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A B S T R A C T 

Contact binaries are found throughout the Solar System. The recent disco v ery of Selam, the satellite of main-belt asteroid 

(152830) Dinkinesh, by the NASA Lucy mission has made it clear that the term ‘contact binary’ co v ers a variety of different 
types of bimodal mass distributions and formation mechanisms. Only by modelling more contact binaries can this population be 
properly understood. We determined a spin state and shape model for the Apollo group contact binary asteroid (388188) 2006 

DP 14 using ground-based optical and radar observations collected between 2014 and 2023. Radar delay-Doppler images and 

continuous-wave spectra were collected over 2 d in February 2014, while 16 light curves in the Cousins R and SDSS-r filters 
were collected in 2014, 2022, and 2023. We modelled the spin state using conv e x inv ersion before using the SHAPE modelling 

software to include the radar observations in modelling concavities and the distinctive neck structure connecting the two lobes. 
We find a spin state with a period of (5 . 7860 ± 0 . 0001) h and pole solution of λ = (180 ± 121) ◦ and β = ( −80 ± 7) ◦ with 

morphology indicating a 520 m long bilobed shape. The model’s asymmetrical bimodal mass distribution resembles other small 
near-Earth asteroid contact binaries such as (85990) 1999 JV 6 or (8567) 1996 HW 1 , which also feature a smaller ‘head’ attached 

to a larger ‘body’. The final model features a crater on the larger lobe, similar to several other modelled contact binaries. The 
model’s resolution is 25 m, comparable to that of the radar images used. 

K ey words: methods: observ ational – techniques: photometric – techniques: radar astronomy – minor planets, asteroids: indi- 
vidual: (388188) 2006 DP 14 . 
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 I N T RO D U C T I O N  

ontact binaries are bilobed objects that appear throughout the Solar 
ystem in both asteroid and comet populations. Notable examples 
f contact binaries include (25143) Itokawa, a near-Earth asteroid 
NEA) visited by the JAXA Hayabusa mission (Demura et al. 
006 ); Selam, which orbits the main-belt asteroid (MBA) (152830) 
inkinesh and was imaged by the NASA Lucy mission in 2023 

Levison et al. 2024 ); and (486958) Arrokoth, a Kuiper belt object
KBO) imaged by the NASA New Horizons mission in 2019 (Porter
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t al. 2024 ). It is estimated from radar observations that at least 15–30
er cent of NEAs >200 m in diameter are contact binaries (Benner
t al. 2015 ; Virkki et al. 2022 ). Furthermore, optical observations
uggest that up to 40–50 per cent of smaller Plutinos, a family of
BO, are either elongated or bilobed in shape (Thirouin & Sheppard
018 ; Brunini 2023 ) and there may be several large contact binaries
ith sizes >25 km in the KBO population (Sheppard & Jewitt 2004 ).
We modelled NEA asteroid (388188) 2006 DP 14 , henceforth 

P 14 , to contribute to the growing number of modelled contact
inaries. DP 14 is an Apollo group asteroid designated as potentially 
azardous with an absolute magnitude of H = (19 . 0 ± 0 . 5). Being
n Apollo family asteroid, DP 14 ’s orbital semimajor axis is 1.36
u, and its eccentricity is e = 0 . 78. This causes it to make frequent
lose approaches with Mercury, Venus, and Earth (JPL 2024 ). DP 14 
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Table 1. A list of all DP 14 optical light-curve observations. The site MPC codes are 807 – Cerro Tololo Inter-American 
Observatory (CTIO), Chile; 323 – Perth Observatory, Australia; U82 – Palmer Divide Station, USA; W74 – 1.54-m 

Danish Telescope, La Silla, Chile; and 950 – INT, La P alma, Spain. Light-curv e IDs 3 and 4 were taken from ALCDEF 
(Warner, Stephens & Harris 2011 ), having been collected by Brian W arner (W arner 2014 ). Provided are the length of 
time between the first and final data points in each light curve (note that IDs 5–13 are semisparse, so do not have uniform 

co v erage o v er this time span); the distance from the observer to the target, � ; the solar phase angle α, which is the 
angle made by following a line Sun–target–observ er; the observ er-centred ecliptic longitude, λ, and latitude β; the filter 
that was used (IDs 3 and 4 were taken unfiltered, and then adjusted to be in Johnson V ); the exposure time of each 
observation in seconds (where available, before any stacking of images); and whether they were used in either the light 
curve (Lc) or radar + Lc models.All light curves were used to test the final model fits and the initial radar ellipsoid pole 
scan. Only light curves marked for the radar + Lc model were used for the bi-ellipsoid and v erte x fitting, while the spin 
state was kept constant. 

ID Date Site Length � α λ β Filt. Exp. Lc Radar + Lc 
(h) (au) ( ◦) ( ◦) ( ◦) (s) Model Model 

1 2014-02-18 807 5.3 0.116 29.4 121.6 −18.0 R • •
2 2014-02-19 323 5.5 0.140 29.0 122.1 −16.7 R • •
3 2014-02-22 U82 5.5 0.182 29.0 122.7 −15.2 V • •
4 2014-02-23 U82 5.3 0.198 29.1 122.8 −14.8 V • •
5 2022-02-23 W74 2.6 0.266 13.3 147.2 −15.2 R 40 •
6 2022-02-25 W74 2.3 0.290 14.5 145.0 −14.9 R 40 •
7 2022-02-26 W74 3.1 0.305 15.2 143.9 −14.7 R 45 •
8 2022-03-02 W74 3.0 0.363 18.4 140.6 −14.0 R 70 •
9 2022-03-04 W74 1.7 0.392 19.8 139.3 −13.7 R 85 •
10 2022-03-06 950 4.9 0.437 21.8 137.9 −13.3 r 60 •
11 2022-03-07 950 5.5 0.453 22.4 137.5 −13.2 r 60 •
12 2022-03-08 950 4.8 0.469 23.0 137.1 −13.1 r 60 •
13 2022-03-09 950 3.7 0.484 23.5 136.8 −12.9 r 60 •
14 2023-05-26 W74 5.7 0.304 44.1 220.6 −52.0 R 8 •
15 2023-05-29 W74 2.8 0.284 50.3 210.2 −54.3 R 5 •
16 2023-06-09 W74 0.6 0.248 81.8 159.7 −51.0 R 8 •
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as previously observed twice in 2014 with optical telescopes.
bservations by Hicks & Ebelhar ( 2014 ) estimated a rotational
eriod of 5 . 78 ± 0 . 02 h and found rotationally averaged colours
onsistent with an X- or C-type spectral classification. Warner
 2014 ) also observed DP 14 in 2014, finding light-curve amplitudes
f 1.05 mag and estimating the period to be 5 . 77 ± 0 . 01 h. The
arge light-curve amplitudes suggested an elongated object, which,
n conjunction with the radar imaging from 2014 (described in detail
n Section 2 ), indicated that DP 14 was a contact binary. While no pole
stimate was made from either observation, a Yarko vsk y detection
f A 2 = ( −39 . 508 ± 6 . 605 ) × 10 −15 (JPL 2024 ) implies a rotational
ole in the southern hemisphere relative to the ecliptic plane. 
With the addition of DP 14 presented in this work, 23 contact

inaries have now been either shape-modelled with ground-based
adar and optical observations or imaged directly by spacecraft.
f these, 16 are NEAs modelled primarily or partly with radar
bservations. In this paper, we shall present the data we collected to
reate the shape model of DP 14 in Section 2 , the modelling techniques
n Section 3 , the results of the modelling in the context of other
ontact binaries in Section 4 , and a summary of our key results in
ection 5 . 

