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In September 2022, NASA’s Double Asteroid Redirection Test (DART) spacecraft crashed into Dimorphos and dem-
onstrated the kinetic impact method of protecting Earth from asteroids. A fraction of the impulse delivered to
Dimorphos was also imparted onto the Didymos system’s barycenter, changing its heliocentric orbit. Here, we
present the first-ever measurement of human-caused change in the heliocentric orbit of a celestial body. Thanks
to stellar occultation and radar measurements, we estimate that the Didymos system experienced an along-track
velocity change of —11.7 + 1.3 micrometers per second. We constrain the heliocentric momentum enhancement
factor for DART at 2.0 + 0.3 and the bulk densities of Didymos and Dimorphos at 2600 + 140 and 1540 + 220
kilograms per cubic meter, respectively. Our results demonstrate that targeting the secondary asteroid in bi-
nary systems constitutes a possible strategy for kinetic impact deflection, adding to humanity’s planetary de-

fense capabilities.

INTRODUCTION

Earth is hit by tens of tons of dust and small particles every day (I).
Furthermore, small asteroids less than 5 m in diameter affect the
Earth every year (2). On a much less frequent but certainly nonneg-
ligible basis, the Earth has been hit by larger asteroids (3-4). Fortu-
nately, asteroid impacts can be avoided with current technology if
three primary goals are accomplished.

First, asteroids large enough to survive entry into our atmosphere
need to be detected and cataloged. This is a nontrivial process, and
most Near-Earth Objects (NEOs) larger than 140 m remain un-
found (5). However, both existing and upcoming surveys are slated
to markedly increase detection rates for NEOs, some of which could
be Earth impactors (6-10). Second, we need to assess the Earth im-
pact hazard for each newly discovered NEO. If provided sufficient
observation data, then current impact monitoring capabilities of the
Center for Near-Earth Objects at NASA’s Jet Propulsion Laboratory
(JPL) and the European Space Agency’s Near-Earth Objects Coordi-
nation Centre can accurately assess the impact hazard of NEOs
(11-12). Third, we need to develop efficient and effective strategies
to change the orbit of incoming asteroids. This is another nontrivial
challenge, but it is one we now have at least some experience with.

On 26 September 2022, NASA’s Double Asteroid Redirection Test
(DART) spacecraft intentionally affected Dimorphos, the moon of
asteroid (65803) Didymos (13). The impact successfully completed
the mission’s primary objective of demonstrating the kinetic impact
technique as a viable method of deflecting asteroids. As a result,
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Dimorphos now orbits Didymos with a period 33 min shorter than
before the DART impact (14-16).

A key property of the kinetic impact deflection method is that
after the impact, material from the target asteroid’s surface is launched
into space, creating a plume of ejecta (17). This ejecta plume can be
observed (18-19), and the momentum carried away from the target
asteroid by the ejecta adds to the momentum imparted by the ki-
netic impactor. The ratio of the total momentum imparted by the
impact event (i.e., impactor spacecraft plus ejecta) to the momen-
tum imparted by the spacecraft alone is known as the momentum
enhancement factor, . Here, we use the scalar interpretation of f
and project it in various directions of interest (20). Each value of the
momentum enhancement factor here is accompanied by a subscript
that clarifies that p is a directional quantity. For example, the along-
track momentum enhancement factor (which is projected along the
linear momentum of the target, p) is written as By

Another consequence of the DART impact on Dimorphos was
that some amount of ejecta escaped the Didymos-Dimorphos sys-
tem (18-19). As a result of the momentum imparted by the DART
spacecraft and this system-escaping ejecta, the system’s barycenter
was also deflected, causing a change in the heliocentric orbit. There-
fore, there are two types of different momentum enhancement
factors that need to be considered. The first is the mutual orbit along-
track momentum enhancement factor to characterize the ejecta that
contributed to the change in the orbital period of Dimorphos, B, gip,-
For an assumed Dimorphos bulk density of 2400 kg m ™, this along-
track momentum enhancement factor has been calculated to be
Bp.dim = 3.611'8:;2 in previous work (2I). However, that estimate as-
sumed perfect knowledge of Dimorphos’s bulk density. The same
study reported an estimate of , 4, falling between 2.2 and 4.9 when
assuming a plausible range of densities.

