
result of the impact on the attitude of the secondary, as well as
the long-term behavior of the system. Simulation results of the
orbit and attitude evolution of Dimorphos are presented in
Cueva et al. (2024). Trends and observations from these results
are summarized here. We find that the BYORP coefficient
increases but remains negative for most crater cases, thus
driving the semimajor axis to a new (higher) theoretical
equilibrium orbital radius. Planar libration is excited for these
cases. Large, deep crater morphologies can cause the true value
of B to become positive (depending on the tidal strength),
resulting in joint expansive evolution with a theoretically
unbounded semimajor axis. This ties in with the overall life
cycle of rubble-pile binaries. Although expansive BYORP
means it will work with tides to grow the orbit, there are a lot of
factors that could affect the subsequent evolution and end state
of the system. For example, Dimorphos could lose synchro-
nicity with weakening tides from the expansion, stopping the
evolution. This could result in a wide asynchronous binary
system (Jacobson et al. 2014). Another possibility is that
Dimorphos could escape the Hill radius of the orbit and form
an asteroid pair, where the two bodies share a similar
heliocentric orbit but are no longer bounded by a mutual orbit
(Jacobson & Scheeres 2011). Due to the chaotic nature of the
dynamics, it is difficult to predict exactly what would happen if
the DART impact caused expansive BYORP.

As for the global deformation cases, we found that the
system can experience a wide range of evolutionary behavior
depending on the magnitude of reshaping (and thus magnitude
of inertial changes), tidal strength, and initial conditions. We
observed cases with excitation of planar librations, tumbling,
and barrel instability. Some cases with planar libration had a
quick onset of nonplanar libration, likely due to resonances
with the heliocentric orbit. Some cases recaptured in the 1:1
spin—orbit resonance, while some remained chaotic for the
entire 10,000 yr simulation run. For cases that experience
synchronous recapture after a period of chaos, we saw that the
secondary can either recapture in its original orientation, or a
different orientation where it has flipped 180° about its minor
axis, flipped 180° about its major axis, or both—thus possibly
leading to orbital expansion.

The range of results from Cueva et al. (2024) show that until
the true postimpact spin state and shape of Dimorphos are
resolved by Hera, it is difficult to assert exactly how the system’s
secular evolution changed from the impact. The detection of
BYORP from Hera is unlikely due to the short time span between
Hera and DART, but not impossible. BYORP will still act on the
system if libration is excited, but tumbling or barrel instability
will shut off BYORP, and thus BYORP cannot be measured. If
Hera observes that the secondary remained synchronous
following the impact, then any measured drift in the orbit would
be due to BYORP and tides. If Dimorphos is librating, then it
gets more complicated. For example, the range of secular drift
rates surrounding the nominal a,/b, and b/c; is approximately
—1.8 to —4.6 cm yr ' (corresponding to mean motion rates, 7,
ranging from 5.5 x 1077 to 1.4 x 10" rad s2). This equates
to an inward drift of about 9-23 cm in the 5 yr gap between
DART and Hera. These numbers are assuming only libration is
excited from the impact. If Dimorphos is dynamically excited,
which Hera will measure, there will be inevitable variations in the
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separation distance due to inherent orbit—attitude coupling. In the
short time span between DART and Hera, it will be difficult to
distinguish any secular drift in these variations since the expected
secular drift in that time span is so small. However, Hera will be
able to provide a full detailed shape model of postimpact
Dimorphos. While DART supplied a high-resolution shape
model, it is only one side of Dimorphos, so we are unable to fully
compute a B value for Dimorphos. Knowing the backside
topography of Dimorphos would allow us to better resolve the
preimpact shape model of Dimorphos and use its B value
to constrain tidal strengths of Dimorphos from the preimpact
tidal-BYORP equilibrium. The detailed postimpact shape model
will allow us to refine our predictions for how the secular
evolution of the Didymos system will proceed. Knowing the B of
the postimpact shape model acquired from Hera will also help us
improve our computations for how much we would have
expected the orbit to drift due to BYORP if the system is
dynamically excited. If it in theory should drift more than we
originally predicted, then it may be easier to detect BYORP.

5. Implications for Hera

The Hera spacecraft will arrive at Didymos in 2026 October
and will begin in 2026 December approximately 6 months of
proximity operations. Details regarding mission objectives,
profile, scenario, instrumentation, and measurements can be
found in Michel et al. (2022). The primary goal of Hera is to
measure the mass of Dimorphos, which is the missing
parameter for the precise estimate of 3, accounting for the
fact that the “eventual” [ is slightly higher than the
“immediate” (§ (see Section 3.3.3). This knowledge will be
acquired through a series of measurements. Optical images will
mainly be used to constrain the shape and dynamical state, and
provide an early mass estimate during the distant flybys. Once
Hera gets closer, its Radio Science Experiment (RSE),
involving the main spacecraft and the two CubeSats, Juventas
and Milani (Ferrari et al. 2021a; Gramigna et al. 2024), should
obtain Dimorphos’s mass to higher precision and measure the
extended gravity fields and rotational states of both Didymos
and Dimorphos. In this way, the RSE will also better constrain
the interior structure and global properties (e.g., density and
porosity). The low-frequency radar called JuRa and the
gravimeter called GRASS on board the Juventas CubeSat will
further characterize the interior. Additionally, Hera will also
enable the accurate determination of the heliocentric 3 by
reconstructing the Didymos system ephemerides using pseu-
dorange points (Section 3.2).