 OBSERVATION S  

he orbit of DP 14 is such that it is frequently observable from
arth with optical facilities. Since its disco v ery in early 2006, it has
pproached within 0.5 au of Earth in 2007, 2014, 2015, 2022, and
023. DP 14 will next be observable in 2030 and 2031. Due to its small
ize (extending ∼520 m in its longest axis), these encounters with
arth are the only opportunities that currently available telescopes
an collect data. We used data from three epochs in our modelling:
NRAS 538, 2311–2329 (2025) 
014, 2022, and 2023. Radar observations were only possible in
014 as other encounters did not come close enough for current
adar observatories to observe [the next close encounter, <0 . 05 au,
ufficiently close for a Goldstone-equi v alent radar facility to collect
ontinuous-wave (CW) observations will be in 2065]. 

.1 Optical light cur v es 

he light curves of DP 14 used in this analysis span from February
014 to June 2023, with the densest co v erage in 2022. The phase
ngle, viewing geometries, and more information for each light
urve can be seen in Table 1 , with a visual depiction of the viewing
eometry in Figure 1 . The previously published light curves (IDs
 and 4) and our collected light curves demonstrated a tw o-peak ed
tructure and high amplitudes between 0.5 and 1 mag. The light
urves used can be seen, in conjunction with the simulated light
urves of the con vex in version and radar shape models, in Figs A2 and
3 . We describe our observations from each contributing telescope

n the following sections. 

.1.1 PROMPT, Cerro Tololo Inter-American Observatory – 2014 

he Panchromatic Robotic Optical Monitoring and Polarimetry
elescopes (PROMPT) on Cerro Tololo in Chile are owned by the
niversity of North Carolina at Chapel Hill and are 2200 m above

ea level. Consisting of six individual 0.41-m telescopes outfitted
ith Alta U47 + cameras by Apogee with e2v CCDs, the field of
iew is 10 arcmin × 10 arcmin with a 1024 × 1024 pixel detector.
e observed DP 14 for one night with PROMPT in February 2014

n the Cousins R photometric filter (Bessell 1990 ). Raw image
rames were processed using the MIRA software package and reduced
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Figure 1. Observing circumstances of the optical observations used in 
modelling and described in Table 1 . The solid line describes the median 
value of each property for each night, while the circular markers denote the 
nights that observations took place. Top left : Solar phase angle α, the angle 
made between the Sun, the target, and the observer. Top right : � , the distance 
between the observer and the asteroid, in au. Bottom left : β, observers’ ecliptic 
latitude. Bottom right : λ, observers’ ecliptic longitude. 
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sing standard photometric procedures. Aperture photometry was 
erformed on the asteroid and three comparison stars. 

.1.2 R-COP, Perth Observatory – 2014 

e used the ‘Remote Telescope P artnership: Clarion Univ ersity –
cience in Motion, Oil Region Astronomical Society, and Perth 
bservatory’ (R-COP) telescope, located in Perth Observatory in 
estern Australia at an altitude of 386 m, to observe DP 14 for one

ight in February 2014 in the Cousins R filter . R-COP’ s detector has
600 × 1200 pixels with a 20 . 2 × 15 . 2 arcmin 2 field of view. Images
ollected were reduced, and photometry procedures were performed 
sing the same method as the PROMPT telescope. 

.1.3 Isaac Newton Telescope, La Palma – 2022 

etween the 6th and 9th of February 2022, we observed DP 14 in the
DSS-r filter with the Isaac Newton Telescope (INT). The INT is at
n altitude of 2396 m in the Roque de los Muchachos Observatory
n La Palma and is owned by the Isaac Newton Group of Telescopes.
e used CCD4 of the Wide-Field Camera, which has 2000 × 4000 

ix els co v ering an 11 × 22 arcmin 2 field of view. The images were
educed using standard bias subtraction and flat-fielding methods. 
perture photometry was performed by calculating the average full 
idth at half-maximum (FWHM) of each frame by fitting a point 

pread function to all non-o v ere xposed sources.The resulting FWHM 

as then used to construct an aperture to measure the flux of DP 14 and
he background objects. The light curve of DP 14 was then calibrated 
o all ATLAS-RefCat2 catalogue stars (Tonry et al. 2018 ) found in the
ist of background sources. Cross-matching of sources to catalogue 
tars was performed with the CALVIACAT package (Kelley & Lister 
019 ). 

.1.4 Danish 1.54-m telescope, La Silla – 2022 and 2023 

he 1.54-m Danish Telescope is located at La Silla Observatory, 
hile, at an ele v ation of 2366 m. It is operated jointly by the
iels Bohr Institute, University of Copenhagen, Denmark, and the 
stronomical Institute of the Academy of Sciences of the Czech 
epublic. All images of DP 14 were obtained by the Danish Faint
bject Spectrograph and Camera (DFOSC) with an e2v CCD 

31 sensor and standard Cousins R filter. The CCD sensor has
048 × 2048 square pixels (13 . 5 μm size), which were used in the
 × 1 binning mode resulting in a scale of 0.396 arcsec.pixels −1 and
 13 . 5 × 13 . 5 arcmin 2 field of view. 

All images were reduced using standard flat-field and bias-frame 
orrection techniques. For the observations taken in 2022, half-rate 
racking was used such that the star and asteroid images present
he same trailing in one frame, facilitating robust photometry. The 
hotometry was performed using APHOT , a synthetic aperture pho- 
ometry software developed by M. Velen and P. Pravec at Ond ̌rejov
bservatory. It reduces asteroid images with respect to a set of field

tars, and the reference stars are calibrated in the Johnson–Cousins 
hotometric system using Landolt ( 1992 ) standard stars on a night
ith photometric sky conditions. This resulted in R-magnitude errors 
f about 0.01 mag. Typically, eight local reference field stars, which
ere checked for stability (non-variable, not of extreme colours), 
ere used each night. 
The three nights in 2023 occurred while the target crossed the

alactic plane with a very high rate of motion, so the median stack
f ev ery fiv e frames was used to reduce the effect of background
ources around the target. Photometry of the reduced images was 
erformed in the same way as the INT observations. Due to the high
ate of motion of the target, its track o v er a single night exceeded the
eld of view of DFOSC; these nights were split into multiple fields
nd calibrated independently. 