The second flavor of f is the heliocentric momentum enhance-
ment factor, B, which is parametrized by the ejecta momentum that
escapes the gravitational influence of the entire binary asteroid sys-
tem. When projected in the system’s along-track direction, it can be
written as B, . This value is of special interest from a planetary
defense perspective because it provides information about changes
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in the system’s trajectory about the sun, in particular the orbital pe-
riod, which would be the most relevant quantity in an actual aster-
oid impact scenario. Before DART impact, a statistical exploration
of the possible values of B, showed that there was no practical pos-
sibility that the Didymos system would be put on a collision course
with the Earth as a result of DART (22). After the DART impact,
focus shifted to the measurability of B, (23). This initial postimpact
effort showed that f should be measurable using ground-based
stellar occultation measurements in the second half of 2024 because
they can provide milliarcsecond-level astrometry of asteroids (24).
However, the actual value of B for DART has not been determined
to date.

RESULTS AND DISCUSSION

We now have 22 stellar occultation measurements of Didymos be-
tween October 2022 and March 2025. Thanks to the longer observa-
tion arc provided by the last four of these observations between May
2024 and March 2025, we can now estimate the heliocentric deflec-
tion of the entire binary asteroid system caused by the DART space-
craft. As of 1 May 2025, the observational data for Didymos consist
of 5955 ground-based right ascension and declination pairs, 22 stel-
lar occultation measurements, 3 optical navigation measurements
from the DART spacecraft during approach, and 9 ground-based
radar delay measurements.

We pursued two avenues to estimate the value of B, using the
observations. The first entailed directly estimating the value of B, for
a given system-escaping ejecta momentum vector (23). The second
method, which is used in this work, allowed us to estimate the full
heliocentric velocity change vector, AVO. We then projected this
vector in the along-track direction and computed the value of B, ,
using momentum conservation laws. More details on this approach
can be found in Materials and Methods. Both methods were imple-
mented in the Gauss-Radau Small-body Simulator library (25). They
provided consistent estimates of B, differing only at a level 0f0.01c.

Furthermore, the value of AVO projected in the along-track di-
rection to provide AV, ; was also estimated using an independent
software library (JPL's Comet and Asteroid Orbit Determination
Programs). Both software suites provided statistically consistent val-
ues, differing only at the 0.1c level. These tests served as validation
of the tools and mathematical models used in this work.

We then connected the heliocentric and mutual orbit changes as
a result of DART using AV, ; and k,,, which is the fraction of along-
track ejecta momentum that escaped the system as opposed to only
escaping Dimorphos’s gravitational influence. More details on how
this is done can be found in Materials and Methods. Using this con-
nection, we computed the along-track momentum enhancement
factor for the mutual orbit (B, ;) and the mass of Dimorphos
(myyy)- This, in turn, enabled the calculation of the densities of
Didymos (pgiqy) and Dimorphos (pg;,). The corresponding values
are reported in Table 1.

The AV, ; detection is significant at almost 96, and f, ; is signifi-
cant at nearly 7c. Therefore, these estimates are not ambiguous in a
statistical sense. The value of B, ,, = 2 implies that the spacecraft and
system-escaping ejecta 1mparted roughly equal along-track deflec-
tions to the system. The estimated value of B, 4, is lower than the
previously reported nominal value (21) of B, 4, = 3. 61*01%. That
estimate assumed a perfectly known density of 2400 kg m 3 for
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Dimorphos, which is more than 3¢ away from the estimated
Dimorphos density from this work. When the density from this
work (and its associated uncertainty) is consistently folded into the
Bp,dim scaling relationship provided by previous results (21), the two
estimates are statistically consistent at the 0.6c level.

