
Dover, L., Lowry, S.C., Rożek, A., Rozitis, B., Jackson, S.L., Zegmott, T.J., Krugly, 
Yu.N., Belskaya, I.n., Fitzsimmons, A., Green, S.F. and others (2023) Physical 
modelling of near-Earth asteroid (23187) 2000 PN9 with ground-based optical 
and radar observations.  Monthly Notices of the Royal Astronomical Society, 
525 (3). pp. 4581-4595. ISSN 0035-8711. 

Kent Academic Repository

Downloaded from
https://kar.kent.ac.uk/102688/ The University of Kent's Academic Repository KAR 

The version of record is available from
https://doi.org/10.1093/mnras/stad2528

This document version
Publisher pdf

DOI for this version

Licence for this version
CC BY (Attribution)

Additional information
For the purpose of open access, the author(s) has applied a Creative Commons Attribution (CC BY) licence to any Author Accepted 

Manuscript version arising 

Versions of research works

Versions of Record
If this version is the version of record, it is the same as the published version available on the publisher's web site. 
Cite as the published version. 

Author Accepted Manuscripts
If this document is identified as the Author Accepted Manuscript it is the version after peer review but before type 
setting, copy editing or publisher branding. Cite as Surname, Initial. (Year) 'Title of article'. To be published in Title 
of Journal , Volume and issue numbers [peer-reviewed accepted version]. Available at: DOI or URL (Accessed: date). 

Enquiries
If you have questions about this document contact ResearchSupport@kent.ac.uk. Please include the URL of the record 
in KAR. If you believe that your, or a third party's rights have been compromised through this document please see 
our Take Down policy (available from https://www.kent.ac.uk/guides/kar-the-kent-academic-repository#policies). 

https://kar.kent.ac.uk/102688/
https://doi.org/10.1093/mnras/stad2528
mailto:ResearchSupport@kent.ac.uk
https://www.kent.ac.uk/guides/kar-the-kent-academic-repository#policies
https://www.kent.ac.uk/guides/kar-the-kent-academic-repository#policies


MNRAS 525, 4581–4595 (2023) https://doi.org/10.1093/mnras/stad2528 
Advance Access publication 2023 September 1 

Physical modelling of near-Earth asteroid (23187) 2000 PN9 with 

ground-based optical and radar obser v ations 

L. Do v er , 1 ‹ S. C. Lowry, 1 A. Ro ̇zek , 2 , 1 B. Rozitis, 3 S. L. Jackson , 3 T. Zegmott , 1 Yu. N. Krugly, 4 , 5 

I. N. Belskaya, 4 , 6 A. Fitzsimmons, 7 S. F. Green, 3 C. Snodgrass , 2 P. R. Weissman, 8 M. Brozovi ́c, 9 

L. A. M. Benner, 9 M. W. Busch, 10 V. R. Ayvazian, 11 , 12 V. Chiorny, 4 R. Ya. Inasaridze, 11 , 12 M. Krugov, 13 

S. Mykhailova, 4 , 5 I. Reva 

13 and J. Hibbert 14 

1 Centre for Astrophysics and Planetary Science, University of Kent, Canterbury, CT2 7NH, UK 

2 Institute for Astronomy, University of Edinburgh, Royal Observatory, Edinburgh, EH9 3HJ, UK 

3 Planetary and Space Sciences, School of Physical Sciences, The Open University, Milton Keynes, MK7 6AA, UK 

4 Institute of Astronomy, V. N. Karazin Kharkiv National University, Kharkiv 61022, Ukraine 
5 Astronomical Observatory Institute, Faculty of Physics, A. Mickiewicz University, PL-60-286 Pozna ́n, Poland 
6 LESIA, Observatoire de Paris, Universit ́e PSL, CNRS, Universit ́e Paris Cit ́e, Sorbonne Universit ́e, Meudon, F-92195, France 
7 Astrophysics Research Centre, Queens University Belfast, Belfast, BT7 1NN, UK 

8 Planetary Sciences Institute, Tucson, Arizona, AZ 85719, USA 

9 Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109, USA 

10 SETI Institute, Mountain View, California, CA 94032, USA 

11 E. Kharadze Georgian National Astrophysical Observatory, Abastumani 0301, Georgia 
12 Samtskhe-Javakheti State University, Akhaltsikhe 0080, Georgia 
13 Fesenk o v Astrophysical Institute, Almaty 050020, Kazakhstan 
14 Isaac Newton Group, Apartado de correos 321, E-38700 Santa Cruz de La Palma, Canary Islands, Spain 

Accepted 2023 August 17. Received 2023 August 17; in original form 2022 December 22 

A B S T R A C T 

We present a physical model and spin-state analysis of the potentially hazardous asteroid (23187) 2000 PN9. As part of a long- 
term campaign to make direct detections of the Yarko vsk y–O’K eefe–Radzie vskii–Paddack (YORP) ef fect, we collected optical 
light curves of the asteroid between 2006 and 2020. These observations were combined with planetary radar data to develop a 
detailed shape model, which was used to search for YORP acceleration. We report that 2000 PN9 is a relatively large top-shaped 

body with a sidereal rotation period of 2.53216 ± 0.00015 h. Although we find no evidence for rotational acceleration, YORP 

torques smaller than ∼ 10 

−8 rad d 

−2 cannot be ruled out. It is likely that 2000 PN9 is a YORP-evolved object, and may be an 

example of YORP equilibrium or self-limitation. 

Key words: radiation mechanisms: thermal – methods: data analysis – methods: observational – techniques: photometric –
techniques: radar astronomy – minor planets, asteroids: individual: (23187) 2000 PN9. 
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 I N T RO D U C T I O N  

he Yarko vsk y–O’K eefe–Radzie vskii–Paddack (YORP) ef fect is a 
hermal torque caused by the reflection, absorption and anisotropic 
e-emission of Solar radiation (Rubincam 2000 ). The YORP effect 
an change the rotation period and spin axis orientation of small
odies, and is a key mechanism in their evolution. It can trigger
he formation of binary asteroids, deliver asteroids to Earth-crossing 
rbits (Bottke et al. 2006 ), and cause spin-axis alignment in asteroidal
amilies (Vokrouhlick ́y, Nesvorn ́y & Bottke 2003 ). There have been
1 direct detections of the YORP effect to date: (54509) YORP, 
1862) Apollo, (1620) Geographos, (3103) Eger, (25143) Itokawa, 
 E-mail: lrd27@kent.ac.uk 

o
w  

i  

2023 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( http://cr eativecommons.or g/licenses/by/4.0/), whic
rovided the original work is properly cited. 
161989) Cacus, (101955) Bennu, (68346) 2001 KZ66, (10115) 
992 SK, and (1685) Toro (Kaasalainen et al. 2007 ; Lowry et al.
007 ; Taylor et al. 2007 ; Ďurech et al. 2008 , 2012 ; Lowry et al.
014 ; Ďurech et al. 2018 ; Nolan et al. 2019 ; Zegmott et al. 2021 ;

ˇ urech et al. 2022 ). Ten of these detections have a YORP acceleration
elow 10 −7 rad d −2 , with the much smaller asteroid (54509) YORP
aving a detected YORP spin-up rate of 3 . 49 × 10 −6 rad d −2 . The
ORP effect is expected to appear in both spin-up and spin-down
onfigurations, yet all detections to date are in the spin-up case.
his could be due to a physical process causing an excess of positive

orques, such as such as tangential YORP (Golubov & Krugly 2012 ).
he lack of spin-down detections may also be a consequence of
bservational bias, as objects experiencing rotational deceleration 
ill generally have longer periods. For periods greater than ∼8 h, it

s difficult to obtain full rotational co v erage with a single light curve.
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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steroids with shorter rotation periods can more readily be observed
n a single night, making them more lucrative targets. Objects with
ast rotation are more likely to be in a spin-up configuration; hence,
here is a bias towards detections of spin-up YORP. In order to
etter understand the YORP effect and its important influence on
he evolution of the Solar system, further detections (and non-
etections) must be made. As the process of making a YORP
etection includes the development of a detailed physical model,
he pursuit of YORP detections provides wider benefits to the o v erall
nderstanding of asteroid evolution. Since 2010 April, our group
as been monitoring a selection of small asteroids that are strong
andidates for direct detection of the YORP effect. The majority of
hese observations were conducted through a European Southern
bservatory Large Programme with the 3.6-m New Technology
elescope (NTT) at La Silla, Chile. Accompanying observations
ave been made with various small- and medium-sized telescopes,
ith most imaging conducted at optical wavelengths. Asteroids that

re closer to the Sun are exposed to more solar insolation, which,
n turn, increases the strength of the YORP effect, thus all of the
argets are near-Earth asteroids (NEAs). Asteroids were selected
or their long-term observability, the range of achie v able vie wing
eometries and their short rotation periods. By selecting targets with
hort rotation periods, we could ensure that several full rotations
ould be observed over the course of a single night, or several nights
ith light-curve folding. Aside from observational constraints, the

hort-period ( < 8 h) regime is critical to understanding the fate of
steroids in a spin-up configuration. Objects must either reach a
tate of rotational equilibrium or accelerate beyond the spin-breakup
arrier and experience a disruptive event. Probing asteroids that
re close to the break-up limit thus makes it possible to link each
steroid’s physical properties not only to its YORP state, but to
ts evolutionary track. This study focuses on one target from our
ampaign, (23187) 2000 PN9 (herafter PN9), which was observed
sing optical and planetary radar facilities between 2001 and 2020.
N9 is an Apollo-class NEA that has been designated as a potentially
azardous asteroid. It was disco v ered by the Lincoln Near-Earth
steroid Research (LINEAR) tracking programme in 2000 August

Moravec et al. 2000 ) with a semimajor axis of 1.85 au and an
ccentricity of 0.59. 

