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We report radar and optical photometric observations of near-Earth asteroid (214869) 2007 PA8 obtained
during October 2-November 13, 2012. We observed 2007 PA8 on sixteen days with Goldstone (8560 MHz,
3.5cm) and on five days with the 0.6 m telescope at Table Mountain Observatory. Closest approach was
on November 5 at a distance of 0.043 au. Images obtained with Goldstone’s new chirp system achieved
range resolutions as fine as 3.75m, placing thousands of pixels on the asteroid’s surface, and revealing

Keywords: that 2007 PAS8 is an elongated, asymmetric object. Surface features include angularities, facets, and a con-
Asteroids cavity approximately 400 m in diameter. We used the Shape software to estimate the asteroid’s 3D shape
Rotation and spin state. 2007 PA8 has a broad, rounded end and a tapered, angular end with sharp-crested ridges.

Radar observations The asteroid’s effective diameter is 1.35 £ 0.07 km, which in combination with the absolute magnitude of

16.30+0.52 gives an optical albedo of py = 0.29 4+ 0.14. The shape modeling of the radar data revealed
that 2007 PA8 is a non-principal axis (NPA) rotator in the short-axis mode with an average period of
precession by the long axis around the angular momentum vector of 4.26 +0.02 days and an oscillatory
period around the long axis of 20.55 +3.75 days. The amplitude of rolling around the long axis is 42 +7°.
The angular momentum vector points toward ecliptic longitude and latitude of 273.6 +10°, +16.9 +5¢°.
2007 PA8 is only the second confirmed short-axis mode NPA rotator known in the near-Earth asteroid
population after (99942) Apophis (Pravec et al., 2014). 2007 PA8 has a geopotential high at the equator,
where the equator is defined as the plane that contains the long and intermediate axis. This geopotential
extreme could be interpreted as a large, hidden surface depression, or as evidence that 2007 PA8 is a
multi-component body.

© 2016 Elsevier Inc. All rights reserved.

Planet Center. 2007 PA8 has an unusual orbit (semi major axis =
2.823 au, eccentricity =0.662, inclination = 1.98°, perihelion dis-

1. Introduction

Near-Earth asteroid (214869) 2007 PA8 was discovered by
MIT’s Lincoln Laboratory LINEAR survey on August 9, 2007 and
is classified as a “Potentially Hazardous Asteroid” by the Minor
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tance = 0.955au, aphelion distance = 4.692 au) that resembles
those of Jupiter-family comets. 2007 PA8 has a Tisserand parameter
of T = 2.947, which is below the threshold of T = 3.0 that is of-
ten thought to separate asteroidal (T > 3.0) from cometary (T < 3.0)
orbits. For the time period between 1900 and 2100, JPL’s Hori-
zons on-line solar system data and ephemeris computation ser-
vice (http://ssd.jpl.nasa.gov/horizons.cgi, Giorgini et al., 1996) lists
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Table 1
Lightcurve observations from Table Mountain Observatory in October of 2012.
Date Time range START (UTC) STOP RA (°) Dec (°) Apmag (mag) Distance (au) SOT (°) TOM (°) Mu. (°) Filters
Oct 2 04:57 07:33 13.9 =21 14.3 0.241 1721 233 95.6 R
Oct 17 06:06 10:20 20.5 -73 131 0.132 163.2 143.4 4.8 BVRI
Oct 28 05:47 09:37 38.7 -17.3 11.9 0.068 148.9 354 97.8 BVRI
Oct 30 06:50 09:56 46.2 -204 11.8 0.059 143.9 375 99.8 R
Oct 31 06:58 09:48 51.1 -22.2 11.7 0.055 140.6 41.0 98.0 R

The times show the start and stop times for each lightcurve. RA and Dec are J2000.0 astrometric right ascension and declination of 2007 PA8 center in mid-epoch of
observations. We also list the asteroid’s approximate apparent visual magnitude (Apmag) from the standard IAU H-G magnitude relationship, distance from Earth in au,
Sun-Observer-Target (SOT) angle, Target-Observer-Moon (TOM) angle, and percentage of the Moon’s illumination (Illu.). The last column shows the filters used on each day.
We used lightcurves from R-band photometry (effective wavelength 0.63 pm) in our analysis.

six <0.1 au approaches of 2007 PA8 to Earth and four to Mars.
In addition, there are also eight 1.5-2.0 au approaches to Jupiter.
2007 PA8 is one of several dozen near-Earth asteroids (NEAs) with
comet-like orbits that have been detected with radar.

Nedelcu et al. (2014) obtained near infrared (NIR) spectra (0.8-
2.5pum) of 2007 PA8 with NASA's Infrared Telescope Facility (IRTF).
By comparison with meteorite spectra they found that the best
fit for the spectrum of 2007 PA8 corresponded to an H5 ordinary
chondrite. Fornasier et al. (2015) acquired visible and NIR spectra
(0.38-2.41um) using the Telescopio Nazionale Galileo (TNG). From
the mineralogical analysis they concluded that 2007 PA8 has a
composition consistent with L chondrites, and identified the Gefion
family as the most likely source region. Sanchez et al. (2015) ob-
tained NIR spectra (~0.7-2.55 pm) with the IRTF and their analysis
has shown that 2007 PA8’s composition is consistent with olivine
(Fa;g(Fogy)) and pyroxene (Fsqg), with an olivine abundance of 47%.
These values are consistent with an H ordinary chondrite classi-
fication. Moreover, Sanchez et al. (2015) found a possible affinity
with either H4 or H5 chondrites, suggesting that 2007 PA8 could
have originated in the interior of a larger body that experienced
some degree of thermal metamorphism.

On November 5, 2012, 2007 PA8 approached the Earth within
0.0433 au (16.8 lunar distances), the closest encounter by this as-
teroid for at least one hundred years. We organized an exten-
sive observing campaign at radar and optical wavelengths during
October and November to characterize it. Although nothing was
known about the object’s physical properties prior to the flyby,
the absolute magnitude Hy = 16.4 (Minor Planet Center database,
http://www.minorplanetcenter.net/iau/MPCORB/MPCORB.DAT) sug-
gested a diameter within a factor of two of 1.8 km. Here we de-
scribe shape and spin state estimation from inversion of the radar
data. We find that 2007 PA8 is in an excited, short axis mode
(SAM) spin state, similar to that of (99942) Apophis (Pravec et al.,
2014), the only other SAM rotator currently known in the near-
Earth asteroid population.

2. Observations and data reduction
2.1. Photometric observations

We observed 2007 PA8 with the 0.6 m telescope at Table Moun-
tain Observatory on 5 days between October 2 and 31. The observ-
ing conditions were not ideal, given that the object was between
23 and 41° from a nearly full Moon on four of the nights. The opti-
cal observations are summarized in Table 1. The photometric data
were reduced with IRAF and custom built software (Hicks et al.,
2014).

The lightcurves showed small magnitude variations over several
hours of photometric observations and hinted at slow rotation. The
longest lightcurve was obtained on October 17. It covers 4.23 h dur-
ing which the brightness changed by ~ 0.3 mag. A Fourier analy-
sis that yielded a rotational period of 95.14+3.4h was reported in

Hicks et al. (2012a). The large uncertainty is due to the sparse data
set.

2.2. Radar observations

We observed 2007 PA8 at Goldstone (8560 MHz, 3.5cm) on
16 days between October 16 and November 13, 2012 (Table 2)
as the asteroid traversed ~120° across the sky. The asteroid
was too far south for observations at Arecibo during this ap-
parition. The SNRs on October 16 were much stronger than ex-
pected and enabled coarse resolution imaging. The closest ap-
proach occurred on November 5 at 0.043 au with signal-to-noise
ratios (SNRs) of several thousand per day that were suitable for
the highest resolution imaging possible at Goldstone. The observa-
tions concluded on November 13, when 2007 PA8 was outbound at
0.065 au.

We used three observational setups: Doppler-only, binary phase
coded (BPC) waveforms for ranging and intermediate resolution
imaging, and linear frequency modulation (LFM) or chirp wave-
forms for high resolution imaging. During Doppler-only observa-
tions, we transmit a circularly polarized electromagnetic wave of
constant amplitude and frequency. The wave reflects off the surface
and the target’s rotation spreads the signal in Doppler frequency.
The Doppler broadening of the echo is a function of the asteroid’s
rotation period, diameter, and spin axis orientation with respect to
the radar-line-of sight (Ostro, 1993):

4nD
B=7r W
where B is the echo bandwidth, P is the rotation period, D is the
object’s diameter, A is the radar wavelength, and ¢ is the subradar
latitude.

