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ABSTRACT

Context. The potentially hazardous asteroid (85990) 1999 JV6 has been a target of previously published thermal-infrared observations
and optical photometry. It has been identified as a promising candidate for possible Yarkovsky-O’Keefe-Radzievskii-Paddack (YORP)
effect detection.

Aims. The YORP effect is a small thermal-radiation torque considered to be a key factor in spin-state evolution of small Solar System
bodies. In order to detect YORP on 1999 JV6 we developed a detailed shape model and analysed the spin-state using both optical and
radar observations.

Methods. For 1999 JV6, we collected optical photometry between 2007 and 2016. Additionally, we obtained radar echo-power spectra
and imaging observations with Arecibo and Goldstone planetary radar facilities in 2015, 2016, and 2017. We combined our data with
published optical photometry to develop a robust physical model.

Results. We determine that the rotation pole resides at negative latitudes in an area with a 5° radius close to the south ecliptic pole.
The refined sidereal rotation period is 6.536787 + 0.000007 h. The radar images are best reproduced with a bilobed shape model. Both
lobes of 1999 JV6 can be represented as oblate ellipsoids with a smaller, more spherical component resting at the end of a larger,
more elongated component. While contact binaries appear to be abundant in the near-Earth population, there are only a few published
shape models for asteroids in this particular configuration. By combining the radar-derived shape model with optical light curves we
determine a constant-period solution that fits all available data well. Using light-curve data alone we determine an upper limit for
YORP of 8.5 x 1078 rad day .

Conclusions. The bifurcated shape of 1999 JV6 might be a result of two ellipsoidal components gently merging with each other, or
a deformation of a rubble pile with a weak-tensile-strength core due to spin-up. The physical model of 1999 JV6 presented here will
enable future studies of contact binary asteroid formation and evolution.

Key words. minor planets, asteroids: individual: (85990) 1999 JV6 — methods: observational — methods: data analysis —
techniques: photometric — techniques: radar astronomy — radiation mechanisms: thermal

1. Introduction

The Yarkovsky-O’Keefe-Radzievskii-Paddack (YORP) effect is
a small torque due to the reflection, absorption, and thermal

*Table A.2 is only available at the CDS via anonymous ftp to
cdsarc.u-strasbg. fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/631/A149

** Based in part on observations collected at the European Organi-
sation for Astronomical Research in the Southern Hemisphere under
ESO programme 185.C-1033(R) and the Arecibo Planetary Radar
observations collected under programmes R2959, R3035 and R3036.

Article published by EDP Sciences

re-emission of sunlight from an asteroid surface (Rubincam
2000). The effect is strongest for small (metre- to kilometre-
sized) bodies close to the Sun, specifically the near-Earth aster-
oids (NEAs). The YORP effect can alter the rotational momen-
tum of NEAs, that is the spin-axis obliquity and rotation period.
Acting on timescales shorter than collisions (Vokrouhlicky et al.
2003), it is now considered to be the main driving factor in
the spin-state evolution of small Solar System bodies. The
Yarkovsky effect, a sister effect that alters total angular momen-
tum and energy, for instance introducing a secular trend in the
evolution of the semi-major axis, is sensitive to the obliquity
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of the target. The coupling between the YORP and Yarkovsky
effects plays a crucial role in the delivery of small bodies into
the near-Earth region, and can significantly affect orbital predic-
tions for potentially hazardous asteroids (PHAs, Rubincam 2000;
Bottke et al. 2002; Chesley et al. 2003). The rotation-rate aspect
of the YORP effect has wide implications, with the YORP-
induced spin-up leading to re-arrangement of surface material
and formation of characteristic “spinning-top” or “YORPoid”
shapes (Ostro et al. 2006; Scheeres et al. 2006), or the forma-
tion of binary asteroids by driving the bodies to their rotational
fission limit (Walsh et al. 2008, 2012). Another manifestation
of thermal torques, referred to as “binary YORP” (B-YORP),
affects the evolution of mutual orbits of components in aster-
oid binary systems, causing them to either separate or collapse to
form contact binaries, but has yet to be confirmed experimentally
(Cuk & Burns 2005).

To date, the YORP-induced period change has been con-
firmed for only seven NEAs: (54509) YORP (Lowry et al. 2007;
Taylor et al. 2007), (1862) Apollo (Kaasalainen et al. 2007),
(1620) Geographos (Durech et al. 2008), (3103) Eger (Durech
etal. 2012), (25143) Itokawa (Lowry et al. 2014), (161989) Cacus
(]V)urech et al. 2018), and (101955) Bennu (Nolan et al. 2019).
Notably, all of those detections are YORP-induced rotational
spin-ups, while the YORP theory predicts rotational slow-down
as well; for example Rozitis & Green (2013). One proposed
explanation for the prevalence of observed YORP-induced spin-
ups is the so-called “tangential YORP”, an effect that comes
from thermal re-emission of radiation absorbed by boulders
that produces a recoil tangential to the surface of the asteroid
(Golubov et al. 2014).

In order to provide new observational evidence for the devel-
opment of YORP theory, we established an ongoing observing
campaign to characterise selected NEAs, which started with a
European Southern Observatory Large Programme (ESO LP)
observing campaign. Since 2010 we have been using the ESO
New Technology Telescope (NTT) and the ESO Faint Object
Spectrograph and Camera v.2 (EFOSC2, Buzzoni et al. 1984)
instrument at the La Silla Observatory in Chile for optical
light-curve and spectroscopic observations of NEAs. We also
observed selected targets in the mid-infrared using the ESO
Very Large Telescope (VLT) and the VLT Imager and Spec-
trometer for mid Infrared instrument (Lagage et al. 2004) at the
Paranal Observatory in Chile and the Spitzer Space Telescope.
While the bulk of the ESO LP observations is complete, the
campaign continues, collecting optical photometry with a range
of small-to-medium-sized telescopes. The optical and thermal
infrared observations are supplemented by radar data for some
targets. We combine the observational data to develop shapes,
spin-states, and physical properties, and develop YORP torque
models using the Advanced Thermophysical Model (Rozitis &
Green 2011, 2012, 2013).

The PHA (85990) 1999 JV6 (hereafter referred to as JV6)
is an Apollo group asteroid discovered on 13 May 1999 by
the Massachusetts Institute of Technology Lincoln Laboratory’s
Near-Earth Asteroid Research program (Stokes et al. 2000). It
has been identified as spectral type Xk (Binzel et al. 2001) by
the Small Main-Belt Asteroid Spectroscopic Survey (SMASS)
taxonomic survey (Bus 1999; Bus & Binzel 2002). Thermal
infrared observations from the ExploreNEOs near infrared sur-
vey with the Spitzer Space Telescope (Trilling et al. 2010) were

used to estimate the diameter of the object to be 498fég4 m,
with a low albedo of 0.0770.9¢ (Mueller et al. 2011). The JV6
was also the target of the Wide-field Infrared Survey Explorer
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(WISE) spacecraft observations, resulting in a diameter mea-
surement of 451 =26 m, and an optical albedo of 0.095 = 0.023
(Mainzer et al. 2011). Optical observations from January 2014
at the Palmer Divide Station demonstrated a high light-curve
amplitude of 0.87mag, with a synodic rotation period of
6.538 £0.001 h (Warner 2014). The object was also observed at
the Palmer Divide Station in January 2015 when the light-curve
amplitude was slightly higher, 0.93 mag, and the synodic rotation
period was 6.543 +0.002 h (Warner 2015).

We monitored JV6 photometrically as one of our ESO LP tar-
gets at the NTT in 2013. We collected additional light-curve data
with associated programmes at the 0.6 m Table Mountain Obser-
vatory (TMO) telescope in California (USA) in 2015, and at the
2.5m Isaac Newton Telescope (INT) in La Palma (Spain) in
2007, 2008, and 2016. Close approaches to Earth in 2015, 2016,
and 2017 offered an opportunity to observe JV6 with ground-
based radar facilities. We observed JV6 as the target of a dedi-
cated Arecibo planetary radar campaign in January 2015, 2016,
and 2017. We also followed the object with the Goldstone Solar
System Radar (GSSR) in January 2016, with part of the observa-
tions performed in bistatic mode with the Green Bank Telescope
(GBT) in West Virginia (USA).

A comprehensive description of our observing campaign
for JV6 including optical photometry, radar spectra, and radar
imaging is contained in Sect. 2. We combined and analysed the
observational data to obtain a detailed shape model of JV6. The
results of rotational pole determination and shape modelling are
discussed in Sect. 3. The result of light-curve-only analysis pro-
viding a determination of an upper limit of the YORP strength,
as well as spin-state analysis that uses all available light curves
and the best radar-derived model, are presented in Sect. 4.

2. Observations of (85990) 1999 JV6
2.1. Optical light-curve observations

The optical light-curve data for JV6 span ten years. The orbit of
this PHA is inclined at only ~5° to the ecliptic and has a semi-
major axis of ~1.008 AU. Thus, the object regularly appears in
a very constrained location in the sky, with a slowly changing
range of observer-centred ecliptic latitudes and longitudes (see
Fig. 1). The orbital configuration makes JV6 a convenient tar-
get for continued monitoring. A summary of all available light
curves, including an overview of observing circumstances, dis-
tance from Earth and the Sun, and the phase angle at which the
target was observed is listed in Table 1. The observing geome-
tries for different types of observations used here are illustrated
in Fig. 1.

The observing strategy for obtaining the photometric light
curves is to keep the asteroid image in each frame from trail-
ing by providing non-sidereal tracking on the moving target. If
sidereal tracking is necessary, it is preferred to keep the expo-
sure time short enough so that the full width at half maximum
(FWHM) of the profile of the image of the asteroid is below
the seeing conditions. The target brightness can then be mea-
sured using a circular aperture with radius usually around two
to three FWHMs of the profile of the asteroid. In instances
where the short tracking times resulted in a low signal-to-noise
ratio (S/N) on the asteroid image, we co-added multiple frames
and performed aperture photometry on the resulting image. The
brightness of the target was then compared to the average bright-
ness of the background stars and the relative light curve was
extracted. The light curves obtained in our ESO LP programme
are labelled with IDs 1-9 and 23-28 in Table 1, and are presented
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Fig. 1. Asteroid (85990) 1999 JV6 observing
geometries during the optical and radar observa-
tions. The graphs display different quantities as a
function of time. Top two panels: positions of the
object in the ecliptic coordinate system, latitude
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bols mark when the Arecibo radar data were
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observations. The black continuous line repre-
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in panels marked with those IDs in Figs. A.l1 and A.2. The
light-curve data can be accessed in Table A.2, available at the
CDS.

2.1.1. New Technology Telescope — 2013

The JV6 was one of our optical photometry targets at the ESO
3.6m NTT telescope in La Silla (Chile), using the EFOSC2.
The charge-coupled device (CCD) detector of EFOSC2 has
2048 x 2048 pixels and a field of view of 4.1’ x4.1’. We per-
formed the observations of JV6 in imaging mode using 2 X2
binning on the detector, and with the Bessel V filter. We detected
JV6 at the NTT on three nights, between 4 and 6 February
2013 (ESO programme 185.C-1033(R)). Strong winds imposed
pointing restrictions for the telescope and forced a break in the
observing, which resulted in obtaining two separate light-curve
segments on 4 February. We collected two additional partial light
curves on 5 and 6 February, but due to their low S/N they are
not included in the analysis. The data were reduced using the
standard CCD reduction procedures. Before performing the pho-
tometric measurements, we co-added the individual frames in
groups of three to improve the S/N of the resulting light curve.

