Pre-impact mutual orbit of the DART target
binary asteroid (65803) Didymos derived from
observations of mutual events in 2003-2021

P. Scheirich®*, P. Pravec?,

& Astronomical Institute of the Czech Academy of Sciences, Fricova 1, CZ-25165
Ondrejov, Czech Republic

Preprint submitted to Elsevier Preprint 16 December 2021



Proposed running head: Didymos mutual orbit modeling

Editorial correspondence to:

Peter Scheirich, Ph.D.
Astronomical Institute AS CR
Fricova 1
Ondfejov
CZ-25165
Czech Republic
Phone: 00420-323-620115
Fax: 00420-323-620263
E-mail address: petr.scheirich@gmail.com



Abstract

We modeled photometric observations of mutual events (eclipses and occulta-
tions) between the components of the binary near-Earth asteroid (65803) Didymos,
target of the Double Asteroid Redirection Test (DART) space mission, that were
taken from 2003 to 2021 (Pravec et al. 2022, submitted). We derived parameters
of the modified Keplerian mutual orbit (allowing for a quadratic drift in the mean
anomaly, presumably caused by the BYORP effect) of the secondary, called Dimor-
phos, around the Didymos primary and estimated its diameter. The J2000 ecliptic
longitude and latitude of the orbital pole are 320.6° + 13.7° and —78.6° £+ 1.8°, re-
spectively, and the orbital period is 11.921624 4+ 0.000018 h at epoch JD 2455873.0
(asterocentric UTC; all quoted uncertainties correspond to 30). We obtained the
quadratic drift of the mean anomaly of 0.15+0.14 deg/yr?. The orbital eccentricity
is < 0.03. We determined the ecliptic longitude and latitude of the radius vector of
Dimorphos with respect to Didymos at the nominal time of the DART impact to
Dimorphos (JD 2459849.46875 geocentric UTC) to be 222.8°£7.0° and —1.6°£4.2°,
respectively.
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1 Introduction

The near-Earth asteroid (65803) Didymos, originally designated 1996 GT, was dis-
covered by the Spacewatch asteroid survey from Kitt Peak Observatory in Arizona
on 1996 April 11. Its binary nature was revealed by Pravec et al. (2003). Pravec et
al. (2006) and Scheirich and Pravec (2009) analyzed and modeled photometric data
obtained during its close approach to Earth in 2003. They reported initial estimates
of the binary system properties, including parameters of the mutual orbit of the two
components. The system was also observed using radar from Arecibo and Goldstone
in 2003. The radar observations were published and modeled together with the pho-
tometric data by Naidu et al. (2020) who obtained a shape model of the primary
and determined or constrained several parameters of the binary asteroid system.

Didymos is classified as an S-type asteroid (Cheng et al., 2018) based on vis-IR
spectra obtained by de Ledn et al. (2010), also confirmed by Dunn et al. (2013).

The secondary of the Didymos binary system, recently named Dimorphos, has been
selected as a target of the Double Asteroid Redirection Test (DART). It is NASA’s
first planetary defense test mission, demonstrating the kinetic impactor mitigation
technique. It was launched in November 2021, and it will arrive to the Didymos
system on the 26th September 2022 at 23:15 UTC and impact into Dimorphos. The
main benefit of using a binary asteroid system for a kinetic impactor mission is
that it allows the results of the test to be measured from Earth via photometric
observations, assuming that the binary system exhibits mutual events seen from
Earth. Rivkin et al. (2021) discuss the factors that led to the recognition that
Didymos was the best candidate for a kinetic impactor test, and its selection as the
DART target system. Several years after the DART impact the Didymos system
will be visited by ESA’s Hera mission that will provide a thorough description of
the post-impact state of the binary system (Michel et al., 2022).

An important part of the preparation of the DART mission has been an observa-
tional effort to precisely determine the orbit of the secondary around the primary.
For that, Pravec et al. (2022) obtained photometric observations of Didymos sys-
tem taken with several large- or medium-sized groundbased telescopes from 2015
to 2021. In this paper, we present results from mutual orbit modeling using the
complete photometry data for mutual events in the Didymos system from 2003 to
2021. An independent derivation of the mutual orbit based on analysis of mutual
event timings has been made by Naidu et al. (in preparation).



