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Near-Earth asteroid Didymos is a binary system and the target of the proposed Double Asteroid Redirection Test
(DART) mission (Cheng et al., 2016), which is a planetary defense experiment. The DART spacecraft will impact
the satellite, causing changes in the binary orbit that will be measured by Earth-based observers. We observed
Didymos using the planetary radars at Arecibo (2380 MHz, 12.6 cm) and Goldstone (8560 MHz, 3.5 cm) in
November 2003. Delay-Doppler radar imaging of the binary system provided range resolutions of up to 15 m/
pixel that placed hundreds of pixels on the primary. We used the radar data to estimate a 3D shape model and
spin state for the primary, the secondary size and spin, the mutual orbit parameters, and the radar scattering
properties of the binary system. We included lightcurves obtained by Pravec et al. (2006) in the shape model
estimation. The primary is top-shaped with an equatorial bulge, a conspicuous facet along the equator, and a
volume-equivalent diameter of 780 + 30 m. The extents along the three principal axes are 832 m, 838 m, and
786 m, (uncertainties are 6% along the x and y axes, and 10% along the z axis). The radar data do not provide
complete rotational coverage of the secondary but show visible extents of about 75 m, implying a diameter of
150 + 30 m. The bandwidth of the secondary in the images suggests a spin period of 12.4 + 3.0 h that is
consistent with rotation that is synchronized with the mutual orbit period of 11.9 h. We fit a mutual orbit to the
system using the delay and Doppler separations between the binary components and obtain a semimajor axis of
1190 + 30 m, an eccentricity of <0.05, and an orbital period of 11.93 + 0.01 h that are consistent with those
obtained by Scheirich and Pravec (2009) and Fang and Margot (2012). The mutual orbit implies a system mass of
(5.4 + 0.4) x 10*! kg and a system bulk density of 2170 + 350 kg m ™. The system has S- and X-band radar
albedos of 0.20 £ 0.05 and 0.30 + 0.08 respectively, and an optical albedo of 0.15 + 0.04.

1. Introduction

Binary near-Earth asteroid (NEA) 65803 Didymos (1996 GT) was
discovered on April 11, 1996 by the Spacewatch telescope at Kitt Peak.
The binary system has a mean absolute magnitude (when not under-
going mutual events) of 18.16 + 0.04 (Pravec et al., 2012) and was the
subject of numerous optical observing campaigns during an approach
within 0.048 au in November 2003. We observed Didymos using the
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Goldstone Solar System Radar (GSSR) on November 14 and 15 but did
not detect the satellite, which was discovered later through mutual
events seen in photometric data obtained from 2003 November 20-24
by Pravec et al. (2003) and confirmed shortly afterwards in Arecibo
delay-Doppler radar images obtained on 2003 November 23 and 24.
Reprocessed Goldstone data at higher frequency resolutions later
showed the satellite but at much weaker signal to noise ratios (SNRs)
than in the Arecibo data.
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Table 1
Radar observations of Didymos.
Obs. UT date Start-stop Pix RTT Runs Mode Code or Sf Orb. Sol.
yyyy-mm-dd (hhmmss-hhmmss) (kW) (s) (m) (Hz)
G 2003-11-14 051823-053355 450 48 10 C None 0.5 s21
055740-060458 5 I 127 1500 12.3 S21
070530-071430 6 I 127 1650 11.2 S21
075123-081009 12 I 127 150 4 S23
083002-091148 26 I 127 75 0.5 523
G 2003-11-15 044424-050015 450 49 10 C None 0.5 s25
053015-063803 41 1 127 75 0.5 s25
072759-073849 7 I 127 75 0.5 s25
091123-093035 12 I 127 75 0.5 s25
A 2003-11-23 030104-031009 450 61 5 C None 0.2 s27
032359-045825 47 I 65,535 15 0.3 s27
A 2003-11-24 025524-030447 400 63 5 C None 0.2 527
031505-050841 54 1 65,535 15 0.3 s27
A 2003-11-26 025252-030309 400 68 5 C None 0.2 s27
030743-051951 58 I 65,535 15 0.3 s27

Note - First column indicates the observatory: A for Arecibo and G for the DSS-14 antenna at Goldstone; Start-stop indicates the UTC start and stop times of the received
echoes; RTT is the round-trip light travel time to the target in seconds; runs is the number of transmit-receive cycles in each setup, Mode is either C for CW echo power
spectra or I for Imaging; Code is the length of the transmitted binary code; ér and 5f indicate the range and frequency resolutions of the delay-Doppler data; and the last
column indicates the orbit solution number of the ephemeris used for taking the data. On 2003-11-14, the first 22 runs of the 75 m range resolution imaging had weak
signal-to-noise ratios due to errors in telescope pointing and are not used in the shape modeling.

Pravec et al. (2006) used lightcurve observations to estimate a pri-
mary synodic rotation period of 2.2593 + 0.0001 h and a sidereal period
of 2.2600 h. They measured a lightcurve amplitude of 0.08 + 0.01
magnitudes, which suggested that the primary shape has a low elonga-
tion. Pravec et al. (2006) and Scheirich and Pravec (2009) found two
solutions for the mutual orbit with orbit poles in the northern and
southern ecliptic hemispheres. Their estimated mutual orbits have pe-
riods of about 11.91 h, a semimajor axis of 2.9 times the mean primary
equatorial radius, and eccentricities of <0.16 and 0.03 (3-sigma upper
limits) for the prograde and retrograde orbital solutions, respectively.
They estimated the ratio of mean effective diameters of the secondary to
the primary at equator-on aspect to be about 0.21-0.22 with an uncer-
tainty of 0.02.

Fang and Margot (2012) used delay and Doppler separations esti-
mated visually from the 2003 radar images to fit a mutual orbit to the
system. They estimated a semimajor axis of 1.18 (+0.04/—0.02) km, an
eccentricity of 0.04 (+-0.05/—0.04), and a system mass of 5.24 x 10! kg
(£ ~10%). They do not report a mutual orbit pole. In the present paper
we used a more rigorous method to estimate the delay and Doppler
separations, which yielded a mutual orbit consistent with the results
reported by Fang and Margot (2012) but with somewhat smaller
uncertainties.

Didymos is classified as an S-type asteroid (Cheng et al., 2018) based
on vis-IR spectra obtained by De Leon et al., 2010. Its optical albedo has
not yet been reported. It has the lowest delta-V among known binary
near-Earth asteroids (https://echo.jpl.nasa.gov/~lance/delta_v/delt
a_v.rendezvous.html) and is the target of the Double Asteroid Redirec-
tion Test (DART) mission (Cheng et al., 2016), which will impact the
satellite between September 30 and October 2, 2022 when the asteroid
will approach within 0.07 au of Earth. The primary goal of the mission is
to demonstrate the kinetic impact technique for deflection of an asteroid
and to estimate the momentum transfer efficiency (8) of the impact.
These goals will be achieved by post-impact ground-based radar and
photometric observations of Didymos and modeling. The Light Italian

Table 2

Cubesat for Imaging of Asteroids (LICIA cube), built by the Italian Space
Agency (ASI), will be carried with the DART spacecraft for in situ ob-
servations of the impact (Pirrotta et al., 2019; Tortora and Di Tana,
2019). Didymos is also the target of the European Space Agency’s pro-
posed Hera mission, which will rendezvous several years after DART for
post-impact characterization of the target (Michel et al., 2018).

In this paper, we combine Arecibo and Goldstone radar observations
with lightcurve data from Pravec et al. (2006) to characterize the
Didymos binary system. We present a detailed shape model of the pri-
mary, estimate the size of the secondary, the spin states of both com-
ponents, the parameters of the binary mutual orbit, and radar scattering
properties. We place limits on any additional undetected satellites in the
system, study the mechanical properties of the primary, and describe the
observational circumstances during the next radar observation window
in 2022.