The reflected wave returns in the same sense of circular po-
larization (SC) as the outgoing beam and in the opposite sense
(OC). Echoes from a surface that is smooth at decimeter scales
will return almost entirely in the OC channel. SC echoes can
result from multiple scattering from rough surfaces, single scat-
tering from surfaces with radii of curvature comparable to the
radar wavelength, and from coherent backscattering. The ratio of
the two echoes, SC/OC, is a proxy for the target’s near-surface
complexity or roughness.

Binary phase coded and chirp waveforms are used for rang-
ing and delay-Doppler imaging. With BPC observations, we con-
tinuously transmit a circularly polarized electromagnetic wave as
in Doppler-only observations, but the transmitted signal is phase-
modulated via a repeating pseudo-random binary code. We use
BPC observations in order to achieve resolutions up to 18.75 m. The
chirping setup utilizes linear frequency modulation (Slade at al.,
2011; Quirk and Srinivasan, 2013) as an alternative way to mod-
ulate the carrier wave. This method allows us to utilize the full
40 MHz bandwidth of Goldstone’s klystron amplifiers. Chirping at
40 MHz gives a range resolution of 3.75 m.

We used data reduction techniques that were nearly identical
to those described in Magri et al. (2007). During the observations,

cos(d)
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Table 2
Masterlog of Goldstone radar observations in October and November of 2012.

Date Time range (UTC) Setup Resolution Code Runs RA Dec Distance Sol
START STOP (us) (Hz) Q) Q) (au)

Oct 16 06:37:10-07:02:54 Doppler-only - 0.100 - 6 20 -7 0.139 69
07:15:26-07:31:44 BPC 10 6.152 127 4 69
07:40:35-07:52:09 BPC 1 5.592 127 3 69
08:10:17-09:37:01 BPC 1 0.120 255 19 71

Oct 17 06:43:14-07:12:06 Doppler-only - 0.100 - 7 21 -7 0.133 73
07:23:54-08:28:21 BPC 1 0.060 127 15 73

Oct 18 05:44:13-06:16:40 Doppler-only - 0.100 - 5 21 -8 0.126 75
06:26:50-09:19:36 BPC 1 0.060 127 41 75

Oct 19 06:11:04-06:29:17 Doppler-only - 0.050 - 5 22 -8 0.120 77
06:42:28-09:11:07 BPC 0.5 0.060 127 37 77

Oct 28 06:20:10-06:28:17 Doppler-only - 0.050 - 4 39 -17 0.068 79
06:46:45-06:59:27 BPC 1 0.479 255 6 79
07:10:13-07:32:20 BPC 0.25 0.032 127 10 81
07:39:34-11:10:43 BPC 0.125 0.016 255 91 81

Oct 29 05:06:08-05:15:51 Doppler-only - 0.050 - 5 42 -19 0.064 81
05:23:33-08:00:39 BPC 0.125 0.018 255 73 81

Oct 30 08:16:02-08:24:58 Doppler-only - 0.050 - 5 47 -21 0.058 83
08:29:59-11:14:56 BPC 0.125 0.020 255 83 83

Oct 31 05:51:05-05:59:31 Doppler-only - 0.050 - 5 51 -22 0.055 85
06:08:21-07:35:11 BPC 0.125 0.021 255 46 85

Nov 02 07:00:56-07:08:15 Doppler-only - 0.050 - 5 64 -26 0.048 87
07:16:58-07:49:27 BPC 0.125 0.024 255 20 87
08:37:32-09:49:11 Chirp 0.05 0.025 1000 44 87

Nov 03 08:11:18-08:18:16 Doppler-only - 0.050 - 5 72 -28 0.046 89
08:26:36-11:10:36 Chirp 0.05 0.025 1000 106 89

Nov 05 09:15:00-09:45:00 Doppler-only speckle with Pie Town and Los Alamos
11:10:48-11:49:36 Chirp 0.025 0.028 2000 20 90 -30 0.043 91
11:56:48-12:35:36 Chirp 0.05 0.028 1000 20 91

Nov 06 10:15:00-10:45:00 Doppler-only speckle with Pie Town and Los Alamos
11:05:07-11:39:39 Chirp 0.025 0.028 2000 24 100 -30 0.043 91

Nov 08 10:30:00-11:00:00 Doppler-only speckle with Pie Town, Los Alamos, and VLA
11:09:04-13:19:32 Chirp 0.05 0.025 1000 82 118 -28 0.047 93

Nov 11 10:56:03-11:04:39 Doppler-only - 0.050 - 5 137 -23 0.056 95
11:13:13-14:05:06 BPC 0.125 0.020 255 90 95

Nov 12 11:01:05-11:10:18 Doppler-only - 0.050 - 5 142 =21 0.060 95
11:22:27-12:44:01 BPC 0.125 0.019 255 40 95

Nov 13 11:06:10-11:59:29 BPC 0.125 0.018 255 25 145 -20 0.065 97

Observations were conducted monostatically at X-band (8560 MHz, 3.5 cm) with an average transmitter power of 450 kW. The echoes were received in SC and OC polariza-
tions. The times show the start and end of the reception of echoes for each setup on each day. The data resolution is given in time delay or baud (us) and Doppler frequency
(Hz). “Code” refers to the length of the repeating binary phase code or the pulse length for chirped imaging. The “ranging” data represent coarse imaging data that were used
for the first-order orbital improvements. Right ascension, declination, and distance (in au) are given at the beginning of each observation session. We also list the number of
transmit-receive cycles (runs) and the orbital solution (Sol) used to compute delay-Doppler ephemeris predictions.

each run consists of a radio signal transmitted for the duration of
the round-trip-time (RTT) between the observer and the target, fol-
lowed by reception of the echo for the same duration less the time
required to switch from transmit to receive. The data collected
during one run are processed with Fast Fourier Transforms (FFTs)
of a certain length that defines the Doppler resolution. If we use
the entire receive duration of a run to resolve the data, then we
have a single measurement, or “look” per run. If we use an FFT
length that is shorter, giving coarser Doppler resolution, then we
can obtain more statistically independent measurements (Njgoks)
per run. The data from different runs are combined into inco-
herent sums in order to reduce the fractional noise fluctuation
by\/ > runs Niooks-

Fig. 1 shows echo power spectra obtained on each day. Spectra
obtained on October 16, 18, and 31 have an asymmetric appear-
ance, the data from October 17 and November 12 show a central
dip, and the OC spectrum on October 29 shows a large spike, pos-
sibly from a specular glint. The bandwidth changed significantly
from day to day, either due to the asteroid’s elongation, a change
in subradar latitude, or both. We estimated bandwidths visually by
measuring the width of the OC spectra where the signal was at
least three standard deviations above the noise level. The maxi-

mum and minimum bandwidths were 1.5Hz on October 16 and
0.9 Hz on November 3.

We also conducted radar speckle tracking (Busch et al., 2010)
observations on November 5, 6, and 8 in an attempt to con-
strain the spin state. The speckle experiment used Goldstone to
transmit and Pie Town, Los Alamos, and elements of the Very
Large Array (VLA) as the receiving stations. As the asteroid spins,
its radar speckle pattern passes over one receiving antenna and
then the other, producing a time lag. We obtained usable time lag
measurements on November 5 and 6 (Fig. 2). The time lags be-
tween Los Alamos and Pie Town were —1.1 4+ 0.3s at 2012 Nov.
5 09:30 UTC and —14 + 0.5s at 2012 Nov. 6 10:30 UTC. The
time lags are consistent with either retrograde rotation or with a
range of pole directions with high-obliquities, but they do not pro-
vide enough information for more stringent constraints on the spin
state.

The delay-Doppler images resolve the echo in range and pro-
vide lower bounds on the object’s size. The first delay-Doppler im-
age from October 16 was obtained by integrating 1ps (150 m res-
olution) data for almost 1.5h. The echo is asymmetric and has a
visible extent of ~600 m. Asymmetry was also evident in the echo
power spectrum from the same day (Fig. 1). Images obtained on
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Fig. 1. OC (thin solid line) and SC (dashed line) echo power spectra. Each spectrum is a daily sum with start-stop times listed in Table 2, except for October 18, when the
sum spans the interval between 05:44:13 and 05:54:45 UTC. The observations from October 16 to 19 have a Doppler resolution of 0.1 Hz and others have a resolution of
0.05 Hz. In chronological order, the number of looks in each spectrum are 78, 84, 36, 55, 12, 10, 10, 10, 10, 10, 10, 10, respectively. The thick solid line represents the shape

model fits to the OC spectra discussed in Section 3.5.