2 Mutual orbit model of Didymos system

2.1 Observational data

The data used in our analysis, obtained during five apparitions of Didymos from
2003 to 2021, were published in Pravec et al. (2006, 2022). We briefly summarize
them in Table 1. Each row in the table represents one apparition, identified with
the mid-UTC date of its first and its last observing session (run) rounded to the
nearest tenth of a day in the first column. Subsequent columns give the number of
observing runs (labeled as No. of nights, but we note that they were taken using
several telescopes and so more than one run were sometimes taken on a single
night) in the given apparition and a reference to where more information on the
observations is available.

The data were analysed using the standard technique described in Pravec et al.
(2006, 2022). Briefly, by fitting a two-period Fourier series to data points taken
outside mutual (occultation or eclipse) events, the rotational lightcurves of the pri-
mary (short-period) and the secondary (long-period), which are additive in flux
units, were separated. The long-period (orbital) lightcurve component containing
the mutual events and the secondary rotation lightcurve is then used for subsequent
numerical modeling. We refer the reader to Pravec et al. (2022) for details of the
lightcurve decomposition method.

Table 1

Photometric observations of the Didymos system

Time span No. of nights Reference
2003-11-20.9 to 2003-12-20.3 17 P06
2015-04-13.3 to 2015-04-14.4 2 P22
2017-02-23.3 to 2017-05-04.3 13 P22
2019-01-31.4 to 2019-03-11.1 5 P22
2020-12-12.6 to 2021-03-06.3 15 P22

References: P06 (Pravec et al., 2006), P22 (Pravec et al., 2022)

2.2  Numerical model

We constructed the model of the Didymos system using the technique of Scheirich
and Pravec (2009) that was further developed in Scheirich et al. (2015, 2021). In
the following, we outline the basic points of the method, but we refer the reader to
the 2009, 2015, and 2021 papers for details of the technique.

The binary asteroid components were represented with spheres or oblate (for the
primary) and prolate (for the secondary) ellipsoids (the ellipsoidal shapes were used
to check the sensitivity of the solution to the shapes of the components, see below),
orbiting each other on a circular orbit. We choose the circular orbit for simplicity,



as the upper limit on the eccentricity is low (see below). The motion was assumed
to be Keplerian, but we allowed for a quadratic drift in the mean anomaly. The
spin axis of the primary was assumed to be normal to the mutual orbital plane of
the components (i.e., we assumed zero inclination of the mutual orbit). When the
secondary was modeled as the prolate spheroid, its long axis was kept aligned with
the centers of the two bodies (i.e., in synchronous rotation with zero libration).
The shapes were approximated with 1016 and 252 triangular facets for the primary
and the secondary, respectively. The components were assumed to have the same
albedo. The brightness of the system as seen by the observer was computed as a
sum of contributions from all visible facets using a ray-tracing code that checks
which facets are occulted by or are in shadow from the other body. A combination
of Lommel-Seeliger and Lambert scattering laws was used (see, e.g., Kaasalainen et
al., 2002).

The quadratic drift in mean anomaly, AM,, was fitted as an independent parameter.
It is the coefficient in the second term of the expansion of the time-variable mean
anomaly:

M(t) = M(to) +n(t —to) + AMy(t — to)?, (1)
where
AM, = ;n (2)

where n is the mean motion, ¢ is the time, and %, is the epoch. AM,; was stepped
from —10 to +10 deg/yr? with a step of 0.01 deg/yr?, and all other parameters were
fitted at each step.

Since the 3-o0 upper limit on the eccentricity of the mutual orbit is 0.03 only
(Scheirich and Pravec, 2009), we set the eccentricity equal to zero for simplicity
and efficiency. This assumption had a negligible effect on the accuracy of other de-
rived parameters of the models. Scheirich and Pravec (2009) estimated the upper
limit on the eccentricity using data from the 2003 apparition. We checked that their
upper limit is consistent with the data taken in later apparitions, but those data
do not possess characteristics necessary to use them for constraining the eccentric-
ity more. Those characteristics include sufficient quality, sufficient time coverage,
and/or sufficient depths of the mutual events. Thus, the constraint on the eccen-
tricity by Scheirich and Pravec (2009) still applies.