Using optical observations in 2001 and 2006, Belskaya, For-
asier & Krugly ( 2009 ) determined a synodic rotation period
f 2.5325 ± 0.0004 h, a light-curve amplitude of 0.13 mag, a
olarimetrically derived albedo of 0.24 ± 0.06 and an absolute
agnitude H = 16.2, resulting in a diameter of 1.6 ± 0.3 km.
usch et al. ( 2006 ) determined that the asteroid is roughly spherical
ith an approximate diameter of 2 km from radar observations
ade in 2001. A synodic rotation period of 2.537 ± 0.002 h
as reported from optical observations in 2016 (Warner 2016 ).
IT-Hawaii Near-Earth Object Spectroscopic Survey observations

ave led to PN9 being classified as belonging to either the S/Sq,
q or Sq/Q taxonomic types (Thomas et al. 2014 ; Binzel et al.
019 ). 
In Section 2 of this paper, we describe the optical and radar

bservations that were used in this analysis. Section 3 describes
he process of developing a physical model for PN9, presenting both
 light-curve-only model and a combined optical and radar model.
e also describe an analysis of PN9’s rotational phase to search for

vidence of YORP acceleration. In Section 4, we discuss the physical
arameters of PN9, the implications of our YORP non-detection,
nd the importance of studying more top-shaped asteroids similar
o PN9. 
NRAS 525, 4581–4595 (2023) 

w  
 OBSERVATI ONS  O F  ( 2 3 1 8 7 )  2 0 0 0  PN9  

.1 Optical light cur v es 

ur optical light-curve data set for PN9 spans 14 yr, from 2006 March
o 2020 No v ember. Each light curve is summarized in Table 1 , with
ndications of how each light curve was used in this work. Some
ow-quality light curves were not used for modelling or spin-state
nalysis. The subset of light curves used in modelling was used for
oth the light curve-only (Section 3.1 ) and combined light curve and
adar (Section 3.2 ) models. 

As shown in Fig. 1 , the asteroid was observed over a range of
iewing geometries during the 14 yr of observation. This is important
or shape modelling, as the entire surface of the asteroid cannot
e seen with a single vie wing geometry. Vie wing the asteroid’s
otation from different aspect angles, and under different shadowing
onditions, can greatly impro v e constraints on its shape and rotational
tate. For YORP detections, it is also important to regularly view the
steroid at similar viewing geometries, where the light-curve shape
s similar, to constrain rotational phase offset measurements. The
istribution of optical observations for PN9 is hence fa v ourable as it
ncludes both repeating and varied viewing geometries. 

Rotational light curves were extracted using relative photometry,
omparing the asteroid’s brightness to a selection of stable back-
round stars. In some cases, sidereal tracking was used if a desirable
ignal-to-noise ratio (SNR) could be achieved on the asteroid
ithout its full width at half-maximum (FWHM) profile exceeding

tmospheric seeing. This ensured that a circular aperture with a
adius of twice the FWHM profile could be used for photometry.
therwise, the asteroid was differentially tracked and exposure times
ere set to a v oid trailing of the background stars beyond atmospheric

eeing. Consideration was also taken to ensure a sufficient temporal
esolution was achieved, i.e. each exposure was not a significant
raction of the asteroid’s rotation period. All images were processed
sing standard CCD reduction procedures with bias subtraction and
at-field correction, along with dark field correction where necessary.
Our optical data set includes light curves from ten different

bservatories. It should be noted that the choice of optical filter has a
egligible impact on the shape and amplitude of relative light curves;
ence, we have included observations using a variety of broad-band
nd clear filters. Information on the observations that were conducted
t each observatory are given below. 

.1.1 Chuhuiv Observatory – 2006, 2011 

he 0.7-m telescope at Chuhuiv Observatory (Kharkiv, Ukraine) was
sed to observe PN9 in 2006 March and 2011 March. The asteroid
as imaged in 2006 with a 375 × 242 pixel CCD with a field of
iew (FOV) of 10.5 × 8.0 arcmin 2 using the Johnson–Cousins BVRI
lters. In 2011, observations were conducted in the Johnson–Cousins
 filter using a 1056 × 1027 pixel CCD with an FOV of 16.9 ×
6.4 arcmin 2 . The light curves resulting from the 2006 apparition
ere previously published in Belskaya et al. ( 2009 ). 

.1.2 NTT – 2010, 2020 

SO’s 3.6-m NTT at La Silla Observatory (Chile) was used to
bserve PN9 in 2010 and 2020 with the ESO Faint Spectrograph and
amera v.2 (EFOSC2). EFOSC2 has an FOV of 4.1 × 4.1 arcmin 2 

nd a 2048 × 2048 pixel CCD. We used EFOSC2 in imaging mode
ith 2 × 2 binning, and images were co-added to increase the SNR
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Table 1. All optical light curves of 2000 PN9 are considered in this study. 

ID UT date R � � ⊕ α λO βO Total Obs. Filter Included Included Reference 
(yyyy-mm-dd) (au) (au) ( ◦) ( ◦) ( ◦) (h) facility (model) (ph. off) 

1 2006-03-10 1.098 0.072 75.55 101.9 58.89 0.3 ChO B 1 
2 ”” ”” ”” ”” ”” 0.5 ChO V 1 
3 ”” ”” ”” ”” ”” 0.7 ChO R 1 
4 ”” ”” ”” ”” ”” 0.3 ChO I 1 
5 2006-03-20 1.099 0.249 59.37 125.2 57.85 4.2 ChO R • • 1 
6 2006-04-03 1.228 0.495 51.57 131.9 56.30 1.3 ChO R 1 
7 2010-08-28 1.927 0.965 12.96 334.2 25.3 2.4 NTT R •
8 2010-08-29 1.920 0.956 12.87 333.5 25.0 3.3 NTT R • •
9 2010-09-03 1.876 0.915 13.36 329.1 22.5 1.3 ESOD R 

10 2010-09-08 1.846 0.894 14.72 326.2 20.6 4.8 TMO R 

11 2010-09-09 1.839 0.890 15.18 325.5 20.0 5.8 TMO R 

12 2010-09-10 1.831 0.886 15.67 324.7 19.5 5.7 TMO R 

13 2010-10-14 1.558 0.944 37.80 307.3 −1.2 3.9 NTT R • •
14 2011-03-10 0.956 0.118 105.00 56.3 −17.8 1.5 ChO R •
15 2011-03-11 0.964 0.117 101.12 62.0 −10.4 0.7 ChO R • •
16 2011-03-13 0.981 0.122 92.43 72.5 4.2 1.8 ChO R • •
17 2011-03-15 0.998 0.139 84.44 81.5 16.4 3.8 AbAO Clear • •
18 2011-03-23 1.069 0.254 66.78 104.5 38.9 2.5 ChO R • •
19 ”” ”” ”” ”” ”” 2.6 ChO R • •
20 2011-03-27 1.105 0.321 62.38 111.1 42.8 4.2 AbAO R • •
21 2015-06-18 2.398 2.070 24.92 349.6 30.4 3.5 PAL R •
22 2015-09-10 1.886 0.958 16.68 322.6 22.2 1.4 TSAO R 