October 17, 18, and 19 provided clear evidence that 2007 PAS8 is
a moderately elongated object with a rotation period slow enough
that a 1.5 h integration did not produce excessive rotational smear-
ing. By late October, 2007 PA8 was significantly closer and the
SNRs were much stronger. Imaging during the rest of the campaign
used range resolutions between 18.75m and 3.75 m.

Fig. 3A and B show high-resolution delay-Doppler images and
Table 3 lists their visible extents and bandwidths. The bandwidth
of 2007 PAS is consistently narrow, so the imaging data were pro-
cessed with the finest Doppler resolution available, which is deter-
mined by the inverse of the round-trip-time less the time needed
to switch from transmit to receive (~ 3s at Goldstone). Delay-
Doppler images from October 28 to 31 (Fig. 3A) show different
orientations on each day and the bandwidths alternate between
narrow and wide over these four days. The October 28 image has
a flat leading edge. In contrast, the October 30 and 31 echoes are
angular.

The radar images reveal evidence for at least three relatively
large radar-dark features that could be concavities. Feature C1 has
a visible extent of at least 200 m in images on October 28 and 31.
Feature C2 has a visible extent of at least 300 m in images on Oc-
tober 28 and 29. Feature C3 has a visible extent of at least 600 m
in images on October 30 and 31. All radar-dark features are out-
lined by bright pixels, suggesting that the surrounding surface is
elevated and/or includes surfaces oriented closer to normal to the

line of sight, thus making them more reflective. The radar-dark ar-
eas could also be interpreted as areas that are less reflective due
to lower density, but concavities seem more likely given that they
have been observed on the surfaces of (433) Eros and (4179) Tou-
tatis in spacecraft images (Veverka et al., 2000; Huang et al., 2013).
Features C2 and C3 rotate ~90° between consecutive days and sug-
gest a rotation period of ~4 days, which is consistent with the pe-
riod estimated from photometry. The orientation of the asteroid
seen on November 2 closely resembles the asteroid’s appearance
on October 29, including feature C2 in a similar position in the
image.

Starting on November 3, features become more difficult to iden-
tify between the early and later dates. For example, images ob-
tained on October 30 and November 3 appear to show the asteroid
in a similar orientation, and although the echo outline has a simi-
lar elongated and angular appearance, formerly prominent feature
C3 is no longer visible on November 3 (Fig. 3A). Similarly, the as-
teroid’s orientation on November 5 (Fig. 3B) does not correspond
to the appearance in any of the previous delay-Doppler images and
it is not clear if the ~400 m diameter, circular radar-dark feature in
Fig. 3B is feature C2 or something else. Fig. 3B also shows three ad-
ditional radar-dark features that are labeled C4, C5, and C6. These
features could be small concavities viewed close to edge-on. Delay-
Doppler radar images are non-intuitive and can be difficult to in-
terpret without a 3D shape model of the object. We will show later
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Radar Speckle Tracking of 2007 PA8
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Fig. 2. Radar speckle tracking observations on November 5 and 6, using the Pie Town and Los Alamos stations of the Very Long Baseline Array. The plots show the normalized
correlation amplitude of the radar echo power received by Pie Town with that received by Los Alamos for a range of time lags during each speckle tracking session. The
peaks indicate the true time lag of the speckle pattern. Negative time lags mean that a given part of the speckle pattern arrived at Pie Town first.

in shape modeling that the radar-dark features do correspond to
concavities.

We searched the highest resolution and strongest SNR images
for persistent radar-bright spots that could suggest boulders but
did not find compelling evidence for any. Our search included
animating sequences of images from the longest tracks to search
for small bright features that moved in a regular pattern as the as-
teroid rotates. This approach has led to discovery of boulder candi-
dates on other near-Earth asteroids such as Toutatis and (341843)
2008 EV5 (Benner et al., 2015). With 2007 PAS8, little rotation
is evident within radar images from a given day (e.g. Supple-
mentary Fig. 1), and this approach did not reveal any candidate
boulders.

3. Shape modeling

We used the Shape software (Hudson 1994; Magri et al., 2007)
which utilizes a constrained, weighted least-squares minimization
procedure to search for the best set of model parameters to de-
scribe a target object’s shape, size, spin state, and radar and op-
tical scattering properties. Shape’s algorithm steps though the pa-
rameter space by sequentially adjusting individual parameters to
decrease x2. In delay-Doppler space, the size, pole direction, and
spin rate are correlated, and can be difficult to untangle unless an
extensive data set is available. Even if good rotational coverage and
a variety of observing geometries are available, user involvement
in the parameter optimization is essential to prevent non-physical
fits.

The shape modeling data set consists of 12 echo power spectra
and 45 delay-Doppler images, covering 16 days from October 16 to
November 13 (see Supplementary Table 1). Each spectrum or im-
age has an integration time between 10 min and 1.4 h. We incoher-
ently summed as many runs as possible in order to maximize the
SNRs, while also keeping rotational smear to a minimum. For time-
delay resolutions between 0.125 us and 1.0 us, we summed data so

that rotational smear was < 10° (~ 2.7 h), but for fine delay reso-
lutions of 0.05us and 0.025ps, we summed data spanning < 5° of
rotation (~ 1.3 h).

The lightcurves were added to the shape modeling dataset only
after we have already achieved a good fit to the radar data. This
was done because the Shape software handles lightcurves in a
computationally costly manner and because all lightcurves except
on October 2 overlapped the much stronger radar data. This ap-
proach has been used successfully with several other NEAs pre-
viously (Hudson et al., 1997; Hudson and Ostro 1998; Bush et al.
2006; Magri et al., 2007).

3.1. Constraining the size and spin state

The visible extents in Table 3 provided a first order size con-
straint for 2007 PAS8. Using the maximum and minimum visible
extents, we started with a 2.30km x 1.05km x 1.05 km ellipsoid.
However, given the irregular shapes of the radar echoes, and likely
off-the-equator viewing geometries, we allowed the dimensions to
vary during the fit. The initial search for a spin state assumed
principal axis rotation. The pole direction was assigned fixed val-
ues in increments of 15° in ecliptic longitude, A, and latitude, 8.
The sidereal rotation rate was assigned fixed values from 80 to
100°/day, corresponding to periods between 3.6 days and 4.5 days,
in steps of 5°/day. A spin rate of 85°/day (period ~ 102 h) produced
the best fits.

The candidate poles clustered within either 10° of the south
ecliptic pole (retrograde pole) or around ecliptic longitude and lat-
itude A = 270°, B =+15° (high-obliquity pole). The speckle track-
ing results (Supplementary Fig. 2) start to exclude the pole around
B =-90° for periods >100h, but in these initial stages of shape
modeling, we decided to proceed with both pole regions.

We proceeded with a more sophisticated search using a shape
described by 10th order spherical harmonics (Magri et al., 2007).
The spin rate was allowed to vary. Representative harmonic fits
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Fig. 3. High-resolution delay-Doppler images. Time delay (distance) increases from
top to bottom and Doppler frequency increases from left to right. The vertical di-
mension of each image is 1.5 km and the horizontal dimension is 1.9 Hz. The images
are normalized so that the noise has zero mean and unit standard deviation. The
white arrows and letters mark features discussed in the text. A. Images from Octo-
ber 28 to November 3. B. Images from November 5 to 13. The range resolutions are
18.75m on Oct. 28-31 and Nov. 11-13; 7Z.5m on Nov. 2, 3, and 8; and 3.75m on
Nov. 5 and 6 (Table 2).

are shown in Supplementary Fig. 3 and their physical properties
are listed in Supplementary Table 2. Overall, the high-obliquity
pole model had lower reduced x?2 than the retrograde pole model
(x2=1.145vs. 1.185 is a statistically significant result given a num-
ber of degrees of freedom in the fit), supporting the conclusion
from the speckle tracking. However, even the best harmonic model
fits show persistent mismatches with the data.