.1.5 Published data 

ata collected by Warner ( 2014 ) at the Palmer Divide Station in the
nited States in 2014 were also used. These data are publicly avail-

ble on the Asteroid Lightcurve Data Exchange Format (ALCDEF) 
ata base (Warner et al. 2011 ). 

.2 Planetary radar 

s radar observations are performed by emitting a signal towards 
 target and measuring the reflection, the strength of the signal is
roportional to the inverse fourth power of distance. Therefore, near- 
arth objects and the largest objects in the main asteroid belt are

he predominant targets of radar observations for small Solar System 

bjects (Durech et al. 2015 ). 
Ground-based radar observations of DP 14 were performed at the 

oldstone Deep Space Network (DSN) antenna in California, USA. 
e collected a mix of delay-Doppler imaging and CW power spectra

f DP 14 o v er the 12th and 13th of February in 2014 (Table 2 ), while
he target was at distances between 0.02 and 0.05 au. Observations
onsist of transmitting 8560 MHz (3.5 cm wavelength) radio waves 
nd recording the reflected signal. We transmitted CW and binary 
hase-coded (BPC) waveforms. Each observation contains several 
looks’, statistically independent measurements of the returning 
ignal, which reduce the signal’s noise by a factor of 

√ 

N looks . The
eflected echo power spectra obtained via CW carry Doppler-only 
nformation about the object’s instantaneous line-of-sight velocity, 
ize and rotation properties, and radar scattering properties. Specif- 
cally, we measured the ratio of the reflected signal with the same
ircular polarization (SC) and the opposite circular polarization (OC). 
he delay-Doppler images obtained with BPC contain the Doppler 
MNRAS 538, 2311–2329 (2025) 
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Table 2. A list of all radar observations used in shape modelling. All observations were collected at the Goldstone DSN 14 antenna. Columns show the date 
of observations, the start and end times of receiving the signal, the type of observation [CW and delay-Doppler (DD)], the baud and code length and frequency 
resolution, the number of runs and looks per observation, and the orbital solution used. CW spectra also have the recorded SNR for the OC signal and the 
ratio between the received SC and OC signals. σOC is the cross-sectional area of the reflected signal, and A proj is the cross-sectional area of the final model at 
the time of these observations. The albedo is then calculated with σOC /A proj . For these observations, the transmitted power, T x , was within 10 per cent of 430 
kW. 

Date Time Type Baud Resolution Runs Looks Solution OC σOC SC / OC A proj Albedo 
( μs) (Hz) SNR (km 

2 ) (km 

2 ) 

2014-02-12 03:58:08–04:03:41 CW – 0.5 6 8 24 265.24 0.017 0 . 641 + 0 . 005 
−0 . 004 0.075 0.23 

2014-02-12 04:03:41–04:09:14 CW – 0.5 6 8 24 263.02 0.018 0 . 684 + 0 . 004 
−0 . 005 0.075 0.24 

2014-02-12 04:11:01–04:15:20 CW – 0.5 5 8 26 244.58 0.019 0 . 638 + 0 . 005 
−0 . 004 0.065 0.29 

2014-02-12 05:02:34–07:30:15 DD 0.125 0.16 153 4 30 
2024-02-13 03:49:53–03:56:00 CW – 0.133 5 11 34 46.27 0.015 0 . 630 + 0 . 026 

−0 . 024 0.072 0.21 

2024-02-13 04:27:05–06:29:43 DD 0.25 0.26 88 10 34 

Figure 2. A collage of four delay-Doppler images taken on 12/02/2024 from 

the Goldstone antenna in California, USA. These images contain information 
on the Doppler shift on the horizontal axis, increasing from left to right, and 
the time delay on the vertical axis, with the delay increasing from top to 
bottom. Images are 9.6 Hz by 4 . 25 μs (or 1.274 km) large. The arrows point 
to features in each image that indicate a crater on the larger lobe, highlighted 
best by the difference in delay. 
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nformation and the time delay of the signal reflecting back to the
bserver. The combination of the radial velocity of different parts of
he target’s surface and the corresponding line-of-sight distance from
he time delay makes delay-Doppler images particularly valuable for
hape modelling and size determination. Further explanation of radar
bservations and the techniques employed is available in Virkki et al.
 2023 ) and Magri et al. ( 2007 ). 

Delay-Doppler images, while not equi v alent to an optical plane-
f-sky view, can be visually inspected to gain insight into the
bject’s shape before modelling begins. The example delay-Doppler
rames showing DP 14 in Fig. 2 have the Doppler shift (equi v alent to
he radial velocity) increasing from left to right on the horizon-
al axis and the time delay (equi v alent to line-of-sight distance)
ncreasing from top to bottom on the vertical axis. All four im-
ges demonstrate a clear bilobed structure with an unequal mass
istribution. 
An inspection of the delay-Doppler images can be used to estimate

he physical extent and size of the object before modelling begins.
his can be done by counting the extent of the signal. Inspection of

hese delay-Doppler images revealed an unequal mass distribution
f an object approximately 490 m long, with a small spherical lobe
f ∼112 m in diameter and a larger elliptical lobe ∼224 m wide and
262 m long. The neck was estimated to be only 75 m in diameter.
NRAS 538, 2311–2329 (2025) 
dditionally, there is evidence of a crater on the larger lobe seen by
eatures predominantly differing in the delay axis, pointed out with
rrows in Fig. 2 . 

 M O D E L L I N G  

ur shape modelling procedure consisted of two parts. First, we
onstrained the object’s spin state based on optical data only to
roduce a conv e x shape of DP 14 . Then, we used this spin state
olution to include both optical and radar data to refine the shape
o fit the bifurcated appearances portrayed in the delay-Doppler
mages. When modelling, delay-Doppler images have a North–South
mbiguity for rotational pole solution, so complimentary light curves
re vital to constrain the spin state of the target. All the light curves
ere used when fitting the spin state of DP 14 to utilize the different
iewing angles of each observation. However, when fitting details of
he shape using radar observations, the spin state was kept constant,
nd only light curves from 2014 were used. 