23 2015-09-11 1.879 0.855 17.15 321.9 21.7 2.5 CrAO Clear • •
24 2016-03-28 1.056 0.337 70.87 98.3 24.4 3.5 PDS V • • 2 
25 ”” ”” ”” ”” ”” 1.1 PDS V • 2 
26 2016-03-29 1.065 0.351 69.54 100.1 26.0 2.4 PDS V • • 2 
27 ”” ”” ’” ’” ”” 1.0 PDS V 2 
28 2016-03-30 1.074 0.366 68.29 100.1 26.0 2.9 PDS V • • 2 
29 2016-03-31 1.083 0.381 67.12 103.3 28.9 3.3 PDS V • • 2 
30 ”” ”” ”” ”” ”” 1.4 PDS V • • 2 
31 2020-08-10 2.133 1.243 17.1 339.2 33.0 3.2 INT V •
32 2020-08-11 2.127 1.231 16.9 338.7 32.9 4.1 INT V • •
33 2020-11-01 1.513 1.217 40.8 305.8 −3.3 2.6 NTT V •
34 2020-11-02 1.504 1.223 41.0 305.9 −3.7 3.0 NTT V • •
35 2020-11-03 1.496 1.229 41.2 306.0 −4.1 2.9 NTT V • •
Notes. Each light curve has a chronologically assigned ID, then the UT date at the beginning of the night, the heliocentric ( R �) and geocentric ( � ⊕) 
distances in AU, the solar phase angle ( α), the observed ecliptic longitude ( λO ), the observed ecliptic latitude ( βO ), the total time o v er which the target 
was observed, the observing facility and the photometric filter. Points in the ‘Included (model)’ column indicate which light curves were included in the 
modelling, and points in the ‘Included (ph. off)’ column indicate light curves that were included in the phase offset analysis. Where there are multiple 
lightcurves on the same night, double quotation marks have been used when values are the same as the preceding lightcurve. References to published light 
curves are listed. Observing f acility k ey: ChO – Chuhui v Observ atory 0.7-m Telescope (121 – Kharkiv, Ukraine); ESOD – European Southern Observatory 
Danish 1.54-m Telescope (809 – La Silla, Chile); NTT – European Southern Observatory 3.6-m New Technology Telescope (809 – La Silla, Chile); 
TMO – Table Mountain Observatory 0.6-m Telescope (673 – California, USA); AbAO – Abastumani Astrophysical Observatory 0.7-m Telescope (119 
– Abastumani, Georgia); TSAO – Tien-Shan Astronomical Observatory 1.0-m Telescope (N42 – Almaty, Kazakhstan); CrAO – Crimean Astrophyscial 
Observatory 2.6-m Shain Telescope (095 – Nauchn y, Ukraine); PAL – P alomar Observatory 5.1-m Hale Telescope (675 – California, USA); PDS – Palmer 
Divide Station 0 . 35 m (various) (U82 – California, USA); INT – Isaac Newton Group 2.54-m Isaac Newton Telescope (950 – La Palma, Spain). 
References – (1) Belskaya et al. ( 2009 ) and (2) Warner ( 2016 ). 
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n the asteroid. We observed PN9 using the Bessel R filter for two
ights in 2010 August and one night in 2010 October, and with the
essel V filter for three nights in 2020 No v ember . 

.1.3 Danish 1.54-m Telescope – 2010 

e used the 1.54-m Danish Telescope at La Silla Observatory (Chile)
o observe PN9 for one night in September 2010. We used the Danish
aint Object Spectrograph and Camera (DFOSC), which has an FOV 

f 13.3 × 13.3 arcmin 2 and a usable CCD area of 2148 × 2102 pixels.
FOSC was used to image PN9 with 1 × 1 binning in the Bessel R
lter. Images were co-added before light-curve extraction. 
.1.4 Table Mountain Observatory – 2010 

N9 was observed over three nights with the Jet Propulsion Lab’s
.6-m telescope at Table Mountain Observatory (California, USA) 
n September 2010. We imaged PN9 with a 1024 × 1024 pixel CCD
hat has an FOV of 8.9 × 8.9 arcmin 2 using the R filter and 1 × 1
inning and images were co-added for light-curve extraction. 

.1.5 Abastumani Observatory – 2011 

n 2011 March, observations of PN9 were carried out with the 0.7-
 telescope at the Abastumani Astrophysical Observatory (Abas- 
MNRAS 525, 4581–4595 (2023) 
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M

Figure 1. Observing geometries for the asteroid (23187) 2000 PN9 from the 2000 to the start of 2022. The top panels show the position of the asteroid in the 
ecliptic coordinate system (latitude and longitude) as observed from Earth. The bottom left-hand panel shows the solar phase angle, while the bottom right panel 
shows the geocentric distance to the asteroid. The marked points denote observations of the asteroid. Optical light curves are marked as blue circles and radar 
observations are represented by red crosses. 
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umani, Georgia). We imaged the asteroid without a filter using a
072 × 2048 pixel CCD with an FOV of 44.4 × 29.6 arcmin 2 . 

.1.6 Hale Telescope – 2015 

e used the 5.1-m Hale telescope at Palomar Observatory (Califor-
ia, USA) to observe PN9 in 2015 June. The telescope was equipped
ith the Large Format Camera, which has six 2048 × 4096 chips,

ach of which has an FOV of 6.1 × 12.3 arcmin 2 . We used the central
CD chip with 2 × 2 binning and the Bessel R filter to image PN9.

mages were co-added for light-curve extraction. 

.1.7 Tien-Shan Observatory – 2015 

n September 2015, there were observations of PN9 with the 1.0-
 telescope at the Tien-Shan Astronomical Observatory (Almaty,
azakhstan). We used a 3072 × 3072 pixel CCD, which has an FOV
f 18.9 × 18.9arcmin 2 , with 2 × 2 binning using the Johnson R filter.

.1.8 Shain Telescope – 2015 

he asteroid was observed in September 2015 with the 2.6-m Shain
elescope at the Crimean Astrophysical Observatory (Nauchny,
kraine). We imaged PN9 with a 2048 × 2048 pixel CCD, which
as an FOV of 9.5 × 9.5 arcmin 2 , using 2 × 2 binning without a
lter. 

.1.9 Palmer Divide Station – 2016 

his analysis includes six published light curves from the Palmer
ivide Station (California, USA). PN9 was observed with three 0.35-
 Meade LX200GPS telescopes equipped with commercial CCDs
NRAS 525, 4581–4595 (2023) 
sing the Johnson V filter. These light curves were obtained through
he Asteroid Lightcurve Data Exchange Format database (Warner,
tephens & Harris 2011 ) and are discussed in Warner ( 2016 ). Note

hat observations taken with different telescopes during the same
ight are treated as separate light curves. 

.1.10 Isaac Newton Telescope – 2020 

e observed PN9 over two nights in August 2020 with the 2.5-m
saac Newton Telescope (La Palma, Spain). Imaging was conducted
n the Harris V filter with 1 × 1 binning using the central chip of
he Wide-Field Camera. The CCD was windowed to give a 10 ×
0 arcmin 2 field with a resolution of 1820 × 1820. Images were
o-added for light-curve extraction. 

.2 Planetary radar 

his analysis made use of delay-Doppler imaging and continuous
ave (CW) echo power spectra obtained by planetary radar facilities.
or delay-Doppler imaging, a circularly polarized phase-modulated
ignal is transmitted, with the modulation pattern determined by a
seudo-random binary phase code (Ostro 1993 ; Magri et al. 2007 ).
he modulation pattern allows for the determination of distance
etween the observer and the point on the asteroid that reflected
he signal. The resolution of delay information is determined by
he temporal resolution of the modulation by the pseudo-random
ode and is known as the baud length. A delay-Doppler image is
onstructed with delay in the vertical axis and Doppler shift in the
orizontal axis. CW spectra do not contain delay information, and
nstead only describe the Doppler shift of the reflected signal in
he two circular polarization orientations. It is important to carefully
elect which radar data sets to include in the shape modelling process,



Physical modelling of NEA (23187) 2000 PN9 4585 

Table 2. Delay-Doppler observations of (23187) 2000 PN9. 

Obs. UT date RTT Baud Res. Start–Stop Runs Radar Note 
(yyyy-mm-dd) (s) ( μs) (m) (hh:mm:ss-hh:mm:ss) model 

Arecibo 2001-03-03 62 CW 09:40:32-09:56:40 8 
CW 09:59:25-10:00:23 1 

4 600 10:02:38-10:16:19 3 Ranging 
4.5 675 10:17:46-10:23:28 3 Ranging 
0.5 75 10:27:14-10:36:39 5 Ranging 

Goldstone 2001-03-03 62 1.0 150 13:14:07-15:02:52 49 •
Arecibo 2001-03-04 67 CW 09:04:03-09:16:47 6 •

0.2 30 09:18:59-09:24:35 3 •
0.1 15 09:27:01-09:38:27 3 

68 0.1 15 10:09:44-10:31:28 10 •
Arecibo 2001-03-05 76 CW 09:05:55-09:12:43 3 •

77 0.2 30 09:15:42-10:52:44 38 •
Goldstone 2006-03-07 36 0.125 19 19:24:26-19:31:09 6 •

0.125 19 19:31:49-20:30:26 48 •
Goldstone 2006-03-10 86 CW 12:02:53-14:42:14 58 Low SNR 

Note. ‘Obs’. is the facility with which the observations were made. ‘UT Date’ is the start date of the observations in 
universal time. ‘RTT’ is the signal’s round trip time to the object and back. ‘Baud’ is the baud length and ‘Res’ is 
the delay resolution; CW observations are marked as ‘CW’ and do not have spatial resolution. ‘Start-Stop’ is the UT 

time-span in which the observations were made. ‘Runs’ is the number of transmit-receive cycles that were completed. 
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s poor-quality data can greatly increase computational cost without 
mproving the model. For a summary of radar observations of PN9, 
ee Table 2 . 