Our results reveal that both the mass (mg;,,) and density (py;,,) of
Dimorphos are lower than those presented in previous studies
(21, 26). However, recent work on forward modeling of the DART
impact has already suggested that Dimorphos is substantially un-
derdense with respect to Didymos (27). Furthermore, spectroscopy
of the Didymos system shows that it belongs to the S-type asteroid
class (28). Figure 1 shows the densities of Didymos and Dimorphos
compared to other S-type single and binary asteroids. This plot
shows that the densities estimated in this work are consistent with
previous ground- and space-based density measurements of S-type
asteroids. The density of Didymos (pg;q,) estimated here falls within
the range of typical densities of S-type asteroids (29). Although
Dimorphos’s density is rather lower, it is still in family with the den-
sities of (25143) Itokawa (30-31) and (66391) Moshup (32). The low
density for Dimorphos would also be a natural result of the prevail-
ing theory that Dimorphos formed via accretion of mass that was

Table 1. Summary of the parameters estimated in this work. The
nominal values and their corresponding 16 uncertainties are reported.

Parameter Value + Uncert. (16)
AV, o [pms™] -11.7+13
Poo 20+03
ﬁp,dim 21+03
Mg [10° kg] 27+04
Paim [kg M ] 1540 + 220
Paigy kg m™] 2600 + 140
My, /mdidy 0.0051 + 0.0006
B, dim 1.9+03
Typical S-type I L {
Didymos - —%—
Dimorphos ——
Moshup 4 —e—
Squannit I L g {
Itokawa (bulk) —eo—
Itokawa (lobe 1) 4 e
Itokawa (lobe 2) 4 —e——
1000 15‘00 2600 25‘00 3600 35‘00 4000
Density [kg m~]

Fig. 1. Densities (and corresponding 16 uncertainties) of S-type asteroids. The
orange starred error bars show the density estimates from this work. The blue dot-
ted error bars are from previous estimates (29-32).
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shed by an accelerating rotation of Didymos (33-35). By combining
the density and volume estimates of the two asteroids, we also com-
pute the mass ratio (my;y, / Mgqy) of the Didymos system in Table 1.
This result implies that Didymos is almost 200 times more massive
than Dimorphos, which is also in line with known information about
multi-asteroid systems (36). As expected, the magnitude of the
barycenter deflection (~ —13 pm s~ ; see table S1) is smaller than
the Dimorphos deflection (~ —2600 pm s7H (15) by a factor close
to the mass ratio.

Figure 2 shows the estimated values of , ;, and py;, as a function
of the direction in which ejecta momentum escaped from the binary
asteroid system. The error bar represents the nominal value and un-
certainties for the direction of the ejecta momentum vector based on
previous work (37). These results show that in light of their respective
uncertainties, the values of B, ; and pg,,, are relatively insensitive to
the chosen direction of the escaping ejecta momentum vector. This
means that the estimates presented here are robust to differences in
the direction in which the ejecta escaped the Didymos system com-
pared to the direction of Dimorphos-escaping ejecta. Furthermore,
after the system mass uncertainty (which is an epistemic uncertainty
and can therefore still be refined with new measurements), uncer-
tainty in the ejecta direction is the largest contributor to the AV, ; un-
certainty. Understanding the contribution of this uncertainty helps
establish a floor on the achievable accuracy of future , ; estimates.

Another useful quantity that facilitates the extension of DART
results to future kinetic impactor missions is the surface normal
momentum enhancement factor, f,. In contrast to B, B, projects
the deflection along the surface normal vector of the asteroid at the

impact site. Because surface normal vectors for potential kinetic im-
pact sites can be obtained from shape models of asteroids, projecting
the DART-Dimorphos momentum exchange along this direction can
help predict the outcomes of future asteroid deflection missions. For
the DART mission, we find that 8, 4;,, = 1.9 + 0.3 . However, we note
that the DART spacecraft affected Dimorphos in between boulders
(38). Therefore, the surface normal direction of the impact site is not
well defined. For this reason, we suggest inflating the uncertainty in
B.dim for future use in modeling kinetic impact deflections.