2.1.2. Isaac Newton Telescope — 2007, 2008 and 2016

We monitored asteroid JV6 with the 2.5m INT in La Palma
(Spain) using the Wide-Field Camera (WFC). The WFC is an
array of four CCD chips of 2048 x 4100 pixels each, with a total
field of view of 34’ x 34’. The JV6 observations were performed
using Gunn r filter in 2007 and 2008, and Harris V filter in 2016.
We observed the target on four different nights in 2007, three in
2008, and another four in 2016 (programme IDs 1/2007A/4 and
1/2016A/10), giving a total of ten light-curve data sets. The data
were reduced using standard CCD reduction procedures.

2.1.3. Table Mountain Observatory — 2015

Between 23 and 25 January 2015, we observed JV6 with the
Jet Propulsion Laboratory’s TMO’s 0.6 m telescope in Califor-
nia (USA). The telescope is equipped with a 1024 x 1024 pixel
CCD camera with an 8.9 x 8.9’ field of view. The JV6 imag-
ing sequence was collected using the R filter. The data-reduction
process required standard CCD reduction steps. Three light
curves covering just over one full rotation each were obtained.

1
2014

the Y-axis in all four graphs indicates the gap
between June 2008 and July 2012.

2016
Date

2.1.4. Published data

The analysis presented here also includes previously published
photometry obtained at the Palmer Divide Station (Warner 2014,
2015). The processed light curves were retrieved from the Aster-
oid Light-curve Data Exchange Format (ALCDEF) database
(Warner et al. 2011). Those light curves are labelled with IDs
10-22 in Table 1.

2.1.5. Light-curve data selection for shape and spin-state
modelling

The collected light curves have peak-to-peak amplitudes between
0.75 and 1.44 mag with two sharp minima, consistent with other
contact binary NEAs; for example Itokawa (Lowry et al. 2014).
The data are plotted with red dots in Figs. A.l and A.2. We
selected light curves with the highest S/N for the convex inver-
sion. Two light curves from 2007 were used (IDs 1 and 4 in
Table 1), and the 2008 set was limited to the only full light
curve (ID 7). These, combined with selected light curves from
2013-2016 (IDs 8-23 and 26-28), gives a total of 22 light curves
included in the light-curve-only pole scan.

We limited the light-curve data included in the radar shape
modelling to a subset of light curves obtained closest to the radar
runs. Including light-curve data in radar shape modelling pro-
vides improved constraint on the spin state. However, it is useful
to have a shape model independent of the light curves when
performing the spin-state analysis described in Sect. 4.2. We
therefore limited the light-curve dataset to ensure that the model
is independent from optical light-curve observations taken at
other epochs; in other words light curves excluded from the
shape model analysis were reserved for the search for YORP.
For the combined fit we used the light curves with IDs 19-21
(Warner 2015), 23 (from TMO, 2015), and 26-27 (from INT,
2016); see Table 1 for the numerical IDs of all the light curves.
For computational efficiency during the combined radar and
optical data fit we binned the light curves with a resolution of
15° in rotation phase, averaging the asteroid relative brightness
in each bin.

2.2. Planetary radar observations

The radar observations of Solar System bodies are performed
mainly at the Arecibo (Puerto Rico, USA) and Goldstone
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Table 1. A chronological list of optical light curves of asteroid (85990) 1999 JV6 used in this study.

ID UT Date Ry A a Ao Bo  Total Ampl. Filter Obs. Ref. LC-only LC+radar
[yyyy-mm-dd] [AU] [AU] [°] [°] [°] [h] [mag] facility model model
1 2007-03-02 1.310 0367 242 1929 135 6.3 143 r INT .
2 2007-03-03 1.312 0364 232 1923 137 6.0 1.44 r INT
3 2007-03-04 1.312 0361 223 1917 140 54 1.40 r INT
4 2007-03-06 1.314 0356 204 1904 145 6.4 1.05 r INT .
5 2008-02-15 1.280 0.389 341 1931 9.8 2.7 1.02 r INT
6 2008-02-17 1.284 0382 323 1924 10.3 3.2 0.96 r INT
7 2008-02-18 1286 0378 314 192.0 10.6 5.1 1.38 r INT .
8 2013-02-04 1.189 0214 168 1550 7.2 2.4 0.97 Vv NTT .
9 2013-02-04 1.189 0214 166 1550 7.2 2.0 0.81 \% NTT .
10 2014-01-28 1142 0.166 166 1477 3.9 4.4 1.00 Clear PDS 1 .
11 2014-01-28 1142 0166 163 1477 3.9 33 095 Clear PDS 1 .
12 2014-01-29 1.147 0.169 14.6 1463 4.3 5.3 094 Clear PDS 1 .
13 2014-01-29 1147 0169 143 1463 43 2.6 097 Clear PDS 1 .
14 2014-02-01 1159 0177 93 1424 54 5.7 0.97 Clear PDS 1 .
15 2014-02-02 1.163 0.180 8.0 1412 58 54 093 Clear PDS 1 .
16 2014-02-02 1163 0.180 78 1412 5.8 3.9 0.87 Clear PDS 1 .
17 2015-01-16 1.067 0.096 278 146.6 —-68 3.5 096 Clear PDS 2 .
18 2015-01-16 1.067 0.096 274 146.6 -68 3.0 0.97 Clear PDS 2 .
19 2015-01-17 1.072 0.099 247 1443 -58 34 098 Clear PDS 2 . .
20 2015-01-17 1.072 0.099 243 1443 -58 32 096 Clear PDS 2 . .
21 2015-01-18 1.076  0.101 21.7 1422 -49 39 0.87 Clear PDS 2 . .
22 2015-01-18 1.076 0.101 21.3 1422 -49 21 0.75 Clear PDS 2 .
23 2015-01-23 1.100  0.118 83 133.0 -0.8 70 0.96 R TMO . .
24 2015-01-24 1.105 0.122 6.1 1314 -02 72 0.91 R TMO
25 2015-01-25 1110 0126 4.0 1300 0.5 7.0 0.84 R TMO
26 2016-02-03 1.131  0.170 29.8 99.8 2.6 5.9 1.17 \% INT . .
27 2016-02-04 1.135 0.176 304 99.8 3.0 6.8 1.25 \% INT . .
28 2016-02-06 1143  0.189 31.7 100.0 3.6 54 1.12 A" INT .

Notes. For each light curve a numerical “ID” is listed, then the Universal Time (UT) “Date” at the beginning of the night is given as well as the
heliocentric (R),) and geocentric (A) distances measured in AU, the solar phase angle («), the observer centred ecliptic longitude (1y), the observer
centred ecliptic latitude (8o), “Total” length of the light curve, the apparent peak-to-peak “Amplitude”, and the “Observing facility” used to obtain
the light curve. Where applicable a “Reference” to the already published work is given. Each line represents a single light curve (sometimes
a few segments were observed on a single night). Circles in the “LC-only model” and “LC+radar model” columns indicate which light curves
were selected for the light-curve-only and combined light curve and radar shape modelling, respectively, see Sects. 2.1 and 3. A subset of light
curves used for the development of the “LC-only model” was selected for the rotational phase and observing geometry coverage, and S/N. For the
“LC+radar model” we used only a few of the light curves closest to the radar observing dates. All of the light-curve data available were used for
measuring phase offsets in the final stage of the spin-state analysis discussed in Sect. 4. Observing facility key (with MPC site code): (INT, 950),
2.5m Isaac Newton Telescope, La Palma, Spain; (NTT, 809), European Southern Observatory 3.5 m New Technology Telescope, Chile; (PDS,

U82), Palmer Divide Station, California, USA; (TMO, 673), Table Mountain Observatory, California, USA.

References. (1) Warner (2014); (2) Warner (2015).

(California, USA) facilities. The radar images can be highly
detailed, providing information about small surface features, like
boulders and craters, with spatial resolution down to the level
of 3.75m possible for some high-S/N targets (a resolution of
7.5m was achieved for JV6) and large concavities can be eas-
ily modelled with the radar data. Even when high-resolution
imaging with a radar is not possible, combining radar and light-
curve observations can improve shape determination, or, at the
very least, help to constrain the rotation pole (Ostro et al. 2002).
Moreover, using a pre-determined radar shape model to derive
artificial light curves greatly simplifies the spin-state analysis
performed when attempting to detect YORP (Lowry et al. 2007,
Taylor et al. 2007).

Two types of radar data were collected for JV6. Disk-
integrated data, called continuous-wave, or cw echo power
spectra, and delay-Doppler imaging data. The cw spectra con-
tain no information about the delay of the radar signal reflected

A149, page 4 of 28

off different locations on the asteroid surface. Due to the
Doppler shift of the signal caused by the rotation of the aster-
oid the returning echo covers a range of frequencies and the
cw represents a power spectrum of the echo. The bandwidth
of the echo gives an indication of the object size when the
pole orientation and rotational period are known (Ostro et al.
2002). For JV6, due to bifurcation of the target, we also see
occasional drops in the signal power within the spectrum;
see Figs. A.3-A.5. For the purpose of the shape modelling
we masked the cw spectra to show only the outer edges of
the echo, so that the bandwidth information can be clearly
decoded, and to leave out the high S/N “spikes” that would
dominate the y? calculations in the fit and could lead to unre-
alistic shape determination. Where possible, two masks were
applied, so that the bandwidths of both components could be
indicated. Any signal outside the masked region was given
zero weight.
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The continuous waveform of the radio signal emitted for the
purpose of radar imaging is modulated with a pseudo-random
code. This can be achieved in two ways, namely by modulation
of either signal phase or frequency. The first technique, called
binary phase code, was used for most radar imaging observations
presented here, both at Arecibo Observatory and with the GSSR
(Table 2). The frequency-modulated, or “chirped”, observing
mode was used for the bistatic observations on 9 January with
Goldstone transmitting and the GBT receiving. The received
signal is correlated against the modulation pattern, providing
information about the distance between the observer and the
parts of the surface of the target that reflect the signal. The
delay resolution of radar images is usually expressed in baud-
length, which is the time resolution of the signal modulation.
Additionally, the Doppler shift of the returning signal is mea-
sured, adding a second dimension to the radar image (Ostro et al.
2002).

The radar imaging frames scan a wide range of frequencies
and possible delays, with only a small area in the raw images
containing signal from the asteroid. In order to increase compu-
tational efficiency and speed up the fitting procedure, we masked
the imaging frames, to include as little background as possible.
We set up the initial masks manually by defining rectangular
regions that roughly contain the signal. After establishing an ini-
tial model, we generated synthetic radar images that were used
to set up more accurate masks, to be used during the refinement
of the model. For any image, the mask would cover the area of
the image where the radar signal is expected to be, plus an extra
five pixels (following Magri et al. 2011). Pixel values outside the
mask were given zero weight.

2.2.1. Arecibo — 2015, 2016 and 2017

The William E. Gordon telescope in Arecibo, Puerto Rico
(USA), is a 305 m fixed-dish radio telescope equipped with an
S-band (2380 MHz) planetary radar transmitter. We observed
JV6 with Arecibo on five nights between 14 and 18 January
2015, and for a few additional hours on 28 January 2015. The
radar echo power cw spectra were taken on each night, as well
as imaging, mainly with 0.2 us (~30 m) baud-length code. Dur-
ing the time it was observed in 2015, the object had made an
approach to Earth at ~0.092 AU and was slowly receding.