2. Radar observations

We observed Didymos using the Goldstone X-band (3.5 cm, 8560
MHz) radar on November 14 and 15, 2003 and the Arecibo S-band (12.6
cm, 2380 MHz) radar on November 23, 24, and 26, 2003 (Table 1). On
each day we obtained ten runs of echo power spectra at Goldstone fol-
lowed by delay-Doppler images and at Arecibo we obtained five runs of
echo power spectra followed by images. Radar observations were car-
ried out according to the methods described in Magri et al. (2007). For
obtaining echo power spectra, a monochromatic circularly polarized
wave was transmitted for the round-trip light time (RTT) toward the
asteroid. Echoes in the same sense (SC) and opposite sense (OC) circular
polarizations were received, sampled, and recorded. A single such
transmit-receive cycle is referred to as a run. A Fourier transform was
applied to the samples to obtain the echo power spectra in both polar-
izations. The bandwidth of the received signal is determined by the
physical properties of the target and the frequency of the transmitted
wave. For a spherical target with diameter (D) and spin period (P), the

Lightcurve observations from Pravec et al. (2006) used for modeling the primary shape.

Pravec et al. (2006) Figure Dates Dates Apparent visual magnitude Solar phase angles (degrees) Number of data points
(UTC) (JD)

1 2003-11-20.89 to 11-24.37  2452964.39-2452967.87  12.9 19-12.6 771

2 2003-11-26.09 to 12-04.24  2452969.59-2452977.74  13.2 9.4-2.1 514

3 2003-12-16.83 to 12-20.46  2452990.33-2452993.96  14.9 7.4-9.2 374
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Fig. 1. Single-day sums of echo power spectra obtained at Goldstone. The top and bottom panels show spectra obtained on Nov 14 and 15 respectively. The panels on
the left and right have Doppler frequency resolutions of 0.98 Hz and 0.49 Hz respectively. The spikes in the spectra due to the echo from the satellite are seen more

prominently in the spectra having a resolution of 0.49 Hz.

bandwidth (B) (or Doppler broadening) of the received echo is:

4nD
B = Lcosé,

AP )

where 1 is the radar wavelength, and § is the sub-radar latitude”.

For delay-Doppler imaging, the transmitted signal was modulated by
a repeating pseudo-random code using binary phase coding. The
received signal was demodulated, sampled, and decoded by cross
correlating with a replica of the transmitted code, which yielded a delay
resolution equal to the baud length, which is the time length of each
symbol of the transmitted code. Rows corresponding to the same time
delay in consecutive codes were Fourier transformed to obtain the
received signal power as a function of Doppler frequency. The result is a
two-dimensional array of radar echo power as a function of time delay
and Doppler frequency. Table 1 summarizes our radar observations.

We summed all echo power spectra runs obtained on a single day and
measured the echo power in each polarization on each day. The ratio of
the power SC/OC gives the circular polarization ratio, denoted by p,,
which has historically been treated as a zeroth-order gauge of near-
surface roughness at decimeter spatial scales (Ostro, 1993). We used
data reduction techniques that are well-established and were described
in detail by Magri et al. (2007) to compute the radar cross-section (¢) of
the target (primary + secondary) in each polarization. The radar cross-

section divided by the projected area gives the radar albedo (6). The
uncertainties assigned on the cross-sections and albedos take into
consideration systematic pointing and calibration errors, as well as the
uncertainty in the target’s projected area. In the SC/OC ratios, errors
such as pointing and target cross-section largely cancel resulting in

2 The sub-observer latitude is the latitude of the asteroid surface intercept of the line
containing the observer and the target’s center.

smaller uncertainties.

The Goldstone and Arecibo echo power spectra are shown in Figs. 1
and 2. At the time of the observations, the Goldstone echo power spectra
were processed with a frequency resolution of 0.98 Hz. Adopting a
threshold of three standard deviations for determining the edges of the
echo, we measured a bandwidth of about 30 Hz. The spectra are
asymmetric and appear stronger toward positive frequencies because
the signal from the satellite overlaps that from the primary. The 1-Hz
resolution is too coarse to show the signature of the satellite, which
appears as a strong, narrow spike in data processed later at higher fre-
quency resolutions (Fig. 1, right column). The presence of the satellite
was unknown during the Goldstone observations because there was no
obvious narrow spike in the echo power spectra at 1-Hz resolution as
originally processed. The satellite was discovered in lightcurve data
(Pravec et al., 2003) after the Goldstone observations and shortly before
the Arecibo observations started. Echo power spectra obtained later at
Arecibo (Fig. 2) show a narrow, strong spike at about +3 Hz on all three
days. After discovery, the Goldstone spectra were reprocessed with 0.49
Hz resolution, which revealed the signal from the satellite (see the right
panels of Fig. 1). The echo from the satellite is much narrower than the
echo from the primary because the satellite is significantly smaller and
because its rotation period is considerably slower. At 0.49 Hz resolution,
nearly all the echo power appears in only one Doppler bin, so the echo
appears bright relative to the echo from the primary, which is spread out
in Doppler frequency due to its rapid rotation and larger diameter. The
ratio of primary to secondary bandwidths is similar to that of other bi-
nary NEAs (e.g., Margot et al., 2002).

The echo bandwidth in the Arecibo spectra (Fig. 2) is about 9.5 to 10
Hz, which is equivalent to 34 to 36 Hz at X-band. The modestly wider X-
band equivalent bandwidth at Arecibo suggests that the sub-radar lati-
tude was closer to the equator during the Arecibo observations, which
was later confirmed by shape modeling (Section 4 and Fig. 13).
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Fig. 2. Single-day sums of echo power spectra obtained at Arecibo. OC and SC
spectra are shown using solid and dashed lines respectively. The narrow spike
toward the right is the echo from the secondary.

Figs. 3, 4, 5, and 6 show Goldstone and Arecibo delay-Doppler im-
ages obtained on November 14, 15, 23, 24, and 26. The finest time delay
resolutions obtained at Goldstone and Arecibo were 0.5 ps and 0.1 ps
respectively, corresponding to range resolutions of 75 m and 15 m. The
finest resolution Goldstone images on November 14 and 15 span about
110 and 640 degrees of primary rotation with some gaps in the coverage
(Fig. 3, Table 1). The finest resolution Arecibo images covered 250, 300,
and 350 degrees of primary rotation (Figs. 4, 5, and 6). Together the
Arecibo radar images with a range resolution of 15 m covered all rota-
tional phases of the primary.

Figs. 7 and 8 show single day weighted sums of all delay-Doppler
runs obtained on November 15 at Goldstone, and on November 23,
24, and 26 at Arecibo. The primary’s maximum visible range extent
using a 20 noise threshold in the Arecibo images is about 25 rows,
corresponding to 375 m at the 15-m/pixel resolution. If we assume that
only one hemisphere of the primary was illuminated in any given image,
which would be true for a sphere, then this range extent corresponds to a
diameter of about twice as large (~750 m).

The unsummed Arecibo images shown in Figs. 4, 5, and 6 show very
little variation in the visible range extent of the primary on any given
day (<75 m), suggesting that the primary’s equatorial dimensions do not
vary substantially. However, the leading edge is not circular and mul-
tiple flat features are visible in the Arecibo images on all three days.

Icarus 348 (2020) 113777

Brightness variations, most likely due to surface topography, are visible
behind the leading edge. For example, in Fig. 4 (top row, second and
third images from the left) the dark features behind the leading edge that
are surrounded by relatively brighter pixels are probably signatures of a
concavity. The images show a relatively strong echo behind the leading
edge similar to the power profile displayed by asteroid 341843 (2008
EV5) (Fig. 6 in Busch et al., 2011), which suggests that the primary has
an equatorial ridge.

Given that recent spacecraft observations of asteroids 101955 Bennu
and 162173 Ryugu show surfaces with numerous large boulders
exceeding 10 m in diameter (Lauretta et al., 2019; Watanabe et al.,
2019), we looked for radar evidence of boulders on Didymos.
Decameter-scale boulders appear in delay-Doppler radar images as small
clusters of radar-bright pixels and have been seen in radar images of
about twenty near-Earth asteroids (Benner et al., 2015) such as Bennu
(Nolan et al., 2013), 33342 (1998 WT24) (Busch et al., 2008), 4179
Toutatis, 308635 (2005 YU55), and 2014 HQ124 (Benner et al., 2015).
We do not see clusters of radar-bright pixels in the Didymos images, but
this does not rule out the presence of boulders because clusters of radar-
bright pixels are not usually evident with SNRs and resolutions com-
parable to those in the Didymos images.