This work adds the capability of deflecting a binary asteroid sys-
tem in its heliocentric orbit to the list of novel technologies demon-
strated by the DART mission (13). As expected, the measured
impulse on the Didymos system as a result of DART is smaller than
the change in Dimorphos’s orbit around Didymos because the helio-
centric deflection as a result of affecting Dimorphos is proportional
to the system mass ratio. We highlight that the estimated value for
B is well within the range considered in previous work (22) and that
the Earth remains safe from the Didymos system for at least the next
100 years. Further refinements can be made to our results once the
European Space Agency’s Hera spacecraft (39) arrives at the Didymos
system. Using Hera navigation data, geocentric pseudorange mea-
surements can be generated for the Didymos system barycenter as
was done for the OSIRIS-REx spacecraft at Bennu (40). These mea-
surements can then be added to the existing astrometric data to re-
fine the estimates presented here. By demonstrating that asteroid
deflection missions such as DART can effect change in the heliocen-
tric orbit of a celestial body, this study marks a notable step forward
in our ability to prevent future asteroid impacts on Earth.
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MATERIALS AND METHODS _

Joint orbit determination and AV estimation

The primary method of estimating the quantities measured in this
work is orbit determination using a nonlinear weighted least squares
filter (25, 41). As mentioned in Results and Discussion, the dataset
for Didymos consists of nearly 6000 observations over 29 years and
is obtained from publicly available information at the Minor Planet
Center. To make sure spurious observations did not affect the orbit
estimate, we used an outlier rejection algorithm (42) with a rejection
threshold of x = 2. This resulted in the rejection of two stellar oc-
cultation observations and 72 ground-based astrometric measure-
ments. In the case of Didymos, the filter is used to estimate not just
the orbital elements and the A, transverse nongravitational accelera-
tion parameter for the Yarkovsky effect (43) but also the change in
velocity (AT/:O) vector for the Didymos system barycenter at the mo-
ment of the DART impact. A similar formulation was previously
used to search for collisions of near-Earth asteroid (3908) Nyx with
main-belt asteroids (44). The estimated orbit solution is presented in
table S1. The residuals for the occultation observations used in the
orbit solution are presented in table S2.

By estimating the A\_/é, vector and obtaining a corresponding co-
variance matrix, we did not project the momentum exchange
along any direction and made no forced assumptions about the di-
rection in which the ejecta escaped during the orbit fitting process.
To aid filter convergence, we applied a priori constraints on the
three components of the A\—{D vector (45). The prior estimate and its

corresponding covariance for AVO were based on the model for the
change in velocity of a target asteroid due to a kinetic impact (46),
which is written as
7 MpART 7 o 2
AV = "2 IV 4 (B —1) (Vi 2, )2
msys

(1

Here, AVO is the heliocentric change in velocity of the binary sys-

tem, mg is the total mass of the binary system, mp gy << myy, is the

mass of the DART spacecraft at impact, Vm is the relative velocity of
the DART spacecraft with respect to the binary system at impact,
is the heliocentric momentum enhancement factor, and ¢, is the es-
caping ejecta momentum direction. When we began this work, no in-
formation was available for f. Therefore, we assumed that B, was
uniformly distributed in the range [1, 5] to remain consistent with a
broad range of existing predictions (47), which were eventually con-
firmed by our results. We convolved this uniform distribution with
known values of other variables in Eq. 1, which are listed in table S5.
We then computed the a priori distribution (mean and covariance)
for A‘—{a by drawing 1 million samples from each contributing vari-
able. The resulting a priori constraints, shown in table S3, were used
to estimate the results presented in Table 1.

To make sure that the a priori constraints did not bias the final
estimate, we repeated the estimation process twice: once with the
prior covariance multiplied by a factor of 2 and another time with
the prior covariance matrix divided by 2. Doing so negligibly altered
the uncertainties in AV, ;, by 2.5%. In addition, these changes to the
prior covariance only shlfted the nominal estimate of AV,  at a sta-
tistically insignificant level of 0.2c.

Next, we repeated the same test by halving or doubling the prior
value of A\—/;. Doing so shifted the nominal estimate of AV, by
0.7c. The larger change when altering the prior mean is expected
because we were directly forcing the solution to unrealistically small
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or large values. The fact that the shift is small demonstrates the ro-
bustness of the nominal estimate. Therefore, the computed priors
did not have any unintended effects on the orbit solution.