.1 Con vex in version 

e used conv e x inv ersion (Kaasalainen & Torppa 2001 ; Kaasalainen,
orppa & Muinonen 2001 ) to constrain the spin state of DP 14 .
ollowing the same procedure as Ro ̇zek et al. ( 2019 ), we modelled six
quidistant pole solutions for a range of periods between 2 and 13 h
nd recorded the best pole solution for each period. This period range
as considered sufficient due to the period assessment of Warner

 2014 ) using just the two published light curv es (light-curv e IDs 3
nd 4) of 5 . 77 ± 0 . 01 h, and Hicks & Ebelhar ( 2014 ) independently
alculating a value of 5 . 78 ± 0 . 02 h. Combining Warner ( 2014 ) data
nd our new light curves, we find the best fit at a sidereal period
f 5 . 7860 ± 0 . 0001. This error is the range of periods for which
he reduced χ2 of the period scan is less than 10 per cent from the

inimum value. Fig. 3 , displaying the best result for every period,
lso has significant peaks at 0.5, 1.5, and 2 times the best period
olution. This is due to the symmetrical tw o-peak ed nature of the
ight curves created by an elongated object such as a contact binary. 

With the period scan complete, we created a 5 ◦ × 5 ◦ grid of pole
olutions in ecliptic coordinates. Here, the pole is kept constant,
hile the period (with initial condition input from abo v e) is allowed

o vary while the shape model is created. The resulting grid of pole
olutions, shown in Fig. 4 , indicates two pairs of solutions, one at
he two poles, and the other around β = ±30 ◦ and λ = 45 ◦ or 275 ◦.
hese pairs are caused by the ambiguity between mirroring solutions
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Figure 3. Result of the period scan of DP 14 using conv e x inv ersion, described 
in Section 3.1 . A range of 2–13 h was used, resulting in a best fit of (5 . 7860 ±
0 . 0001) h. Significant minima also appear at 1 / 2 and 3 / 2 multiples of this 
value but did not result in as good a fit. A cut-out to the right shows a zoom-in 
of the minima. 

Figure 4. Result of the pole scan of DP 14 using conv e x inv ersion, described 
in Section 3.1 . Results are shown in coordinates relative to the ecliptic plane, 
with darker areas representing those of a better fit. Any white areas are more 
than 1.25 times the minimum calculated value. Orthographic projections of 
North and South are shown abo v e a Mollweide projection. The best result 
was found at λ = 235 ◦ and β = −65 ◦. 
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s pro v en in Kaasalainen & Lamberg ( 2006 ). The pole solution of
= 235 ◦ and β = −65 ◦ had a minimum value of χ2 . 
While conv e x inv ersion is less useful for contact binary objects

ue to its inability to model any concavities such as craters or a
oncave neck structure (Harris & Warner 2020 ), large, flat surfaces
n conv e x inv ersion models can indicate the presence of large-scale
onca vities (Dev og ̀ele et al. 2015 ). The best of these models and
he corresponding light-curve fits are shown in Appendix A . This
rovides estimates for the aspect ratios of the object and its period,
hich we used in the initial conditions of the radar modelling. 
.2 Radar modelling 

e used the SHAPE modelling software (Magri et al. 2007 ) to
ntegrate the radar observations with the optical light curves. This 
owerful tool can accurately create simulated delay-Doppler and 
W observations for a model to compare to the observed data. When
sing SHAPE , we again followed the procedure in Ro ̇zek et al. ( 2019 ).
e first masked the delay-Doppler images and CW spectra to the

egion only around the signal. This is done with a grid of pixels with
 or 1, which limits the data that SHAPE will attempt to fit to, and
n practice, ‘crop’ the images and spectra such that SHAPE does not
ttempt to fit any noise around the signal. At longer delay values, it
an be harder to visually distinguish the signal from noise. We kept
 region of 15 pixels beyond the visible extent of the signal in all
rames before masking pixels. Additionally, points on each of the 
ight curves were binned into groups of five by taking the mean of
onsecutive data points in order to reduce the noise in the data. This
llows the core information of the spin state to be preserved, but
orces SHAPE to model the structure of DP 14 using the radar images
redominantly rather than attempting to fit small-scale structures 
rom the light curves. 

The standard method of creating a model with SHAPE is to start
ith a simple model and build complexity, as SHAPE iterates only
ne parameter at a time when fitting a model to data. We started
ith a single-ellipsoid model in a fixed grid of 10 ◦ × 10 ◦ pole

olutions to recreate the conv e x inv ersion pole scan results using
ll of the collected light curves and the radar data. Due to the
pherical geometry, there is only a small distance between differing 
ongitudinal coordinates, so pole solutions were spaced farther apart 
n order to use fewer computing resources. Therefore, once the 
pecific conv e x inv ersion solutions were added to the pole scan,
nly 435 pole solutions were tested. The spin state of an object in
HAPE is described with the rotational period, the two pole angles, λ
nd β, and a rotation phase, ψ , for a given epoch that we selected to
e mid-night before the first observation took place. To perform the
ole scan, we first kept the ratios of the ellipsoid constant at the same
atios as the dynamically equi v alent equal volume ellipsoid (DEEVE) 
f the best conv e x inv ersion solution, fitting only the period, ψ , and
he length of the ellipsoid (2 a). By using a very large step size for

, we ensured that each of the 435 models was orientated with their
ong axis in line with the delay-Doppler images before we allowed
he ratios a/b and b/c for the ellipsoid to vary. The result of the
ubsequent pole scan with free ellipsoid parameters is in Fig. 5 . We
ound that the previous conv e x inv ersion solutions created very good
ts to the light-curve data but were out of phase with the radar delay-
oppler images. This is not the case with the southern pole solutions,
espite the ellipsoid producing slightly worse fits to the light-curve 
ata. 
To increase the complexity beyond a single ellipsoid, we proceeded 

ith the pole solutions within 10 per cent of the best-fitting value at
 λ, β) = ( −80 ◦, 240 ◦). Further modelling took place with only
he radar data and 2014 optical data to better focus on fitting the

orphology of DP 14 . As the spin state information in the latter light
urves was removed, the spin state information was fixed at this point
n the modelling process, such that it would not alter the period to
etter fit the 2014 data and worsen the fit to the 2022 and 2023 data.
aving first manually created bi-ellipsoid models for each of the 

olutions, we again allowed SHAPE to vary ψ (keeping the period
nd pole angles fixed) before fixing all spin state information and
arying the size, location, and orientation of each ellipsoid. At this
oint, several solutions could not create contact binary structures 
ith the two ellipsoid components in contact despite the neck being
MNRAS 538, 2311–2329 (2025) 
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Figure 5. Result of the single-ellipsoid pole scan of DP 14 using SHAPE , 
described in Section 3.2 using all of the light curves and radar data available. 
The initial conditions of the input model were that of a DEEVE to the 
best conv e x inv ersion solution, but all shape parameters were allowed to 
vary. Results are shown in coordinates relative to the ecliptic plane, with 
darker areas representing those of a better fit. Any white areas are more than 
1.25 times the minimum calculated value of χ2 . Orthographic projections of 
North and South are shown abo v e a Mollweide projection. 
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learly visible in some of the delay-Doppler images collected (see
ig. B1 ). Therefore, these solutions were discarded, and modelling
ontinued with only the pole solutions of β = −80 ◦ and λ = 0 ◦, and
80 ◦, and β = −90 ◦. 
We then created 300-v erte x models for the remaining solutions