If we assume an equatorial view and a diameter of 750 m, then the S-
band bandwidth of 9.5 Hz and Eq. (1) yield a primary spin period of
about 2.2 h, which is consistent with the sidereal period of 2.26 h esti-
mated by Pravec et al. (2006). The time interval between which the
facets on the leading edge of the primary repeat is also consistent with a
period of 2.26 h. For example, the last image in Fig. 4 shows a similar
rotational phase to the third image in Fig. 5 (based on the flat region
seen on the leading edge). The time interval between the two images is
about 22 h and 38 min, which is consistent with 10 full rotations of the
primary with a spin period of about 2.26 h.

Figs. 3-8 also show faint streaks of relatively bright pixels that are
clearly separated from the primary. These are the echoes from the sat-
ellite. These echoes are weak and smeared in time delay and Doppler
frequency so we used a more sophisticated technique to estimate the
diameter and spin period of the secondary (Section 3). The satellite
appears in very similar positions with respect to the primary on each day
because we observed the system at roughly 24-hour intervals, which is
about twice the period of the mutual orbit.

3. Secondary size and spin

The echo of the secondary is significantly weaker than that of the
primary (Figs. 1-8). In the Goldstone images, the satellite is unresolved
and barely visible at a range resolution of 75 m. In the Arecibo images
the satellite is resolved in both range and Doppler, but the low SNRs and
small dimensions of the satellite do not allow us to obtain precise esti-
mates of its range and Doppler extents. The trailing edge of the echo is
not symmetric, as would be expected from a spherical object, thus
suggesting an elongated and possibly asymmetric shape. Similar delay-
Doppler dispersions were seen at much higher SNRs and resolutions
for the secondaries of 66391 (1999 KW4) (Ostro et al., 2006) and
185851 (2000 DP107) (Margot et al., 2002; Naidu et al., 2015).

The orbital motion and rotation of the secondary cause its echo to
smear in the radar images. Over the time spanned by two runs, the
orbital motion of the satellite exceeds the 15 m range resolution of the
Arecibo images. Summing more than two runs smears the signal from
the secondary in the image (e.g., Fig. 8) but does not significantly
improve the SNRs. In order to improve the SNRs, we shifted the images
to align the secondary in each image and then summed them. Due to
weak SNRs we were not able to measure the center-of-mass (COM) lo-
cations precisely so we modeled its motion using visual estimates of the
leading edges. The leading edge and the COM of the secondary follow
slightly different paths, which would introduce a small but insignificant
bias in our measurements. First, we measured the approximate delay
and Doppler positions of the leading edges of the secondary in successive
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Arecibo images. As the satellite orbits the system barycenter its delay
and Doppler coordinates follow roughly sinusoidal motion. Using two
equations of the form

A = P, +Pysin(Pyt + P3), @)

We fit the delay and Doppler positions separately as a function of time.
Here A is either the delay or Doppler position, P, is the delay or Doppler
coordinate about which the secondary is orbiting. P; and P; are the
amplitude and angular frequency of the oscillation respectively, and P3
is the phase of the sinusoid at time t = 0. We then shifted the images to
align the delay-Doppler coordinates of the satellite in each image ac-
cording to the estimates obtained from Eq. (2).

This technique allowed us to sum all the images from a single day
without any noticeable smear due to the secondary’s orbital motion.
However, rotational smear is still present, so no information about the
rotational variation of the secondary dimensions can be extracted from
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Fig. 3. Goldstone delay-Doppler images of Didymos
obtained on 2003 November 14 between 09:05-09:12
UTC (top) and on November 15 between 05:30-09:31
UTC (bottom). The November 14 image is a sum of 4
runs, during which the asteroid rotated about 17°. In
the bottom panel, time increases from left to right and
top to bottom. Each image is a sum of three runs,
during which the primary rotated about 11°. The
resolution of the images is 0.5 us x 0.5 Hz. Within
each image, Doppler frequency increases to the right
and time delay increases downward. The broad
echoes are from the primary and the narrower echoes
are from the secondary, whose position changes with
time.
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the daily summed image. The increased SNRs allowed us to reprocess the
images from November 23 and 24 with eight times finer frequency
resolution (0.0373 Hz) by using longer Fourier transform lengths. The
SNRs on November 26 were too weak to measure the leading edges and
apply this technique.

Fig. 9 shows a montage of three frames each from November 23 and
24. Each frame covers about 15 degrees of rotation if we adopt a spin
period of 11.9 h. Minor rotational variations on the leading edge are
visible in these images and are consistent with the non-zero secondary
lightcurve amplitude of 0.02 mag measured by Pravec et al. (2006).
However, due to the lack of complete rotational coverage of the sec-
ondary and the weak SNRs, we cannot estimate the elongation or the
shape of the secondary using the radar data.

Fig. 10 shows daily sums for the satellite echo from November 23 and
24. On both days the visible range extent of the secondary echo,
measured using a 2¢ noise threshold of contiguous pixels, was about 75
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2003 November 23

Fig. 4. Arecibo delay-Doppler images of Didymos obtained on 2003 November
23 between 03:24 and 04:58 UTC. Each image is a sum of three runs, during
which the primary rotated about 13°. The resolution of the images is 0.1 us x
0.3 Hz. Delay-Doppler orientations are the same as in Fig. 3.

Didymos
3 November 24

Fig. 5. Arecibo delay-Doppler images of Didymos obtained on 2003 November
24 between 03:15 and 05:09 UTC. Each image is a sum of three runs, during
which the primary rotated about 14°. The resolution of the images is 0.1 us x
0.3 Hz. Delay-Doppler orientations are the same as in Fig. 3.

m. If we assume that the secondary is roughly spherical, then the
diameter would be about double the visible range extent or 150 + 30 m,
where we have assigned a 1o uncertainty of one pixel in the measured
visible extent, which translates to an uncertainty in diameter of 30 m.
The diameter estimate is consistent with the value inferred from the
secondary-to-primary diameter ratio of 0.22 reported in Pravec et al.
(2006) if we adopt the diameter of the primary from the radar shape
model. Using the same noise threshold, we measured a bandwidth of
0.34 £+ 0.04 Hz for the satellite in both images (the 1o uncertainty
corresponds to 1 Doppler bin). If we use Eq. (1) and assume an equa-
torial view, then the estimated bandwidth and diameter imply a spin
period of 12.4 + 3.0 h that is consistent with the mutual orbit period of
11.9 h, suggesting that the spin period of the secondary is synchronized
to its mutual orbit.

4. Shape and spin state modeling of the primary
We used the SHAPE software (Hudson, 1993; Magri et al., 2007) to fit

a spin vector and a shape model to the radar images, echo power spectra,
and lightcurves of the primary. The radar data covered five days

Icarus 348 (2020) 113777

Didymos
2003 November 26

Fig. 6. Arecibo delay-Doppler images of Didymos obtained on 2003 November
26 between 03:08 and 05:20 UTC. Each image is a sum of three runs, during
which the primary rotated about 15°. The resolution of the images is 0.1 us x
0.3 Hz. Delay-Doppler orientations are the same as in Fig. 3.

Didymos

2003 November 15

Fig. 7. Single-day sum of delay-Doppler images obtained on Nov 15 at Gold-
stone. The echo from the satellite is seen as a faint streak above the stronger
signal from the primary. The resolution is 0.5 us x 0.5 Hz.

between November 14 and 26 (Table 1), an interval when Didymos
moved about 39° in the sky. Lightcurves were obtained on 16 days be-
tween 2003 November 20 and December 20 (Pravec et al., 2006) and
cover about 38° of sky motion, and the combined radar and lightcurve
dataset cover about 63 degrees of motion. If we assume a spin pole
aligned with the binary orbit pole of (4, #) = (310°, —84°) (Scheirich and
Pravec, 2009), then that implies that the sub-radar latitude moved from
about —31 degrees to —7° during the radar campaign. The sub-observer
latitude for optical observations moved between —17 degrees to +9°.
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Didvmos

November 23

November 24

November 26

Fig. 8. Single-day sums of delay-Doppler runs obtained using Arecibo. The larger object is the primary and the curved streak is from the secondary whose position

changed with time. Image resolutions are 0.1 ps x 0.3 Hz.

ES

November 23

November 24

Fig. 9. Satellite delay-Doppler images, each containing sums of about 15 runs. Each frame covers about 15 degrees of rotation by the satellite. The resolution of the
images is 0.1 us x 0.0373 Hz. Subtle asymmetry in the leading edge is visible on both days.