.2.1 Arecibo Observatory – 2001 

he William E. Gordon telescope at Arecibo (Puerto Rico, USA) 
as a 305-m fixed-dish radio telescope with a 2380 - MHz radar 

ransmitter. It was used to obtain radar observations of PN9 on 
001 March 3–5. The delay-Doppler imaging on March 3 was 
or ranging and ephemeris correction, hence they were excluded 
rom the analysis. On March 4, imaging was mostly conducted with 
 baud length of 0 . 1 μs giving an ∼15 - m resolution, with some
urther imaging at 0 . 2 μs ( ∼30 m). On March 5, a baud length of
 . 2 μs ( ∼30 m) was used for imaging. The observers submitted
strometric measurements which were used to refine the orbital 
olution. The CW spectra from March 4 and 5 were included in
he analysis. Observations from March 3 were not obtained until late 
n the modelling process. Due to limited computational resources 
nd the presence of data from subsequent days, these data were not
dded to the model. All but 10 min of the delay-Doppler imaging
s at extremely low resolution and would not offer a significant 
ontribution to the model, ho we ver, we recommend that the CW
pectra are included in any future work. 

.2.2 Goldstone Solar System Radar – 2001, 2006 

he Goldstone Solar System Radar (GSSR) facility consists of the 
ully steerable 70-m DSS-14 ‘Mars’ antenna equipped with an 8560- 

Hz transmitter. DSS-14 is located in the Mojave Desert (California, 
SA) and is a part of the Deep Space Network. Delay-Doppler 

maging of PN9 was conducted by GSSR on 2001 March 3 and 2006
arch 7. The 2001 imaging used a baud length of 1 . 0 μs ( ∼150 m)
hile the 2006 imaging used a baud length of 0 . 125 μs ( ∼19 m).

n 2006, GSSR also obtained CW spectra of PN9. These were not
ncluded in the analysis, as there are already higher quality radar 
ata for this epoch and viewing geometry. Astrometric measurements 
rom both 2001 and 2006 were used for ephemeris correction. 
 PHYSI CAL  M O D E L L I N G  A N D  SPIN-STATE  

NALYSI S  

.1 Light-cur v e-only modelling 

he majority of observational data for PN9 are in the form of
ptical light curves. As modelling with radar data is an iterative
nd computationally intensive process, and fitting procedures are 
ighly sensitive to input parameters, it was more efficient to first
erform a light curve-only analysis of PN9. This can allow the use of
re-determined constraints on rotation period, pole orientation, and 
hape, which greatly impro v es efficienc y when later modelling the
bject with a combination of light curve and radar data. 
The light curve-only modelling includes observations marked in 

able 1 . Light curves that were not included were unsuitable due to
oor temporal resolution, gaps in rotational co v erage or low SNR. 
A search for PN9’s sidereal rotation period was conducted between 

.500 and 2.570 h, a range based on the previously reported synodic
eriods (Galeev et al. 2007 ; Belskaya et al. 2009 ; Warner 2016 ), using
he conv e x inv ersion routines described by Kaasalainen & Torppa
 2001 ) and Kaasalainen, Torppa & Muinonen ( 2001 ). For each
teration o v er the period scan range, a shape model was generated for
ix random and unique rotational poles. Each shape model was then
ptimized to best fit the light-curve data across the period range. The
esults of this scan, shown in Fig. 2 , identify a best-fitting rotation
eriod of 2.532 ± 0.008 h. 
A further period scan was conducted o v er a wider but more

oarse range of periods, searching for solutions between 1 and 10 h.
olutions were found close to integer multiples of the 2.532-h period,
hich were discounted due to their corresponding shape models 
eing both physically extreme and inconsistent with radar imaging 
ata. 
Using an input period of 2.532 h from the period scan, we

onducted a search for the asteroid’s rotational pole. For each pole
n a 5 × 5 deg 2 grid covering the celestial sphere, the model’s period
nd conv e x shape were optimized. This scan assumed principal axis
otation. The scan was then repeated with the addition of YORP
cceleration, for a range of YORP factors from −10 −8 to 10 −8 rad d −2 

n steps of 2 × 10 −9 rad d −2 . The goodness-of-fit for the global best
MNRAS 525, 4581–4595 (2023) 
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Figure 2. The results of a period search for asteroid (23187) 2000 PN9. For 
each period in the range shown, light-curve data were used to optimize a 
model for six different rotational poles in the celestial sphere. The lowest χ2 

across the six models was recorded for the period being used. The best-fitting 
sidereal rotation period for 2000 PN9 from this scan is 2.532 ± 0.008 h. 
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Figure 3. The results of a search for the rotational pole of (23187) 2000 PN9 
using conv e x inv ersion of light-curv e data. F or each pole solution in ecliptic 
coordinates λ and β, the χ2 fit of the solution is plotted for a colour range 
where the global minimum χ2 is black and solutions 50 per cent greater 
than the minimum are white. The best solution is marked with a yellow ‘ + ’. 
The yellow line and the white dotted and dashed lines enclose regions where 
χ2 is within 1, 5, and 10 per cent of the best solution, respectively. The top 
panel shows the full celestial sphere, with the region enclosed by the black 
rectangle shown in the bottom panel. 

 

e  

i  

s  

T  

a  

b  

o  

T  

S
 

s  

w  

m  

v  

t  

r  

a
 

m  

r  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/525/3/4581/7258665 by guest on 15 N
ovem

ber 2023
olution of each YORP step does not converge towards any YORP
alue. This indicates that no YORP solution is found, hence only
olutions with constant period rotation are considered in this section.
 search for YORP with a radar-derived model of the asteroid is
iscussed in Section 3.5 . 
Fig. 3 shows the results of the constant-period pole scan, which

oes not converge to a single region in the celestial sphere. The
est model’s rotational pole lies at ecliptic longitude λ = 105 ◦ and
cliptic latitude β = + 25 ◦ with a rotation period of 2.532 h. Models
ithin 5 per cent of the best solution have poles corresponding to
pposite regions of the celestial sphere, and are consistent in shape
nd period. This result shows that the orientation of the rotational axis
s constrained, although the data are insufficient for distinguishing
etween prograde and retrograde rotation. This is a common issue
hen modelling with low-amplitude light curves produced by highly

ymmetrical objects. The conv e x hull model of the global best
olution, shown in Fig. 4 , indicates that the asteroid is an oblate
pheroid with signs of an equatorial ridge. There is a flattened
ection on the equator which could be interpreted as a crater, but
ould also be caused by a prominence or large boulder. The polar
egions are also flattened, although this could be an artefact caused
y uncertainty in the Z -axis. As shown in Fig. A1, the model is able
o reproduce the shape of most light curves, although in some cases,
here is a small phase offset and a mismatch in amplitude. Since
here is no coherent progression in phase offset, the phase offsets
re the result of period uncertainty which can be reduced with radar
odelling. Conv e x hull models struggle to reproduce low-amplitude

ight curves due to the heightened dependence on surface features,
hich are not modelled, while general uncertainties in shape and pole

an suppress or amplify brightness variation cased by the asteroid’s
 v erall shape. 

.2 Combined radar and light-cur v e model 

urther modelling of PN9 was conducted using a combination
f light curve and radar data using the SHAPE software package
Hudson 1993 ; Magri et al. 2007 ). As discussed in Section 3.1 , it is
fficient to begin with well-constrained input parameters describing
he asteroid’s shape and spin-state. In this case, those estimates are
aken from the conv e x inv ersion analysis. 
NRAS 525, 4581–4595 (2023) 
An input model was constructed for SHAPE comprising a triaxial
llipsoid with principal axis rotation. Both the conv e x hull model and
nspection of delay-Doppler images indicate that PN9 has a spheroid
hape, so a sphere with a 1 . 9 km diameter was used as the input model.
his diameter was chosen as it was close to the 2 km estimate from
n earlier unpublished analysis of the radar data (Busch et al. 2006 ),
ut also in agreement with a reported 1 . 6 ± 0 . 3 km diameter based
n an estimated optical albedo of 0.24 ± 0.06 (Belskaya et al. 2009 ).
he rotation period was set to 2.532 h, as previously determined in
ection 3.1 . 
A 10 × 10 deg 2 grid of poles was set up, co v ering the celestial

phere. F or each fix ed pole, the model’s global shape and period
ere optimized to fit the radar data marked in Table 2 . The ellipsoid
odel for each pole was then converted to a v erte x model with 1000

ertices and 1996 facets, to allow for the fitting of surface features
hrough the adjustment of individual facets. The CW spectra were
emo v ed at this stage, as the model was sufficiently well-constrained
nd there was a risk of o v erfitting to noise. 