Successful convergence of the filter using this method yielded a
A\—/é) vector and a corresponding 3 by 3 covariance matrix. Once we
had this information, we could project the AV;,) along any direction
of interest. In the context of planetary defense, it is more intuitive
and useful to project this deflection in the system heliocentric along-
track direction (20), /e\pO, which yields an estimate of AVp,o =
AVO €0 =—117+13um s~!. This is the value reported in Table 1.
This heliocentric velocity change corresponds to a —360 + 40m
change in the semimajor axis of the system’s orbit around the Sun,
which corresponds to a150 + 20 ms reduction in the system’s 2.1-year
orbital period.

Computing the momentum enhancement factors and
densities from AV, .

We started by projecting Eq. 1 into the heliocentric along-track di-
rection of the Didymos system, €, . This direction is in line with the
velocity vector of the binary system barycenter (Vo Co=1

7 A DART 7 A\~ -~
AVp o =AV, o= E— [V + (Bpo )(Voo-e*)e*]-ep,o
sys
)
which, after some algebraic manipulation, becomes
msys = T oA\ A
m AVp, Voo pO+(BpO )<Voo'e*>e*'ep,o (3)
DART

Here, AV, ; is the along-track component of the heliocentric change
in Ve10c1ty of the binary system (AV ), and B,  is the heliocentric
along-track momentum enhancement factor. Rearranging the equa-
tion for B, 5, we have

Mays AV, o = Mpart Voo *

PO

mDART|:<Voo' e*>e* :

€0
ep,o]

On the basis of Eq. 3, we wrote an analogous expression for the
mutual orbit along-track velocity change (A V), 4;r,), which corresponds
to the orbit of Dimorphos around Didymos. This was done using the
mutual orbit along-track momentum enhancement factor, , g;y,,» and
the mutual orbit along-track direction of Dimorphos, €, 4, [taken

from JPL orbit solution 547 for Dimorphos (15)], which results in

1+

ﬁp@ =

)

Mgim AV ‘_/’ 1 ‘—/3 A\~ A
p.dim — Yoo " €p,dim (ﬁp,dim_ ) 00 "€ |l €pdim  (5)

MpART

To relate §, ; and B, 4;,, we define x,, as the ratio of the system-
escaping ejecta momentum traveling along the system’s along-track
direction to the ejecta momentum that escaped Dimorphos’s gravity
in its own along-track direction. Although the two along-track di-
rections do not perfectly align, k, is still an important metric be-
cause it quantifies how much material left the system versus how
much of the ejecta fell back onto Didymos or remained gravitation-
ally bound within the system. As a result, a portion of the along-
track ejecta momentum that escaped Dimorphos did not escape the

binary system. K, Is written as
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_ Pt
p Bp,dim -1

If no ejecta escaped the Didymos system, then x, = 0. This is not
the case in view of the measured heliocentric along-track AV and
the imagery showing the escaping ejecta (18-19). If more ejecta mo-
mentum escaped the system in the heliocentric system along-track
direction than the momentum that escaped Dimorphos in the mu-
tual orbit along-track direction, then k, > 1. This is an implausible
scenario for the DART impact because the spacecraft’s velocity vec-
tor, the Dimorphos along-track direction, and the system along-track
direction at impact are roughly aligned. If the Dimorphos along-track
direction and the system along-track direction were perfectly aligned,
then k, € [0, 1]. Therefore, x,, is a proxy for the fraction of along-
track ejecta momentum that escaped the system after the impact.