Rl

November 23 November 24

Fig. 10. Single day sums of delay-Doppler images of the satellite obtained
using the shift-and-sum technique on November 23 and 24. The resolution of
the images is 0.1 us x 0.0373 Hz.

More lightcurve data was obtained in 2015, 2017, and 2019 (Pravec,
private comm.) that we plan to incorporate into a future paper.

The delay-Doppler images and echo power spectra were processed
with frequency resolutions listed in Table 1. We summed three runs of
data for use in the shape modeling in an attempt to increase the SNRs
while limiting rotational smear to <20°. The echo from the satellite was
cropped out of the images and frequencies in the echo power spectra
containing the satellite echo were set to zero and ignored when
computing y2. We used all of the lightcurve data from Figs. 1¢, 2c, and 3¢
in Pravec et al. (2006), which include only the contributions from the
primary.

We started the modeling with a grid search for the spin axis orien-
tation of the primary. We fit shape models by fixing the spin axis over the
entire celestial sphere in increments of 15° in latitude and longitude. For

the grid search we fixed the spin period at the nominal sidereal period of
2.26 h (Pravec et al., 2006). Once we obtained our best estimate for the
pole direction, we fixed it and then fit for the rotation period and 3D
shape. We searched for the rotation period by fixing it at various values
and checking the fits, similar to the spin pole search.

We started with triaxial ellipsoids and allowed SHAPE to adjust all
three axes to fit the overall shape and size of the object. We then sampled
the resulting ellipsoidal shapes using spherical harmonics functions up
to degree and order ten to fit the deviations of the shape from a perfect
ellipsoid. After obtaining the best fit with a spherical harmonics model,
we fit the shape with vertex models that used different numbers of
triangular facets in an attempt to fit obvious features in the images while
minimizing fitting the noise.

We used a simple Lambertian scattering law having one free
parameter (optical albedo) to model optical wavelength scattering from
the surface of the asteroid. For the radar data, we used a simple cosine
law similar to the one used in Naidu et al. (2015). Imperfections in the
knowledge of the asteroid’s heliocentric orbit cause the object to drift in
range over subsequent delay-Doppler images. SHAPE uses a delay
correction polynomial to compensate for drift and to align the synthetic
and observed images. We used a second-degree delay correction poly-
nomial and allowed SHAPE to fit the polynomial coefficients.

SHAPE does a sequential fit of the model parameters using a non-
linear least squares method that attempts to minimize an objective
function that is the sum of y? and a number of penalty functions. y2 is
computed by comparing a synthetic image, generated from the model,
with the observed image. The penalty functions are designed to prevent
SHAPE from producing non-physical shapes (Magri et al., 2007). For the
grid search (both ellipsoidal and spherical harmonics fits) we used a
penalty function to force the body-fixed z-axis to be aligned with the
maximum principal moment of inertia of the primary. Fig. 11 shows x2
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Fig. 11. Contour plot of the goodness of fits (%) of shape models having
different spin axis orientations. Models were fit to both radar and lightcurve
data. Lighter colors indicate better fits. Plus sign indicates the mutual
orbit pole.

for the spherical harmonics shape models as a function of pole direction.
A spin pole of (4, f) = (290°, —75°) yielded the best fit.

We refined the search for the spin pole around the best-fit value using
a finer grid of possible pole directions. We fit 80 shape models with spin
poles within 16 degrees of (1, f) = (290°, —75°). The spin poles were
located along four concentric circles separated by 4, 8, 12, and 16° from
the previous best-fit. The spin pole of (4, f) = (296°, —71°) yielded the
best shape model fit but all of these spin poles provided similar Xz values
and comparable fits to the data, suggesting that the 1¢ uncertainty in our
spin pole estimate is at least 16°. The weak constraints on the spin pole
are likely due to the limited sky motion during the radar observations.

The mutual orbit pole of (4, ) = (310°, —84°) + 10° estimated by
Scheirich and Pravec (2009) is about 12° from our best-fit spin pole and
is within our estimated uncertainty of 16°. We also fit a shape model
with Scheirich and Pravec’s pole direction and obtained a shape that

®

t., =

view from +x
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looks nearly identical to our best-fit shape. Therefore, it seems reason-
able to assume that the spin and orbit poles are aligned due to the action
of tidal forces acting in the system (Peale, 1969), so we adopted the
mutual orbit pole of (4, ) = (310°, —84°) as our nominal spin pole
because it has tighter uncertainties from the lightcurve observations.

After we fixed the pole direction, we used the spherical harmonics
shape model to estimate the sidereal spin period of the primary by fixing
the period at values between 2.2590 h to 2.2610 h in increments of
0.0001 h to test whether we could refine the spin period measurement
further. We did not see a noticeable difference in the fits but the model
with a spin period of 2.2600 h had the lowest 3.

We sampled the best-fit spherical harmonics model to obtain a shape
model with 1000 vertices, 1996 triangular facets, and an effective res-
olution of ~50 m. We allowed SHAPE to fit the vertex coordinates of the
model while holding the spin vector fixed. At this stage we added an
additional penalty function to prevent SHAPE from trying to create
concavities on the model to fit noise in the images. We kept the penalty
weight minimal in order to allow concavities where they are clearly
visible in the images.

Fig. 12 shows principal axis views of the final vertex shape model,
and Figs. 13, 14, and 15 show fits to the radar and lightcurve data. The
model is able to fit the overall delay and Doppler dimensions of the radar
data well. The primary is shaped somewhat like a top with a prominent
equatorial ridge. One of its most prominent features is a facet with a
length of ~350 m on the equatorial ridge that is also conspicuous in the
leading edges of the imaging data in panels 17-22 of Fig. 13. Another
smaller facet is present roughly 120° in longitude from the first. The rest
of the surface appears to be smooth at multi-facet scales (~100 m), but
this is probably due to the lack of features in the data caused by rela-
tively low signal-to-noise ratios and resolution, and does not imply that
the surface is actually smooth at decameter scales. For example, radar
images of 10955 Bennu showed only hints of one or two boulders (Nolan
et al., 2013) but they are abundant on its surface (Lauretta et al., 2019).

Most of the lightcurve data points are fit well by the shape model
(Fig. 15), but there are outliers, especially toward the later dates. These
could be due to a number of factors such as smaller scale surface
topography that is not visible in the radar images, non-uniform optical

view from +y

view from +2z

g ‘ - . o

view from -x

view from -y

view from -z

Fig. 12. Principal axis views of the primary shape model. The shape model has 1000 vertices and 1996 triangular facets. The effective resolution of the model is ~50
m. Yellow indicates regions where the incidence and scattering angle are >60°. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Icarus 348 (2020) 113777

Fig. 13. Shape model fits to radar images. Each row shows the observed image (left), a synthetic image generated from the shape model (center), and the corre-
sponding plane-of-sky (POS) view of the shape model. The red, green, and blue cylinders show the x, y, and z principal axes of the shape model. The blue cylinder is
hidden under the pink arrow, which indicates the spin vector. Rows 1 to 53 show Arecibo delay-Doppler images and rows 54 to 76 show Goldstone images. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

<
<

scattering over the surface, the simplifying assumptions made by the
optical and radar scattering models, and possibly by lack of corre-
sponding radar images at the later dates to constrain features seen in
lightcurves.

The nominal shape model shown in Fig. 12 has an equivalent
diameter of 780 m. The shape resembles the primary of 276049 (2002
CE26) (Shepard et al., 2006), but with an equatorial ridge similar to ones
found on primaries of other binary and triple systems such as 1999 KW4
(Ostro et al., 2006), 311066 (2004 DC) (Taylor, 2009), 136617 (1994
CC) (Brozovic et al., 2011), 2000 DP107 (Naidu et al., 2015), as well as
on single asteroids such as Ryugu (Watanabe et al., 2019), 2008 EV5
(Busch et al., 2011) and Bennu (Nolan et al., 2013; Lauretta et al., 2019).
The equatorial ridge on Didymos is not as prominent as the ridges on the

The Dynamically Equivalent Equal Volume Ellipsoid (DEEVE) axes of
the model are 783 (& 6%) x 797 (£ 6%) x 761 (£ 10%) m. The sub-
observer latitudes were close to the asteroid’s equator throughout the
observations so there are regions near the north pole with high radar and
optical incidence angles exceeding 60° that we did not see. Conse-
quently, dimensions along the z axis are less well constrained than those
along the x and y axes and were assigned a larger 1-sigma uncertainty
than along the other two axes.