Table 3

Doppler bandwidths and visible range extents.
Date Bandwidth (Hz) Af (Hz) Visible extent (m) Ad (m)
Oct 16 1.556 + 0.120 0.120 600 + 150 150
Oct 17 1.082 + 0.060 0.060 600 + 150 150
Oct 18 1.382 + 0.060 0.060 600 + 150 150
Oct 19 1.262 + 0.060 0.060 525 + 150 75
Oct 28 1.095 + 0.048 0.016 806 + 94 19
Oct 29 1.460 + 0.036 0.018 694 + 56 19
Oct 30 1.002 £+ 0.039 0.020 1031 + 56 19
Oct 31 1.322 + 0.042 0.021 938 + 38 19
Nov 2 1175 + 0.050 0.025 728 + 38 7.5
Nov 3 0.875 + 0.050 0.025 765 + 60 7.5
Nov 5 1.083 + 0.083 0.028 848 + 38 3.75
Nov 6 0.889 + 0.083 0.028 994 + 38 3.75
Nov 8 0.950 + 0.075 0.025 1148 + 60 7.5
Nov 11 1.500 + 0.040 0.020 619 + 56 19
Nov 12 1.010 + 0.056 0.019 844 + 75 19
Nov 13 1461 + 0.035 0.018 806 + 75 19

Doppler bandwidths and visible extents of the echoes estimated from radar images.
Af is the Doppler resolution and Ad is the range resolution. The dimensions were
estimated by counting pixels that were either contiguous or nearly contiguous with
the rest of the echo and that were at least three standard deviations above the noise
level. The uncertainties come from a subjective consideration of whether a pixel is
a part of the echo or not.

Fit R Data Fit HO

Retrograde

Fig. 4. Fits to the data of October 31 and November 11, generated from two differ-
ent shape models. Both models are tenth-order spherical harmonic expansions and
assume rotation about the short principal axis with a rotation period of ~102 h. The
collages show, from left to right: plane-of-sky renderings of the model with a ret-
rograde pole, fits, delay-Doppler radar data, fits for the model with a high obliquity
pole, and the high obliquity modeled plane-of-sky renderings. In the data and fits,
time delay increases from top to bottom, and Doppler frequency increases from left
to right. The plane of sky view is contained in a 2.3 x 2.3 km square with 201 x 201
pixels. The magenta arrow shows the orientation of the spin vector, and red and
green shafts denote the positive ends of the long and the intermediate axes. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

The PA spin state solutions put the asteroid in very similar ori-
entations on October 31 and November 11 with a subradar latitude
change of less than 10°. However, the radar echoes are dramati-
cally different on these two days (Fig. 4). The delay-Doppler images
from October 31 show a very angular leading edge of the echo, but
the leading edge looks very smooth and only slightly curved on
November 11. This strongly suggests that there is rotation about
the long axis and that 2007 PA8 is a non-principal axis (NPA)
rotator.

3.2. 2007 PA8 and NPA rotation

In this section, we investigate if the radar data are better de-
scribed by assuming NPA rotation. We first describe the mathe-
matical formalism of the excited spin states after which we discuss
implications and fits to the data.

Non-principal axis rotation is described by three Euler angles
(¢, 0, ) that orient the body in an inertial reference frame at
some epoch tg, by the spin vector W, and by the ratios of long,
intermediate, and short-axis moments of inertia (I;/Is, I;/Is). Here
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we adopt the Euler angle definition from Samarasinha and A’Hearn
(1991) and Samarasinha and Mueller (2015), which is different
from the convention used by Hudson and Ostro (1995) to describe
the rotation of asteroid (4179) Toutatis. In the Samarasinha and
A’Hearn notation, 0 is the angle between the angular momentum
vector and the long axis, 1 is the rolling angle about the long axis,
and ¢ is the phase angle of long axis rotation about the angular
momentum vector.

The ratio between the square of the angular momentum M and
the total rotational kinetic energy E determines if the object is in
an excited rotational state around the long axis (long axis mode
or LAM) or short axis (short axis mode or SAM). The LAM rotation
state occurs when I;/Is < M?/(2Els) <1;/Is and the SAM rotation oc-
curs when [;/Is < M2/(2Els) < 1. When viewed in an inertial frame,
an object in a LAM spin state rotates about the long axis with pe-
riod Py, the long axis rotates about the angular momentum vector
at a variable rate with an average period Py, and the long axis
nods (nutates) with period Py =Py, /2. For comparison, an object in
a SAM spin state oscillates (rolls) about the long axis with period
Py, the long axis rotates about the angular momentum vector at
a variable rate with an average period Py, and the long axis nods
with period Py =Py,. Hence, the main difference between LAM and
SAM NPA rotation is that in SAM the object does not completely
rotate about the long axis.

Shape’s least squares algorithm optimizes x2 one parameter at
a time, which makes it susceptible to local minima in the param-
eter space. Hence, user input is vital for constraining the eight-
dimensional spin state that defines NPA rotation. Hudson and Os-
tro (1995) started their spin state search for Toutatis by orienting
the Euler angles “by hand” for each delay-Doppler image, with no
consideration of the underlying dynamics. They calculated the mo-
ments of inertia from the shape of the object that was approxi-
mated by two spheres in contact. Finally, they fit the initial epoch
spin rates (Wjg,W;o,Wso) by matching the results of integration
of Euler’s equations (e.g., Landau and Lifshitz, 1976) to the mea-
sured set of angles. This method provided adequate initial condi-
tions for the more sophisticated shape and spin optimization by
using Shape.

We placed preliminary constraints on the rotation based on the
axis lengths from the harmonic models estimated under the as-
sumption of PA rotation. If we assume LAM NPA rotation, then the
periods Py, and Py are related by (Samarasinha and A'Hearn, 1991):

b [ [GrmEen)
Po T\ (@G-)(B-12)

For SAM, P, and P, are related by:
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The maximum nodding amplitude for SAM is:
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Here, L;, L;, and L are axes of the dynamically equivalent, equal
volume ellipsoid (DEEVE) with the same volume and moment-
of-inertia ratios as the shape model. We use the dynamical axes
obtained from the PA prograde and retrograde models, 1.73 km x
118 km x 1.17 km and 1.78 km x 1.24 km x 1.10 km (Supplementary
Table 2) and Eq. 2) to conclude that the period of rotation around
the long axis (Py ) is at least 1.5 times longer than the period of
the precession around the angular momentum vector (Pg). Assum-

ing that Py is approximately equal to the PA period of 4 days, this
places a lower limit on Py, for the LAM NPA rotation of ~6 days.

(2)

(AO)mux =sin”! |:

From Eq. (3), the period of oscillatory roll along the long axis
(Pyy is at least 4.3 times longer than the average rotation period
about the angular momentum vector (Pg). Py is ~4 days which
places a lower limit on Py, for the SAM NPA rotation of ~17 days.
Furthermore, Eq. (4) suggests that the nodding amplitude Ay is
<20°. In the following two subsections, we investigate if the radar
data fit better to the SAM or LAM spin state.

3.2.1. SAM NPA spin state fits
A SAM state is characterized by the rolling amplitude A,. A for-
mal definition of Ay, is:

1 I"(IS - IXIT%)

Ay =sin~
4
1\2/1E2 (Is - Ii)

(5)

As M2/(2E) — I, Ay — 0° and a SAM NPA state becomes in-
distinguishable from pure PA rotation about the short axis. Ap-
propriately, we also find that the rolling period Py, — oo in this
limit. Samarasinha and A’Hearn (1991) noted that “SAMs with very
large rolling amplitudes (~90°) have very high values of Py [Py
(say>20) and therefore the amount of roll during a rotation can-
not be large”. SAMs that are close to M2/(2E) — I; are considered
to be in a “quasi pure rotational state” and should be very rare,
since such a state is dynamically unstable.

We started the search for A;, by manually adjusting the model’s
orientation at each observation epoch to improve the fits to the
data, then asking what the required adjustments tell us about Ay,.
Visual inspection indicated that the asteroid must rotate at least
40° about the long axis in order to dramatically change the ap-
pearance of the leading edge between October 31 and November
11. This implied that the lower limit for Ay is ~ 20°. The upper
limit for Ay, had to be less than 90° because in that case Py >
P4 and it would have been difficult to detect the amount of rota-
tion that we observe between October 31 and November 11. Thus,
our nominal constraint for Ay, is that it should lie in the range 20-
50°. This is consistent with Samarasinha and A’Hearn’s statement:
“Therefore, for most practical purposes, a SAM is clearly distinct
from a pure rotation about the short axis (for the relevant dynam-
ical axial length ratios) only when the rolling amplitude is moder-
ately large (say ~<45°).”