We observed JV6 again when it was as close to Earth as
0.053 AU in January 2016 with the Arecibo planetary radar
on a further five nights: 13, 14, 16, 17, and 18 January 2016.
The approach in 2016 was closer than in 2015, meaning that
higher-resolution imaging was possible, with 0.05us (7.5 m)
baud-length observations on one night, and the bulk of the imag-
ing performed with 0.1 us (15 m) baud-length code signal. We
revisited JV6 with Arecibo on 14 and 15 January 2017 when
it was at about 0.082 AU from Earth, obtaining a series of
0.2 us (30m) baud-length images. A summary of the Arecibo
observations is presented in Table 2.

2.2.2. Goldstone and Green Bank — 2016

We also observed JV6 with the GSSR facility. Its fully steer-
able DSS-14 70 m antenna is a part of the Goldstone Deep Space
Network complex in the Mojave Desert, California, USA. DSS-
14 is equipped with an X-band transmitter with a nominal signal
frequency of 8560 MHz. We performed the GSSR observations
of JV6 in both monostatic and bistatic mode. In monostatic mode
the GSSR was used for both transmitting and receiving the sig-
nal. In bistatic mode the system used the Robert C. Byrd GBT

for recording the returning signal. The GBT is a steerable 100 m
antenna, located in West Virginia, USA.

We targeted JV6 with GSSR between 8 and 13 January 2016
obtaining cw spectra and high-resolution delay-Doppler images.
The closest approach during the GSSR run was to ~0.035 AU.
The range resolution obtained was down to 0.125 us (18.7 m)
for observations in monostatic mode, and 0.05us (7.5m) for
bistatic observations. A summary of the Goldstone observations
is presented in Table 2.

2.2.3. Radar data selection for modelling

Our radar shape modelling of JV6 initially concentrates on the
highest-resolution imaging and cw spectra that provide addi-
tional geometry information at a low computational cost of
including them in the fit. For the combined light curve and
radar pole search we selected the cw spectra to be representa-
tive of the observing campaign, and to cover the full range of
rotation phases. A total of eight cw spectra from Arecibo were
used, four from each year. The final refined combined radar and
light-curve shape modelling included all available cw observa-
tions. The radar power spectra are shown in Figs. A.3-A.6, and
descriptions of the spectra are gathered in Table A.1.

When selecting the radar images for a pole search the main
criteria were the rotational phase coverage and sky coverage.
Ensuring an even distribution of rotational phases and as broad
a range of observational geometries as possible translates to an
optimal coverage of the surface of the asteroid being imaged
with radar. We focused on the 0.1 us (15m) and 0.2 us (30 m)-
baud imaging from Arecibo, as well as the baud-lengths 0.05 us
(7.5m) and 0.125us (18.7m) from Goldstone. At the initial
phase of the shape modelling we included a few frames with
a baud-length of 0.25 us (37.5m) from Goldstone. Using low-
resolution images provides additional geometry information and
has the advantage of computational efficiency when it comes
to comparison between synthetic echoes and observations over
the high-resolution imaging. We dropped these lowest-resolution
frames at a more advanced stage of the shape modelling, when
the shape details became a priority. The observation set used
for the refined combined radar and light-curve shape modelling
included all frames with 0.2 us (30 m), 0.1 us (15 m), and 0.05 us
(7.5m) baud-length from Arecibo, and 0.125 us (18.7m) and
0.05 us (7.5 m) from Goldstone. All of the imaging frames used
in the pole search and the detailed shape modelling are listed in
Table A.1, and the images are shown in Figs. A.7-A.24.

3. Shape and spin-state modelling

3.1. Pole search with light-curve data — convex inversion
results

The shape fitting with radar data is an iterative process that is
highly sensitive to the initial conditions, requiring a first esti-
mate of some of the model parameters. Having a pre-determined
rotation pole and sidereal period solution can increase the effi-
ciency of the fitting procedure. Thus, to first constrain the pole
and period, we concentrated on light-curve data only, using
an approach based on convex light-curve inversion methods
(Kaasalainen & Torppa 2001; Kaasalainen et al. 2001; Durech
et al. 2010). Light-curve inversion methods are powerful tools
for recovering shape models of small Solar System bodies.
Light-curve inversion models can successfully reproduce even
small-scale light-curve features even though what can be reli-
ably modelled is usually only a convex hull of the real object.
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Table 2. Radar observations of asteroid (85990) 1999 JV6.

Observatory UT Date Start-Stop RTT  Baud Res. Runs TE Final
[yyyy-mm-dd]  [hh:mm:ss-hh:mm:ss] [s] [ps] [m] model  model
Arecibo 2015-01-14 06:02:53-06:18:40 92 cw - 5 . .
Arecibo 06:24:00-06:34:36 4 599.6 4
Arecibo 06:42:05-07:11:17 0.1 15.0 9
Arecibo 07:16:48-07:42:25 0.5 74.9 8
Arecibo 2015-01-15 05:51:03-06:05:10 94 cw - 5 . .
Arecibo 06:12:57-06:50:21 0.2 30.0 12 . .
Arecibo 06:56:07-07:13:24 0.5 74.9 6
Arecibo 07:16:32-07:40:10 0.2 30.0 8 . .
Arecibo 2015-01-16 05:26:54-06:21:16 96 0.2 30.0 16 o .
Arecibo 06:25:56-06:40:21 cw - 5
Arecibo 06:48:50-07:32:22 97 0.2 30.0 14 . .
Arecibo 2015-01-17 05:24:19-07:04:22 99 0.2 30.0 30 .
Arecibo 07:08:26-07:23:18 (9% - 5 .
Arecibo 2015-01-18 04:57:01-06:52:48 102 0.2 30.0 32 .
Arecibo 06:56:22-07:18:20 (9% - 7 . .
Arecibo 2015-01-28 04:21:18-04:51:23 139 cw - 7 . .
Arecibo 04:56:44-05:54:56 0.5 74.9 13
Goldstone 2016-01-08 06:30:38-06:37:05 35 cw - 6 .
Goldstone 07:08:38-09:49:27 0.125 18.7 138 o .
Goldstone 2016-01-09 06:02:52-06:12:08 37 0.125 18.7 8 . .
GBT 06:13:54-07:00:00 0.05 7.5 . .
Goldstone 2016-01-10 04:30:43-04:42:04 40 0.125 18.7 9 . .
GBT 04:50:46-05:07:06 0.125 18.7 .
Goldstone 05:11:42-07:24:38 0.125 18.7 100 .
Goldstone 2016-01-12 06:10:50-06:18:02 47 (9% - 5 .
Goldstone 06:22:30-06:48:58 0.25 37.5 17
GBT 06:54:00-08:30:00 48 0.125 18.7 . .
Goldstone 08:32:58-11:25:28 0.25 37.5 108
Goldstone 2016-01-13 04:32:40-04:38:35 51 0.25 37.5 4
GBT 04:43:00-04:58:00 0.125 18.7 . .
GBT 05:01:00-08:42:30 52 0.25 37.5 .
Goldstone 08:47:16-10:30:09 0.25 37.5 57
Arecibo 2016-01-14 03:05:35-03:17:30 56 cw - 4 . .
Arecibo 03:23:53-04:02:13 0.1 15.0 19 . .
Arecibo 04:07:10-04:32:14 0.05 7.5 14
Arecibo 2016-01-15 02:45:16-03:00:09 60 cw - 5 . .
Arecibo 03:04:20-03:15:23 0.05 7.5 6 . .
Arecibo 03:29:59-04:44:09 61 0.1 15.0 34 . .
Arecibo 2016-01-17 02:20:00-02:30:47 70 cw - 4 . .
Arecibo 02:35:18-03:30:47 0.1 15.0 24 o .
Arecibo 03:32:58-03:41:07 (9% - 4 .
Arecibo 03:44:29-04:44:42 71 0.1 15.0 26 o .
Arecibo 2016-01-18 02:18:09-03:32:45 76 0.1 15.0 30 . .
Arecibo 03:39:00-03:47:44 cw - 4 . .
Arecibo 03:51:18-04:43:06 0.1 15.0 21 .
Arecibo 2016-01-19 02:10:10-02:19:29 81 cw - 4 .
Arecibo 02:28:34-04:41:28 0.1 15.0 48 . .
Arecibo 2017-01-14 23:39:01-23:54:48 86 cw - 5 . .
Arecibo 00:02:01-00:06:14 cw - 2
Arecibo 00:09:52-00:14:05 4 599.6 2
Arecibo 00:22:34-00:26:47 4 599.6 2
Arecibo 00:36:10-01:09:23 0.5 74.9 12
Arecibo 2017-01-15 23:34:34-23:42:01 90 cw - 3 . .
Arecibo 23:50:23-01:24:11 0.2 30.0 26 . .

Notes. First column denotes which facility was used, “Arecibo” or “Goldstone” for both observatories used in monostatic mode, or “GBT” for
bistatic observations between Goldstone and Green Bank. “UT Date” is the universal-time date on which the observation began, and the timespan
of the received data is listed by the UT “Start” and “Stop” times. “RTT” is the round-trip light time to the target. “Baud” is the time resolution
of the pseudo-random code used for imaging; baud does not apply to cw data. The baud-length is translated to delay “Resolution”, however the
effective resolution might be higher if multiple samples per baud were taken. The final resolution of individual frames is listed in Table A.1. “Runs”
is the number of completed transmit-receive cycles. This number does not necessarily correspond to the number of images obtained, as sometimes
multiple runs were summed to increase the signal-to-noise ratio of a final image. “TE model” and “Final model” columns indicate which data sets
were used in the two-ellipsoid pole search discussed in Sect. 3.2, and which in the final shape model in Sect. 3.3. The data selection is discussed in

Sect. 2.2.
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Fig. 2. Results of the convex light-curve inversion pole search for aster-
oid (85990) 1999 JV6, projected on the celestial sphere described in
ecliptic coordinates. The blue line marks the ecliptic plane with lati-
tude B =0°, with some additional circles of latitude marked with black
lines and labelled with blue numerals. The red line marks longitude
A=0° and the green line A = 180°, with selected meridians marked with
black lines and labelled with red numerals. From top-left clockwise, the
projections show the eastern (E), western (W), southern (S), and north-
ern (N) hemispheres of the sky, with coordinates of the central point
in each projection being (1=90°,8=0°), (1=270°,8=0°), (8=-90°),
and (8=+90°). The colour changes from black at the minimum j?
through red to yellow for higher values of x2, and the white region rep-
resents all the solutions with y? more than 50% above the minimum y?.

Breaking the inherent degeneracy resulting from introducing
more realistic features, like bifurcation or craters, to the model
requires including another source of shape information in the
modelling process.

We set up a grid of possible pole positions, with a 5° x 5°
resolution expressed in ecliptic coordinates, that is ecliptic longi-
tude A and ecliptic latitude 3, covering the entire celestial sphere.
At each grid point, the shape and sidereal rotation period were
optimised to best reproduce the light-curve data (Kaasalainen &
Torppa 2001). We assume the principal axis rotation, so the
Z-axis of the body is aligned with the spin vector and the axis
of maximum inertia, but the X-axis of the body does not need
to overlap with the minimum inertia axis. Thus, the X-axis was
selected within the body such that it would be in the plane of the
sky at Ty, and during the fitting T,y was held fixed. It was arbi-
trarily selected to be at the beginning of the first light curve in
the available set (2 March 2007).

The results of the pole search under the assumption of a con-
stant sidereal rotation period are presented in Fig. 2. The position
of the rotation pole is generally constrained to the southern eclip-
tic hemisphere by this initial search. The shape models with y?
not exceeding 10% above the minimum value cover the celestial
sphere almost up to ecliptic latitude —40° with y? values decreas-
ing closer to the south ecliptic pole. There are two main factors
as to why the pole ecliptic longitude cannot be well constrained

Table 3. Summary of spin-state parameters for (85990) 1999 JV6 from
light-curve inversion and radar-based approaches.