o better model the neck, ensuring that the model’s resolution was
arge enough to fit o v er the noise in the data, refining them to 500
ertices once the initial vertex fit had been completed. A 500-vertex
odel produced an average side length of the facets of ∼25 m. As

he resolution of the delay-Doppler images only equated to ∼19 m,
he resolution was not increased beyond this to reduce the effects of
 v erfitting noise in the data. 
We introduced penalty functions to create v erte x models to

iscourage non-physical solutions. These included discouraging non-
rincipal axis rotation (a more complex case to model that, as of yet,
here is no evidence for) and a smoothness parameter to discourage
spiky’ models that occur when a single vertex moves far from the
ain body to fit a single pixel of noise. 
The resulting best-fitting v erte x model has pole solution λ = 180 ◦

nd β = −80 ◦. This model was significantly better than the others
s it was the only solution with light-curve amplitudes in the 2023
bservation epoch equal to the data. The variation in amplitudes for
his epoch can be attributed to the different viewing geometries and
igh phase angle of observations, where the amount of reflected light
ould be more highly dependent on small changes in the orientation
f the rotational pole due to an increase in the self-shadowing effects
f any concavities (Kaasalainen, Mottola & Fulchignoni 2002 ).
herefore, we proceeded with only the best model. 
NRAS 538, 2311–2329 (2025) 
Due to the increased uncertainty when modelling the z -extents,
he model was stuck in a local minimum, with the larger lobe
eing flatter rather than more elliptical. Using BLENDER (Blender
018 ), we manually adjusted this lobe to be closer to an ellipsoid
y sculpting additional volume on to the flat surfaces of the model
n the z axis. This was done to a v oid stretching the model as a
hole, which would also affect the smaller lobe. By doing so, we

educed the calculated χ2 of the model by 10 per cent. Further
tting iterations were then performed using a combination of smaller
tep sizes and smaller tolerances, reducing the penalty functions for
oncavities. Remarkably, the crater on the larger lobe was clearly
odelled, even with penalties still in place to discourage concave

olutions. We also performed modelling attempts with more minor
enalties to better encourage modelling of the concave neck and
rater structures; ho we v er, o v erfitting of the noise quickly resulted in
spiky’ features appearing on the model. The final model was selected
s a compromise between o v erfitting the noise and replicating the
rater to the best of our abilities. 

The resulting best-fitting v erte x model had pole solution λ =
180 ± 121) ◦ and β = ( −80 ± 7) ◦ with a period of 5.786 h, in
greement with the conv e x inv ersion solution. These errors in the
otational pole are conserv ati ve estimates based on a statistical
nalysis of the pole solutions selected from the single-ellipsoid pole
can. While the error in λ appears high, due to the nature of spherical
eometry close to the poles, there are only minor differences between
if fering longitude v alues. The selected solution was significantly
etter than the others as it was the only model with light-curve
mplitudes in the 2023 observation epoch matching the data. The
odel has 500 vertices, with an average side length of 26.5 m,

lightly larger than the spatial resolution of the radar data of 19 m.
aving the side length larger than the spatial resolution reduces the

ffect of noise on the model. The model is shown in Fig. 6 , and the
ight-curve and delay-Doppler fits are in Appendix B . 

 DI SCUSSI ON  

.1 Shape and gravitational environment 

he rotational period of (5 . 7860 ± 0 . 0001) h and rotational pole of
= (180 ± 121) ◦ and β = ( −80 ± 7) ◦ are in agreement with the

reviously found period of 5 . 78 ± 0 . 02 h by Hicks & Ebelhar ( 2014 )
nd the ne gativ e Yarko vsk y detection of ( −39 . 508 ± 6 . 605 ) × 10 −15 

JPL 2024 ), which indicated a pole solution in the Southern hemi-
phere. While the conv e x inv ersion was critical in refining our
stimate for the rotational period, its conv e x shape approximation
oes not perfectly replicate a ‘gift-wrapped’ version of the final
adar model (Appendix A ). This is likely due to the differing pole
olutions used in each case. The rotational pole that produced the
est model with conv e x inv ersions did not allow any radar model to
e in phase with observations while still providing light curves of
he correct amplitude in the 2023 epoch. Appendix B demonstrates
 slight offset on some sections of light curves 14–16. As the radar
odel uses the same rotational period (within the given uncertainty)

s the conv e x inv ersion solution, and the phase offset is inconsistent
ithin the individual light curves, this is likely an effect caused by
ifferences in the modelled shape of DP 14 . 
DP 14 ’s shape (Fig. 6 ) is a long, thin object consisting of two

nequally sized lobes connected with a narrow neck. While just o v er
20 m long, it is only 230 m across at its widest point, and the neck
onnecting the two lobes has an equi v alent radius of 39 m (defined as
he radius of an equal diameter circle corresponding to the smallest
ross-sectional area of the final model). Due to the resolution of the
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Figure 6. The final shape model of DP 14 produced by the method explained in Section 3 , using a combination of optical and radar observations. The model 
has pole solution λ = 180, β = −80. Red shading is applied to facets not viewed by the delay-Doppler radar imaging, while yellow shading is applied to facets 
viewed only at scattering angles greater than 60 ◦. The six plots show the views along the X , Y , and Z axes from both the positive and negative ends and the scales 
on the axes are in kilometres. The model is 520 ± 80 m long with an average facet length of 25 m. The largest fractional uncertainty is along the z -axis of the 
model. 
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elay-Doppler images, the average edge length of the model is 25 m,
imiting our ability to distinguish fine surface features of the smaller 
obe and all but the largest of features on the larger lobe. When split
long the narrowest cross-sectional area of the neck, the smaller lobe 
s more spherical, with physical extents of 134, 220, and 140 m,
hile the larger lobe is more elongated with extents of 404, 230,

nd 180 m in the X , Y , and Z ax es, respectiv ely (where the X axis
s aligned with the long axis of the body). A summary of the final
hape and spin-state reached can be found in Table 3 . 

As Fig. 6 demonstrates using red shading (and can also be seen in
ig. B1 ), there is a significant portion of the body on the Southern
emisphere of DP 14 , which was not imaged with radar due to the
otational poles’ orientation. As such, this region of the surface is
odelled by SHAPE to fit the light curves best and maintain reasonable

hysical properties of mass distribution with respect to the centre 
f mass. Unfortunately, as discussed in Section 4.4 , there are very
ew opportunities in the near or distant future to obtain the new
bservations required to model this better. 
Evidence of a crater in the larger lobe previously discussed in 

ection 2.2 was also replicated despite the substantial penalties 
1  
gainst concavities implemented to avoid o v erfitting to the noise.
 preliminary inspection of the model indicates that the crater is
20 m deep and ∼70 m across. This crater could hint towards
P 14 ’s previous collisional or formation history; ho we ver, due to

he limitations of the resolution of the model and the penalty
unctions used, no further conclusions can be reached at this 
ime. 