Given the effective diameter from the 3D model, we compute the
optical geometric albedo (py) of Didymos by using the relation: (Fowler
and Chillemi, 1992; Pravec and Harris, 2007):

1329 ki x 10-02#71?
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. . 4 . T
- Arecibo b, el Arecibo ) g Arecibo H
40F Nov 23 . 60F Nov 23 i, ] 30F Nov24 i E
03:02:32 'y 03:07:40 &4, 02:56:55 ity
30 ¥ I bl
20
10
-20 -10 0 10 20 -20 -10 0 10 20 -20 -10 0 10 20
: . 4 : ;
28 Arecibo ] g Arecibo =0 Arecibo )
Nov 24 % 30F Nov 26 1 “0F Nov 26 :
40F 03:02:13 i 02:54:32 30 03:00:20 4

30
20
10

i

-10

- -20 20
20 Goldstone 20 Goldstone 20 Goldstone !
15F Nov 14 N 1 15F Nov 14 1 15} Nov 14 % ;
05:20:24 i} 05:25:18 i 05:31:04
.‘:f{ 10F 2;':.» ] 10F

i i i ; i -5 i i i i
-60 -40 =20 O 20 40 60 -60 -40 =20 O 20 40 60
20 j " 20 j "
Goldstone Goldstone
15F Nov 15 ! 7 15F Nov 15
0 04:46:28 | 04:51:31 b

-5 N

-60 -40 -20 0 20 40 60

-60 -40 -20 O

20 40 60

-60 -40 -20 O

20 40 60

Fig. 14. Shape model fits to OC echo power spectra. The secondary signal was masked out for the primary shape model fit. The frequency resolutions are 0.2 Hz and
0.49 Hz for the Arecibo and Goldstone echo power spectra. Each spectrum is a weighted sum of 2-4 runs. All times are mid-receive UTC.
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Fig. 15. Shape model fits to lightcurve data from Pravec et al. (2006). The solid line shows the model lightcurves and filled circles show the data points and their
uncertainties. All times are one-way light-time corrected Julian Date UTC. Table 2 provides more information about the lightcurve observations.

where D is the diameter of the asteroid, and H is its absolute magnitude. For a
binary, D is the effective diameter of the primary and secondary combined,

which for Didymos is 4 /Dg + Dsz, where Dy, and Dy are the diameters of the

primary and secondary. Substituting D = 794 m and H = 18.16 £ 0.04
(Pravec et al., 2012), we obtain a geometric albedo of 0.15 £ 0.04 that is
close to the average value for S-type asteroids.

5. Radar scattering properties

We used the daily weighted sums of echo power spectra to estimate
the radar cross-sections, radar albedos, and circular polarization ratios
from the Arecibo and Goldstone data (Table 4). The projected areas
required for estimating the radar albedos were obtained by using the
orientation of the shape model of the primary at the time of the
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observations and by assuming that the secondary is a sphere with a
diameter of 150 m.

We obtain average daily circular polarization ratios at Arecibo and
Goldstone of 0.19-0.21 and 0.22-0.23 respectively, that are consistent
within their uncertainties. The average S-band and X-band radar cross
sections (0.099 + 0.025 km? and 0.15 =+ 0.05 kmz) and radar albedos
(0.2 £ 0.05 and 0.3 £ 0.1) show significantly larger differences but are
still consistent within their formal uncertainties. The day-to-day varia-
tions in the radar cross section and SC/OC at each observatory are small,
but the persistent differences between the average X-band and S-band
radar cross sections hint that this difference could be real, which is
relatively uncommon among NEAs observed by both telescopes. Such
differences could arise due to different surface and near-surface rough-
ness at the two different wavelength scales. The values of u. are lower
than the average estimated for 214 near-Earth asteroids previously
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Table 3
Didymos primary shape model parameters.
Parameters Values
Extents along principal axes (m) X 832 4+ 6%
y 838 + 6%
z 786 + 10%

1.96 x 10° + 8%
2.49 x 10% £ 12%

Surface area (m?)
Volume (m®)

Principal moments of inertia (kg. m?) A 3.23 x 10'° + 13%
B 3.29 x 10'® +13%
C 3.38 x 10%° £ 10%
Equivalent diameter (m) 780 + 4%
DEEVE extents X 797 + 6%
y 783 + 6%
z 761 + 10%

Spin pole (4, /)(°)
Sidereal spin period (h)

(310, —84) + 20
2.2600 + 0.0001

Note — Surface area was computed as the sum of the area of all the model facets.
The moment of inertia values were computed assuming uniform density. A, B,
and C, are the principal moments of inertia such that A < B < C. Equivalent
diameter is the diameter of a sphere with the same volume as the shape model.
The Dynamically Equivalent Equal Volume Ellipsoid (DEEVE) is an ellipsoid
with uniform density with the same volume and moments of inertia as the shape
model. We assumed that the spin pole is aligned with the mutual orbit pole. All
uncertainties are 1o.

detected by radar, which have a mean of SC/OC = 0.34 + 0.25 (Benner
et al.,, 2008). The X-band and S-band circular polarization ratios are
consistent with previous estimates from the S-class: the mean value for
S-type NEAs is 0.27 + 0.079, computed for 70 asteroids (Benner et al.,
2008), and that for S-type main-belt asteroids is 0.198 + 0.094,
computed for 27 asteroids (Magri et al., 2007).

We also estimated the radar albedo and circular polarization ratio of
the secondary using the Arecibo echo power spectra. The Goldstone
echoes from the secondary were too weak for obtaining meaningful
estimates. We modeled the primary contribution to the echo using a
fourth-degree polynomial and subtracted it from the total, resulting in a
signal containing only the contribution from the secondary. The residual
contribution from the primary that might remain has been factored into
our uncertainties. The secondary echo power spectra yield estimates of
OC radar albedo = 0.28 4 0.1 and SC/OC = 0.12 + 0.025, when aver-
aged over the three days. The differences in the radar albedo and cir-
cular polarization ratio values of the primary and the secondary body
hint at different surface and near-surface properties. The circular po-
larization ratios and radar albedos of the primary and secondary com-
ponents of 2000 DP107 (Naidu et al., 2015) and 1999 KW4 (Ostro et al.,
2006) appear to be more similar than with Didymos. Table 4 summarizes
the radar scattering properties for Didymos and Table 5 compares these
results with those obtained for other spacecraft targets also observed by
radar.

The handedness of a circularly polarized electromagnetic (EM) wave
is reversed upon normal reflection from a dielectric surface whose size
and radius of curvature is much greater than the wavelength (Ostro,
1993). The polarization ratio . for such a reflection would be close to
zero. Wavelength-scale curvature and multiple reflections result in some
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power being returned in the SC polarization and a non-zero value of ..
Large circular polarization ratios imply a rougher surface although other
factors such as surface electrical properties play a role (Ostro, 1993;
Virkki and Muinonen, 2016). Historically, papers on radar character-
ization of asteroids have used this interpretation to infer that larger
values of y. indicate greater surface and near-surface roughness. Nolan
et al. (2013) reported that asteroid Bennu’s circular polarization ratio is
0.18 & 0.03, which is lower than the values for other near-Earth aster-
oids visited by spacecraft (Table 5). However, recent OSIRIS-REx
spacecraft observations of Bennu (Lauretta et al., 2019) show that its
surface is much rougher at decimeter spatial scales than the surfaces of
Itokawa, Eros, and Toutatis (Saito et al., 2006; Veverka et al., 1999;
Huang et al., 2013), which have somewhat larger circular polarization
ratios. This apparent discrepancy implies that factors such as the target’s
electrical properties, which might have a dependence on the asteroid’s
spectral class, might play a greater role than surface roughness in
determining the value of y,.. The differences in p, values and apparent
surface roughness may be in part related to roughness below the surface,
which is not observed in spacecraft images. Consequently, SC/OC for
Didymos, which is comparable to that of Bennu, may or may not imply a
near-surface with similar decimeter-scale roughness. Observations by
DART, LICIA cube, Hera, and radar observations of asteroid Ryugu in
2020 will increase the number of spacecraft targets with known radar
scattering properties and should improve interpretations of circular
polarization ratios.