Early iterations of PN9’s v erte x model remained in good agree-
ent with the conv e x hull model’s shape, pole and period. As the

adar model’s initial parameters were derived from light-curve data,
 coarse radar period scan was conducted to confirm that the radar
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Figure 4. The best-fitting conv e x hull model of (23187) 2000 PN9 with the rotational pole λ = 105 ◦ and β = + 25 ◦. This model assumes principal-axis rotation 
and a constant period of 2.532 h. The top row shows the model from the positive end of the Z, Y, and X axes in the body-centric co-ordinate system. The bottom 

ro w sho ws the model from the negati ve end of the Z, Y, and X axes. The Z-axis is aligned with the rotational pole, which is the shortest axis of inertia. The 
X-axis is arbitrarily set such that it is viewed from the positive end for the plane-of-sky at T 0 . Axis lengths are in arbitrary units, as light-curve inversion does 
not produce scaled models. 
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Figure 5. The results of a period search for asteroid (23187) 2000 PN9 with 
radar data. SHAPE was used to optimize an ellipsoid model for six different 
rotational poles in the celestial sphere to fit both CW and delay-Doppler data. 
The lowest χ2 across the six models was recorded for the period being used, 
with a higher temporal resolution close to 2.5, 5, and 7.5 h. This is a coarse 
scan intended to demonstrate a global minimum close to 2.5 h independently 
of light-curve data. 
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ata independently fa v our a 2.5-h solution. This period scan utilized
he same six-pole strategy described in Section 3.1 . Computational 
imitations restricted this to a coarse resolution that can only show 

lobal minima, and not identify local minima required for a precise 
eriod measurement. The resolution was increased around multiples 
f 2.5 h, as these are the most likely alternate solutions. As shown in
ig. 5 , a coarse period scan with radar data indicates a clear global
inimum close to 2.5 h. 
As a visual inspection of radar data shows a shape that is consistent

ith the conv e x hull model, it can be said that the light curve and
adar data sets independently fa v our the same shape and period for
N9. 
Having confirmed this, light-curve data were then progressively 

ntroduced in subsequent fitting runs to produce a combined radar and 
ight-curve model. The full subset of light curves, marked in Table 1 ,
ere not all included until the final iterations of modelling. Each 

dditional light-curve causes a significant increase in computation 
ime whilst yielding diminishing returns. It is therefore most efficient 
o gradually introduce the light-curve data set as the model impro v es.

During the modelling process, various penalties were applied with 
HAPE to discourage certain features. The first penalty prevents 
 xcessiv e deviation of the centre of mass from the origin of the
ody-centric coordinate system. The second penalty prevents large 
ivergence between the model’s Z-axis and the axis of maximum 

nertia. A third penalty disallows non-principal axis rotation. A 

ourth penalty is used to suppress unphysical spikes that can occur 
hen fitting a v erte x model. Finally, a fifth penalty was applied to
iscourage deep concavities. 
These penalties increase the χ2 fit value when penalized features 

re encountered, meaning that SHAPE is less likely to produce those 
eatures as it optimizes models to produce a smaller χ2 value. Each
f these penalties is given a strength, with larger penalties more
trongly discouraging features. The first three penalties were given 
 relatively high strength, and the latter two penalties were low in
trength to ensure they only discouraged unphysical features without 
estricting the construction of craters, ridges and boulders. 
MNRAS 525, 4581–4595 (2023) 
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Figure 6. The results of a search for the rotational pole of (23187) 2000 PN9 
using shape with radar and light-curve data. For each pole solution in ecliptic 
coordinates λ and β, the χ2 fit of the solution is plotted for a colour range 
where the global minimum χ2 is black and the maximum is white. The best 
solution is marked with a yellow ‘ + ’. The yellow lines enclose regions where 
χ2 is within 1 per cent of the best solution, and dotted and dashed white lines 
enclose regions where χ2 is within 5 and 10 per cent of the best solution, 
respectively. Green stars indicate the ecliptic coordinates of the observer’s 
line-of-sight for each date where delay-Doppler imaging was taken. 

Figure 7. A comparison of observational data (red points) and the corre- 
sponding synthetic light curve (solid black line) for light curves 17 and 35 
(Table 1 ). The synthetic light curves were generated using the combined 
radar and light curve model for (23187) 2000 PN9, with a combination of 
the Lambertian and Lommel–Seelinger scattering models. For plots of all 35 
light curves, see Fig. A8. 
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The results of the SHAPE pole scan with both radar and light-
urve data are shown in Fig. 6 . The pole is again constrained to two
pposite regions, with the best solution at ecliptic longitude λ = 96 ◦

nd ecliptic latitude β = + 30 ◦. Solutions within 1 per cent of the
lobal best fit in both the northern and southern hemispheres have
onsistent shapes and periods, again indicating an uncertainty as to
hether PN9’s rotation is prograde or retrograde. The best-fit model

s able to produce synthetic lightcurves (Fig. 7 ) and delay-Doppler
adar observations (Fig. 8 ) that are a good fit to observations. While
 retrograde solution cannot be completely ruled out, the prograde
olution is more clearly fa v oured in a light-curve-only analysis (Fig.
 ) and it produces better-fitting lightcurves (Fig. 9 ). As the two
olutions have identical rotation periods and very similar shapes,
n y qualitativ e analysis of the two solutions will yield the same
onclusions. As such, the subsequent sections of this paper will only
onsider the prograde solution. 

The best-fitting model was re-modelled with 2000 vertices to allow
or closer fitting of surface features to the 15-m resolution radar
NRAS 525, 4581–4595 (2023) 
maging, although this yielded a negligible improvement in the χ2 

t. Both the optical and radar observations co v er the entire surface
f the asteroid, leaving no ‘unseen’ surface area in either of the two
av elength re gimes. The geometric parameters of this model are
resented in Table 3 and the shape model is shown in Fig. 10 . The
ight-curve fits, shown in Fig. A8, are an impro v ement upon those
roduced by the conv e x hull model. The majority of light curves are
tted well in terms of shape, phase, and amplitude, with the few poor
ts generally corresponding to low-quality light curves that were not
sed in the modelling process. 

.3 Differences and limitations of the models 

 comparison of the conv e x inv ersion and SHAPE pole scans (Figs 3
nd 6 ) shows that the latter method produces clearer convergence
owards the global pole solution for PN9. 

For highly symmetrical asteroids such as PN9, optical light curves
ill be dominated by surface features and observations will be more

ffected by instrumental performance and atmospheric conditions.
ombining light curves taken with different filters can amplify these

ssues, especially when considering scattering effects on the asteroid.
n the case of PN9, light curves included in the analysis were taken
n the V , R, and clear filters. Separating these into different subsets
o produce independent models is not a viable option, as each of the
ubsets alone does not provide an adequate number of rotations and
iewing geometries to produce a good model. 
For asteroids where global shape dominates both optical and radar

eatures (e.g. Zegmott et al. 2021 ), combining the data will better
onstrain the model. For asteroids like PN9, where surface properties
re dominant, it can be difficult to reconcile the radar and optical data.

Radar can penetrate several wavelengths into the surface of an
steroid, and is thus sensitive to features within the top layer of
aterial. Optical observ ations, ho we ver, only represent the surface

f the asteroid. If there are any surface features that do not correlate
ith sub-surface features, such as buried rocks, radar echoes will be
roduced from features that are not visible on the surface (Virkki &
uinonen 2016 ), hence there can be a disparity between optical and

adar observations. The heightened importance of scattering laws
nd albedo introduces further complexity, resulting in a model that
s a compromise between fitting both the optical and radar data. 

Searches using only the radar data were also conducted, although
he pole was poorly constrained without the wide range of viewing
eometries afforded by the light curves. The shape model also
enefits from the inclusion of light-curve data, as the wide range
f viewing geometries results in shadowing effects that can be used
o better constrain the surface. 

Observations that only co v er a range of low sub-observer latitudes
i.e. equatorial views of the asteroid) can cause inaccuracy in shape
odels. When modelling with SHAPE , this can cause models to

ssume a more spherical shape caused by uncertainty in the rotation
xis. While the combined radar and light-curve model for PN9 is
ighly spherical, the light curve and radar data span a sufficient range
f viewing geometries to eliminate concerns as to whether PN9 could
e more oblate than the model suggests. Goldstone radar imaging
ata from 2006 (Fig. A5) are particularly useful in this regard, as they
orrespond to a sub-observer latitude of –61 ◦ over 148 ◦ of rotation. 