From previous work (15), we know that the instantaneous value
of the change in Dimorphos’s orbital period was —1961 s. However,
we also know that the steady-state value of this orbit period change
a few weeks after impact was —1995 s (15). This means that some
fraction of the Dimorphos along-track ejecta momentum was tem-
porarily trapped in the system. Escape of this trapped momentum
altered the value of Dimorphos’s mutual orbit period change by —34 s
or 1.7% of the steady-state period change. This 1.7% value gives an
order-of-magnitude estimate for the amount of ejecta momentum
that remained trapped in the system. As a conservative upper
bound, we assumed that 10% of the along-track momentum that
escaped Dimorphos could have stayed trapped in the system
(Kp ~ U[0.9, 1.0]). This led to a mean value of K, =0.95 and an SD

of (1.0—0.9) / v/12 = 0.03. Equation 5 could now be rewritten using
K, and solved for mg;,

(6)

M gim T A (BP,O_l) = oA \A A
MpART Ava,dim = Voo : ep,dim + Kp (Voo ey )e* : ep,dim
MpART [KpVoo Cpiim + (Bpo — 1) (Voo' e e, ep,dim]
M dim
KpAVp,dim

™)

The value of Dimorphos’s mass was combined with its volume
(26) (Vy;,,) to compute Dimorphos’s bulk density, pgim, = Mim / Vaim:
Although k, is necessary to connect the mutual orbit changes, the
nominal estimates in this work are not particularly sensitive to the
value of k. Table S4 shows the effects of varying k, on the esti-
mated quantities. Expanding the range to an unrealistic value of
Kk, = [0.25,1.0] only alters the estimated parameters by about lc.
This is because the uncertainty of the other input parameters in Eq. 7
is larger than the contributions of the uncertainty in «x,. If the
Dimorphos density is larger than reported in Table 1, this would in-
dicate that more ejecta were initially trapped in the system. Con-
versely, if we obtain an independent Dimorphos density estimate
from the Hera mission (39) when it arrives at the system, then we
can independently estimate x,.

Because estimates for the system mass and Didymos volume
(\/didy) were also provided in previous work (15, 34), we computed
the Didymos density as

Makadia et al., Sci. Adv. 12, eaea4259 (2026) 6 March 2026

(msys - mdim)
gy = —————— 8

pdldy \/didy ( )

Previous work (15) estimated the radial and along-track compo-
nents of the change in Dimorphos’s velocity due to the DART im-
pact. Given that Dimorphos’s pre-DART orbit has been assumed
circular (15), we combined the radial, along-track, and angular mo-
mentum directions to form an orthonormal basis. The radial direc-
tion (€, 4;,) points from Didymos to Dimorphos. The along-track
direction (€, 4;,,) is in line with Dimorphos's velocity about Didymos,
and the angular momentum direction (€, 4;,,) is defined by their cross
product. Using the estimates of the change in Dimorphos’s velocity
in these three directions, we calculated the full Dimorphos change

in velocity vector, AV, as
AVdim =A r,dimendim + AVp,dimep,dim + AVlmdimeh,dim (9)

Here, AV, 4, and AV, 4 are the radial and angular momentum
direction components of the change in Dimorphos’s velocity, re-
spectively. We then assumed that the impulse on Dimorphos along
€ gim» AV, qim»> caused by the DART spacecraft is

MpART V. o.e

o eh,dim

A Vh,dim =

(10)
dim

with a conservative 100% 1o uncertainty to account for the lack of

information. The radial and along-track components were obtained

from previous work (15).

Once we computed A\—/';im, we could project it along the Dimorphos
surface normal direction at the impact site, €, 4;,,. We used the latest
digital terrain model of Dimorphos (26) to compute an averaged
surface normal direction from a circular region with a radius of 1.5 m
around the impact site. This was done because the nominal impact
site on Dimorphos was situated between boulders (38), and we had
to account for this in the computed value of €, 4. Using this value,
we wrote the Dimorphos surface normal momentum enhance-
ment factor, B, 4;,» in @ manner similar to Eq. 4 as

~

Megim AV} dim = MparT Voo * €ndim

MpART [(Voo ey )e* : en,dim]

Bn,dim: 1+ (11)

where AV, 4, = ATféﬁm - €y dim = —2180 + 140 pm s~!is the surface
normal direction component of Dimorphos’s velocity change due to
DART. This yielded the reported value of B 4, in Table 1. Last,
all the input parameters used in the above equations are listed
in table S5.

Supplementary Materials
This PDF file includes:

Tables S1to S5
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