Parameter Light curve  Radar and light curve
A 55° 132°

B =75° -86°

Pole error 15° 5°

Ty JD] 2454162.5  2457425.21401

P [h] 6.536780 6.536787

Ap [h] 0.000008 0.000007
v[x108radd™?] <85 3.1+24

Obliquity 160.0 173.8

Notes. The presented sets of parameters correspond to the best-fit solu-
tions from two approaches to shape modelling; in the “Light curve”
column for the output of convex-light-curve inversion, and in the “Radar
and light curve” column for a result of a global shape modelling that
included both the radar and light-curve data. The table lists: the eclip-
tic coordinates of the rotation pole, longitude (1) and latitude (8), the
“Pole error” radius, the model epoch (7)), the sidereal rotation period
(P) with uncertainty (Ap), and the YORP spin-up factor (v), which is
an upper limit for the convex light-curve inversion and a quadratic fit
to the phase offset measurements for the radar-derived constant-period
solution. Due to the rotational pole location at low ecliptic latitude, the
uncertainty in pole determination is given as a radius of a circle on
the celestial sphere. The uncertainties in pole and period are given as
standard deviation of the model within 10% increase of the minimum
x° value. The obliquity, the angle between the rotational pole of the
asteroid and its orbital momentum, listed in the last row is calculated
assuming an orbital inclination 5.3° and longitude of the ascending node
124.5° (JPL solution number 245 from the Horizons ephemeris system,
https://ssd. jpl.nasa.gov/).

for JV6. Firstly, there are limited observing geometries available,
with the ecliptic latitude at which JV6 was observed varying
only between —6.8° and 14.5° and phase angle between 7.8°
and 34.1° (the observing conditions are listed in Table 1). Sec-
ondly, the pole happens to be located at low ecliptic latitudes,
so absolute angular distances between poles at different eclip-
tic longitudes are much shorter than in the vicinity of ecliptic
plane, making similar possible solutions less distinguishable.
The best-fit light-curve-inversion model we obtained has the pole
located at A =55°, 8 =—75°, with the 10 uncertainty great circle
of 15°-radius; the parameters are summed up in Table 3.

The shape derived for the best-fit pole is illustrated in Fig. 3.
As a result of trying to represent a strongly non-convex body,
the best-fit convex shape model features large planar surfaces.
Those replace the obvious concavities that are apparent in the
radar imaging, but not seen in the synthetic radar images pro-
duced using the convex model, as presented in Fig. 4. The large
flat surface elements ensure a good fit to the light-curve data;
see example in Fig. 5. Synthetic light curves generated for all
available data (presented in Table A.2) are shown in Fig. A.1.

3.2. Pole search with the radar data — two-ellipsoid model

Modelling radar data, which we performed here using the
SHAPE modelling software (Hudson 1994; Magri et al. 2007),
requires an initial informed guess about the shape model at the
beginning of the process. The shape is later refined by introduc-
ing increasing surface details. The convex light-curve inversion
model fails to fit the radar echoes that show clear bifurcation of
the shape, as shown in an example in Fig. 4. Therefore, rather
than using the convex-inversion model as an initial condition for
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Fig. 3. Best-fit convex shape model of (85990) 1999 JV6. The model
was produced as a result of a pole search using light-curve data only,
assuming a zero-YORP (constant period) solution, and has the pole
located at A=55°, B=-75°. Top row (left to right): views along the
Z, Y and X axes of the body-centric coordinate frame from the positive
end of the axis. Bottom row (left to right): views along the Z, Y and X
axes from their negative ends. For the model to be physically feasible
under the assumption of principal-axis rotation, the Z-axis of the body
(also the spin axis) should be aligned with the shortest axis of inertia.
There is no relation between the longest axis of inertia and the X-axis
of the body, instead the X-axis is arbitrarily selected so that it would
be in the plane of the sky at 7). The units on the X, Y, and Z axes are
arbitrary, as the light-curve convex inversion model is not scaled in size.

the SHAPE modelling software, we manually set up the initial
shape. Since the object echoes resembled those of other contact
binary asteroids, for example (8567) 1996 HW1 (Magri et al.
2011), a two-ellipsoid model was adopted.

The shape model is represented with two ellipsoidal com-
ponents, each described by three axial lengths as well as three
positional and three angular parameters that can be optimised.
Each ellipsoidal component can be rotated in any direction, with
Euler angles used to describe the orientation. The first Euler
angle is used to rotate the ellipsoidal component around its
Z-axis, then the second angle is used to rotate the body around
the new X’-axis, and finally the third to rotate around the now-
rotated Z’-axis. Both components are set in an arbitrary common
coordinate system, which is later used as the body-fixed coor-
dinate system. The X, Y, and Z coordinates of the centre for
each component can be adjusted. The parameters of the rough
two-ellipsoid model were set up by visually matching the syn-
thetic echoes output by SHAPE to a few imaging frames with
the highest resolution. The best-fit period and an arbitrarily
selected pole, located close to the best-fit pole from the con-
vex light-curve inversion pole search, were used to generate
the synthetic echoes. We made manual adjustments until the
fit to the radar echoes was satisfactory. The two-ellipsoid shape
obtained this way was used as an initial approximation for further
study.

In a new pole search, performed using a combination of
the selected radar and light-curve data, the two-ellipsoid shape
model was optimised together with the sidereal rotation period
at a range of possible pole positions. To acquire a full picture
we performed the pole search on a coarse grid. The pole posi-
tions were selected to be approximately evenly distributed on the
celestial sphere with a 10° separation in ecliptic latitude (5), and
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Fig. 4. Comparison of fits of the convex-light-curve-inversion and best-
fit radar shape models of asteroid (85990) 1999 JV6 to an example
subset of the radar imaging data (the model is summarised in Table 3).
Each five-image subpanel is made of: plane-of-sky projection of the
convex-light-curve-inversion model (sky 1), the synthetic echo gener-
ated using the convex model (fit 1), the observational data (data), echo
simulated from the radar best-fit model (fit 2), and plane-of-sky projec-
tion of the radar best-fit model (sky 2). The convex model was scaled
to have approximately the same volume as the radar model. While
the convex-light-curve-inversion model reproduces the light-curve data
fairly well (which are fully illustrated in Fig. A.1) and even some gen-
eral shape properties seen in the radar echoes it fails to reproduce the
obvious bifurcation of JV6. On the data and synthetic-echo images the
delay increases downwards and the frequency (Doppler) to the right.
The plane-of-sky images are orientated with celestial north (in equa-
torial coordinate system) to the top and east to the left. The principal
axes of inertia are marked with coloured rods (red for axis of minimum
inertia, green for intermediate axis), and the rotation vector (Z-axis
of body-fixed coordinate system, roughly aligned with axis of max-
imum inertia) is marked with a purple arrow. We highlight the fact
that the rotation axis and Z-axis of the body overlap with the axis of
maximum inertia. The images were taken, from top to bottom, with:
Goldstone on 2016-01-08 08:46:38, Goldstone and GBT on 2016-01-09
06:18:39, Goldstone+GBT on 2016-01-12 06:58:17, Goldstone+GBT on
2016-01-12 08:10:03, Arecibo on 2016-01-17 03:52:07.

10° angular separation as calculated along circles of constant lat-
itude. However, as we established using the convex light-curve
inversion of available light curves, the rotation pole could be
constrained to negative latitudes. Therefore, we focused on only
the southern ecliptic latitudes, running the optimisation also on
a finer rectangular grid with a 4° separation in A and 2° in 8. The
region enclosed pole positions with A from 0° to 356° and 8 from
—-90° to —60° (15° away from the best-fit pole). The y? value that
reflected the quality of the fit was recorded for each grid point. To
calculate the y*> we compare the radar data with synthetic spectra
and images generated assuming cosine scattering law. Figure 6
shows the result of the two-ellipsoid pole search projected onto
the celestial sphere.
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Fig. 5. Example synthetic light curves generated with two shape models
of asteroid (85990) 1999 JV6 (blue lines) plotted over observational data
(red dots) presented as a function of rotational phase. Light-curve details
can be found in Table 1. The light curve has a peak-to-peak amplitude
of 1.25 mag and displays two sharp minima characteristic of an elon-
gated object. Left panel: fit of the convex light-curve inversion model,
right panel: best-fit radar shape model. The model summary is given in
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Fig. 6. Results of the two-ellipsoid pole search using a combination of
radar and light-curve data for asteroid (85990) 1999 JV6 projected on
the celestial sphere described in ecliptic coordinates. The best-fit pole is
located at ecliptic longitude A = 144° and latitude 1 =—84°. Legend for
this figure is the same as for Fig. 2.

We better constrain the pole position by combining radar
and light-curve data than when using the light curves alone.
The uncertainty region (with y? values raising by no more than
10% above the minimum) is roughly circular and close to the
southern ecliptic pole, with a radius ~5°. The best pole solu-
tion from the two-ellipsoid radar search is located at A= 144°,
B =-84°, and the corresponding shape is shown in Fig. 7. The
refined sidereal rotation period for the two-ellipsoid model is
6.536783 + 0.000007 h. We analysed the sizes of both ellipsoidal
components for the best shape models produced during the pole
search, having the y? quality-of-fit value not more than 10%
above the minimum value, in order to assess the dimensions and
spatial orientations of both lobes. The listed uncertainties are
based on the standard deviation of the values obtained for the
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Fig. 7. Same as Fig. 3, but for the vertex realisation of the best-fit two-
ellipsoid shape model of (85990) 1999 JV6 before the shape details were
refined. The X, Y, and Z axes are in kilometres. The model was produced
as a result of a pole search using radar data, and has the pole located at
A=144°,3=-84°.

analysed models. We determine that both lobes are prolate ellip-
soids, with the smaller lobe having axial lengths of (346 + 15) m,
(279 £8) m, and (291 £ 13) m. The Euler angles to rotate the
smaller component are 23° + 18°, —21° + 50°, and 20° + 25°. The
larger lobe is more elongated, with axial lengths of (582 +17),
(322 +£7), and (331 £9) m. The Euler angles to rotate the larger
component are —9° +2°, —26° + 14°, and —3° + 2°, and therefore
the orientation of the larger lobe is better constrained relative
to the common reference frame. The centres of both components
are separated by (270 + 14) m along the X-axis, (24 +4) m along
the Y-axis, and (6 = 5) m along the Z-axis. The smaller ellipsoid
sits close to the end of the larger component in a configura-
tion similar to (25143) Itokawa (Demura et al. 2006), albeit with
both components lying in the X-Y plane, also resembling (8567)
1996 HW1, but with less prominent neck region (Magri et al.
2011).

3.3. Refined radar model

The two-ellipsoid shape models give a good approximation of
the general shape properties of JV6. However, in order to repro-
duce the full surface details present in the radar images of JV6
we needed a more complex description. There is an indentation
to the larger lobe that can be seen for example in the Gold-
stone imaging sequence taken on 8 January 2016 (top panel in
Fig. 4, and Fig. A.11) with a 1-2 pixel (18.7-37.4 m) depth. The
smaller lobe does not appear perfectly spherical, but rather angu-
lar, for example in the images taken at Arecibo on 17 January
2016 (bottom panel in Fig. 4, and Fig. A.21).