6. Satellite orbit estimation

We used a weighted least-squares procedure to fit Keplerian orbits to
the delay and Doppler positions of the secondary COM with respect to
the COM of the primary. As initial conditions, we used the nominal
orbital parameters from Michel et al. (2016) but we also explored a grid
of orbital elements around their results to check for better solutions.
Because of their longer time-baseline, results from lightcurves helped
considerably in our search. We used the shape model to locate the COM
of the primary under the assumption of uniform density. The SHAPE
software aligns the synthetic radar images and echo power spectra,
which are derived from the shape model, with the observed data and
outputs the coordinates of the COM in the data. We used these primary

Table 5

Radar scattering properties for near-Earth asteroid mission targets.
Object OC radar albedo SC/0C

Goldstone Arecibo Goldstone Arecibo

433 Eros 0.25 + 0.09 0.33 £ 0.05 0.28 + 0.06
4179 Toutatis 0.24 £+ 0.03 0.21 £+ 0.03 0.29 £+ 0.01 0.23 £+ 0.03
25143 Itokawa 0.14 £ 0.04 0.47 £ 0.04 0.26 £+ 0.04
65803 Didymos 0.30 £+ 0.08 0.20 £+ 0.05 0.20 £+ 0.04 0.22 + 0.04
101955 Bennu 0.12 £+ 0.04 0.12 £+ 0.04 0.19 + 0.03 0.18 £+ 0.03

Note — Values for Didymos are averaged over all days at each observatory.
Remaining values are taken from Table 3 in Nolan et al., 2013 and references
therein.

Table 4

Disk-integrated radar properties.
Date Frequency Band Goc (km?) b e Secondary 6, (km?) Secondary 6o Secondary i,
Nov 14 X 0.144 + 0.05 0.29 £ 0.1 0.21 £ 0.02
Nov 15 X 0.154 + 0.05 0.31 £0.1 0.19 £+ 0.02
Nov 23 S 0.099 + 0.025 0.20 £ 0.05 0.22 £+ 0.02 0.0056 + 0.0022 0.28 £ 0.11 0.11 £+ 0.02
Nov 24 S 0.099 + 0.025 0.20 + 0.05 0.22 £+ 0.02 0.0050 + 0.002 0.25 £+ 0.10 0.12 £+ 0.02
Nov 26 S 0.099 + 0.025 0.19 £ 0.05 0.23 £ 0.02 0.0062 + 0.0025 0.31 £0.12 0.14 £+ 0.03

Note - 6, is the OC radar cross-section and rAroc is the OC radar albedo. X- and S-band correspond to the carrier frequencies at Goldstone (8560 MHz) and Arecibo (2380
MHz). The values in the third, fourth, and fifth columns were measured for the whole system, whereas the values in the last three columns were measured for the
satellite after modeling and removing the contribution to the echo from the primary. The secondary was assumed to be a sphere with a radius of 80 m.
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Table 6

Estimates of delay and Doppler separations between secondary and primary centers-of-mass (COM) in the delay-Doppler images.
Date Range separation (m) Range separation Uncertainty (m) Doppler separation (Hz) Doppler separation uncertainty (Hz) Obs.
YYYY MM DD.DDDDD
(UTC)
2003 11 14.38123 —620 300 -7.09 2.0 G
2003 11 15.23426 —805 300 5.56 2.0 G
2003 11 15.23774 —861 300 5.56 2.0 G
2003 11 15.24125 —879 300 5.07 2.0 G
2003 11 15.24473 —897 300 4.57 2.0 G
2003 11 15.24823 —968 300 4.08 2.0 G
2003 11 15.25171 —956 300 3.83 2.0 G
2003 11 15.25520 —952 300 3.58 2.0 G
2003 11 15.25868 —970 300 3.08 2.0 G
2003 11 15.26216 —973 300 2.84 2.0 G
2003 11 15.26567 —1028 300 2.84 2.0 G
2003 11 15.26917 —1069 300 2.34 2.0 G
2003 11 15.27266 —1065 300 1.85 2.0 G
2003 11 15.27558 —1045 300 2.09 2.0 G
2003 11 15.31603 —998 300 —2.62 2.0 G
2003 11 23.14338 —776 60 1.81 1.2 A
2003 11 23.14762 —818 60 1.71 1.2 A
2003 11 23.15185 —873 60 1.52 1.2 A
2003 11 23.15609 —908 60 1.52 1.2 A
2003 11 23.16032 —942 60 1.36 1.2 A
2003 11 23.16456 —-991 60 1.20 1.2 A
2003 11 23.16880 —1018 60 1.17 1.2 A
2003 11 23.17303 —1052 60 0.91 1.2 A
2003 11 23.17727 -1071 60 0.93 1.2 A
2003 11 23.18150 —1084 60 0.68 1.2 A
2003 11 23.18574 —1103 60 0.62 1.2 A
2003 11 23.19421 —1149 60 0.28 1.2 A
2003 11 23.20269 —1180 60 —0.03 1.2 A
2003 11 24.14163 —851 60 1.60 1.2 A
2003 11 24.14601 —900 60 1.59 1.2 A
2003 11 24.15038 —942 60 1.51 1.2 A
2003 11 24.15922 —1011 60 1.19 1.2 A
2003 11 24.16811 —1094 60 0.89 1.2 A
2003 11 24.17256 -1113 60 0.78 1.2 A
2003 11 24.17700 —1140 60 0.72 1.2 A
2003 11 24.18589 —1157 60 0.30 1.2 A
2003 11 24.19478 —1180 60 —0.08 1.2 A
2003 11 24.19922 —1191 60 -0.16 1.2 A
2003 11 24.20367 —1210 60 —-0.33 1.2 A
2003 11 26.13231 —933 60 1.53 1.2 A
2003 11 26.13711 —-979 60 1.33 1.2 A
2003 11 26.14190 —1016 60 1.17 1.2 A
2003 11 26.14669 —-1043 60 1.07 1.2 A
2003 11 26.15148 —1090 60 0.91 1.2 A
2003 11 26.16106 —1159 60 0.63 1.2 A
2003 11 26.17544 —1188 60 0.02 1.2 A
2003 11 26.18502 —1195 60 -0.27 1.2 A
2003 11 26.20419 —1185 60 —0.88 1.2 A

Note—Range and Doppler separations are the secondary COM minus the primary COM. In the final column, A and G refer to Arecibo and Goldstone. Section 6 explains

the method used to obtain these measurements.

COM locations for the orbit estimation.

Since we do not have a shape model for the secondary, we assumed
that the secondary COM occurs on the trailing edge echoes in the images
and at the center of the secondary spike in the echo power spectra. This
is a good approximation if the secondary has a triaxial ellipsoid shape
and a uniform density. We assigned uncertainties of 4 rows and columns
to both the delay and Doppler separation measurements, corresponding
to uncertainties of 60 m and 1.2-2 Hz. Tables 6 and 7 show the 108 delay
and Doppler separation measurements and their uncertainties that were
used for the fit, and Fig. 16 shows the residuals. Because these range-
Doppler measurements are based on a detailed 3D model of the pri-
mary, they are more precise than the visual estimates used by Fang and
Margot (2012).

The best-fit orbit has a semimajor axis a = 1190 + 30 m, eccentricity
e < 0.05, period P = 11.93 £ 0.01 h, and a system mass Mgys = (5.4 &
0.4) x 10*! kg. The orbit pole is at (1, £) = (290°, —89°) + 10°, which is
about 5° from the value of (4, ) = (310°, —84°) estimated by Pravec and
Scheirich (2018). The orbital elements are also consistent with the
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values estimated by Fang and Margot (2012).

If we assume that the primary and secondary have equal densities,
then based on their size estimates from sections 3 and 4, the secondary
contains <1% of the system mass, so we can assume that the primary
mass is roughly equal to the system mass. We divided the system mass by
the volume of the primary and estimated a bulk density of 2170 kg m >
+ 15%. Table 8 compares this value with densities of several other near-
Earth objects. If we assume a grain density of 3700 kg m~3, which is
typical for an ordinary chondrite meteorite analog (eg., Ostro et al.,
2006), then we estimate a porosity of about 40%. Under the assumption
of equal density, the mass of the secondary is about 3.8 x 10° kg, which
is <1% of the mass of the primary. The mass of the secondary would
generate a reflex motion by the primary of about 10 m around the sys-
tem barycenter, which is less than the finest range-resolution of the
Arecibo images, making it undetectable in the radar dataset. Due to the
lack of reflex motion in the observations, we are not able to obtain an
independent estimate of the mass of the secondary. Reflex motion has
been detected in radar observations of other binary systems, such as
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Table 7
Estimates of Doppler separations between secondary and primary COMs in the
echo power spectra.