We can constrain the spectral classification of the asteroid using 
he radar albedo and the ratio SC / OC (Virkki, Muinonen & Penttil ̈a
014 ; Rivera-Valent ́ın et al. 2024 ). In particular, these values of
C / OC between 0.630 and 0.684 (Table 2 ) indicate that DP 14 is

ikely an X-, E-, or V-type asteroid, which is in agreement with
pectral analysis performed in 2014 by Hicks & Ebelhar ( 2014 ),
hich found DP 14 to be an X- or C-type. This is supported by an

stimate of the optical albedo, defined as 

 v = 

(
10 −0 . 2 H 

1329 

D eq 

)
, (1) 

hich, when using the Minor Planet Center (MPC) value of H =
9 . 0 ± 0 . 5 and the calculated value of D eq = 0 . 262 ± 0 . 037 km,
MNRAS 538, 2311–2329 (2025) 
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Figure 7. The gravitational potential across the surface of the best-fitting model with pole solution λ = 180 ◦, β = −80 ◦ assuming a density of uniform 

2035 kg m 

−3 . The six plots show the views along the X , Y , and Z axes from both the positive and negative ends. 
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s calculated to be p v = (0 . 65 ± 0 . 30). Therefore, DP 14 is likely an
-type asteroid, as within the group of X-type asteroids, anything
 v er p v > 0 . 3 is likely to be an E-type (Thomas et al. 2011 ; Mahlke,
arry & Mattei 2022 ). Ho we ver, we cannot use the fact that DP 14 is
n E-type to determine the density as X-complex asteroids are found
o have a wide range of recorded densities (Carry 2012 ). 

Ho we ver, what is the limiting density for which the lobes of DP 14 

ould stay together without any internal structure? We analysed the
ravitational forces on the two lobes of DP 14 by treating the lobes as
wo rigid uniform-density objects, as described in Scheeres ( 2007 ).

e find that a limiting uniform density of ∼2035 kg m 

−3 is required
n order to keep the critical spin period below 5.786 h and allow the
obes to be bound together under only the forces of gravity without
he presence of any internal structural forces. Therefore, if DP 14 ’s
ensity is less than this value, it would require internal cohesion
or the lobes to remain connected. If DP 14 ’s density is more than
his value, the lobes would be able to stay connected only under
ravitational forces. 
Proceeding with the limiting density of 2035 kg m 

−3 , we calculated
he gravitational environment across the surface of DP 14 . We find
hat the gravitational force is weakest on the smaller lobe and the
nd of the larger lobe and strongest around the centre of the larger
obe (Fig. 7 ). Additionally, the ambient gravity on the surface – the
ombination of the gravitational forces and centrifugal forces acting
n a point on the surface due to the asteroid’s rotation – remains
rimarily perpendicular to the surface (Fig. 8 ). 
‘Ne gativ e gravity’, where the ambient gravity has a slope of >

0 ◦ and points away from the surface, is a result of the centrifugal
orce generated by the asteroid’s rotational speed o v ercoming the
ody’s gravitational force. We find that such ‘ne gativ e’ gravity only
ccurs on the surface of DP 14 below densities of 1000 kg m 

−3 , a
egime where it is unusual to find C- or X-type asteroids. As there
NRAS 538, 2311–2329 (2025) 
s no ne gativ e gravity, DP 14 will be able to retain loose regolith
nd rocks on its surface, which is in line with current beliefs that
ost asteroids are ‘rubble piles’ of loose rock and small boulders,
 result of countless collisions since their formation (Johansen et al.
015 ). The most significant gravitational slope on the surface of
P 14 is 54 ◦, with areas >50 ◦ present on the slopes of the connection
etween the neck and the smaller lobe and within the crater on the
arger lobe. These regions may be regolith-free due to their slopes and
emonstrate some internal cohesion. Consequently, this may imply a
uild-up of regolith at the narrowest point of the neck or the bottom
f the crater. 
Finally, we can estimate the surface density of DP 14 using the linear

elation between the radar albedo and surface density introduced in
stro, Campbell & Shapiro ( 1985 ): 

= 

ˆ σOC 

0 . 12 g 
+ 1 . 803 , (2) 

here g is the gain factor that accounts for the surface texture and
hape (compared to an ideal sphere) of the object. We use the same
alue of g = 1 . 2 as Shepard et al. ( 2010 ), which analysed X- and
-type asteroids in our calculations and found a surface density

etween approximately 2500 and 3000 kg m 

−3 . This range would
uggest that DP 14 would be gravitationally stable and not require
nternal cohesion. Ho we ver, surface density is not equi v alent to the
ulk density of the object and cannot be used to assume the density
elow the surface. 

.2 Other contact binaries 

 current list of contact binaries, either observationally modelled or
irectly observed with spacecraft, is displayed in Table 4 along with
heir physical properties, orbital classes, and spectral types. While
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Figure 8. The gravitational slope of ambient gravity on the surface of the best-fitting solution with rotational pole λ = 180 ◦, β = −80 ◦ assuming a uniform 

density of 2035 kg m 

−3 . Ambient gravity is a measure that combines the gravitational force of the asteroid with the centrifugal force of the asteroid’s rotation. 
The angle is measured relative to the normal of each facet. Therefore, any angle above 90 ◦ is a force pointing away from the surface. The six plots show the 
views along the X , Y , and Z axes from both the positive and negative ends. 

Table 3. Properties of (388188) 2006 DP 14 as derived from the radar + lc 
shape and spin state model. The uncertainty in the period is derived from a 
10 per cent deviation of reduced χ2 from the best-fitting value in the period 
scan. Other uncertainties are conserv ati ve estimates deri ved from statistical 
analysis of the single-ellipsoid models within 10 per cent χ2 of the best 
solution of the radar ellipsoid pole scan. 