.4 Disc-integrated properties 

W spectra can be used to determine the asteroid’s circular polar-
zation ratio (SC/OC), whereby the echo power is recorded in both
he same circular (SC) and opposite circular (OC) polarizations. 
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Figure 8. A comparison between delay-Doppler observations and the combined radar and light-curve model for (23187) 2000 PN9, showing the first and 
last frame of each included data set. Each three-panel image comprises the observational data (first panel), a synthetic echo (second panel) and a plane-of-sky 
projection of the model (third panel). On the first two panels, delay increases towards the bottom of the vertical axis and Doppler frequency increases along 
the horizontal axis. The plane-of-sky projections (third panel) are displayed with the celestial north at the top and east to the left, in an equatorial coordinate 
system. The rotation axis, which is closely aligned with the z-axis in the body-centric coordinate system, is marked with a purple arrow. The axes of minimum 

and intermediate inertia are indicated by red and green rods, respectively. The body-fixed longitude λ and latitude β for the radar line of sight, and the rotational 
phase φ, are labelled for each image. These values were determined using the radar shape model’s spin-state. The projected centre of mass is marked with a 
cross. The full sets of radar imaging data are shown in Figs A2–A5. 

Figure 9. A comparison of light-curve fits produced by the prograde (left- 
hand panel) and retrograde (right-hand panel) models of (23187) 2000 PN9 
for light curve 15. The prograde model produces a better fit than the retrograde 
model, which has a smaller amplitude and a minor phase offset compared to 
the data. 
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Table 3. Summary of parameters for the prograde radar and light-curve 
model of (23187) 2000 PN9. 

Parameter Value 

λ 96 ± 36 ◦
β + 30 ± 17 ◦
P 2.53216 ± 0.00015 h 
Maximum extent along (x, y, z) 1 . 82 × 1 . 82 × 1 . 77 km 

( ±) (0 . 08 × 0 . 07 × 0 . 11 km) 
Surface area 9 . 61 ± 0 . 80 km 

2 

Volume 2 . 62 ± 0 . 34 km 

3 

DEEVE dimensions (2a, 2b, 2c) 1 . 73 × 1 . 73 × 1 . 68 km 

( ±) (0 . 10 × 0 . 09 × 0 . 06 km) 
D eq 1 . 71 ± 0 . 07 km 

Note. The maximum extents are measured along the three axes of a body- 
centric coordinate system. ‘DEEVE’ stands for dynamically equi v alent equal- 
volume ellipsoid. D eq is the diameter of a sphere that has a equal volume to 
the model. 
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Arecibo observations of PN9 from 2001 March 4 and 5 give SC/OC 

atios of 0.234 ± 0.003 and 0.235 ± 0.006, respectively, which is 
onsistent with the mean SC/OC ratio of 0.270 ± 0.079 for S and Q
lass NEAs (Benner et al. 2008 ). OC radar cross-sections were also
easured on these dates, returning 0 . 20 ± 0 . 05 and 0 . 18 ± 0 . 05 km 

2 

n March 4 and 5, respectively. The radar albedo, which is determined 
y dividing the OC cross-section by the model’s projected area, was 
etermined to be an average of 0.08 ± 0.08 on both days. This is
onsistent with the mean radar albedo of 0.19 ± 0.06 for S- and
-type NEAs reported in Virkki et al. ( 2022 ). 
The SC/OC ratio is often taken as an analogue for structural

omplexity near the surface. The SC component is determined by 
urface roughness at scales comparable to the sampled wavelength. 
MNRAS 525, 4581–4595 (2023) 
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Figure 10. The best-fitting shape model of (23187) 2000 PN9 constructed with radar and light-curve data. This model has its rotational pole at ecliptic longitude 
λ = 96 ◦ and ecliptic latitude β = + 30 ◦, and a sidereal rotation period of 2 . 53216 ± 0 . 000 15 h. The top row shows the model from the positive end of the Z, Y, 
and X axes in the body-centric co-ordinate system. The bottom row shows the model from the ne gativ e end of the Z, Y and X axes. The Z-axis is aligned with 
the rotational pole, which is the shortest axis of inertia. The X-axis is arbitrarily set such that it is viewed from the positive end for the plane-of-sky at T0. Axis 
lengths are given in kilometres. It should be noted that the model for the antipode solution has a very similar shape, such that any discussion of this model’s 
features will also apply to the antipode model. 
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or mirror-like backscattering, the SC component would be zero. A
urface that is very rough on scales comparable to the transmitted
ignal’s wavelength will have a stronger SC component (Ostro et al.
002 ). For the Arecibo CW observations of PN9, this scale is 13 cm.
esults from the OSIRIS-REx mission, ho we v er, hav e cast doubt
pon this interpretation of SC/OC ratios. Circular polarization ratios
uggest that Bennu is relatively smooth abo v e the cm-scale (Nolan
t al. 2013 ). Ho we ver, the spacecraft data sho w that Bennu’s surface
s much rougher than this with large-scale boulders than expected
Dellagiustina et al. 2019 ). Eros and Itokawa, which are both S-
omplex asteroids that have been visited by spacecraft, have SC/OC
atios of 0.22 ± 0.06 and 0.26 ± 0.04, respectively (Magri et al.
001 ; Ostro et al. 2004 ). Due to dissimilar formation processes, these
steroids exhibit differences in surface roughness (Susorney et al.
019 ). PN9 is not thought to share a formation process with either
f these asteroids, hence taxonomic and polarimetric similarities do
ot guarantee a similar surface to Eros or Itokawa. Didymos, which
s a recently visited S-complex asteroid with an SC/OC ratio of
.20 ± 0.02 (Benner et al. 2008 ), is thought to be YORP evolved
Michel et al. 2022 ). Despite these similarities, a direct comparison
s not advised. Didymos likely experienced spin-breakup to form
imorphos, while it is not clear if PN9 has previously broken up and

eformed. While radar polarimetry can be used to reliably infer the
urface roughness of small bodies (e.g. Hickson et al. 2021 ), caution
hould be taken in assuming the surface roughness of PN9 from its
C/OC ratio. 
To determine the optical albedo of PN9, the HG photometric

ystem (Bowell et al. 1989 ) was fit to Minor Planet Center (MPC)
NRAS 525, 4581–4595 (2023) 
strophotometric data reported in the Johnson V -band using a Monte
arlo resampling method, obtaining H = 15.947 ± 0.036 and G =
.108 ± 0.016. MPC astrophotometry has previously been shown
o provide valuable data to constrain the phase curves of asteroids
e.g. Williams 2013 ). The MPC astrophotometry does not report
ndividual photometric uncertainties, and so each data point was
esampled with a standard deviation equal to the maximum observed
ight-curve amplitude of 0.181 to account for rotational variability
n the data. Using the absolute magnitude and the radar-derived
iameter D eq = 1 . 71 ± 0 . 07 km, the optical albedo is calculated as
.25 ± 0.02, consistent with the polarimetrically derived albedo from
elskaya et al. ( 2009 ). Caution must be used when inferring physical
roperties from phase-curv e-deriv ed parameters of NEAs, however,
ue to the potential for changing aspect to introduce additional
rightness modulations in the phase curve that are unrelated to the
cattering behaviour of the surface material (Jackson et al. 2022 ). 

.5 Rotational phase analysis and the search for YORP 

inute changes to an asteroid’s rotation period can be detected
hrough rotational phase analysis. A constant-period model of the
steroid can be used to generate synthetic light curves, which can then
e compared with optical light curv es. An y difference in rotational
hase between the observed and synthetic light curves indicates a
hange in the spin state. 

Asteroids undergoing constant rotational acceleration due to the
ORP effect will show a quadratic increase in rotational phase offset
gainst time. Step changes in the rotation period caused by mass-
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Figure 11. Phase offset measurements for the best-fitting combined radar 
and light-curve model of (23187) 2000 PN9 where T 0 = 2453 815.291 99 
(2006 March). Phase offsets were measured against the ‘ph. off’ subset of 
light curves marked in Table 1 . Phase offset measurements were averaged 
from groups of light curves, with groups being arranged such that there are 
a maximum of 180 d between consecutive light curves within a group. The 
straight-dashed line represents a constant period model for reference. 
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ofting, impacts, or repeated planetary perturbations, would cause 
poradic changes in phase offset. 

The best-fitting model of PN9 presented in Section 3.2 , which 
as constructed from a combination of radar and light-curve data, 
as used to produce synthetic light curves corresponding to the 18 
ptical light curves used in this analysis. 
To generate each synthetic light curve, a ray-tracing algorithm 

as used to determine the illumination of each of the model’s facets
hrough a full rotation at the appropriate viewing geometry. The 
cattering model that was used is a combination of the Lambertian 
nd Lommel–Seelinger models (Kaasalainen et al. 2001 ). The sum 

f facet fluxes was then used to calculate the expected relative 
rightness of the asteroid, accounting for self-shadowing effects. 
his was converted to a relative magnitude, then both the synthetic 
nd observ ed light-curv e magnitudes were offset to oscillate about 
 common zero-point. The synthetic light curves were then shifted 
n phase in steps of 0 . ◦.5 and the χ2 fit of the shifted synthetic light
urves to the observed light curves was measured. For each light 
urve, the shift that produced the best o v erall fit w as tak en to be the
otational phase offset between the constant period model and the 
ctual rotational phase of the asteroid. 