Hera includes an intersatellite link (ISL) transceiver for
ensuring correct communication with the CubeSats, relaying
their data and commands to and from the operation centers on
the ground. A dedicated radio-science mode of the ISL will
also allow for collecting high-precision range and range-rate
measurements, which will be used in combination with Earth-
based radio tracking and optical navigation images provided by
the Asteroid Framing Camera (AFC) on board Hera. Of
particular importance are the ISL observables collected by
Juventas and Milani, which orbit the system at closer distances
than Hera (Ferrari et al. 2021b), and allows for obtaining higher
accuracies in the parameters of interest. The AFC observations
will also determine the rotational states of the asteroids by
tracking their surface features (landmarks) and provide the
necessary data to contribute to the mass measurement.
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A covariance analysis has been performed to obtain the
expected uncertainties in the scientific parameters of interest for
the Hera RSE. The expected formal 1o uncertainties for the
GM of Didymos and Dimorphos are on the order of 0.01% and
0.1%, respectively. Additionally, the extended gravity fields of
Didymos and Dimorphos can be estimated up to degree three
and two, with a J, accuracy of better than 0.1% and 10%,
respectively. Regarding Didymos, such measurements will
offer the possibility of detecting internal heterogeneity, with
implications for understanding the structural behavior of the
asteroid at fast spin and the formation of Dimorphos
(Section 4.1.2).

Of utmost importance is getting an accurate estimate of the
orbital parameters of Dimorphos, as well as its librations, since
they are directly linked to the energy dissipation of the system
and to the preimpact state (Meyer et al. 2023a, 2023b).
Measurements of those parameters may allow determination of
secular effects, such as a possible orbital drift that can be linked
to BYORP and tides, depending on Dimorphos’s actual
rotational state (Section 4.5). The RSE covariance analysis
indicates that Dimorphos’s relative position can be retrieved
with submeter-level accuracy throughout the mission, while the
semimajor axis and eccentricity uncertainties are on the order
of 107" m and 10™*, respectively. Similarly, Dimorphos’s spin
pole can be constrained to less than 1°, while its librations can
be estimated with a relative accuracy of roughly 2° x 10~ for
the libration amplitude, 8 x 107* deg h™' for the angular
velocity, and 2° for the phase. (Note that a small perturbation in
the rotational dynamics with respect to the equilibrium
condition was assumed. If this is not the case, more analysis
should be performed, and the results could vary.) All the details
and results of the analysis can be found in Gramigna et al.

(2024).

In addition, the LIDAR on board Hera, called Planetary
ALTimeter, will perform range measurements that will yield
independent shape reconstructions with respect to the ones
provided by the AFC images and will be used to help
determine the wobble of the binary system, which will yield an
independent estimate of the mass of Dimorphos. These
altimetric measurements could also allow for a more precise
reconstruction of Hera’s trajectory, enhancing the RSE
scientific return. Overall, when adding LIDAR altimetry
crossover measurements, the expected improvement of Dimor-
phos’s relative orbit is on the order of 60% for the radial and
tangential components, and up to 40% for the orbit-normal one
(Gramigna et al. 2023).

The current questions regarding a possible shape change of
Dimorphos (Section 4.3.2), the actual ( value, and rotational
properties will thus be answered by Hera thanks to a
rendezvous with the binary system and its investigation at
close proximity. Regarding surface changes on Dimorphos
resulting directly from the DART impact, the analysis will have
to account for the long-term resurfacing processes that may
contribute to the surface features (i.e., crater morphology) that
Hera will observe (Section 4.3.1).

JuRa on board the Juventas CubeSat will reveal whether
Dimorphos is a rubble pile made of boulders homogeneously
distributed throughout, whether its interior contains a high level
of heterogeneities, or whether it is simply made of a big core
surrounded by a layer of pebbles and gravels. This has
implications for binary-formation models and our interpretation
of the response of the asteroid to the DART impact and to tidal
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forces. In turn, the possible presence of long-lived ejecta and
the possibility that Dimorphos is tumbling have some
implications for the operations of Hera and its two CubeSats,
which need to be assessed. Operations for the Hera spacecraft
that allow observing the entire surface of the asteroid may have
to be adapted to this situation, as may the operations of the
CubeSats that will come closer to the asteroid to perform their
measurements. Furthermore, both CubeSats are expected to
land on the smaller body. In particular, Juventas is planned to
land on Dimorphos to perform additional measurements of the
gravity field with its gravimeter, which requires that it remains
stable on the surface. Landing on a tumbling asteroid increases
the complexity of the operation and has never been attempted.
Nevertheless, knowing in advance that the Hera mission may
face such a situation is extremely useful to be best prepared for
a more complex situation than originally expected. This is now
taken into account in the development of operation plans at
Didymos and Dimorphos.