Except for the data quality, constraining the eccentricity is also hampered by some
systematic time offsets of mutual event branches caused by model simplification of
the shape of the primary (see below and Fig. 7). A non-zero eccentricity would cause
time offsets of the event branches with respect to the solution with circular orbit.
For eccentricity of 0.03, these offsets would be up to 5 minutes (corresponding
to 2.5° in the mean anomaly of the secondary) for the events occuring close to
primary’s equator and of up to 8 minutes (5°) duration for the events occuring
close to the primary’s pole. The magnitude of such offsets is comparable with the
magnitude of the offsets caused by the model simplification. Given the presence



of the systematics in the event timings modeling, we therefore do not expect the
eccentricity to be constrained more by data from future apparitions.

Across all observations, we found a unique solution for the system parameters, see
Table 2. We describe and discuss these parameters in Section 3.

We estimated uncertainties of the fitted parameters using two techniques: the un-
certainties of the relative semimajor axis and the orbital pole (these parameters
are strongly determined by shapes of the mutual events) were estimated using the
procedure described in Scheirich and Pravec (2009). The uncertainties of the rest of
the parameters, which are determined primarily by the timings of the events, were
estimated using the method described in Scheirich et al. (2021), which we outline
below.

The residuals of the model fitted to the observational data do not obey the Gaus-
sian statistics because of systematic errors resulting from model simplifications. In
particular, the residuals of nearby measurements appear correlated. To eliminate
the effect we adopted the following strategy based on the y? test.

We choose a correlation time d and for each data point (i) we calculated how many
other data points, K;, are within +d/2 from the given point. We then applied a
weight of 1/K; to the given data point in the x? sum. We also calculated an effective
number of data points as Ngg = Y~ , 1/K;, where N is the total number of data
points. For normalized y? we then have x? = 1/(Neg — M) XN (0O — C)?/(0}K;),
where M is the number of fitted parameters of the model and o; is a standard
deviation of the ith point. As the residuals are predominated by model rather than
observational uncertainties, we assign each data points the same standard deviation
0; = 0, where o is the RMS residual (root mean square of observed magnitudes, O,
minus the values calculated from the model, C') of the best fit solution.

The procedure described above is equivalent to reducing the number of data points
to one in each time interval with the length d (i.e., to reducing the total number
of points to Ng) and assigning (O — C)? of this point to be a mean of (O; — C;)?
of all the points within the interval. However, our approach has the advantage that
it does not depend on a particular realization of dividing the observing time span
into the intervals of length d.

We choose the correlation time d to be equal to 1/2 of the mean duration of a
descending/ascending branch of the secondary mutual event, i.e., the mean time
between the first and the second or between the third and the fourth contact. For
the observed events in Didymos, it is d = 0.14 h. (We also tested d to be twice as
long, i.e., equal to the full mean duration of the secondary event branch, but we
found it to be inadequate as the longer correlation time resulted in a substantial
loss of information by deweighting the datapoints too much.)

We note that the mutual orbit model fit is sensitive only to data points covering mu-
tual events and their closest neighborhood. Therefore we limited the above analysis
only to such data points; points further outside the events were not used, because
they do not effectively contribute to the determination of the mutual orbit.



Upon stepping a given parameter on a suitable interval (while the other parameters
fitted) and computing the normalized x? for each step, we determined 3-o uncer-
tainty of the given parameter as an interval in which x? is below the p-value of the
x? test, corresponding to the probability that the x? exceeds a particular value only
by chance equal to 0.27%.

Plot of the normalized x? vs AMj, is shown in Fig. 1. In order to save computing
time, the plots were constructed using spherical shapes for both components. How-
ever, a neighborhood of the best solution was then revisited using ellipsoidal shapes
in order to check the sensitivity of the solution to the shapes of the components. No
significant change of the solution was found for the polar flattening of the primary
up to 1.4 and the equatorial elongation of the secondary up to 1.5. We took these
values as the upper limits from Naidu et al., 2020 (the 30 upper limit for the flat-
tening of the primary) and Pravec et al. 2016 (the upper limit for the elongation of
the secondary based on statistics of other small binary asteroids), respectively.