Date Doppler separation Doppler separation Obs.
YYYY MM DD. (Hz) Uncertainty (Hz)

DDDDD

(UTC)

2003 11 14.22250 6.92 2.0 G
2003 11 14.22590  6.92 2.0 G
2003 11 14.22991  6.52 2.0 G
2003 11 15.19894  7.61 2.0 G
2003 11 15.20244  7.61 2.0 G
2003 11 15.20650  7.61 2.0 G
2003 11 23.12676  2.58 0.8 A
2003 11 23.13032 2.58 0.8 A
2003 11 24.12286  2.33 0.8 A
2003 11 24.12654  2.13 0.8 A
2003 11 26.12120 1.82 0.8 A
2003 11 26.12523  1.82 0.8 A

Note—Doppler separations are the secondary COM minus the primary COM.
Notation is the same as in Table 6. Section 6 explains the method used to obtain
these measurements.
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Fig. 16. Delay (top) and Doppler (bottom) residuals of the best-fit mutual orbit
normalized by the weight of the measurements.

2000 DP107 (Margot et al., 2002; Naidu et al., 2015) and 1999 KW4
(Ostro et al., 2006).

7. Size and spin limits on additional satellites
Other than the primary and secondary, no other echoes are visible in

the radar data. The SNR of an object can be maximized by matching the
frequency resolution of the data with the bandwidth of the echo, but
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Table 8

Bulk densities estimated for selected near-Earth objects.
Asteroid Density (kg m~3) Reference
433 Eros 2670 + 30 Yeomans et al., 2000
6489 Golevka 2700 + 400/—-600 Chesley et al., 2003
25143 Itokawa 1900 + 130 Fujiwara et al., 2006
65803 Didymos (system) 2170 + 350 This paper
66391 (1999 KW4) (primary) 1970 + 240 Ostro et al., 2006
66391 (1999 KW4) (secondary) 2810 + 0.82/-0.63  Ostro et al., 2006
101955 Bennu 1190 + 13 Lauretta et al., 2019
136617 (1994 CC) (system) 2100 + 600 Brozovi¢ et al., 2011
153591 (2001 SN263) (primary) 1100 + 200 Becker et al., 2015
162173 Ryugu 1190 + 20 Watanabe et al., 2019
185851 (2000 DP107) (primary) 1380 + 250 Naidu et al., 2015
185851 (2000 DP107) (secondary) 1050 + 250 Naidu et al., 2015

276049 (2002 CE26) 900 + 500/—400 Shepard et al., 2006

because we do not know the bandwidth of any potential tertiary signal,
we searched for it by processing the echo power spectra and delay-
Doppler images with different Doppler frequency resolutions. We also
tried summing several runs together to increase SNRs of any additional
objects and to look for moving pixels. We inspected individual images
and also animated them, a technique that has proven effective to detect
the delay-Doppler motion of satellites with weak SNRs. Despite all of
these searches, we did not find evidence for additional satellites.
Nevertheless, we can use the non-detection to place bounds on the
diameter and rotation period of any possible companions.

In general, the radar detectability of a target, which is the ratio of the
echo power to the root-mean-square statistical fluctuation of the noise
power, is directly proportional to the projected cross-section of the
target in the plane-of-sky and inversely proportional to the square root
of the target’s spin period (e.g., Harmon et al., 2004). We assume that
any potential companion would be spheroidal and that any echo with a
signal-to-noise ratio > 4 would be visible. Eq. (4) in Harmon et al.
(2004) provides a means to estimate if an echo from an object will be
detectable. Applying the equation and incorporating observational pa-
rameters relevant to Didymos, we get R°P < 31250 m>h, where R is the
radius of the potential satellite in meters and P is its spin period in hours.
This provides a joint constraint on diameters and rotation periods that
yield SNRs too weak for us to detect. The faster the spin period of an
undetected satellite, the larger its radius can be. For example, a rotation
period of P > 0.3 h implies R < ~50 m. Faster rotation periods allow
larger satellites to remain undetected, but within limits: asteroids larger
than about 150 m in diameter rarely have spin periods faster than 2.1 h
(Pravec et al., 2002) and all near-Earth asteroid satellites with known
spin periods have values greater than 2.1 h (Margot et al., 2015; Pravec
et al., 2016). A spin period of 2.1 h provides a constraint that R < 25 m.

8. Gravitational environment

Assuming a uniform density of 2170 kg m~3, we mapped the gravity
field on the surface of the primary using the method of Werner and
Scheeres (1997). The assumption of uniform density is justified by the
small internal density variations observed on other asteroids such as
Eros (Yeomans et al., 2000). The acceleration on the surface of the
asteroid is given by the sum of the acceleration due to mass and the
centrifugal acceleration. Fig. 17 shows the magnitude of the total ac-
celeration. The acceleration varies between 0.23 mm s~2 at the poles to
close to 0 mm s~ 2 at the equator. The acceleration map forms concentric
rings around the spin axis, indicating that centrifugal acceleration
makes a significant contribution to the overall gravity field, similar to
asteroids 1999 KW4 (Ostro et al., 2006), 2000 DP107 (Naidu et al.,
2015), and other top-shaped asteroids.

Fig. 18 shows the corresponding gravitational slopes, i.e., the angles
subtended by the local acceleration vector and the corresponding sur-
face normal pointing inwards. The gravitational slopes vary between
~0° at the poles to ~180° at the equator. The high slopes indicate that,



S.P. Naidu et al.

view from +x

view from -x

view from +y

view from -y

Icarus 348 (2020) 113777

view from +2z

view from -z

L N

0,005 0.063

0.121

0,179 0.237

gravity (mm/s’}

Fig. 17. Magnitude of the vector sum of acceleration due to gravity and centrifugal acceleration. We assumed a uniform density of 2170 kg m ™~ and a spin period of
2.26 h. Centrifugal acceleration makes a significant contribution to the total acceleration and at the equator it almost cancels out the acceleration due to gravity.

at the equator, the centrifugal acceleration is stronger than the accel-
eration due to the asteroid’s mass. The mid-latitudes mostly have slopes
between 45 and 90° that are greater than the angle of repose of most
geological materials, which are typically between ~35-45°. This sug-
gests that the surface might lack fine-grained regolith, which tends to
have a lower angle of repose. There could also be cohesion that is
keeping the surface intact or the density of the asteroid is higher than the
nominal value estimated in this paper. Scaling the shape model di-
mensions down by 5% reduces the slopes almost everywhere on the
equator to <90°.

9. Structural analysis and formation of the equatorial ridge

In this section we investigate possible mechanisms for forming the
primary’s shape and its equatorial ridge, and infer mechanical proper-
ties such as its minimum cohesive strength and internal structure. We
use a tool called ANSYS Mechanical APDL (version 18.1) to conduct a
plastic finite element model (FEM) analysis to study deformation and
determine the minimum cohesive strength required to maintain the
primary’s shape (Hirabayashi and Scheeres, 2014; Hirabayashi et al.,
2016; Hirabayashi and Scheeres, 2019). This FEM analysis was first
given by Hirabayashi et al. (2017), and detailed analyses were also
conducted by Zhang et al. (2017) and Zhang et al. (2018), who
employed a Soft-Sphere Discrete-Element Model (SSDEM) technique,
confirming consistency with this technique. Our FEM technique consists
of a linear elastic mode and a perfect plastic deformation mode that
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assumes an associated flow rule (Hirabayashi and Scheeres, 2019).
Young’s modulus is fixed at 107 Pa (Lambe and Whitman, 2008), while
Poisson’s ratio is defined as 0.25. Failure happens when an element
starts experiencing plastic (or irreversible) deformation and is modeled
by using the Drucker-Prager yield criterion (Chen and Han, 2007),
which is a function of friction angle and cohesive strength. The friction
angle is fixed at 35°, which is a typical value for geological materials
(Lambe and Whitman, 2008) and cohesive strength is treated as a free
parameter to determine the minimum value needed to maintain Didy-
mos’ current shape.