Following this initial, intuitive inspection of the candidate SAM
state, we proceeded with a more statistical approach. We gener-
ated 500 variants of the eight-dimensional (¢, 0, ¥, Wi, Wjg, W,
I;/Is, and I;/Is) SAM spin state. We searched for combinations of
spin state parameters that result in SAM spin states with Py be-
tween 90 and 110h and Py between 400 and 600 h. We also se-
lected for an angular momentum direction between 200 and 300°
in A and —40 to +40° in B, an area of sky that encompasses the
high-obliquity PA pole (A = 270°, S =+15°) discussed in Section
3.1.

Supplementary Fig. 4 shows the phase space distribution for
all 500 spin states that were found to satisfy the initial selection
criteria. The bounds were kept relatively wide in case we missed
something in our preliminary search conclusions. We used the el-
lipsoid model with principal axes of 1.8 x 1.3 x 1.1 km based on the
high-obliquity PA shape model from Supplementary Table 2 for all
the spin states. The fits were sorted according to the x?2 value and
the 20 best SAM candidate spin states are listed in Supplemen-
tary Table 3. The best solution has a statistically better x2 than
the runner-up (1.268 vs 1.337) and fits that are visually superior.

The spin state is given by P, = 102.03h (4.25 days), Py, =
484.80 h (20.2 days), and the angular momentum vector is pointed
at A=273.2° and B =+15.8°. The long-axis rolling angle A, oscil-
lates between —42° and +42°. The period of nutation of the long
axis Py is the same as Py, and the nodding amplitude Ag is 11°.
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Physical properties of the 2007 PA8 model.
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Fig. 5. The Euler angles 6, v/, and ¢ that describe the SAM NPA spin state during
the Goldstone observations between October 16 and November 13. For a SAM spin
state, 6 is the nodding amplitude of the long axis with respect to the total rota-
tional angular momentum vector, v is the rolling amplitude about the long axis,
and ¢ is the rotation angle of the long axis about the angular momentum vector,
the only angle that circulates. The periods of the Euler angles are: P, =4.26 days
and Py, =Py =20.55 days. (P, is an average period.) The rotation rate d¢/dt of the
long axis about the angular momentum vector varies by only a few percent and has
a period of Py /2.

We proceeded with a 10th order spherical harmonics model
that provides much more flexibility in fitting the complex shape.
This produced a significant improvement to the fits (reduced x2 of
1.046) with respect to the PA spin state (reduced x2 of 1.108; com-
pare Supplementary Figs. 3 and 7). Supplementary Table 4 lists the
physical properties of SAM harmonic shape model.

We then converted the 10th order spherical harmonics model
into a vertex model parameterized with 10,340 triangular facets. At
this advanced stage of shape modeling, we used Shape to optimize
both the model’s shape and spin state. Each facet has a mean edge
length of 39 m. The model resolution is ~10 times coarser that the
finest imaging resolution of 3.75 m, but given that high-resolution
images do not show any obvious fine scale surface structure, 39 m
resolution was sufficient and practical. Increasing the model reso-
lution to below 10 m would result in more than 140,000 facets that
would significantly slow down the shape modeling process with-
out obvious benefits. The spin state adjustments were very minor
at this stage of the modeling. The entire process was guided by the
set of penalties (described in Magri et al., 2007) that ensured uni-
form density and an overall smooth appearance of the small-scale
surface features.

The NPA rotation can be visualized by following the time evo-
lution of Euler angles ¢, 6, V¥, and d¢/dt (Fig. 5), where d¢/dt is
the rate at which the long axis rotates about the angular momen-
tum vector. Table 4 lists the properties of the model and spin state
parameters. The angular momentum vector points toward ecliptic

changes in the fits (Supplementary Fig. 8). The final spin state has
an average period of rotation of the long axis about the angular
momentum vector Py = 4.26 +0.02 days. The period of oscillation
about the long axis Py, is 20.86+£3.75 days. Py is the same as Py,
and the nodding amplitude Ay = 13 +2°.

3.2.2. LAM NPA spin state fits

Although the SAM NPA model provided good agreement with
the data, we also explore the possibility that the data could also
be fit with a LAM NPA spin state. In order for LAM to provide
good fits, it has to produce similar plane-of-sky and instantaneous
spin-vector orientations as the SAM state. The SAM NPA solution
showed that the asteroid rotated ~ 84° about the long axis be-
tween October 29 and November 8. For LAM, the amount of ro-
tation should be similar, except the rotation would continue until
one full cycle is completed ~ 33 days later. Thus, this was a rel-
atively constrained LAM NPA search: we were looking for a spin
state with P, ~ 4 days and P, ~ 43 days.

The Euler angles, rates, and the moments of inertia were ini-
tialized in the same manner as for the SAM search. Supplemen-
tary Fig. 5 shows the eight-dimensional phase space covered by
500 LAM spin state candidates. Supplementary Table 3 ranks the
20 best x2 scores. The fit with Py =102.62h (4.28 days) and
Py, =952.48h (39.69 days) provides the best match to the data
(Supplementary Fig. 6). This model was refined with a 10th order
spherical harmonic shape (Supplementary Fig. 7 and Supplemen-
tary Table 4), but the resulting reduced x? did not approach the
equivalent SAM fit (1.139 vs 1.046). The mismatches are evident in
both the echo bandwidths and the shapes of the leading edges.
Thus, we favor the SAM model to describe 2007 PAS8’s rotation.

3.3. Fit to the data

Fig. 6 shows the best shape model fits to selected delay-Doppler
images and Fig. 1 shows fits to the echo power spectra. Fits to all
the delay-Doppler images appear in Supplementary Fig. 9. The fits
match the bandwidths, visible extents in time delay, shapes of the
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Fig. 6. Collage of, from left to right: delay-Doppler radar images, fits (synthetic images), and plane-of-sky renderings of the vertex shape model. In the data and fits, time
delay increases from top to bottom, and Doppler frequency increases from left to right. The plane of sky view is contained in a 2.3km x 2.3 km square with 301 x 301
pixels. The magenta arrow shows the orientation of the spin vector, the cyan arrow is the angular momentum vector, and the red, green, and blue shafts denote the positive

ends of the long, intermediate, and short principal axes. (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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Fig. 7. R-band lightcurves (observations marked with crosses) obtained at Table Mountain Observatory from October 2 to October 31, 2012. The lightcurves were corrected
for geocentric and heliocentric distances (1au from the Sun and 1au from Earth). The solid lines show synthetic lightcurves produced from the nominal shape model. We
used a weighted average of Lommel-Seeliger and Lambert scattering for the optical scattering law. The dashed lines mark the duration of radar observations on the days

when lightcurves were observed. October 2 is the only day with no radar observations.

leading edges, prominent surface features, and orientations. Esti-
mating the spin state was the most difficult aspect of shape mod-
eling and without several weeks of radar imaging this might not
have been possible.

The fits to the lightcurves are shown in Fig. 7. These are very
short lightcurves that cover <4% of the fastest period (Py =
4.26+0.02 days), and they show < 0.1 mag changes. To speed up
the fits, we averaged the lightcurve measurements to represent
0.5° of rotation, assuming Py~ 102 h.

Fig. 7 shows the lightcurve data superimposed on synthetic
lightcurves with a period of 4 days to provide some context. A
close-up view is shown in Supplementary Fig. 10. The lightcurve
from October 2 is the only one obtained outside the interval of
radar observations. On Oct. 2, 2007 PA8 was more than 0.24 au
from Earth and the lightcurve was taken only 23° from the 96%
full Moon. The lightcurve is also very short, so it is difficult to es-
timate the fit quality. The magnitude increase appears to conflict
with the downward trend in the synthetic lightcurve, so this could
signal an issue with the reported spin state, shape, or a problem
with the lightcurve data.

The other lightcurves were obtained at times that overlap the
radar observations. Our shape model produced good fits to the Oc-
tober 17, 28, and 31 lightcurves, but the fit on October 30 shows
a decreasing trend that differs from the data. High-resolution
delay-Doppler images on October 30 at overlapping times fit well
(Fig. 6), so it is not clear why the same model does not also
match the lightcurve. Hudson and Ostro (1998) encountered a sim-
ilar situation when they fit lightcurves for (4179) Toutatis with
its radar derived shape model and spin state. Hudson and Ostro
found that the root-mean-square (rms) of the residuals for the Tou-
tatis lightcurves was a relatively large, 0.12 mag, which they argued

originates from systematic errors in the data because slow, NPA ro-
tation makes obtaining well-calibrated lightcurves difficult.