The long-period (orbital) lightcurve component data together with the synthetic
lightcurve of the best-fit solution are presented in Figs. 2 to 5. A close examination
of the figures reveals that while most of the observed events are fitted well, there are
some small or moderate discrepancies between the best-fit model and the data in
several mutual events. Those include (a) inprecisely modeled shapes of some primary
minima, (b) time offsets of some descending or ascending branches of the events or
(c) incorrect depths/lengths of some partial events. We ascribe these discrepancies
to the model simplifications, namely to the spherical or ellipsoidal approximation
of the shape of the primary. Local topography features on the disc (for the case a)
or on the limb (for the cases b and c) of the primary are suspected to be causes of
the respective effects.

The uncertainty area of the orbital pole is shown in Fig. 6. Figure 7 shows the
quadratic drift in the mean anomaly, AM, which was computed as follows. We
generated a synthetic lightcurve using the model with parameters from the best-
fit solution except AMy, which was fixed at zero. Then, for each lightcurve event
separately, we fitted the mean anomaly of the model in order to obtain the best
match between its synthetic lightcurve and the observed data. AM is a difference
between the mean anomaly of the original model and the fitted one. For each event,
we computed also a standard deviation of AM using the procedure described above,
but with x? computed only from the data points in the vicinity of the mutual event
in question.

3 Parameters of Didymos system

In this section, we summarize the best-fit model parameters of the Didymos binary
system that we obtained or took from previous publications. The parameters are
listed in Table 2.

In the first part of the table, we present data derived from optical and spectroscopic
observations of the system. Hy and G are the mean absolute magnitude and the



Table 2

Parameters of Didymos system

Parameter Value Unc. Reference
Whole system:
Hy 18.16 + 0.04 lo P12
G 0.20 + 0.02 lo K04
PV 0.15 4+ 0.04 lo N20
Taxon. class S C18
Primary:
D1y (km) 0.780 + 0.03 lo N20
D1 ¢ (km) 0.786 & 0.05 lo  This work / N20®
Py (h) 2.2600 % 0.0001 lo N20
(A1B1)Y?)C, 1.047053 lo N20°
A1/By 1.027009 lo N20°
p1 (g cm™3) 2.1740.35 lo N20
Secondary:
Dsc/D1c 0.217 4 0.004° lo This work
Dy ¢ (km) 0.171 £ 0.011 lo This work
Dy v (km) > 0.171 £ 0.011 see text This work
Mutual orbit:
a/(A;B)Y?  1.59+0.20/1.51 4+ 0.22 30 This work / N204
a (km) 1.1940.03 lo N20
Lp (°) 320.6 4 13.7¢ 30 This work
Bp (°) —~78.6+ 1.8 30 This work
AM, (deg/yr?) 0.1540.14 30 This work
n (rad/s?) 5.26 +4.91 x 1018 30 This work
Py, (h) 11.921624 + 0.000018/ 30 This work
My (°) 89.19 This work
e <0.03 30 SP09
Mo (%) 320.7 +9.8" 30 This work
Bo (°) 11.54+1.9 30 This work
Aimp (°) 222.8 4 7.0 30 This work
Bimp (°) —1.64+4.2 30 This work

References: C18: Cheng et al. 2018; K04: Kitazato et al. 2004; N20: Naidu et al. 2020;
P06: Pravec et al. 2006; P12: Pravec et al. 2012; SP09: Scheirich and Pravec 2009.

% Derived using shape model from N20, see text for details.
b Derived using DEEVE from N20, see text for details.

¢ This is a ratio of the cross-section equivalent diameters for the average observed aspect

of 9.7°. See text for details.
4 Derived using DEEVE from N20, see text for details.

¢ For the actual shape of the uncertainty area, see Fig. 6. Semiaxes of the area are 1.8 X
3.0°

f The Py, Mo, Ao and Bo values are for epoch JD 2455873.0 (asterocentric UTC, i.e.
light-time corrected), for which P,y and AMy; do not correlate.