The next step in the model optimisation was then the reali-
sation of the shape model with a triangular mesh. The mesh is
described in SHAPE as a set of triangular facets with vertices for
which positions can be optimised. The vertex adjustments lead
to deformations of the triangular facets, modifying both their
sizes and orientations, allowing the model to reproduce smaller
surface features. The vertices were initially located across both
the ellipsoid components and on the “neck” region connecting
them. The vertex positions could be modified by SHAPE by
moving them along pre-determined directions (here selected to
be normal to the surface of the original two-ellipsoid model).

A149, page 9 of 28


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201936302&pdf_id=0
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201936302&pdf_id=0
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201936302&pdf_id=0

A&A 631, A149 (2019)

Z+

Y+

X+

0.2 0

-0.2

02 0 oo Fig. 8. Same as Fig. 3, but for the best-fit final

v radar shape model of (85990) 1999 JV6. The X,
Y, and Z axes are in kilometres. This model best
reproduces the combined light curve and radar
data set, with the rotation pole located at A =132°,
B=-86°, corresponding to a solution with a x?
within 1% of the best solution from the search
depicted in Fig. 6. Combining radar with optical
light-curve data provides excellent viewing geom-
etry coverage, meaning more than 99% of the
asteroid surface was observed. The red areas rep-
resent the surface elements that were not observed
by either radar imaging or light curves. The yellow
colour marks regions that were not observed by

For further refinement we selected only a subset of our two-
ellipsoid models. We picked 15 shape models with y? values less
than 1% above the minimum value, as well as the model with the
spin axis located exactly at the south pole of the celestial sphere.
Each of the models was realised as a triangular mesh with a dif-
ferent number of vertices, between 489 and 495, arranged into
974 to 986 triangular facets for each model, with an average
length of a facet edge being ~20 m. All of the models were opti-

radar but were observed using light curves. The
Y ‘Y-’ view shows an indentation in the larger lobe.

Table 4. Summary of shape parameters for asteroid (85990) 1999 JV6.

mised by allowing the position of each vertex to vary along with
the sidereal rotation period. An extended radar data set was used
during the optimisation in order to maximize the yield of infor-
mation on shape details. Full details of the radar imaging frames
used at this stage are listed in Table A.1.

After performing the full fit using the vertex realisation of
selected models, we reassessed the pole solution. The best-fit
model corresponds to a slightly shifted pole compared to the

Parameter Value
Extent along X-axis [m] 730
Y-axis [m] 367
Z-axis [m] 351
Surface area [x 10°m?] 0.707
Volume [x10°m?] 0.0453
Deq [m] 442
Do 0.075
DEEVE diameter 2a [m] 772
2b [m] 342
2c [m] 327
Ratio of 1,/1. 0.32
I,/I. 0.98

outcome of the two-ellipsoid pole search. The final shape model,
that gives the best fit to the data, has the rotation pole located
at 1=132° and S =-86°, and sidereal period P =6.536787 h as
described in Table 3. The model projections are shown in Fig. 8.
The fully realized shape model demonstrates some interesting
additional features. There is a prominent indentation in the larger
lobe towards the positive end of X-axis and negative end of
Y-axis, and the smaller lobe seems flattened at the negative end
of the X-axis.

The radar-determined diameter of equivalent-volume sphere
iS Deqg=442m, and lies within the uncertainty of the earlier
Spitzer and WISE infrared measurement (Mueller et al. 2011;
Mainzer et al. 2011), although the object is very elongated. The
optical albedo, p,, can be determined knowing the diameter and
absolute magnitude, H, using the following relation by Fowler &
Chillemi (1992):

2

132 H

Dy = ( 910_5) .
Deq

ey

Using H =20.2 from the Minor Planer Center!, we estimate
p,=0.075, which is in agreement with the Spitzer and WISE

I https://www.minorplanetcenter.net/
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Notes. The geometric parameters of the shape of JV6 determined for
the best-fit radar model. The extents are measured along the body-fixed
coordinate system axis rather than the principal axis of inertia. The Dy,
is the diameter of a sphere with volume equivalent to the model volume.
The DEEVE stands for the dynamically equivalent equal-volume ellip-
soid. The moments of inertia correspond to the longest (), intermediate
(1), and shortest principal axis of inertia (/,.).

measurements. Details of the geometric properties of the shape
are collected in Table 4.

Some examples of the quality of the fit of the radar-derived
model to the data can be seen in Fig. 4. We present all of the
radar cw spectra compared to the model-generated spectra in
Figs. A.3-A.6 and the radar images used in shape modelling
compared to synthetic echoes from this model in Figs. A.7-A.24.
Full details of the radar spectra and of the imaging frames are
listed in Table A.1.

3.4. Radar properties of JV6

The radar data can also be a valuable tool for surface character-
isation. The radar echo is received in two channels: one records
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Fig. 9. Example cw observations of (85990) 1999 JV6, collected in January 2015 at Arecibo (detailed description of the radar power spectra is in
Table A.1). The signal is recorded in two channels, with the same circular (SC) polarisation as the transmitted radiation marked with a dashed line
in each panel, and the opposite circular (OC) polarisation, marked with a solid line. The spectra show a SC/OC ratio typical for a NEA, which
suggests the presence of some surface features at a scale comparable to the radar wavelength (13 cm for Arecibo).

in the same circular (SC) polarisation sense as the transmitted
signal, the other in the opposite circular (OC) polarisation sense.
Generally the SC-to-OC ratio (SC/OC) is considered a measure
of the surface roughness, as strong echo power in the SC polar-
ization can only arise from the transmitted radar signal being
scattered by wavelength-scale surface features such as grooves
or craters or wavelength-scale particles in the near-surface of the
asteroid.

The SC/OC ratio for JV6 from the Arecibo cw observation
varies between 0.307 and 0.442 which would suggest varying
surface roughness at the scale of the radar wavelength (13 cm),
but without clear rotation phase dependency (see Fig. 9 and
Table 5). The SC/OC on 16 January 2015, 0.208, at rotation
phase 165°, appears anomalous. The SC/OC at the rotation
phases 139° and 175° are 0.332 and 0.409, respectively. Because
there are no apparent anomalies in the variation of the OC radar
cross section as a function of the rotation phase, the anomaly
points to a false SC radar cross section on that day. This is likely
due to noise, which is greater in the SC than the OC polarization.

There is only a limited sample of Xk-class asteroids for which
the SC/OC ratio is published, so it is difficult to compare JV6
with its taxonomic class. The mean value of the SC/OC ratio
for JV6 is 0.37 £0.05. Other known NEA contact-binaries in
this specific two-ellipsoid arrangement have slightly lower mean
SC/OC ratios; for Itokawa this is 0.27 +0.04 (Ostro et al. 2004)
and for 1996 HW1 0.29 + 0.03 (Magri et al. 2011), which would
imply slightly higher wavelength-scale roughness for JV6 than
for those two objects. However, those asteroids are of a different
taxonomic class than JV6. The mean value of the SC/OC ratio
for a NEA is 0.34 + 0.25 with a median 0.26 (Benner et al. 2008).
Therefore, JV6 is a typical representative of the NEA population.

Having determined a 3D shape model for the asteroid, we
were also able to derive the radar albedos using the Arecibo cw
spectra (see Table 5). The radar albedo in the OC polarization
has the mean value of 0.14 + 0.02. Its variation, between 0.117

and 0.171, is directly proportional to the projected area, which
strongly suggests localised variations in the surface structure:
either the near-surface bulk density or rubble size distribution.
Radar albedo measurements — available for only a few Xk aster-
oids — span a wide range of values, and the albedo of JV6 falls
within that range (Shepard et al. 2010). For NEAs the mean is
0.215 £ 0.016 (based on detections for 213 objects observed from
1998 to June 2016), with a median value of 0.153. Therefore, the
value for JV6 does not deviate from this distribution.

4. Searching for the signature of YORP

The spin-state analysis involves investigation of the timing of
light-curve observations. The light curves can be represented in
the time domain or in rotation phase, ¢, when the sidereal rota-
tion period, P, and thus rotation rate, w, is known. Accounting
for the linear change of rotation rate with time, v, the rotation
phase of an asteroid can be expressed for any given time as

o0 = ¢ (To) 4w (= To) + 3v (1~ To), )

where:

t the time of observation (JD),

0] rotation phase in radians,

Ty the epoch from which the model is propagated,
also the time (JD) at which the X-axis of the body
crosses the plane-of-sky if ¢(T) =0,

©(Ty) initial rotation phase in radians (rotational offset
between the position of X-axis and the plane-of-sky
at To),

w rotation rate in rad day"; w = 2n/P, P is rotation
period in days,

v the change of rotation rate in rad day™2; v = & (i.e.
the YORP strength).
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Table 5. Radar-derived disc-integrated properties for the cw spectra of (85990) 1999 JV6.

UT Date UT Time g B ¢  Radar x-sect. Proj.area Radar OC  Radar SC SC/O0C
[hh:mm:ss] [hh:mm:ss]  [°] [°]  [°] [x10°m?]  [x10° m?] albedo albedo ratio
2015-01-14  06:11:55 63 -12 27 0.310 1.91 0.162 0.064 0.394+0.015
2015-01-15  05:58:29 196 —-11 254 0.161 1.24 0.130 0.043 0.327 +0.007
2015-01-16  06:33:03 285 —-10 165 0.340 2.01 0.169 0.035 0.208 +0.003
2015-01-17 07:15:03 7 -9 83 0.131 1.12 0.117 0.036 0.311+0.010
2015-01-18 07:05:53 136 -9 314 0.230 1.64 0.140 0.044 0.313 £0.006
2015-01-28  04:36:37 32 -2 58 0.191 1.44 0.133 0.043 0.322+0.014
2016-01-14  03:12:35 236 -24 214 0.288 1.89 0.152 0.059 0.387 +£0.002
2016-01-15 02:55:30 1 -21 79 0.166 1.32 0.125 0.052 0.415+0.005
2016-01-17 02:26:48 275 -16 175 0.351 2.05 0.171 0.070 0.409 +0.003
2016-01-17 03:37:00 210 -16 240 0.201 1.51 0.133 0.053 0.396 +0.003
2016-01-18 03:43:18 323 -14 127 0.223 1.57 0.142 0.063 0.442 +0.005
2016-01-19  02:15:07 163 —-13 287 0.152 1.27 0.120 0.048 0.400 + 0.007
2017-01-14 23:53:17 311 -16 139 0.271 1.76 0.154 0.051 0.332 +0.004
2017-01-15 23:38:26 80 -—-15 10 0.343 2.03 0.169 0.052 0.307 £0.003

Mean values: 0.14+0.02 0.05+0.01 0.37+0.05

Notes. UT Date and UT Time is the universal-time date and time mid-receive. The body-fixed longitude, A, and latitude, 8, of the radar line-of-
sight, and rotation phase, ¢, were determined using the spin-state for the best-fit radar shape model (see Table 3). The rotation phase is measured
in degrees as an offset of X-axis relative to its position at 7. The radar cross-sections (‘“radar x-sect.” column) were calculated from the OC power
spectra. The “Projected areas” and “Radar OC albedos” were derived using the best-fit 3D shape. The “Radar SC albedos” were calculated from
the OC albedos and the SC/OC ratio. The “SC/OC ratio” for each spectrum is also given. In the last row we list the means and standard deviations
of OC albedo, SC albedo and SC/OC ratio, the latter two excluding anomalous value measured on 16 January 2015.

The linear change of rotation rate can be attributed to the
spin component of the YORP torque (Rubincam 2000), referred
to herein as the YORP factor. In the presence of non-zero v
the rotational sidereal period value, P, would be interpreted
as the initial period valid at T, which then gradually changes
with time.