As PN9 is a highly symmetrical asteroid, brightness variations 
ue to rotation are extremely small with light-curve amplitudes often 
eing as small as ∼0.05 mag. Without observing clear turning points
hat can be reliably linked between light curves, it is difficult to detect
 coherent progression in phase offsets caused by YORP. As PN9’s
ight curves are extremely sensitive to surface detail and scattering 
arameters, it is not al w ays possible to identify turning points that
epeat across both observed and synthetic light curves. There are, 
o we ver, a small number of clear and repeated turning points within
ur data set that can be used for a phase offset analysis. 
Fig. 11 shows the measured phase offsets for each epoch, where 

emporally clustered measurements are averaged. A total of 24 
ight curves were included in the YORP-fitting process, which are 
ndicated in 1 . The excluded light curves produced unacceptably 
arge phase uncertainties. The best-fitting YORP strength for PN9 is 
 . 2 ± 1 . 6 × 10 −8 rad d −2 , which is comparable in magnitude to the
mallest confirmed YORP detections, and in line with expectations 
or an ∼2-km asteroid. Although this measurement is poorly con- 
trained, and it is not possible to rule out constant-period rotation, it
oes place an upper limit on YORP acceleration. 
We also considered a case where YORP acceleration between 

ach apparition induces close to 360 ◦ of additional rotation. This 
ould produce an apparent phase offset of 0 ◦ at each apparition
y bringing the asteroid’s rotation back into phase with a constant-
eriod model. For this to be the case, YORP acceleration would have
o be close to an integer multiple of 4 . 8 × 10 −6 rad d −2 . This value
s greater than the current strongest published YORP detection of 
 . 49 × 10 −6 rad d −2 with (54509) YORP (Lowry et al. 2007 ; Taylor
t al. 2007 ). Considering that the diameter PN9 is ∼15 times greater
han that of (54509) YORP, and that PN9 has high global symmetry,
 YORP torque of this magnitude is considered to be unlikely.
ur analysis therefore finds no compelling evidence for rotational 

cceleration of PN9, within the limits of the data. We discuss the
otential significance of this below. 

.6 Geophysical properties 

he rapid spin-rate of PN9 implies that it could undergo frequent
andslide and mass shedding events, and/or undergo structural 
ailure. To investigate the spin-stability of PN9, we applied several 
eophysical analyses to the radar-derived shape model following 
he methods previously applied to asteroids (68346) 2001 KZ66 
nd (2102) Tantalus in Zegmott et al. ( 2021 ) and Ro ̇zek et al.
 2022 ), respectively. In particular, gravitational slopes, gravitational 
otential, and topographic variation were determined by applying a 
olyhedron gravity field model modified for rotational centrifugal 
orces (Werner & Scheeres 1997 ; Richardson & Bowling 2014 ;
ozitis, Maclennan & Emery 2014 ; Richardson et al. 2019 ), and
ody-av erage cohesiv e forces were e v aluated using the Druger–
rager failure criterion (Holsapple 2007 ). These calculations were 
erformed o v er a bulk density range of 1500 to 2500 kg m 

−3 to
o v er the expected values for an S-type rubble-pile asteroid (Carry
012 ). 
Fig. 12 summarizes the results of these analyses and indicates 

hat PN9 is qualitatively very similar to asteroid Tantalus (i.e. fig.
2 of Ro ̇zek et al. 2022 ). For instance, a minimum bulk density
f ∼2070 kg m 

−3 is required to prevent rotational mass shedding
Fig. 12 e) and a cohesive strength of up to ∼50 Pa (Fig. 12 f) is
equired to prevent rotational structural failure (versus 2200 kg m 

−3 

nd 45 Pa for Tantalus, respectively). As shown in Fig. 12 c, for a
ominal bulk density of 2000 kg m 

−3 , the gravitational slopes peak at
40 ◦ and there is prominent latitudinal banding in the gravitational 

otential (Fig. 12 b). This facilitates mass mo v ement from PN9’s
oles to its equator (Scheeres 2015 ) and the Sq/Q-type classification
f PN9 may indicate recent re-surfacing caused by YORP spin-up 
Graves et al. 2018 ). If PN9 happens to be spinning-up by YORP,
hen the conditions for landslides, mass shedding, and structural 
ailure become more easily met, which could eventually lead to 
he formation of a small moon (e.g. Walsh, Richardson & Michel
008 ). 
Our data contain no evidence to suggest that PN9 already has a

atural satellite. While the presence of a secondary can be difficult
o detect with optical imaging, radar observations are particularly 
f fecti ve at identifying multiple systems (e.g. Brozovi ́c et al. 2011 ;
aylor et al. 2019a ). A preliminary analysis finds there are no
onsistent peaks in the CW spectra, nor any visible satellites in
elay-Doppler radar images. Any sufficiently bright secondary with 
 diameter abo v e 19 m would be seen in individual images. The
aximum photometric contribution from an undetected satellite 
MNRAS 525, 4581–4595 (2023) 
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M

Figure 12. Geophysical analysis of asteroid (23187) 2000 PN9. (a) Gravita- 
tional slopes and (b) gravitational potential computed assuming a bulk density 
of 2000 kg m 

−3 . (c) Areal distribution from (a) for three different values of 
bulk density. (d) Topographic variation from (b) for three dif ferent v alues of 
bulk density. (e) Ne gativ e effectiv e gravity area as a function of bulk density. 
(f) Cohesive strength as a function of bulk density and angle of friction. The 
vertical dashed lines in (e) and (f) show the bulk density range for a typical 
S-type rubble-pile asteroid. 
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ould thus be of the order of 10 −4 mag. We note that as a
econdary would most likely have formed from a previous breakup
f the primary, its composition – and hence brightness – would be
omparable to that of the primary. Moons of top-shaped asteroids
ypically have ∼1 per cent of the mass of their primary (Hyodo &
ugiura 2022 ). Assuming equal densities, in the case of PN9 this
ould correspond to an ∼370-m moon. A secondary of this size
ould be detectable in any of the radar imaging data. 

 DISCUSSION  

ur analyses with optical and radar data show that PN9 has a
pinning-top shape, which is characteristic of a rapidly rotating
ubble pile (Walsh 2018 ). 

Top-shaped or ‘YORPoid’ asteroids are believed to be ubiquitous
ithin the inner Solar system, due to the rate they are being
isco v ered through radar and spacecraft imaging. The number of
ell-modelled examples, ho we ver, is relatively low. 
In addition to this work, we have identified eleven top-shaped

steroids that have published models with full geometric parameters.
hese are summarized in Table 4 . Some objects, such as (2867)

ˇ teins (Keller et al. 2010 ) and (29075) 1950 DA (Busch et al. 2007 ;
egmott 2021 ) were excluded as their top-like shapes exhibit global
symmetries that differentiate them from more definitive examples
uch as Bennu (Lauretta et al. 2019 ) or Moshup (Ostro et al. 2006 ). It
hould be noted that a larger number of candidates were identified, but
o not have publicly available models and/or geometric parameters.
NRAS 525, 4581–4595 (2023) 
e have compiled an informal list of these objects which can be
ccessed online. 1 

In comparison to other top-shaped asteroids, several features of
N9 stand out. The majority of top-shaped asteroids listed in Table 4
re multiple systems. As discussed in Section 3.6 , there is no evidence
o suggest that PN9 has any satellites. To date, PN9 is the second-
argest top-shaped solitary asteroid with a fully developed shape

odel. In comparison to other top-shaped asteroids, PN9 has higher
evels of global symmetry and a less pronounced equatorial ridge or
ulge. This could be a result of PN9’s greater mass, or the presence
f internal cohesive forces. 
Top-shaped asteroids are poor candidates for YORP detection.

heir highly symmetrical shapes produce low-amplitude light curves
hat do not vary significantly between different viewing geometries.
his makes it difficult to constrain the rotational pole and period, and

ncreases the importance of accurate surface fitting and the perfor-
ance of scattering models. While radar observations can somewhat
itigate the limitation, the only confirmed YORP detection on a

op-shaped asteroid to date is derived from both radar and Hubble
pace Telescope observations of (101955) Bennu (Nolan et al.
019 ). Nev ertheless, the y may be crucial in distinguishing between
omponents of ‘normal Y ORP’ (NY ORP), which is dominated by
lobal shape, and ‘tangential Y ORP’ (TY ORP), which is driven
y irregularity across an asteroid’s surface (Golubov & Krugly
012 ). Strong YORP detections on globally symmetric asteroids,
hich should have very small NYORP components, would imply
 strong TYORP component. Separating the components of obser-
ational YORP detections can only be possible if both extremes
re studied, as opposed to the current bias towards YORP analyses
f highly asymmetric asteroids which have significant NYORP
omponents. 