9 We do not report the uncertainty of My, Siélce it is strongly correlated with Lp. Instead,
we report uncertainties of Ay and .

h For the actual shape of the uncertainty areas of Ao vs. fy and Ximp VS. Bimp, see Fig. 8.
© The Ximp and Bimy values are for epoch JD 2459849.46875 (2022-09-26.96875) geocentric
UTC.



phase parameter of the H—G phase relation (Bowell et al., 1989). py is the visual
geometric albedo derived by Naidu et al. (2020) using Hy and the effective diameter
of the whole system from the 3D radar model.

Didymos is classified as an S-type asteroid (Cheng et al., 2018) based on vis-IR
spectra obtained by de Ledn et al. (2010).

In the next two parts of Table 2, we give parameters for the components of the
binary. The indices 1 and 2 refer to the primary and the secondary, respectively.

D, ¢ is the mean (rotationally averaged) cross-section equivalent diameter, i.e., the
diameter of a sphere with the same cross-section, of the i-th component at the mean
aspect of observed total secondary events (see below). To quantify the mean aspect
we used an asterocentric latitude of the Phase Angle Bisector (PAB), which is the
mean direction between the heliocentric and geocentric directions to the asteroid. As
discussed in Harris et al. (1984), this is an approximation for the effective viewing
direction of an asteroid observed at the non-zero solar phase. The average absolute
value of the asterocentric latitude of the PAB (computed using the nominal pole of
the mutual orbit; we assume that the spin poles of both components are the same
as the orbit pole) for the observed total events was 9.7°.

D, v is the volume equivalent diameter, i.e., the diameter of a sphere with the same
volume, of the i-th component. Dy /D¢ is the ratio between the mean cross-
section equivalent diameters of the components. P; is the rotational period of the
primary.

(A1B1)Y?/Cy is a ratio between the mean equatorial and the polar axes of the
primary. A;/Bj is a ratio between the equatorial axes of the primary (equatorial
elongation). p; is the bulk density of the primary.

D, v and the rotational period of the primary were taken from Naidu et al. (2020).
The cross-section equivalent diameter of the primary D; ¢ was computed from a
mean (rotationally averaged) cross-section of the radar shape model from Naidu
et al. (2020) at the mean aspect of observed total events (asterocentric latitude
of the PAB being 9.7°). We adopted a 6% relative uncertainty for D; ¢. We note
that Naidu et al. (2020) give three uncertainties — 4% for the volume-equivalent
diameter of the primary, 6% for the extents along x and y principal axes of the
primary, and 10% for the extent along z-axis. The 6% uncertainty appears relevant
for our derivation of D ¢.

We derived the secondary-to-primary mean cross-section equivalent diameter ratio
Dy ./ D; ¢ from the depths of the observed total secondary events. For that, we used
the high-quality data for the secondary events observed in November-December
2003, March 2019 and December 2020 (Pravec et al., 2022). The mean depth of
the total secondary events was measured to be 0.050 4+ 0.002 mag, which gives
Dy /Dy ¢ =0.217 £ 0.004 (1-0 uncertainties).

From Dy /Dy and Dy we computed Dy . We note that Naidu et al. (2020)
reported visible extents of the secondary in the radar data of 150 4+ 30 m, which is
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consistent with our value.

To calculate the secondary volume equivalent diameter Dy vy from the determined
secondary mean cross-section equivalent diameter D;c, we need to use a shape
model for the secondary. As Dimorphos’ shape has not been determined yet, we
explore a range of possible ellipsoidal shapes for it. For a spherical secondary, we
have Doy = Dy . In a case the secondary is a prolate ellipsoid with As/By = 1.5
and Bs/Cy = 1 —we note that Pravec et al. (2016) found that the equatorial axis
ratios of NEA and small MBA binaries show an upper limit of A5/B, about 1.5,
hence our choice of the extremally elongated ellipsoid here—, we obtain Dyy =
0.173+£0.011 km. While we see here that the secondary volume equivalent diameter
is relatively insensitive to the equatorial axis ratio As/Bs, it is more sensitive to
B, /C5. Unfortunately there is no formal observational or theoretical constraint on
the By/Cy for Dimorphos. To show the sensitivity of Dsy on the polar flattening
of the secondary, we calculate D,y for an arbitrarily chosen value for By/C5 of 1.5.
For a case of the oblate secondary with Ay/B; = 1 and B,/Cy = 1.5 we obtain
Doy = 0.181 £ 0.012 km, while for a case of As/By = 1.5 and By/Cy = 1.5 we
obtain D,y = 0.183 £ 0.012 km.