The Hera data will also provide opportunities to constrain the
material properties of both Dimorphos and Didymos, thus
feeding into the models discussed in this paper. The dynamics
of the CubeSat landings on Dimorphos will be recorded with
onboard accelerometers leading to direct measurements of the
surface mechanical properties (Murdoch et al. 2022; Sunday
et al. 2022). The geology of the asteroids and the boulder
morphology as observed with the Hera AFC or the CubeSat
cameras can be used to constrain the mechanical properties
such as the angle of internal friction (Barnouin et al. 2024;
Robin et al. 2024). High-resolution images of the surface of
Didymos taken with different viewing and illumination
geometries will constrain the currently unknown depth of the
boulder tracks, allowing for an improved estimate of the
bearing capacity of the surface of Didymos (Bigot et al. 2024).
Morphological mapping using, for example, surface-roughness
measurements (Vincent et al. 2024) of the asteroid pair before
and after the DART impact will highlight changes due to
reimpacting ejecta, resurfacing, and mass-wasting events. The
penetration depth of ejecta boulders that have reimpacted the
surface of Didymos at low speed will provide additional
constraints on the properties of the surface material (friction,
density, etc.; Sunday et al. 2022).

In conclusion, Hera’s mission will provide very accurate
characterization of various dynamical aspects of the Didymos
system, including its gravity field, orbits, dynamics, energy
dissipation processes, surface, and interior structure. Thanks to
the expected level of accuracy provided by the Hera mission to
determine Dimorphos’s important dynamical attributes (e.g.,
mass, rotational state, and orbit), a more refined value of 3 can
be estimated, which in turn will significantly increase the
understanding and validation of the kinetic impactor technique
for deflecting potentially hazardous asteroids in the future.

6. Conclusions

Following the successful demonstration of kinetic impact
provided by the DART mission, the dynamical state of the
Didymos system before and after the event was assessed. The
main conclusions are as follows.

1. The postimpact eccentricity is consistent with a circular
preimpact orbit and the postimpact precession rate
strongly  suggests impact-induced reshaping of
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Dimorphos. The possibility of an unstable rotation state
of Dimorphos should be investigated further.

2. The DART impact momentum transfer enhancement
factor 8 was found to be about 3.6 assuming a nominal
bulk density of 2400 kg m > for Dimorphos. Although
some dynamical parameters have been revised since that
determination, the uncertainty in 3 remains dominated by
the large uncertainty in the mass of Dimorphos. It is still
too early for a heliocentric § measurement, but future
occultations and Hera’s arrival should give strong
constraints. It is evident that the impact generated a lot
of ejecta (~107 kg), despite the likely mitigating effect of
target surface curvature. A possible secular decrease in
orbital period in the days following impact may be
evidence of coupling between the binary and persistent
ejecta.

3. Didymos’s rapid spin, oblate shape, and comparatively
high bulk density suggest global cohesion may not be
required to maintain its structural stability at present.
Given its shape and the likely formation of Dimorphos
from the accumulation of material shed by its parent,
Didymos probably has an internal structure of moderate
strength. High-slope surface features and the lack of any
detectable spin change suggest a surface cohesion of a
few pascals, consistent with granular impact simulations.
The unexpected oblate shape of Dimorphos implies a
more complex formation pathway than simply accretion
at the Roche limit. Impact simulations suggest Dimor-
phos may have reshaped significantly, a possibility borne
out by preliminary lightcurve measurements and dyna-
mical modeling indicating a postimpact elongated shape.
This in turn may have contributed to some of the
measured [ and increases the probability of Dimorphos
being in a tumbling state. All of these considerations are
important for the long-term secular evolution of the
system due to tides and BYORP, with a range of possible
outcomes that will likely require Hera to resolve.

4. Hera will greatly reduce the uncertainties on Dimorphos’s
mass and therefore on (, as well as on Dimorphos’s
shape, rotation state, and internal properties thanks to a
wide array of measurement instruments. The possibly
tumbling Dimorphos has some implications for the
operation of Hera and its two CubeSats that need to be
assessed and are being taken into account in the
development of operation plans.

The DART mission, together with the Didymos observing
campaign, not only represented the first test at realistic scale of
a hazard mitigation technique but also provided unprecedented
measurements of dynamical effects in a nonideal small solar
system binary for testing theoretical models. Predictions prior
to encounter were largely borne out, but there were some
surprises and there remain unanswered questions. We look
forward to revelations from the Hera mission, which promise to
further refine our understanding of small bodies in general and
the formation and evolution of binary asteroids in particular.
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