4.1. Convex inversion search

We took two approaches to determining whether the characteris-
tic signature of YORP could be detected in the data available
for JV6. First, we used a light-curve-only approach based on
the convex inversion methods described in Sect. 3.1. The light-
curve-only pole search was repeated for a range of possible
YORP factors between —4 x 1077 and 4.5 x 10~ rad day 2. For
each value of v we tested a 5° x 5° grid of pole positions, keep-
ing the pole position fixed but optimising the shape and sidereal
rotation period at 7. In other words, we performed multiple pole
searches assuming different strengths of YORP spin-up, creat-
ing multiple y?-surfaces by projecting y?-values obtained for
each grid point onto the celestial sphere (Fig. 2 illustrates an
example y’-surface, with v=0). We investigated a y>-surface
for each value of YORP for the possibility of multiple min-
ima, and then extracted the minimum y? value from each of the
x?-surfaces, with the results shown in Fig. 10. The best fit to the
light-curve set for JV6 was obtained for a shape model devel-
oped assuming a slight spin-up with v=2x 1078 rad day~2, and
the YORP acceleration could be between v = —1 x 1078 rad day >
and v=28.5x 1078 rad day=? (which would produce a rotational
phase offset relative to a constant-period solution between 3°
and 25° over the approximately ten-year period over which JV6
was observed). However, the constant period solution with v =0
reproduced the light curves well (example light-curve fits are
shown in Fig. 5 and the full set of light curves in Fig. A.1), with
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Fig. 10. Results of the YORP search for asteroid (85990) 1999 JV6,
based on the convex-light-curve-inversion procedures described in
Sect. 3.1. For a set of YORP factors a grid of possible pole positions
was tested with shape and period optimised at each point. The quality
of the fit, x2, was recorded and the smallest value of y” from each search
is plotted here against the YORP factor. Left: full range of YORP factors
investigated, right: zoomed-in view of the region around the minimum
x° values. A YORP-induced spin-up of 2 x 1078 rad day® gives the best
fit to the light-curve data, but the constant period solution cannot be
discarded. The horizontal lines mark the increases above the best-fit x>
minimum: +1% (green) and +10% (red).

the y? differing by approximately 1% from the best-fit model
allowing a spin-up. Detecting YORP using light-curve data alone
would require a much longer observation span, but we deter-
mine the following upper limit for rotational spin-up for JV6:
v < 8.5%x 1078 rad day 2.

4.2. A radar-shape-model-based approach to searching for
YORP

In the second approach to searching for a YORP signature we
measured the rotational phase offsets between all of the available
light curves (described in Table 1) and the synthetic light curves
generated using the best radar-derived shape model. A subset
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Fig. 11. Phase offset measurements for the non-convex radar-derived
shape model of asteroid (85990) 1999 JV6, with 4=132°, B=-86°,
period P =6.536787h, and starting point T =2457425.214 (February
2016). The phase offsets are expressed in degrees with the year of obser-
vation on the horizontal axis. The blue squares represent measurements
for individual light curves. The phase offsets of the light curves utilised
in combination with radar data for shape modelling are marked with
black circles. The blue dotted lines indicate the possible spread in phase
offsets due to uncertainty in the measured sidereal period alone, i.e. the
uncertainty is 7 x 10%h. The solid red line marks the best-fit YORP
solution with v = (3.1 +2.4) x 1078 rad day 2, (with a standard deviation
of the quadratic function fit to the data of o = 1.2°). The black dashed
line marks best fit, assuming a constant-period (zero-YORP) solution
(the gradient of the line corresponds to an error in the sidereal period
of 6x 107°h with a standard deviation of the line fit to the data of
o~ 1.4°).

of the light-curve data from 2015 to 2016 was used in the radar
shape modelling; the model used was not therefore entirely inde-
pendent of the light-curve data collected. We reverse-propagated
the model from the T set in February 2016 and using the model
sidereal rotation period to reproduce the light curves at the time
of each observation. Individual light-curve fits corresponding
to the best radar-derived model for the full data set are shown
in Fig. A.2. The fit to the light-curve data is comparable to the
light-curve-inversion model, however the minima are sometimes
better reproduced, as is the case for the light curve obtained with
INT on 4 February 2016, as shown in Fig. 5.

We then measured any additional shift in the rotation phase
required to align the model with observations. A deviation of
the measured offsets from 0° can be a result of inaccuracy in
sidereal period determination or indicate the presence of YORP.
A straight line is expected for a constant period solution for all
of the measurements. Phase offsets showing a quadratic trend
would indicate detection of a YORP acceleration, as seen for
example for (25143) Itokawa (Lowry et al. 2014), or (54509)
YORP (Taylor et al. 2007; Lowry et al. 2007). The phase off-
sets for each of the light curves, given in degrees, were plotted
as a function of the time at which they were collected as shown
in Fig. 11.

The rotational phase offsets, Ay, the difference between the
observed rotational phases and rotational phases calculated using
the nominal constant-period solution, can be expressed as

Mg ()= Ap(To) + Ao (1~ Ty + 5v (i = Ty, 3)

Ap(t) measured rotation phase offset relative to the nomi-
nal spin-state solution in radians,

Ap(Ty) error in the initial rotation phase estimation in
radians,

Aw error in the determined rotation rate in rad day‘l;

corresponding error in period estimate AP can be
calculated as AP = P —2n/(2n/P + Aw/24).

The constant period solution reproduces all of the light-curve
data very well. A small spread can be observed in the phase off-
set measurements, which are all below 5° (or 1% of rotation),
and individual offsets lay within the uncertainty in period deter-
mination. A linear trend (assuming v =0 in Eq. (3)), correspond-
ing to an error in rotation rate determination, AP =6 X 107°h,
can be fitted to the observations with standard deviation of the
phase offset measurements o ~ 1.4°. The term corresponding
to the possible error in initial rotation phase for this fit is very
small, Ap (Ty) ~ 0.015°. The points from the 2013 NTT obser-
vations (around 1000 days prior to T) seem not to follow the
linear trend, but these are short light-curve segments and the
phase offset measurement error might be underestimated. The
phase offset measurements can also be fitted with a quadratic
curve (following Eq. (3)) with v=(3.1+24)X 1078 rad day’2
with the standard deviation of individual phase offsets o =
1.2°. The quadratic trend also contains non-negligible linear
terms, corresponding to AP ~ 2.1 x 1073 h and Ap(Ty) ~ 1.2°.
While mathematically, the uncertainty on the v estimated this
way would suggest a YORP detection, we note that the stan-
dard deviation of the fit of the quadratic trend line to the data
is comparable to the standard deviation of the constant-period
solution. Moreover the AP determined assuming the constant
period solution is within the uncertainty of period determina-
tion and therefore presents a feasible explanation of the observed
phase offsets. Lastly, the data from 2013 present outliers to both
trends, and hence can be attributed to neither YORP nor error in
period. Therefore, we recommend further photometric observa-
tions to evaluate whether the observed phase offsets will follow
the quadratic, and hence lead to a YORP detection, or the linear
trend.

5. Discussion and summary of main conclusions

We have developed a robust shape and spin-state model of
JV6 by combining extensive light-curve data and radar mea-
surements. The model features have an effective resolution
of about 20m. The light-curve-only analysis gives an upper
limit for YORP detection at 8.5 1078 rad day~2. Combining
the light-curve data with radar observations might suggest a
YORP-induced spin-up of v= (3.1 +2.4) x 108 rad day~> when
assuming a variable period solution. However, a constant period
model could be fit to the combined data set equally well at
the 1.5 sigma level. Therefore, more photometric observations
are required to confirm or fully reject the possibility of YORP
effect acting on this asteroid. The shape model developed with
data across a short time span provides an important “anchor”
for future measurements. The data collected would not be used
to further inform the shape modelling process, but simply to
determine any phase offsets from the existing model.

We have shown that JV6 is a bilobed body, a representa-
tive of a class of asteroids called contact binaries. The contact
binaries are estimated to make up between 15 and 35% of the
NEA population (Benner et al. 2006, 2015; Jacobson et al. 2016).
The estimated sizes of the NEA contact-binary population are
based on reported radar detections of such asteroids, and not
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on the results of detailed shape modelling. Radar shape models
are available for a few asteroids in perceived contact-binary con-
figuration, for example (4769) Castalia (Hudson & Ostro 1994),
(2063) Bacchus (Benner et al. 1999), (4179) Toutatis (Hudson
et al. 2003), and (4486) Mithra (Brozovic et al. 2010). However,
only two of the NEAs modelled so far display distinct ellipsoidal
components of different sizes with the smaller near-spherical
lobe placed close to the end of the larger, more elongated prolate
lobe, similar to what we see for JV6. The first, (8567) 1996 HW 1
(Magri et al. 2011), has a clear neck region separating the com-
ponents. This physical division between two lobes suggests that
the asteroid might indeed be made up of two separate bodies that
could have slowly collided to form the bilobed shape. The second
example is (25143) Itokawa for which an elongated shape was
deduced from radar images (Ostro et al. 2004). Later, its contact
binary nature was recognised with spacecraft imagery (Demura
et al. 2006). The different densities of the two lobes of Itokawa
were deduced with the aid of YORP measurements (Lowry et al.
2014). Therefore, JV6 is only the third example where a detailed
shape model is available for a body clearly made up of ellipsoidal
components in this configuration.

The shape model developed here could be used to study the
formation mechanism of a contact binary system. The current
spin-state of JV6 with a high obliquity of 173.8°, close to an
end state of YORP-induced obliquity shift, suggests a highly
evolved system. According to contact-binary formation theory
the two components possibly collapsed to form one body due to
B-YOREP shrinking their mutual orbit (Scheeres 2007; Jacobson
& Scheeres 2011). The question is whether the two components
were formed through rotational fission from a single parent body,
or whether they formed separately. One way to investigate the
origin of both components could be through studying the inte-
rior structure. This was done for example for asteroid Itokawa
(Lowry et al. 2014). In the case of Itokawa, reconciling the theo-
retical predictions of YORP strength with observations required
shifting the centre of mass away from the geometric centre of
the figure. The shift was explained with different bulk densities
assigned to each lobe. In the case of JV6, the model was devel-
oped assuming a principal axis rotation and forcing the centre of
mass to be located in the geometric centre of shape. While the
model reproduces all of the data very well, a linear offset of the
centre of mass might be studied in the future to check whether
there is scope for investigation of density inhomogeneity. Further
evidence for separate origins for the two apparent components
would be in detecting colour or spectral variation between the
two lobes.

Recently a different formation scenario was proposed to
explain the characteristic morphology demonstrated by Itokawa
(Sanchez & Scheeres 2018) that could also be applicable to
JV6. The authors investigated the physical evolution of spun-
up rubble-pile asteroids with a weak core. In the simulations
the asteroids were represented as self-gravitating conglomerates
of variable-size spheres arranged in two concentric layers. The
inner layer, the core, was given a weaker tensile strength than the
outer layer with other properties like porosity or density remain-
ing constant. A series of spherical aggregates were formed with
differently sized cores, with core-to-body radius ratio between
0.5 and 0.9. The synthetic asteroids were then spun up by a series
of small increments of the spin rate. It was shown how a rubble-
pile body undergoes deformation as the rotation rate increases.
The final shapes were dependent on the cohesive strengths of the
layers and sizes of the cores. For a small-enough core relative to
the asteroid size, and a weak-enough cohesion in the core layer,
the deformation is gradual with a dent in the surface emerging
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first. As the spun-up body stretches, it transitions to a shape
resembling a contact binary with a pronounced neck region
before braking up into two differently sized ellipsoidal com-
ponents. The contact binary configuration is apparently stable.
It might be that JV6 is a rotationally deformed body currently
undergoing the process of rotational fission, rather than one that
has already been broken into two bodies and re-formed. The
long sidereal rotation period of JV6, seemingly conflicting with
this scenario, can be a combined effect of the spin-rate decrease
due to change of the inertia tensor and perhaps a YORP-induced
slow-down.
Our conclusions can be summarised as follows:

1. The currently available optical and radar data collected over
the 11-yr campaign can be successfully reproduced using a
constant period solution. However, we estimated an upper
limit for YORP detection on JV6 using light-curve data
alone. A positive detection of YORP on JV6 would require
a much larger data set, so continued photometric monitoring
is recommended.