We determine the minimum value of cohesive strength that is
required to keep the current stress in the body less than or equal to its
yield stress. We study the failure modes at two different spin periods: its
current spin period of 2.26 h and a longer spin period of 3.5 h, which the
Didymos primary might have gone through in the past. These two cases
demonstrate different possible failure mechanisms that Didymos may
have undergone to attain its current shape. We assume a uniform
structure and a bulk density of 2170 kg m 3.

For the 2.26-h spin period case, the failure mode of Didymos should
be structural failure in the interior (panels a and b in Fig. 19), which has
widely been discussed by earlier works (e.g., Hirabayashi et al., 2017;
Zhang et al., 2017; Zhang et al., 2018; Hirabayashi and Scheeres, 2019).
The critical deformation mode consists of outward deformation on the
equatorial plane and vertical deformation in other regions (panel a in
Fig. 19), which is consistent with the failure mode of other spinning top-
shaped asteroids (Hirabayashi and Scheeres, 2019). Because of this
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Fig. 18. Gravitational slopes on the surface of the shape model. We assumed a uniform density of 2170 kg m~> and a spin period of 2.26 h. Slopes are close to 0° at
the poles and are mostly close to 180° at the equator. Slopes at the mid-latitudes are between 45 and 90°.

failure mode, the surface regions at low latitudes may also experience
failure (Fig. 19b). The minimum cohesive strength at this spin period is
~20 Pa, similar to that of Ryugu, which has a value of ~4 and ~ 10 Pa
(Watanabe et al., 2019; Hirabayashi et al., 2019).

Contrary to the 2.26-h spin period case, the 3.5-h spin period case
shows a different failure mode. Hirabayashi (2015) first predicted that if
a spheroidal object that rotates slowly has nearly zero cohesion, then the
surface condition becomes more sensitive to failure than the interior.
Applying his technique, we find that Didymos should occupy this mode
when the spin period is >~2.5 h. Fig. 19¢ and d show examples of
structural failure at a spin period of 3.5 h. Local patches of failure
randomly spread over the surface but tend to be located at low latitudes
(Fig. 19d) where the gravitational slope is high (Fig. 18). The defor-
mation vectors mainly point toward the center (Fig. 19d). Note that the
lengths of the vectors are enhanced to describe the direction of the
deformation.

Fast rotation is one of the contributors to the formation of a spinning
top-shaped asteroid, and previous work hypothesized that either land-
slides (Walsh et al., 2008; Minton, 2008; Harris et al., 2009; Walsh et al.,
2012) or internal deformation (e.g., Hirabayashi and Scheeres, 2014)
may result in the equatorial ridge formation. Importantly, these two
different failure modes can be reconciled by considering the internal
heterogeneity (Hirabayashi, 2015). As discussed above, if the structure
is uniform, then internal deformation may be a primary contributor to
ridge formation. If there is a strong core, then the interior can resist
against strong loadings, while the surface regions may fail, causing mass
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wasting. These scenarios were examined by Zhang et al. (2017, 2018).
Also, Hirabayashi (2015) pointed out that even if the spin period does
not reach an asteroid’s critical spin, thin surface layers may structurally
fail (Fig. 19c and d), possibly causing mass movement at a limited level.
However, if this process continues for a long period, it may result in the
formation of the equatorial ridge.

At present, we cannot rule out these processes as contributors to the
formation of the ridge. The DART, LICIACube, and Hera missions could
place strong constraints on the formation of equatorial ridges on rapidly
spinning asteroids. Specifically, detailed images of the surface
morphology of Didymos will determine how deformation occurs in a
microgravity environment and provide constraints on the internal
structure of this asteroid.

10. Future radar opportunities

Didymos will closely encounter Earth within 0.071 au on October 4,
2022, a few days after the DART impact. During this apparition Didymos
will be a moderately strong radar target at Goldstone and an imaging
target at Arecibo. Goldstone will be able to observe Didymos before,
during, and after the planned DART impact, and Arecibo will be able
observe it starting about 24 days after the impact. The Green Bank
Telescope (GBT) will be able to receive echoes starting the day after the
impact. Estimated Goldstone monostatic, Goldstone-GBT bistatic, and
Arecibo radar SNRs and view periods are listed in Tables A1-A4. The
SNR calculations assume Arecibo and Goldstone transmitter powers of
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Fig. 19. Stress solutions from the finite
element model analysis of Didymos. Yellow
indicates regions where stress is greater than
yield stress. The spin axis is along the verti-
cal direction. a and b show the solution at a
spin period of 2.26 h whereas ¢ and d show
the solution for a 3.5 h period. a and ¢ show
stress on a cross section through the center,
while b and d show stress on the surface of
the asteroid. The arrows indicate the total
deformation vectors and their lengths are
proportional to magnitudes of stress. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the web version of this article.)

900 KW and 450 KW, respectively.

The peak Goldstone SNRs in 2022 will be about 10 per run around
the time of the close approach to Earth. This is strong enough to detect
the primary with Doppler-only echo power spectra and coarse-
resolution delay-Doppler images. Monostatic observations could pro-
vide a resolution of 150 m/pixel, which is twice as coarse as the finest
Goldstone images obtained in 2003. Echoes from the secondary will be
weak but should be detectable using integrations over at least several
transmit/receive cycles. Goldstone observations in 2022 will not resolve
the secondary because the SNRs will be too weak. View periods at
Goldstone during the dates with the strongest SNRs vary from 3 to 7.5 h.
Thus, observations in early October could cover one full rotation by the
primary and about one fourth of a revolution by the secondary. By mid-
October, Goldstone observations could cover somewhat more than half
of a revolution by the secondary and three rotations by the primary. This
assumes that observations occur during the entire interval when the
asteroid is at least 20° above the horizon at Goldstone. After mid-
October, the SNRs for the secondary at Goldstone will drop below the
threshold for detection. Time at Goldstone has already been requested
but the detailed schedule will not be available until the summer of 2022.

We can increase the Goldstone SNRs by at least a factor of two by
receiving at the Green Bank Telescope. This should improve the range
resolution by a factor of two to 75 m/pixel on dates when the asteroid is
closest and match the finest range resolution obtained at Goldstone in
2003. Due to the southern declinations of Didymos and the longitude
and latitude differences between Goldstone and GBT, the first date when
reception of Goldstone transmissions is possible at GBT is on October 1,
the day after the nominal DART impact date.

Didymos enters the declination window at Arecibo on October 24,
about three weeks after the DART impact (Tables A2 and A4). The
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primary will be detectable with SNRs of about 70 per run from late
October to early January and the satellite will be detectable at SNRs
greater than about two per round-trip light time from late October until
early December. If the DART impact occurs on September 30, then it
should be possible to use radar observations to check for orbital changes
for about 2 months after impact before the SNRs become too weak.

The lengths of the observing tracks at Arecibo will vary from a
minimum of 40 min on October 24 to a maximum of 2.8 h in late
November. After late November the view periods will gradually shrink
to about 2.3 h by early January. The SNR/run will be about seven times
stronger than the SNRs at Goldstone but only 1/3 as strong as they were
at Arecibo in 2003. Consequently, Arecibo images in 2022 will be less
detailed than in 2003, when the finest resolution was 15 m/pixel, but
should still achieve a resolution of 30 m/pixel that will place >100
pixels on the primary and show moderate levels of detail. Echoes from
the secondary could show 2-3 pixels in time delay and will be too weak
for detailed imaging. These images will not show changes to the surface
of the satellite due to the impact, which are expected to be on scales that
are much smaller than the radar imaging resolution.

If the orbital period of the secondary changes by 1% due to the DART
impact, then the rate of change of the orbital phase of the secondary with
respect to the no-impact case would be about 7°/day, which corresponds
to ~140 m/day change in the secondary’s position along its orbit.
Depending on the orbital phase at the time of observation and the
observing geometry, this change could be detectable within a few days
of observations at Goldstone and easily at Arecibo. Good knowledge of
the pre-impact orbit, which can be obtained by radar observations for a
few days at Goldstone and optical observations for several weeks before
the impact, will be necessary to measure the drift in orbital phase due to
impact.
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After 2022, the next opportunity for radar observations of Didymos
with existing facilities will be in October 2062, during an approach
within 0.050 au, when the SNRs at Goldstone and Arecibo or equivalent
facilities should be comparable to those obtained in 2003.
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