Parameter Value Uncertainty 

D eq (km) 0.262 0.037 
Volume (km 

3 ) 0.009 0.005 
Surface area (km 

2 ) 0.281 0.075 
Physical extents of X (km) 0.527 0.080 
Y (km) 0.236 0.028 
Z (km) 0.192 0.043 
DEEVE diameter 2 a (km) 0.522 0.080 
2 b (km) 0.203 0.028 
2 c (km) 0.171 0.043 
a / b 2.57 0.19 
b / c 1.19 0.37 
P (h) 5.7860 0.0001 
λ ( ◦) 180 121 
β ( ◦) −80 7 
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 eq (the diameter of an equi v alent volume sphere) is commonly used
o describe sizes of small Solar System objects, for contact binaries 
hat are commonly elongated, using the DEEVE, calculated using 
he technique described in Dobrovolskis ( 1996 ), allows for more 
ntuitive and useful comparisons. Notably, the DEEVE parameters 
 a , a /b , and b /c (where a, b , and c are the semimajor axes of
he ellipsoid and a > b > c) demonstrate that a wide variety of

orphologies can be classed under the title of ‘contact binary’. In
articular, the two MBAs in Table 4 are outliers compared to the
EA objects listed. (216) Kleopatra is o v er 300 km long (Ostro

t al. 2000 ; Shepard et al. 2018 ), 100 times larger than the other
bjects, so likely formed through a very different mechanism where 
he gravitational forces play a much more significant role. On the
ther hand, Selam is the first ever contact binary found orbiting
nother body. As discussed in Levison et al. ( 2024 ), it likely formed
rom mass shedding from (152830) Dinkinesh, the primary, and there 
s no evidence that the currently modelled NEA contact binaries were
ormed through the same process. As such, the 23 objects in Table 4
annot be treated as a cohesive population for study, emphasizing 
he broad range of objects called ‘contact binaries’ and the need for

ore contact binaries to be modelled such that they can be divided
nto groups based on their morphology and possible formation 
echanisms. 
A visual inspection of shape models for the NEAs in Table 4

e veals dif ferences in both the prominence of the neck structure
nd the sizes of the two lobes, which can be used to group the
ontact binaries. While the small sample size should be taken into
onsideration, a slight preference for unequally sized lobes is visible, 
ith the larger lobe containing more than 66 per cent of the total
olume in 60 per cent of cases. The inequality between the sizes
f DP 14 ’s lobes places it as one of these such objects. Other NEA
ontact binaries with similar shape include (25143) Itokawa (Demura 
t al. 2006 ), (85990) 1999 JV 6 (Ro ̇zek et al. 2019 ), (85989) 1999
D 6 (Marshall 2017 ), and (8567) 1996 HW 1 (Magri et al. 2011 )
henceforth JV 6 , JD 6 , and HW 1 ), while more symmetrical objects
nclude Selam (Levison et al. 2024 ), or (4769) Castalia (Hudson
 Ostro 1994 ). Within the abo v e selection of contact binaries with

nequally distributed mass, DP 14 shares closer morphology with 
MNRAS 538, 2311–2329 (2025) 
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Shape of contact binary NEA 2006 DP 14 2321 
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D 6 and HW 1 due to the distinct narrow neck connecting the lobes
in contrast to Itokawa and JV 6 , where the lobes appear as two

 v erlapping ellipsoids. Clearly defined necks in contact binaries 
ay indicate a gentle collision or the presence of structural rigidity, 

ompared to the thicker necks that may indicate that the two lobes
ere deformed when they came together . DP 14 ’ s larger lobe contains
4 per cent of the asteroid’s mass (assuming uniform density), which 
s high compared to HW 1 ’s 66 per cent or JV 6 ’s 70 per cent, but
ery similar to Itokawa’s 84 per cent, despite the differing neck 
orphology. For reference, Castalia’s larger lobe contains 60 per cent 

f its total mass. It should be noted, ho we ver, that HW 1 and JD 6 are
 v er 4 and 3 km long compared to the 0.5 km length of DP 14 , and
ll three asteroids are of different spectral classes. Therefore, despite 
heir shared morphology, we cannot state that they may have similar
ormation histories. 

The crater that appears on DP 14 ’s larger lobe has similarities to
 number of other modelled contact binaries, with several other 
odelled contact binaries having notable concavities on their surface. 
xamples of these include HW 1 , (11066) Sigurd, (4179) Toutatis, 
nd (486958) Arrokoth. Work has been done in analysing the effects 
hat an impact crater would have on a contact binary if one assumes
hat the impact occurs once the object already has a contact binary
hape (Hirabayashi 2023 ), especially with regards to Arrokoth. 
irabayashi, Tro wbridge & Bode wits ( 2020 ) find that it is possible

or an object to reform into a contact binary structure even if an impact
ere to break the neck structure of an initial bilobed shape, as long

s the lobes remain tidally locked to each other. Alternatively, if the
bject had enough cohesive strength, the lobes could stay connected, 
nd the impact would only alter the spin state of the object. Therefore,
t cannot be determined whether DP 14 ’s crater formed before or after
ts contact binary structure was developed. 

As mentioned in Section 1 , while a single detailed model does not
ontain enough information to infer how the object is likely to have
ormed, by creating more shape models, we hope to open the door
n the future for analysis of multiple objects at a time. Currently,
3 contact binaries have been modelled, and the term co v ers more
longated objects such as Kleopatra (Shepard et al. 2018 ), equally 
ized lobes such as Selam (Levison et al. 2024 ), and the bilobed
bjects with uneven mass distributions such as Itokawa (Demura 
t al. 2006 ) and DP 14 . Additionally, the range of sizes co v ered by
his term spans from the 310 km long oddball Kleopatra to 500 m long
r shorter. The longest contact binary NEAs are all in the region of
 km long. This provides a size range of at least an order of magnitude
ithin the contact binary NEA population. By increasing the number 
f similarly shaped objects, an analysis could be performed on groups
ith similar shapes to investigate whether they are likely to have 

ormed through the same mechanism or whether multiple formation 
athways result in the same type of morphology. These possible 
ormation pathways are described in Section 4.3 . 

.3 Contact binary formation 

he most obvious explanation for two objects to combine and stay 
ogether is for them to approach each other slowly and stick together
nder gravitational forces and the presence of ‘sticky’ materials such 
s volatile ices. Indeed, models show that KBOs, such as the contact
inary Arrokoth, could form contact binaries in collisions, as long as
he energy is of the order of the object’s escape velocity or less (Jutzi
 Asphaug 2015 ). This may also explain the high number of contact

inary candidates in the KBO and cometary populations. While this 
xplanation is ideal for icier objects in the outer Solar System, the
nner Solar System has higher temperatures that will cause outgassing 
f ices from the surface (Sch ̈orghofer & Hsieh 2018 ). Although ice
ould be present in the larger NEAs if they were transported from the
uter main belt (Sch ̈orghofer et al. 2020 ), the outgassing time-scales
or an object the size of DP 14 , if placed stationary at its aphelion,
ould be <10 4 yr. For DP 14 specifically, its eccentric orbit and its

ubble pile nature would have accelerated this process beyond this 
heoretical value. As most NEAs are considered to have a rubble
ile constitution, the formation of contact binaries in the inner Solar
ystem requires explanations without the presence of volatile ices 
nd higher relative velocities. 