2. The characteristic bilobed shape of JV6 can be a product of
either a slow collision of two separately formed components,
or a result of an on-going fission process slowed down due to
the asteroids deformation. The physical characterisation pre-
sented here will enable future studies of the contact-binary
NEA population.
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Appendix A: Additional figures and table
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Fig. A.1. Same as Fig. 5, but for all available data plotted over synthetic light curves generated with the convex-inversion shape model of asteroid
(85990) 1999 JVé.
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Fig. A.1. continued.
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Fig. A.2. Same as Fig. 5, but for all available data plotted over synthetic light curves generated with the radar-derived shape model of asteroid
(85990) 1999 JVé.
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Fig. A.2. continued.
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Fig. A.3. The cw radar power spectra of asteroid (85990) 1999 JV6
collected at Arecibo in January 2015. Each panel is a graph of echo
power in units of standard deviation of the noise against Doppler fre-
quency offset in Hz (relative to centre of mass). The black bar at the
0 Hz frequency has unit length. Each panel is labelled with the date of
observations in [yyyymmdd] format. Solid lines represent observations
(received OC spectra), and the dashed line is a simulated echo based on
the best-fit radar model (see model summary in Table 3). The details of
each spectrum are given in Table A.1.
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Fig. A.4. Same as Fig. A.3, but for the cw spectra collected at Goldstone

in January 2016.
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Fig. A.7. Similar to Fig. 4, but demonstrating only the fit of the final
radar-derived shape model of asteroid (85990) 1999 JV6 to the radar
data with detailed image parameters in Table A.1. Each three-image sub-
panel is made of: the observational data (left panel), echo simulated
from the best-fit model (middle panel), and plane-of-sky projection of
the best-fit model (right panel). This sequence of images corresponds
to the Arecibo data collected on 15 January 2015.

data fit 8% data fit sky

Fig. A.8. Same as Fig. A.7, but this sequence of images corresponds to
the Arecibo data collected on 16 January 2015.

sky sky

LA

data

Fig. A.9. Same as Fig. A.7, but this sequence of images corresponds to
the Arecibo data collected on 17 January 2015.
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data

Fig. A.10. Same as Fig. A.7, but this sequence of images corresponds
to the Arecibo data collected on 18 January 2015.

data fit data sky

Fig. A.11. Same as Fig. A.7, but this sequence of images corresponds
to the Goldstone Solar System Radar data collected on 8§ January 2016.

data

Fig. A.12. Same as Fig. A.7, but this image corresponds to the
Goldstone Solar System Radar data collected on 9 January 2016.
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sky data fit data fit

Fig. A.13. Same as Fig. A.7, but this sequence of images corresponds
to the Goldstone Solar System Radar used for bistatic observations with
Green Bank, data collected on 9 January 2016.

Fig. A.16. Same as Fig. A.7, but this sequence of images corresponds
to the Goldstone Solar System Radar used for bistatic observations with
Green Bank, data collected on 12 January 2016.

data fit sky data

Fig. A.14. Same as Fig. A.7, but this sequence of images corresponds
to the Goldstone Solar System Radar used for bistatic observations with
Green Bank, data collected on 10 January 2016.

Fig. A.17. Same as Fig. A.7, but this sequence of images corresponds to
the Goldstone Solar System Radar data collected on 13 January 2016.

data fit

Fig. A.18. Same as Fig. A.7, but this image corresponds to the Gold-
stone Solar System Radar used for bistatic observations with Green
Bank, data collected on 13 January 2016.

data L sky data fit sky

P . e —

Fig. A.15. Same as Fig. A.7, but this sequence of images corresponds  Fig. A.19. Same as Fig. A.7, but this sequence of images corresponds
to the Goldstone Solar System Radar data collected on 10 January 2016. (o the Arecibo data collected on 14 January 2016.
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Fig. A.20. Same as Fig. A.7, but this sequence of images corresponds
to the Arecibo data collected on 15 January 2016.

Fig. A.21. Same as Fig. A.7, but this sequence of images corresponds
to the Arecibo data collected on 17 January 2016.
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data fit sky data

data fit sky data fit sky

g — o

Fig. A.23. Same as Fig. A.7, but this sequence of images corresponds
to the Arecibo data collected on 19 January 2016.

Fig. A.22. Same as Fig. A.7, but this sequence of images corresponds
to the Arecibo data collected on 18 January 2016.

Fig. A.24. Same as Fig. A.7, but this sequence of images corresponds
to the Arecibo data collected on 15 January 2017.
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Table A.1. Details of radar power spectra and imaging frames used for shape modelling of (85990) 1999 JV6.

UT Date UT Time Observatory Baud Pixel height Frequency resolution Looks Rotation phase
[yyyy-mm-dd] [hh:mm:ss] [us] [#s] [m] [Hz] [°]
2015-01-15 05:58:29 Arecibo cw - - 0.034 5 254
2015-01-15 06:31:06 Arecibo 0.2 0.1 15.0 0.068 24 283
2015-01-15 06:44:19 Arecibo 0.2 0.1 15.0 0.068 24 296
2015-01-15 07:22:01 Arecibo 0.2 0.1 15.0 0.068 24 330
2015-01-15 07:34:41 Arecibo 0.2 0.1 15.0 0.068 24 342
2015-01-16 05:35:46 Arecibo 0.2 0.1 15.0 0.067 24 112
2015-01-16 05:49:48 Arecibo 0.2 0.1 15.0 0.067 24 125
2015-01-16 06:02:44 Arecibo 0.2 0.1 15.0 0.067 24 137
2015-01-16 06:15:40 Arecibo 0.2 0.1 15.0 0.067 24 149
2015-01-16 06:33:03 Arecibo cwW - - 0.034 5 165
2015-01-16 06:54:26 Arecibo 0.2 0.1 15.0 0.067 24 184
2015-01-16 07:08:59 Arecibo 0.2 0.1 15.0 0.067 30 197
2015-01-16 07:25:09 Arecibo 0.2 0.1 15.0 0.067 30 212
2015-01-17 05:31:40 Arecibo 0.2 0.1 15.0 0.065 24 348
2015-01-17 05:45:25 Arecibo 0.2 0.1 15.0 0.065 24 0
2015-01-17 05:58:37 Arecibo 0.2 0.1 15.0 0.065 24 12
2015-01-17 06:11:49 Arecibo 0.2 0.1 15.0 0.065 24 25
2015-01-17 06:27:44 Arecibo 0.2 0.1 15.0 0.065 24 39
2015-01-17 06:41:56 Arecibo 0.2 0.1 15.0 0.065 24 52
2015-01-17 06:56:56 Arecibo 0.2 0.1 15.0 0.065 30 66
2015-01-17 07:15:03 Arecibo cw - - 0.033 5 83
2015-01-18 05:08:29 Arecibo 0.2 0.1 15.0 0.074 28 206
2015-01-18 05:23:57 Arecibo 0.2 0.1 15.0 0.074 28 220
2015-01-18 05:37:43 Arecibo 0.2 0.1 15.0 0.074 28 233
2015-01-18 05:51:18 Arecibo 0.2 0.1 15.0 0.074 28 245
2015-01-18 06:04:55 Arecibo 0.2 0.1 15.0 0.074 28 258
2015-01-18 06:18:35 Arecibo 0.2 0.1 15.0 0.074 28 270
2015-01-18 06:32:51 Arecibo 0.2 0.1 15.0 0.074 28 283
2015-01-18 06:46:54 Arecibo 0.2 0.1 15.0 0.074 28 296
2015-01-18 07:05:53 Arecibo cw - - 0.032 7 314
2015-01-28 04:36:37 Arecibo cw - - 0.046 7 58
2016-01-08 06:33:53 Goldstone cw - - 0.33 63 43
2016-01-08 07:13:03 Goldstone 0.125 0.125 18.7 0.158 40 79
2016-01-08 07:22:25 Goldstone 0.125 0.125 18.7 0.158 40 88
2016-01-08 07:31:45 Goldstone 0.125 0.125 18.7 0.158 40 96
2016-01-08 07:41:08 Goldstone 0.125 0.125 18.7 0.158 40 105
2016-01-08 07:50:29 Goldstone 0.125 0.125 18.7 0.158 40 113
2016-01-08 07:59:50 Goldstone 0.125 0.125 18.7 0.158 40 122
2016-01-08 08:09:11 Goldstone 0.125 0.125 18.7 0.158 40 130
2016-01-08 08:18:33 Goldstone 0.125 0.125 18.7 0.158 40 139
2016-01-08 08:27:56 Goldstone 0.125 0.125 18.7 0.158 40 147
2016-01-08 08:37:17 Goldstone 0.125 0.125 18.7 0.158 40 156
2016-01-08 08:46:38 Goldstone 0.125 0.125 18.7 0.158 40 164
2016-01-08 08:56:00 Goldstone 0.125 0.125 18.7 0.158 40 173
2016-01-08 09:05:21 Goldstone 0.125 0.125 18.7 0.158 40 181
2016-01-08 09:14:43 Goldstone 0.125 0.125 18.7 0.158 40 190
2016-01-08 09:24:05 Goldstone 0.125 0.125 18.7 0.158 40 199
2016-01-08 09:34:02 Goldstone 0.125 0.125 18.7 0.158 45 208
2016-01-08 09:44:32 Goldstone 0.125 0.125 18.7 0.158 45 217
2016-01-09 06:07:31 Goldstone 0.125 0.125 18.7 0.158 40 256
2016-01-09 06:18:39 GBT 0.05 0.05 7.5 0.144 70 266
2016-01-09 06:26:49 GBT 0.05 0.05 75 0.144 70 273
2016-01-09 06:34:59 GBT 0.05 0.05 7.5 0.144 70 281
2016-01-09 06:43:09 GBT 0.05 0.05 15 0.144 70 288

Notes. “UT Date and Time” is the mid-receive time. “Observatory” is a designation of the observatory performing the experiment, “Arecibo”,
“Goldstone” for Goldstone in monostatic mode, or “GBT” for Goldstone transmitting with GBT receiving in bistatic mode. “Baud” is the signal
code baud-length in us and in meters (baud does not apply to the cw spectra). “Frequency resolution” is the Doppler resolution, which for the radar
imaging data is the pixel size in the delay domain in us. The Arecibo 2015 0.2 us-baud data were taken with 4 samples per baud, but only binned by
2, resulting in the pixel height being 0.1 us. “Pixel width” is the pixel size in the frequency (Doppler) domain in Hz. “Looks” is the total number of
independent measurements (looks) in each frame. The images listed here are sums of multiple runs, or transmit-receive cycles. “Rotation phase”,
or the angle between the X-axis and its position at Ty, is given in degrees. The model summary is given in Table 3.
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Table A.1. continued.