Other quantities reported above were taken or derived using data from other sources
as we describe in the following.

The mutual orbit and shapes of the Didymos components were modeled by Naidu
et al. (2020) from radar observations taken in 2003. They reported the size of the
primary to be close to a triaxial ellipsoid with axes 797 x 783 x 761 m (1o uncer-
tainties of + 6%, 6% and 10%, respectively). The dimensions given are extents of
a dynamically equivalent equal-volume ellipsoid (DEEVE; a homogeneous ellipsoid
having the same moments of inertia and volume as the shape model). We used these
values to derive (A,B1)"/?/C; and A,/B.

The bulk density of the primary (which they assume is the same as the bulk density
of the whole system) was taken from Naidu et al. (2020). For comparison, we derived
the bulk density of the whole system from the mutual orbital elements obtained in
our work, which leads to 2.44 + 0.30 g cm ™ (10).

In the last part of Table 2, we summarize the parameters of the mutual orbit of the
binary components. a is the semimajor axis, Lp, Bp are the ecliptic coordinates of
the orbital pole in the equinox J2000, and M is the mean anomaly of the secondary,
measured from the ascending node (as pericenter is not defined for circular orbit)
for epoch ¢y = 2455873.0 (asterocentric UTC, i.e., light-time corrected). Since M,
is strongly correlated with Lp, we report only its value for the nominal solution and
do not report its uncertainty (which is on the same order as the uncertainty of Lp).
Instead, to describe the uncertainty of the position of the secondary in its orbit as
an independent parameter, we report its relative ecliptic coordinates with respect
to the primary (see below).

e is the orbit eccentricity (only its upper limit is given, reported by Scheirich and

Pravec 2009), and A M, is the quadratic drift in the mean anomaly. Since the orbital
period P, changes with time, the value presented in Table 2 is for the epoch t,.
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For this epoch, which is approximately the mean time of all observed events, a
correlation between P, and AMj is zero. We also give the time derivative of the
mean motion 7, derived from AM,.

The uncertainty area of the orbit pole is shown in Fig. 6.

The relative semimajor axis given in Table 2 was derived using the assumption of
spherical primary. To test the effect of flattening of the primary on a, we also fitted
the data with (A;B;)'/2/C, fixed on three other values: 1.04, 1.16 and 1.40 (these
were the nominal value, its 1o upper limit and 30 upper limit, respectively, taken
from Naidu et al., 2020.). For these three values, we obtained following results for
a/(AyB1)"?: 1.60 4 0.20, 1.61 £ 0.20 and 1.63 + 0.15, respectively.

Naidu et al. (2020) give the value of the mutual semimajor axis to be 1.19 & 0.03
km (10). To compare their result with our value, we computed a/(A;B;)"/? using
their DEEVE for the primary and their semimajor axis of the mutual orbit. The
result is given in Table 2.

Mo and [y are relative ecliptic coordinates of the secondary with respect to the
primary at the epoch ty. For the nominal time of the DART impact (2022-09-
26.96875 geocentric UTC), these coordinates are given by Aip and Bimp.

Note that the uncertainty of \i,, is smaller than the uncertainty of A,. This is
because of following: The time evolution of the uncertainty of A is governed primar-
ily by two factors: a) at the epochs covered with the data, it is restricted by their
amount and quality; b) it grows quadratically into the future from the last appari-
tion. Therefore, the uncertainty is small at the first and the last apparition (panels
a and c on Fig. 8), while at ¢, which is not covered by the data, the uncertianty
is larger (panel b on Fig. 8). The last panel (d) of Fig. 8 shows the uncertainty
at the nominal time of the DART impact. To demonstrate the change of the un-
certainty more illustratively, we constructed Fig. 9 showing an evolution of the 3-o
uncertainty of A in time.