Our analysis of PN9 includes 14.5 yr of light-curve coverage
nd shows that it is not currently experiencing significant rotational
cceleration. Small YORP torques or sporadic changes to rotation
eriod, ho we ver, cannot be ruled out with the current data. 
The YORP effect is thought to be a key mechanism in the

roduction of spinning-top rubble piles and binary systems. In
he ‘spin-up’ configuration YORP torque can steadily increase an
steroid’s spin rate until it experiences physical deformation to
ecome a top-shaped ‘YORPoid’. 
An analysis has been performed of the spin-dri ven e volution of

101955) Bennu and (162173) Ryugu by Hirabayashi et al. ( 2020 ),
ho find that reshaping at longer periods is driven by changes to

urface structure, while reshaping at shorter periods is driven by the
ailure of internal structures. Ryugu and Bennu, which are both C-
omple x asteroids, hav e measured bulk densities of 1190 kg m 

−3 

Scheeres et al. 2019 ; Watanabe et al. 2019 ). As an S-complex
steroid it is likely that PN9 has a higher density than this (Carry
012 ), which would suggest that a higher spin rate is required to
nduce rotational deformation. PN9’s 2.53-h rotation period, which
s close to the 2.2-h spin barrier for cohesionless asteroids (Pravec &
arris 2000 ), fa v ours the failure of internal structure being primarily

esponsible for any recent deformation PN9 has experienced. 
YORP-driven deformation of NEAs is likely to be self-limited by

arious mechanisms. As an asteroid approaches or crosses the spin-
imit barrier, surface regolith may migrate from the poles towards
he equator (Hirabayashi & Scheeres 2019 ). In order to conserve
ngular momentum, the asteroid’s period must increase, countering
he YORP spin-up. Due to the YORP effect’s strong dependence on

http://astro.kent.ac.uk/~YORP/spintop.html
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Table 4. Comparison of top-shaped NEAs with published physical models that are based on radar or spacecraft data. 

Asteroid Period Diameter Volume Rotational Type SC/OC Multiplicity Reference 
( h ) (km) (km 

3 ) pole ( λ, β) ( ◦) 

(2102) Tantalus a 2.391 1.3 1.05 (180, + 24) Sr 0.19 1 
(3200) Phaethon b 3.604 6.4 75 (316, −50) B 0.19 2, 3, 4 
(23187) 2000 PN9 2.532 1.82 2.627 (096, + 30) S/Sq/Q 0.23 This work, 5, 6 
(65803) Didymos 2.260 0.84 0.249 (310, −84) Sq 0.2 Binary 7, 8, 9 
(66391) Moshup c 2.765 1.53 1.195 (326, −65) S 0.45 Binary 10, 11 
(101955) Bennu 4.296 0.57 0.062 (086, −60) B 0.18 12, 13 
(136617) 1994 CC 2.389 0.69 0.125 (336, + 22) Sq 0.40, 0.50 Triple 14 
(153591) 2001 SN263 3.426 2.9 8.2 (309, −80) B 0.17 Triple 15 
(162173) Ryugu 7.633 0.88 0.377 (179, −87) Cg N/A 16, 17 
(185851) 2000 DP107 2.775 0.99 0.337 (294, + 78) C 0.25 Binary 7, 18, 19, 
(276049) 2002 CE26 3.293 3.65 21.7 (317, −20) C 0.21 Binary 20 
(341842) 2008 EV5 3.725 0.42 0.035 (189, −84) C/X 0.38 21, 22, 23 

Notes. ‘Period’ is the sidereal rotation period of the asteroid. ‘Diameter’ gives the maximum equatorial diameter. ‘Volume’ is 
derived from the physical model of the asteroid. ‘Rotational Pole’ denotes the spin-axis orientation of the asteroid in the ecliptic 
coordinate system. ‘Type’ denotes the taxonomic classification(s) each asteroid has been given. ‘SC/OC’, also known as the circular 
polarization ratio, is the ratio between SC and OC polarized radar echo. ‘Multiplicity’ denotes the number of known bodies in the 
asteroid system. Inclusion in this list is determined by the shape of the primary or ‘Alpha’ body, and physical parameters refer to 
the primary. 
a Retrograde model. b Values for the shape and spin-state are preliminary as of 2022 December. c Also known as 1999 KW4. 
References – (1) Ro ̇zek et al. ( 2022 ); (2) Marshall (pri v ate communication); (3) Taylor et al. ( 2019b ), (4) Green, Meadows & 

Davies ( 1985 ); (5) Thomas et al. ( 2014 ); (6) Binzel et al. ( 2019 ); (7) Benner et al. ( 2008 ); (8) Naidu et al. ( 2020 ); (9) Cheng et al. 
( 2018 ), (10) Ostro et al. ( 2006 ); (11) Binzel et al. ( 2004 ); (12) Lauretta et al. ( 2019 ); (13) Nolan et al. ( 2013 ); (14) Brozovi ́c et al. 
( 2011 ); (15) Becker et al. ( 2015 ); (16) Watanabe et al. ( 2019 ); (17) Sugita et al. ( 2019 ); (18) Naidu et al. ( 2015 ); (19) Dandy, 
Fitzsimmons & Collander-Brown ( 2003 ); (20) Shepard et al. ( 2006 ); (21) Busch et al. ( 2011 ); (22) Somers, Hicks & Lawrence 
( 2008 ); and (23) Reddy et al. ( 2011 ). 
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hape, spin-driven reshaping into a more symmetrical top shape will 
ecrease the strength of YORP torques. This self-go v erning must
ot occur in all cases, ho we ver, as it has been demonstrated that the
ORP effect can form binaries through rotational breakup (Walsh 
t al. 2008 ). 

Rotational breakup does not al w ays produce a multiple system.
aterial can re-accrete towards the equator, producing an equatorial 

idge (Hyodo & Sugiura 2022 ), while the orbital evolution of
atellites can lead to them migrating outward until they are lost.
s PN9 is near-spherical and does not have a prominent equatorial 

idge, there is no indication that it has previously experienced spin-
reakup or lost a satellite. 
It is also possible that PN9 is an example of an asteroid that

s trapped in a state of rotational equilibrium, where normal and 
angential YORP components enforce a constant rotation period 
 v er long-time periods (Golubov & Scheeres 2019 ). If a significant
raction of asteroids are found to ha ve near -zero YORP acceleration,
t would confirm the existence of ‘sinks’ that halt the YORP cycle.
his would have a significant impact on theories of asteroid evolution. 
ORP equilibrium states are, ho we v er, e xpected to be seen in systems

hat are more physically complex than PN9 (Breiter & Murawiecka 
015 ; Golubov et al. 2016 ). 
In the next century, PN9 will not come within 100 lunar distances

f Earth. This is beyond the range of current and near-future radar
acilities, limiting any future observations to optical and infrared 
elescopes. The best opportunity to observe PN9 until at least 2030 
ill be from the Northern hemisphere in mid-2025, when medium- 

ized telescopes will be able to image the asteroid o v er sev eral
otations. Larger northern telescopes should be able to image PN9 in 
arly 2024 and early 2029, while facilities in the Southern hemisphere 
re limited to the aforementioned mid-2025 apparition until after 
030. These observations could be used to better constrain PN9’s 
O
ole and extend the baseline in the search for YORP, while any
mpro v ements to the physical model may impro v e upon the current
hase offset measurements. It is unlikely that further ground-based 
bservations will result in a YORP detection for PN9, however, the
urrent constraints could be significantly impro v ed. 

The non-detection of rotational acceleration of PN9, combined 
ith its highly symmetrical shape and short rotation period, suggest 

hat if it is indeed YORP-evolved then it is an example of self-
imitation. In order to better understand the physical evolution of 
EAs, it is essential to understand the factors that determine if
ORP spin-up of a rubble pile will self-limit or continue past

he spin-breakup barrier and form a binary. As YORPoids are 
nfa v ourable targets for YORP detection, analyses of objects that are
n the late stages of YORP evolution are underrepresented. Further 
tudy of these asteroids with future ground-based optical and radar 
acilities, as well as spacecraft observations, are essential to better 
nderstanding the influence of YORP on evolutionary pathways for 
mall bodies. 
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ropy Collaboration et al. 2013 , 2018 ), MATPLOTLIB (Hunter 2007 ),
RAF Community Distribution. 2 and the NASA/JPL HORIZONS
phemeris tool. 3 We thank Chris Magri for providing the SHAPE soft-
are package and Sean Marshall for providing preliminary results for

3200) Phaethon. 

ATA  AVA ILA BILITY  

he PDS light curves of 2000 PN9 first published in Warner ( 2016 )
re available on the Asteroid Lightcurve Data Exchange Format
atabase (Warner et al. 2011 ) at https:// alcdef.org/ . Lightcurves
hat have not been previously published will be made available at
ttps://vizier .u-str asbg.fr . The shape models presented in this work
ill be submitted to the Database of Asteroid Models from Inversion
echniques at https://astr o.tr oja.mf f.cuni.cz/pr ojects/damit/. The
adar data are available from the authors upon request. 
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