We first tested if the LAM model from Supplementary Fig. 7
provides a better fit to the lightcurves, but given that the LAM
and SAM orientations closely follow each other, there were no im-
provements to the fits (Supplementary Fig. 11). We next tried to
adjust the nominal SAM spin state and/or shape model to better
match the lightcurves on October 2 and 30, but this resulted in
degradation of the radar fits. Finally, we modeled albedo variation
across the surface and found that a heterogeneous albedo distri-
bution with rms of 0.25can match the lightcurves (Supplemen-
tary Figs. 12 and 13). Albedo variations have been found on two
main belt asteroids visited by spacecraft: (951) Gaspra (Beltonet al.
1992; Helfenstein et al. 1994) and (4) Vesta (Li et al, 2015). Fur-
thermore, Hudson et al. (1997) found a much better match to their
lightcurves fit for (4769) Castalia if they considered a non-uniform
albedo distribution.

3.4. Shape of 2007 PA8

Fig. 8A shows principal axis views of the shape model and
Table 4 list its physical properties. The radar observations provided
excellent rotational coverage and a variety of viewing geometries
that resulted in a shape with small uncertainties. The asteroid is
asymmetric along the long axis in the sense that one end is sig-
nificantly wider and more rounded than the other, and the shape
is also asymmetric along the intermediate axis. 2007 PA8 is similar
in shape to (2100) Ra-Shalom (Shepard et al., 2000), (4660) Nereus
(Brozovic et al., 2009), and Apophis (Pravec et al, 2014).

The shape model size uncertainties were estimated using both
visual and statistical methods. We evaluated the quality of the fits
as we scaled the nominal shape model. Visual inspection produced
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Fig. 8. A. Principal-axis views of the shape model. The model has 5172 vertices that form 10,340 triangular facets with mean edge length 39 m. Yellow shading indicates areas
that are not well constrained by the data because the radar incidence angle was always greater than 60°. The model has DEEVE dimensions of 1.79 km x 1.26 km x 1.10 km.

B. Same as A but with letters highlighting features discussed in the text.

uncertainties that were about twice as large as the bounds calcu-
lated from a statistically significant increase in x?2 (Eq. (3) in Fang
et al. 2011; originally in Press et al., 2007). We list more conserva-
tive uncertainties in Table 4. We found that the length changes of
the model’s principal x or y axes of more than 5% produced visible
mismatches in the fits. The uncertainty is somewhat larger (15%)
for the z principal axis because the observations did not fully con-
strain the region near the south pole.

The uncertainties of the model's principal axes are: X =
1.82+0.09km, Y = 1.32+0.07 km, and Z = 1.14+0.17 km, with an
equivalent diameter of 1.3540.07 km. The ratio of x- and y- axes
is X/Y = 1.30+0.10 which indicates that 2007 PA8 is moderately
elongated relative to the NEA population sampled by radar (avail-
able at: http://echo.jpl.nasa.gov/~lance/nea_elongations.html).

Fig. 8B highlights numerous features on the model. C1 and
C2 are approximately circular, relatively shallow concavities and
could be considered as candidate craters. Feature C3 is a depres-
sion formed by the upward slope of a ridge and does not have a

rounded shape. The shape model contains other smaller concav-
ities, 50-100 m in diameter such as features that we labeled C4,
C5, and C6 in Fig. 3B. These concavities are subtle but identifi-
able with feature C4 being the most difficult to spot due to light-
ing conditions in Fig. 8B. We used Shape to create graphical out-
put that highlights the mapping from model surface elements to
delay-Doppler space to confirm that we have correctly identified
the shape model features.

We have also identified candidate ridges (labeled R1, R2, R3,
and R4) by inspection of the model. R1, R2, and R3 are narrow re-
gions that give an almost saw-tooth appearance when the object is
viewed from the —z or +z directions. The entire +y side of the as-
teroid is sloped and relatively narrow along the z-axis, and R1, R2,
and R3 form a ridge along ~ 1/4th of the asteroid’s circumference.
They are particularly visible in delay-Doppler images from October
28 and 29 when the leading edge appears almost serrated (Fig. 6).
R4 is the ridge that contributes to the central part of the trailing
edge of the echoes on October 30 and 31. The fact that we can see
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Table 5

Disk-integrated properties.
Date Time range (UTC) Resolution Runs Looks Ooc scjoc Area Noc

START STOP (Hz) (km?) (km?)

Oct 16 06:37:10-07:02:54 0.5 6 374 0.22 0.21+0.05 1.570 0.14
Oct 17 06:43:14-07:12:06 0.5 7 416 0.20 0.39+£0.06 1.290 0.16
Oct 18 05:44:13-06:16:40 0.5 5 282 0.18 0.24+0.06 1.549 0.12
Oct 19 06:11:04-06:29:17 0.5 5 268 0.26 0.28 £0.04 1.542 0.17
Oct 28 06:20:10-06:28:17 0.5 4 119 0.18 0.34+0.02 1.354 0.13
Oct 29 05:06:08-05:15:51 0.5 5 138 0.26 0.26 £0.02 1.784 0.15
Oct 31 05:51:05-05:59:31 0.5 5 108 0.18 0.3440.02 1.606 0.11
Nov 02 07:00:56-07:08:15 0.5 5 98 0.21 0.25+0.02 1.717 0.12
Nov 03 08:11:18-08:18:16 0.5 5 91 0.18 0.33+0.01 1.453 0.12

Disk-integrated OC radar cross section (0 oc) and circular polarization ratio (SC/OC) estimated from echo power spectra. Resolution in Doppler frequency was chosen in order
to provide enough looks to obtain Gaussian noise statistics. The number of looks represents the number of statistically independent measurements that were used to get the
average SC and OC spectra. OC radar albedo (noc) is calculated by dividing the radar cross section (o oc) by the model’s projected surface area.

so far in the back suggests that the sloped surface of R4 is real,
but R4 is in a region that was viewed only at high incidence angle
(almost 60°), so it is important to be cautious when interpreting
the shape model in this area.

3.5. Optical albedo

We estimate the visual geometric albedo based on the equiva-
lent diameter from the shape model and an absolute visual mag-
nitude of Hy =16.30+0.52 that was calculated as an unweighted
average of 612 photometric observations obtained between July
2002 and May 2013 that are available via the JPL Horizons website
(http://ssd.jpl.nasa.gov/horizons.cgi). The optical albedo was calcu-
lated using the expression py=(1329/D)? x 10-94% (pPravec and
Harris, 2007), giving py =0.29 + 0.14. The uncertainty was obtained
by propagating the errors in D and Hy. Our results imply that 2007
PA8 is optically bright; this albedo is consistent with the Q taxon-
omy reported in Fornasier et al. (2015).

4. Orbit refinement

During the observations, we estimated delay-Doppler correc-
tions to the ephemerides by eye and generated new orbital solu-
tions as needed. We later used the 3D model and its much smaller
uncertainties in the center-of-mass location to refine the astrome-
try. We obtained 15 delay and 26 Doppler measurements (Supple-
mentary Table 5) that were combined with 635 optical astrome-
try measurements spanning 2002 Jul 13-2013 May 13 to calculate
JPL/Horizons orbit solution 157. The original radar astrometry es-
timated during the observations was excluded from the solution.
The orbital elements based on solution 157 are listed in Supple-
mentary Table 6. For this multi-apparition case, the Earth min-
imum orbit intersection distance (MOID) and Earth encounter
predictability did not change with the addition of the radar as-
trometry.

2007 PA8 makes more than 20 flybys within 0.045 au of Earth
and 8 flybys within 0.025 au of Mars during 1220 years of reliable
orbital estimates (Supplementary Table 7). The asteroid also ap-
proaches within 1.5 au of Jupiter and it closely encounters at least
two of the sixteen most massive main-belt asteroids: 16 Psyche
(within 0.039 au in 2079) and 52 Europa (within 0.042 au in 2525).

5. Disk-integrated properties

Table 5 lists disk-integrated properties for 2007 PA8. The mean
circular polarization ratio SC/OC is 0.2940.06. The mean SC/OC
for 214 near-Earth asteroids studied by Benner et al. (2008) is
0.34 +£0.25, suggesting that the near-surface roughness for 2007
PA8 at decimeter spatial scales is comparable to the mean. Q and

S-class NEAs have a mean SC/OC = 0.27 +0.08 (N = 70), indicating
that 2007 PAS8 fits well within this distribution. This ratio is com-
parable to the values seen for Toutatis (Ostro et al., 1999; Magri
et al., 2001, see also Table 3 in Nolan et al., 2013) and (25143)
Itokawa (Ostro et al., 2004), suggesting similar structural complex-
ity, but larger than the values of 0.18 +-0.03 (12.6 cm wavelength)
and 0.1440.03 (3.5 cm wavelength) measured for (101955) Bennu
(Nolan et al, 2013), the target of the OSIRIS-Rex mission.