UT Date UT Time Observatory Baud Pixel height Frequency resolution Looks Rotation phase
[yyyy-mm-dd] [hh:mm:ss] [us] [us] [m] [Hz] [°]
2016-01-09 06:51:19 GBT 0.05 0.05 7.5 0.144 70 296
2016-01-09 06:59:29 GBT 0.05 0.05 7.5 0.144 70 303
2016-01-10 04:36:25 Goldstone 0.125 0.125 18.7 0.158 53 51
2016-01-10 04:54:51 GBT 0.125 0.125 18.7 0.158 77 67
2016-01-10 05:03:35 GBT 0.125 0.125 18.7 0.158 77 75
2016-01-10 05:16:44 Goldstone 0.125 0.125 18.7 0.158 45 88
2016-01-10 05:27:26 Goldstone 0.125 0.125 18.7 0.158 45 97
2016-01-10 05:38:09 Goldstone 0.125 0.125 18.7 0.158 47 107
2016-01-10 05:48:51 Goldstone 0.125 0.125 18.7 0.158 46 117
2016-01-10 05:59:32 Goldstone 0.125 0.125 18.7 0.158 45 127
2016-01-10 06:10:14 Goldstone 0.125 0.125 18.7 0.158 46 136
2016-01-10 06:20:56 Goldstone 0.125 0.125 18.7 0.158 47 146
2016-01-10 06:31:36 Goldstone 0.125 0.125 18.7 0.158 48 156
2016-01-10 06:42:16 Goldstone 0.125 0.125 18.7 0.158 48 166
2016-01-10 06:52:57 Goldstone 0.125 0.125 18.7 0.158 44 176
2016-01-10 07:03:39 Goldstone 0.125 0.125 18.7 0.158 46 185
2016-01-10 07:14:20 Goldstone 0.125 0.125 18.7 0.158 47 195
2016-01-10 07:22:20 Goldstone 0.125 0.125 18.7 0.158 24 203
2016-01-12 06:14:28 Goldstone cw - - 0.33 75 260
2016-01-12 06:58:17 GBT 0.125 0.125 18.7 0.16 98 300
2016-01-12 07:10:03 GBT 0.125 0.125 18.7 0.16 96 311
2016-01-12 07:20:03 GBT 0.125 0.125 18.7 0.16 96 320
2016-01-12 07:30:03 GBT 0.125 0.125 18.7 0.16 96 329
2016-01-12 07:40:03 GBT 0.125 0.125 18.7 0.16 96 338
2016-01-12 07:50:03 GBT 0.125 0.125 18.7 0.16 96 347
2016-01-12 08:00:03 GBT 0.125 0.125 18.7 0.16 96 357
2016-01-12 08:10:03 GBT 0.125 0.125 18.7 0.16 96 6
2016-01-12 08:20:03 GBT 0.125 0.125 18.7 0.16 96 15
2016-01-12 08:30:03 GBT 0.125 0.125 18.7 0.16 96 24
2016-01-13 04:48:26 GBT 0.125 0.125 18.7 0.16 96 61
2016-01-13 07:37:08 Goldstone 0.25 0.25 37.5 0.3 180 216
2016-01-13 07:56:33 Goldstone 0.25 0.25 37.5 0.3 180 234
2016-01-13 08:36:33 Goldstone 0.25 0.25 37.5 0.3 180 270
2016-01-14 03:12:35 Arecibo cwW - - 0.021 4 214
2016-01-14 03:26:09 Arecibo 0.1 0.1 15.0 0.042 6 226
2016-01-14 03:31:45 Arecibo 0.1 0.1 15.0 0.042 6 232
2016-01-14 03:37:21 Arecibo 0.1 0.1 15.0 0.042 6 237
2016-01-14 03:42:01 Arecibo 0.1 0.1 15.0 0.042 4 241
2016-01-14 03:49:41 Arecibo 0.1 0.1 15.0 0.042 4 248
2016-01-14 03:54:21 Arecibo 0.1 0.1 15.0 0.042 6 252
2016-01-14 03:59:57 Arecibo 0.1 0.1 15.0 0.042 6 257
2016-01-15 02:55:30 Arecibo cw - - 0.019 5 79
2016-01-15 03:06:49 Arecibo 0.05 0.05 7.5 0.038 6 90
2016-01-15 03:12:54 Arecibo 0.05 0.05 7.5 0.038 6 95
2016-01-15 03:31:27 Arecibo 0.1 0.1 15.0 0.038 4 112
2016-01-15 03:36:31 Arecibo 0.1 0.1 15.0 0.038 6 117
2016-01-15 03:43:54 Arecibo 0.1 0.1 15.0 0.038 6 124
2016-01-15 03:50:01 Arecibo 0.1 0.1 15.0 0.038 6 129
2016-01-15 03:56:06 Arecibo 0.1 0.1 15.0 0.038 6 135
2016-01-15 04:02:12 Arecibo 0.1 0.1 15.0 0.038 6 140
2016-01-15 04:08:19 Arecibo 0.1 0.1 15.0 0.038 6 146
2016-01-15 04:14:24 Arecibo 0.1 0.1 15.0 0.038 6 152
2016-01-15 04:20:31 Arecibo 0.1 0.1 15.0 0.038 6 157
2016-01-15 04:26:36 Arecibo 0.1 0.1 15.0 0.038 6 163
2016-01-15 04:41:41 Arecibo 0.1 0.1 15.0 0.038 6 177
2016-01-17 02:26:48 Arecibo cw - - 0.016 4 175
2016-01-17 02:38:12 Arecibo 0.1 0.1 15.0 0.032 6 186
2016-01-17 02:45:18 Arecibo 0.1 0.1 15.0 0.032 6 192
2016-01-17 02:52:24 Arecibo 0.1 0.1 15.0 0.032 6 199
2016-01-17 02:59:29 Arecibo 0.1 0.1 15.0 0.032 6 205
2016-01-17 03:06:35 Arecibo 0.1 0.1 15.0 0.032 6 212
2016-01-17 03:13:41 Arecibo 0.1 0.1 15.0 0.032 6 218
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UT Date UT Time Observatory Baud Pixel height Frequency resolution Looks Rotation phase
[yyyy-mm-dd] [hh:mm:ss] [ps] [pes] [m] [Hz] [°]
2016-01-17 03:20:48 Arecibo 0.1 0.1 15.0 0.032 6 225
2016-01-17 03:27:54 Arecibo 0.1 0.1 15.0 0.032 6 231
2016-01-17 03:37:00 Arecibo cwW - - 0.016 4 240
2016-01-17 03:46:12 Arecibo 0.1 0.1 15.0 0.032 4 248
2016-01-17 03:52:07 Arecibo 0.1 0.1 15.0 0.032 6 253
2016-01-17 03:59:12 Arecibo 0.1 0.1 15.0 0.032 6 260
2016-01-17 04:06:18 Arecibo 0.1 0.1 15.0 0.032 6 266
2016-01-17 04:13:24 Arecibo 0.1 0.1 15.0 0.032 6 273
2016-01-17 04:20:31 Arecibo 0.1 0.1 15.0 0.032 6 279
2016-01-17 04:27:37 Arecibo 0.1 0.1 15.0 0.032 6 286
2016-01-17 04:34:43 Arecibo 0.1 0.1 15.0 0.032 6 292
2016-01-17 04:41:48 Arecibo 0.1 0.1 15.0 0.032 6 299
2016-01-18 02:21:15 Arecibo 0.1 0.1 15.0 0.044 9 51
2016-01-18 02:28:51 Arecibo 0.1 0.1 15.0 0.044 9 58
2016-01-18 02:36:27 Arecibo 0.1 0.1 15.0 0.044 9 65
2016-01-18 02:44:03 Arecibo 0.1 0.1 15.0 0.044 9 72
2016-01-18 02:51:39 Arecibo 0.1 0.1 15.0 0.044 9 79
2016-01-18 02:59:15 Arecibo 0.1 0.1 15.0 0.044 9 86
2016-01-18 03:06:51 Arecibo 0.1 0.1 15.0 0.044 9 93
2016-01-18 03:14:27 Arecibo 0.1 0.1 15.0 0.044 9 100
2016-01-18 03:22:03 Arecibo 0.1 0.1 15.0 0.044 9 107
2016-01-18 03:29:39 Arecibo 0.1 0.1 15.0 0.044 9 114
2016-01-18 03:43:18 Arecibo cwW - - 0.015 4 127
2016-01-18 03:54:24 Arecibo 0.1 0.1 15.0 0.044 9 137
2016-01-18 04:02:00 Arecibo 0.1 0.1 15.0 0.044 9 144
2016-01-18 04:09:36 Arecibo 0.1 0.1 15.0 0.044 9 151
2016-01-18 04:17:12 Arecibo 0.1 0.1 15.0 0.044 9 158
2016-01-18 04:24:48 Arecibo 0.1 0.1 15.0 0.044 9 165
2016-01-18 04:32:24 Arecibo 0.1 0.1 15.0 0.044 9 172
2016-01-18 04:40:00 Arecibo 0.1 0.1 15.0 0.044 9 179
2016-01-19 02:15:07 Arecibo cwW - - 0.014 4 287
2016-01-19 02:31:52 Arecibo 0.1 0.1 15.0 0.041 9 302
2016-01-19 02:40:12 Arecibo 0.1 0.1 15.0 0.041 9 310
2016-01-19 02:48:46 Arecibo 0.1 0.1 15.0 0.041 9 318
2016-01-19 02:56:51 Arecibo 0.1 0.1 15.0 0.041 9 325
2016-01-19 03:04:58 Arecibo 0.1 0.1 15.0 0.041 9 333
2016-01-19 03:13:03 Arecibo 0.1 0.1 15.0 0.041 9 340
2016-01-19 03:21:10 Arecibo 0.1 0.1 15.0 0.041 9 348
2016-01-19 03:29:21 Arecibo 0.1 0.1 15.0 0.041 9 355
2016-01-19 03:37:33 Arecibo 0.1 0.1 15.0 0.041 9 3
2016-01-19 03:45:45 Arecibo 0.1 0.1 15.0 0.041 9 10
2016-01-19 03:53:57 Arecibo 0.1 0.1 15.0 0.041 9 18
2016-01-19 04:02:09 Arecibo 0.1 0.1 15.0 0.041 9 25
2016-01-19 04:10:21 Arecibo 0.1 0.1 15.0 0.041 9 33
2016-01-19 04:20:40 Arecibo 0.1 0.1 15.0 0.041 9 42
2016-01-19 04:29:55 Arecibo 0.1 0.1 15.0 0.041 9 51
2016-01-19 04:38:07 Arecibo 0.1 0.1 15.0 0.041 9 58
2017-01-14 23:53:17 Arecibo cw - - 0.013 7 139
2017-01-15 23:38:26 Arecibo cwW - - 0.012 3 10
2017-01-15 23:57:06 Arecibo 0.1 0.1 15.0 0.075 18 28
2017-01-16 00:09:51 Arecibo 0.1 0.1 15.0 0.075 18 39
2017-01-16 00:23:16 Arecibo 0.1 0.1 15.0 0.075 18 52
2017-01-16 00:32:22 Arecibo 0.1 0.1 15.0 0.075 18 60
2017-01-16 00:41:28 Arecibo 0.1 0.1 15.0 0.075 18 68
2017-01-16 00:50:34 Arecibo 0.1 0.1 15.0 0.075 18 77
2017-01-16 00:59:40 Arecibo 0.1 0.1 15.0 0.075 18 85
2017-01-16 01:09:16 Arecibo 0.1 0.1 15.0 0.075 18 94
2017-01-16 01:20:05 Arecibo 0.1 0.1 15.0 0.075 18 104
2015-01-14 06:11:55 Arecibo cw - - 0.036 5 27
2015-01-15 06:18:26 Arecibo 0.2 0.1 15.0 0.068 24 272
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