4 Mutual events prediction for the 2022-2023 apparition

In order to facilitate planning ground-based observations before and after the DART
impact, we computed times of mutual events that will occur in the 2022-2023 ap-
parition using the nominal solution presented in Section 3. It is available at
https://asu.cas.cz/"asteroid/Didymos_2022-2023_events.txt.

The list includes also the events for a period after the DART impact. Since the
prediction in this period is made using the assumption that none of the orbital
parameters will change, it has an informative character only.
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5 Conclusions

The near-Earth asteroid (65803) Didymos is among the best characterized small
asteroid binary systems. It is a typical member of the population of near-Earth
asteroid binaries for most of its parameters. With the photometric data taken during
five apparitions over time interval of 17 years, we constrained its binary orbit and
determined the position of its secondary (Dimorphos) at the time of the DART
impact to within +7.0° (30 uncertainty).

We found that the mean motion of Dimorphos is increasing with a rate of n =
5.26 4 4.91 x 107'® rad/s* (30 uncertainty), implying that the mutual semimajor
axis is shrinking in time. After the near-Earth binary asteroid (88710) 2001 SL9
(Scheirich et al., 2021), this is the second case with this observed property . As the
inward drift of its mutual orbit can not be explined by mutual tides for the system
with rotation period of the primary shorter than the orbital period of the secondary,
it suggests that the binary YORP (BYORP) effect (McMahon and Scheeres, 2010)
acts in the Didymos system.
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Fig. 1. The normalized x? vs. AMj for solutions of the model presented in Section 2.2. The
three horizontal lines give the p-values — the probabilities that the y? exceeds a particular
value only by chance, corresponding to 1-, 2- and 3¢ interval of the x? distribution with
567 degrees of freedom. See text for details.
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Fig. 2. The orbital lightcurve component of the Didymos system. The observed data
are marked as points. The solid curve represents the synthetic lightcurve for the best-fit
solution. For comparison, the dashed curve is the model with AM, fixed at 0.0 deg/yr?
and all other parameters varied to obtain the best fit. The primary and secondary events
(the terms refer to which of the two bodies is occulted or eclipsed) are always shown
on the left and right side of the plots, respectively. In some cases, the observations of a
secondary event precedes that of a primary event (i.e., their order in the dataset is inverse
of that shown on the plot). In order to save space in the plot, we present these events in
reverse order to how they were observed. They are separated by ”//” symbol in the plot
and one orbital period (0.496 d) is to be stBtracted from x coordinate of data points to
the right from this separator.
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Fig. 4. Continuation of Fig. 2.
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Fig. 5. Continuation of Fig. 2.
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Fig. 6. Area of admissible poles for the mutual orbit of Didymos in ecliptic coordinates
(grey area). The dot is the nominal solution given in Table 2. This area corresponds to
30 confidence level. The south pole of the current asteroid’s heliocentric orbit is marked
with the cross.
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Fig. 7. A time evolution of the mean anomaly difference AM with respect to the solution
with AM; = 0. See text for details. Each point corresponds to a mutual event covered by
the observed data. Vertical error bars represent estimated 1o uncertainties of the event
times, expressed in the mean anomaly. A quadratic fit to the data points, represented by
the solid curve, gives the quadratic term of 0.152 deg/yr?.
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Fig. 8. 3-0 uncertainty area of Dimorphos relative position with respect to Didymos
expressed in ecliptical coordinates A, 3 (grey areas). To demonstrate the change of size of
the uncertainty area with time, we plotted the area for four epochs (2003-11-20.5 — the
beginning of the first apparition in 2003; 2011-11-07.5 — epoch JDO0; 2021-03-05.5 — the
end of the last apparition in 2021; 2022-09-26.96875 — the nominal epoch of the DART
impact; panels a, b, ¢, d, respectively) with the same scale of the axes on all four panels.
To show a correlation between A\ and AMy, the approximately vertical lines divide areas
with AM,; > 0.00;0.05;0.10;0.15;0.20; 0.25 deg/yr?, respectively (the inequality is used
becease AM, is correlated with other parameters as well and therefore strict boundaries
for its values cannot be given). The dots déilote the nominal solution given in Table 2.
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Fig. 9. Evolution of the 3-0 uncertainty of the ecliptic longitude (\) of the radius vector
of Dimorphos with respect to Didymos in time.
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