The SC/OC ratio for 2007 PA8 varied by nearly a factor of two
on the first two days of observing, with values of 0.21 +£0.05 on
October 16 and 0.3940.06 on October 17. The ratios after October
28 have smaller uncertainties and Table 5 shows variations of 20-
30% from the average. It is difficult to establish if there are system-
atic variations in SC/OC across the surface of 2007 PA8 given that
the Doppler-only data are relatively sparse and the object is in a
complex state of a rotation. We also checked SC/OC delay-Doppler
images on the days when the data were available in both chan-
nels and they showed no evidence for SC/OC surface heterogeneity
(Supplementary Fig. 14).

The mean OC radar cross section is o gc = 0.21 +0.07 kmZ2. Due
to systematic calibration and pointing errors at Goldstone, we as-
sign uncertainties in the radar cross section of ~ 35%. The OC radar
albedo is calculated by dividing the mean OC cross section by the
mean projected area of the model. We obtain a radar albedo of 1qc
= 0.14+£0.05 that is consistent with the average value of ngc =
0.15+0.06, reported for 21 S-class NEAs (http://echo.jpl.nasa.gov/~
lance/asteroid_radar_properties/nea.radaralbedo.html).

6. Gravitational environment

The shape model enables us to investigate the gravitational
environment with an assumption of a homogeneous density
(Scheeres, 2012). The gravitational slope is defined as the angle be-
tween the tangent plane to the surface and the total gravitational
acceleration at a given location on the body. The geopotential can
be defined as the gravitational potential energy across the surface
of the body, and when combined with the kinetic energy of a par-
ticle, it constitutes the total energy of the system. The asteroid’s
geopotential and slopes are insensitive to the total density due to
the extremely slow rotation rate of the body. Thus, modeling the
complex rotation state for this asteroid does not change these re-
sults in an observable way, so we have analyzed the geopotential
and gravitational slopes without adding the rotation. In the follow-
ing we have assumed a density of 2 g/cm3, but the slope results are
in fact independent of this (without the rotation being added), and
the geopotential results are relatively independent of this.

Figs. 9A and B map the gravitational slopes on the surface and
plot the slope distribution across the body. 2007 PA8 has a maxi-
mum slope of 34.5° and a mean slope of 12°. These are relatively


http://ssd.jpl.nasa.gov/horizons.cgi
http://echo.jpl.nasa.gov/~lance/asteroid_radar_properties/nea.radaralbedo.html

326 M. Brozovi¢ et al./Icarus 286 (2017) 314-329

35 30 25 20 15 10 5 0

Surface Slope (deg)

B o035 B T T T T T

0.03

0.025

0.02

0.015

Fraction of the Surface

0.01

0.005

0 5 10 15 20 25 30 35
Surface Slope (deg)

Fig. 9. A. Gravitational slopes assuming a uniform density of 2 g/cm?. B. Histogram
showing the fraction of the surface with a particular gravitational slope value,
binned every 0.5° in slope angle.

moderate slopes, so there is no evidence that granular material on
the surface of 2007 PA8 needs to have any cohesiveness or ten-
sile strength (Holsapple, 2001, 2004). The slope is distributed het-
erogeneously across the body, and shows several distinct regions
that have a maximum slope of over 30° (Fig. 9A). The most promi-
nent high slope region is inside the C2 indentation. A second, more
global, feature evident from the slope map is a ridge of higher
slopes encircling the smaller end.

Additional insight can be gleaned by observing the surface po-
tential mapped across the surface, shown in Fig. 10. The surface
potential is the square of the equivalent speed that a particle
would have if dropped from infinity to the surface. Thus, a higher
speed denotes a point that is lower in the geopotential, and vice-
versa. There are five major potential lows on the body. First, as
expected for a slow rotator, the two polar regions (+z and -z
views) are both geopotential lows. In addition, the equatorial in-
dentation (-y view, bottom-middle) is also seen to be a geopoten-
tial low, with the equatorial high slope area leading directly into
this region. A fourth, small relative low corresponds to concavity
C2 located at body-fixed longitude and latitude of 320° and + 20°.
There is another small high slope region along the equatorial plane
in +y view (top-middle in Fig. 10). This is the area just behind
ridge R3.

The geopotential lows all correspond to regions of zero slope
across the body surface. These are the areas where we expect to

Surface Geopotential (cm%s?)

Fig. 10. Surface geopotential assuming a uniform density of 2 g/cm3. Loose material
would tend to flow from blue to red regions.

find any loose material that has drained into these regions and set-
tled. When the direction of the slope vectors are mapped across
the surface, we find a complex pattern, with drainage regions go-
ing toward the poles and toward the nonpolar geopotential lows.
The smaller end of the asteroid is relatively high in the geopo-
tential (-x view, bottom-left), with the high slope region corre-
sponding to a region of approximately constant geopotential in-
termediate between the maximum and minimum values. Taken in
its entirety, these features could support the hypothesis that the
small end of the asteroid has undergone erosion. This could ex-
plain its angular appearance and tapered shape when compared to
the more rounded end. There are at least two possible explanations
for the existence of the large equatorial geopotential low in the -y
view: this could be an interface between two components resting
on each other, or alternatively, this could be evidence for a hidden
crater that was filled by loose material.

7. Discussion
7.1. Origin of 2007 PA8’s NPA spin state

What is the origin of 2007 PA8’s excited spin state? Although
a detailed simulation of how 2007 PA8 entered a SAM state is be-
yond the scope of this paper, we still discuss some plausible mech-
anisms.

Vokrouhlicky et al. (2007) explored a possible connection be-
tween the Yarkovsky-Radzievskii-O’Keefe-Paddack (YORP) thermal
radiation effect (Rubincam, 2000) and the onset of tumbling rota-
tion. They found that bodies whose spin state slowed significantly
due to the YORP effect reach a point when the object starts to
tumble. The onset of non-principal axis rotation is correlated with
thermal properties and the effects of internal energy dissipation.
2007 PA8 is a slow rotator, so YORP is a plausible mechanism for
its current spin state.

Henych and Pravec (2013) found that asteroid rotation can tran-
sition into an excited state due to subcatastrophic impacts where
the onset and a degree of tumbling is determined by the ratio of
the projectile’s orbital angular momentum and the target’s rota-
tional angular momentum. 2007 PA8's surface has features that can
be interpreted as impact craters. The largest candidate crater, fea-
ture C2, is ~ 400 m in diameter and it resembles some of the test
cases that caused the onset of tumbling rotation in the simulations
discussed in Henych and Pravec (2013). The large geopotential low
at the equator (Fig. 10) also raises the question if there was an-
other, much larger impact crater that has been obscured by mate-
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Table 6
NEAs detected with radar with Tisserand parameter T < 3.
Asteroid Name T H (mag) Date Obs. D (km) Taxonomic class  References
2006 AL8 2157 18.4 Feb 2012 A - - Taylor et al.,, unpub.
2012 FZ23 2.367 18.2 Mar 2012 A ~0.6 Likely not dark Nolan et al., unpub.
(410778) 2009 FG19 2.391 181 Sep 2014 G >12 - Brozovic et al., unpub.
(146 £0.57) Dark Nugent et al. (2015)
(163732) 2003 KP2 2634 154 Oct 2003 A >2 - Taylor et al., unpub.,
C DeMeo and Binzel (2008)
(139359) 2001 ME1 2671 166 Jun 2014 A - P Rivkin et al. (2005)
2011 LC19 2.677 18.9 Oct 2011 A+G >1.0 Likely dark Brozovic et al., unpub.
2009 KC3 2.728 18.0 Aug 2009 A+G 1.2 - Taylor et al. (2010),
C, Xe, X Hicks et al. (2009a)
(170502) 2003 WM7 2.745 17.2 Dec 2011 A ~1.8 Likely dark Nolan et al., unpub.
2016 LX48 2.748 19.4 Sep 2016 A+G ~0.8 Likely dark Rivera-Valentin et al., unpub.
2014 DJ23 2.763 224 Mar 2014 A 0.24 Likely dark Taylor et al., unpub.
2005 AB 2.792 17.5 Feb 2005 A ~1.9 Likely dark Reddy et al. (2006),
C DeMeo and Binzel (2008)
2011 BX18 2.793 18.1 Aug 2016 A (3.0+£0.7) Dark Mommert et al. (2015)
(217796) 2000 TO64 2.801 17.0 Nov 2009 A > 0.6 - Taylor et al., unpub.,
Sq, Sk, S Hicks et al. (2009b,c)
S Somers et al. (2010),
Sr Thomas et al. (2014),
S/Sr DeMeo et al. (2014),
2010 PR66 2.817 19.3 Jul 2015 A ~0.45 - Taylor et al.,, unpub.,
(0.68+0.02) Dark Masiero et al. (2015)
2014 EL45 2.818 19.9 Mar 2014 A 0.45 Likely dark Taylor et al., unpub.,
(214088) 2004 JN13 2844 153 Dec 2014 A 18 - Taylor et al., unpub.,
(2.97) - Trilling et al. (2010),
Sq Thomas et al., (2014)
(192642) 1999 RD32 2.871 16.3 Mar 2012 A+G ~5.0 Likely dark Nolan et al., unpub.
2014 JL25 2.878 23.0 May 2014 A+G ~0.3 - Brozovic et al., unpub.,
(0.23+£0.06) Dark Nugent et al. (2015)
2012 RV16 2.893 19.6 Oct 2012 A - S-complex Howell et al., unpub.
2010 JL33 2.907 17.7 Dec 2010 G (1.78+0.03) Dark Mainzer et al. (2011), Mommert et al. (2015)
2014 EQ12 2.907 211 Mar 2014 A >0.3 Likely dark Howell et al., unpub.
2014 UF206  2.912 18.8 Jan 2015 A 1.2 Likely dark Taylor et al., unpub.
2012 JS11 2.915 203 Sep 2012 A ~0.75 Likely dark Howell et al., unpub.
2016 JD18 2.921 24.7 May 2016 G+GBT > 0.05 Likely dark Naidu et al., unpub.
(14827) Hypnos 2.933 18.3 May 1986 G 1-2 Likely dark Ostro et al. (1989),
C Wisniewski et al. (1987)
2010 UM7 2.933 27.6 Oct 2010 A >0.05 Likely dark Howell et al., unpub.
2002 FC 2.936 18.9 Jun 2002 A+G ~0.7 Likely not dark Nolan et al., unpub.
(214869) 2007 PA8 2.947 16.4 Oct 2012 G 135 Likely not dark this paper,
Q Fornasier et al. (2015)
Q/0 Kuroda et al. (2014),
Xc Hicks et al. (2012a)
X Godunova et al. (2013)
2012 HM8 2953 240 Apr 2012 A 0.06 Likely not dark Taylor et al., unpub.,
2008 Sv11 2.958 18.4 Mar 2009 G+A 0.8 — Taylor et al., unpub.,
X Somers et al. (2010)
2002 CX58 2959 223 May 2016 A 0.13 Likely not dark Fernandez et al. (2005)
2015 TB145  2.982  20.0 Oct 2015 A+G+GBT ~04 - Busch et al., unpub.,
Dark NASA press release?
2015 FL 2985 208 Apr 2015 A ~0.1 Likely not dark Howell et al., unpub.
(53319) 1999 JM8 2.987 15.2 Jul 1999, May 2008 A+G, A ~5.0 Likely dark Benner et al. (2002),
X Binzel (2004),
P DeMeo and Binzel (2008)
(329614) 2003 Ku2 2988 176 Jul 2012 A ~1.0 - Taylor et al., unpub.,
Sq Hicks et al. (2012b)

We list the object’s Tisserand parameter, T, absolute magnitude, H, observing date, observatory code, A=Arecibo and G=Goldstone, GBT=Green Bank Telescope, diameter
estimated from radar data when available, diameter estimated from non-radar sources (e.g. thermal modeling; listed in brackets), and taxonomic class. The objects are ranked

by the increasing Tisserand parameter.
2 http://www.jpl.nasa.gov/news/news.php?feature=4760

rial migrating from the neighboring region that is on a geopoten-
tial high. The most likely time and place for 2007 PA8 to receive
an impact would be during one of its passages though the main
belt.

Scheeres et al. (2000) studied how breakup of a parent body
and the subsequent gravitational interactions among the fragments
can cause an asteroid to spin-up, spin-down, or tumble. They also
investigated how certain dynamical events can “decide an aster-
oid’s rotational state for most of its life”. Their analysis studied

the changes in asteroids spin states due to exceptionally close fly-
bys within a few radii of the terrestrial planets. Their conclusions
were that proximity, orbital geometry, and spin axis orientation
play critical roles in the onset of NPA rotation. 2007 PA8 makes
relatively close approaches, within ten lunar distances, of Earth
and Mars during the interval of reliable orbit estimation, but this
is too distant to excite its spin state. However, closer planetary
flybys could have occurred in the past. A more thorough investi-
gation would require long-term orbital integrations.


http://www.jpl.nasa.gov/news/news.php?feature=4760

328 M. Brozovi¢ et al./Icarus 286 (2017) 314-329

How long would it take 2007 PA8'’s excited spin state to damp
back to pure PA rotation? The time for asteroid nutational damping
can be expressed as (Pravec et al., 2014):

P3
b.
= c3(}35,2,1 (6)

Ty

where C is a constant equal to 36 or 33, depending on the pro-
posed mechanism of energy dissipation due to stress-strain cycling
within the tumbling body; P,y is the period of rotation in hours;
Dp, is the diameter in km; and Ty is the time in Gy. Pravec et al.
calculated the constant C by assuming elastic modulus p = 10° Pa,
tidal quality factor Q =100, and density p =2 g/cm3. These are all
reasonable values for a small body, but all three quantities have
large uncertainties. Taken at face value, Eq. (6) implies that 2007
PA8 has a damping time of T4 > 12.5 Gy.

A recent study by Scheirich et al. (2015) estimated the elas-
tic modulus and quality factor for binary NEA (175706) 1996 FG3.
1996 FG3 is apparently in an equilibrium between the binary YORP
effect and tidal damping, and as a result, Scheirich et al. estimated
1Q=2.7 x 10° Pa. Using that value for 2007 PA8 gives a damping
time of Ty >340 MY, or ~ 37 times less than we obtained by
adopting values from Pravec et al. (2014). This timescale is still
much longer than the YORP timescale, the orbital lifetime, and per-
haps the collisional-excitation timescale. Hence, the trigger event
for the tumbling motion of 2007 PA8 could have occurred a very
long time ago, likely before migration into the near-Earth region.

7.2. NEAs with cometary orbits detected by radar

Approximately 640 NEAs have been observed by radar to date,
and 35 of these (5% of the total) have comet-like orbits character-
ized with Tisserand parameter T < 3.0. For comparison, comets rep-
resent a very small subsample of objects detected by radar. Only 19
have been detected and 9 are Jupiter-family comets.

Table 6 lists all the NEAs detected by radar with Tisserand
parameter T <3. These objects represent a diverse population: at
least one is a binary (2005 AB), four are contact binaries (2008
SV11, 2002 FC, 1999 RD32, 2014 UF206), three are slow tumblers
(1999 JM8, 2003 KP2, 2007 PA8), and five are rapid rotators with
periods of less than 5h (2003 KU2, 2010 UM7, 2012 RV16, 2011
LC19, 2014 UF206, 2016 LX48).

Among the 35 NEAs with T <3 in the radar sample, at least 24
(~ 69%) are optically dark and at least 10 (~ 29%) are not opti-
cally dark. Table 6 suggest there is a significant fraction of optically
bright objects in comet-like orbits that are not cometary in origin.
This is consistent with the results by Mommert et al. (2015) who
found that ~ 50% of NEAs in comet-like orbits have comet-like
albedos, implying a mix of objects with different origins.

7.3. Future observing opportunities

Barring major improvements in sensitivity, the next opportu-
nity for radar imaging of 2007 PA8 will occur in October 2084,
during an approach within 0.173 au when an Arecibo-equivalent
radar system would have SNRs of ~ 600/day. SNRs comparable to
those observed in 2012 at Goldstone (~ 4300/day) will next oc-
cur in December 2122 during an approach within 0.044 au. 2007
PA8 is a challenging target for ground-based optical observations
because it is generally relatively faint and/or at low solar elonga-
tions. The next good opportunity for optical observations will occur
in 2031 when 2007 PA8 will reach magnitude 18.5 at solar elonga-
tions > 140°. Photometric observations lasting several weeks could
improve estimates of the spin state.
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