One explanation is that bilobed objects in higher energy envi- 
onments form from the re-accumulation of fragments following a 
atastrophic collision. Campo Bagatin et al. ( 2020 ) and Michel &
ichardson ( 2013 ) both attempted to simulate such an occurrence

o replicate the shape of Itokawa and found that, under the right
onditions, an approximate shape could be reached. Campo Bagatin 
t al. ( 2020 ) found that a fragmented body could re-accumulate by
tself into a contact binary structure, as collapsing fragments could 
bump’ the largest fragment away from the centre of mass, with it
orming the head of a contact binary. It should be noted that there
re other theories for Itokawa’s formation – Lowry et al. ( 2014 )
ound that even with a highly constrained shape and spin state model
nd gravitational measurements from Hayabusa, the mass could be 
ither distributed unevenly such that the head and body have different
ensities – perhaps implying different parent bodies – or the same 
ensity with a higher density region in the neck: possibly compressed
hen two objects slowly combined. 
There is also a mechanism for two objects close to the Sun to
erge in a gentle collision. The binary Y ORP (BY ORP) effect is
 variation of the Yarko vsk y and YORP effects – effects caused
y the asymmetric re-emission of thermal radiation absorbed from 

he Sun of a rotating body with some thermal inertia – that affects
he orbital dynamics of a binary asteroid system (Rubincam 2000 ;
ottke et al. 2001 ; Ćuk & Burns 2005 ; Vokrouhlicky et al. 2015 ).
hese forces can combine in such a way as to cause the secondary
steroid to either slowly in-spiral or out-spiral. If the system is
oubly synchronous (both objects tidally locked to one another), 
hen a slow in-spiral could form a contact binary (Jacobson &
cheeres 2011a ). Ho we ver, calculations find that slo wly in-spiralling
odies may also be affected by tidal forces between the asteroids,
esulting in an equilibrium state between BYORP and tidal forces 
hat stops any change in orbital properties (Jacobson & Scheeres 
011b ). 
With the recent disco v ery of Selam by the Lucy mission, there

s now a new theory. Selam is the first contact binary that has been
ound orbiting another object, and so questions arise around whether 
ontact binaries could form as secondaries in multiple object systems 
efore becoming separated from their primary, perhaps from an 
ut-spiralling BYORP (Levison et al. 2024 ). Multiple mass wasting 
vents from the primary, or a single event that produces a debris disc
round the object, could then re-accumulate into a contact binary 
tructure (Wimarsson et al. 2024 ). 

Even for the most well-observed contact binary, Itokawa, with 
 xtensiv e ground-based observations in multiple wavelengths and 
etailed spacecraft observations with the Hayabusa mission, we 
annot definitively say which formation pathway the asteroid took. 
imulations of asteroid formation can provide further context for 
ontact binary formation methods, especially for objects closer to 
n ellipsoid. Still, they can struggle to replicate thin neck-like 
tructures seen on DP 14 or JD 6 at current resolutions. Therefore, 
t is important to increase both the quality and quantity of both
imulated and observed models in order to provide a larger and
MNRAS 538, 2311–2329 (2025) 
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ore diverse sample of objects for comparison between the two
opulations. 

.4 Future obser v ations 

P 14 ’s following close approaches in 2030 and 2031, while not
pproaching close enough for high-quality radar observations (0.29
u in 2030 and 0.19 au in 2031), will be good opportunities to gather
ore optical data to constrain the spin state further. More light curves
 yr later would allow a thorough investigation into any YORP and
arko vsk y effects and allow a stronger estimate for the period and
ole solution. The 2030 observing epoch, in particular, would be
ncredibly useful due to the viewing angles of α = 145 ◦, λ = 261 ◦,
nd β = 6 ◦, offering an entirely new viewing geometry compared to
ur current data set (Table 1 ). The 2031 epoch would have similar
hase angles to the 2023 epoch, which would also be useful as this
s currently the noisiest data set for which we have the fewest light
urves. Further optical observations would also be able to obtain a
ore detailed spectral analysis to refine the spectral classification of
P 14 . Without significant impro v ements in radar technology, the next
pportunity to observe DP 14 with radar will be in 2065. Ho we ver, as
he closest approach would only be ∼0 . 05 au, only CW observations
ould likely be collected, as signal-to-noise ratio (SNR) for delay-
oppler images would be too low to create useful images. Without

mpro v ement in Goldstone-equi v alent radar facilities, DP 14 will not
ome close enough to Earth for detailed delay-Doppler imaging again
ntil at least 2195. 

 C O N C L U S I O N S  

t is estimated from radar observations that 15–30 per cent of NEAs
re bilobed in shape (Benner et al. 2015 ; Virkki et al. 2022 ).
he current selection of observed contact binaries demonstrates a
ide variety of morphologies with varying distributions of masses
etween the lobes and neck structures, which likely form through
any different formation mechanisms. For example, Selam, the first

ver contact binary moon, likely formed in a different manner than
tokawa or other lone contact binaries (Levison et al. 2024 ). 

Only by modelling more contact binaries can these objects be
laced in context with one another and sub-characterized. Already,
 visual inspection reveals similarities between several modelled
bjects, such as the group of objects with a smaller lobe attached to
 larger elongated ellipsoid, similar to DP 14 . Indeed, approximately
0 per cent of the 16 modelled NEA contact binaries discussed in
his paper have a mass distribution between lobes of 2:1 or greater. 

The final model for DP 14 has a period of (5 . 7860 ± 0 . 0001) h with
ole solution of λ = (180 ± 121) ◦ and β = ( −80 ± 7) ◦. The shape
olution created by combining radar and optical observ ations sho ws a
00 m long object of bilobed structure. The larger lobe, contributing
4 per cent of the volume, is elliptical in shape and features a large
rater ∼20 m deep and ∼70 m across. The larger lobe connects to
he more spherical smaller lobe at one end through a narrow neck,
hich has a radius of 39 m. 
The presented model is at the resolution of the radar observations,

nd a more detailed model would not be possible with the current
ata set without the risk of o v erfitting noise. Future observations
ith optical telescopes may impro v e the estimation of the spin state,
articularly the pole solution. Ho we ver, the earliest these will be able
o be collected is 2030, while radar observations could be collected
n 2065. 
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igure A1. The best-fitting model of DP 14 from the conv e x inv ersion modelling, with pole solution λ = 235, β = −65. The six plots show the views along the 
 , Y , and Z axes from both the positive and negative ends. 
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Figure A2. The light-curve fits for the convex inversion model of DP 14 with pole solution λ = 235, β = −65. The circular dots are the provided data, and the 
solid line is the simulated light curve of the model, assuming Lommel–Seelinger scattering. Listed on the figure is � Mag, the peak-to-peak magnitude of the 
light curve, α, the mean solar phase angle for the duration of the light curve, and the mean aspect angle over the duration of the light curve. 
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igure B1. The raw and simulated delay-Doppler images for the SHAPE model with pole solution λ = 180, β = −80. Snapshots are displayed in three columns, 
n chronological order, read left to right, each consisting of three images. Left : The raw delay-Doppler images. Centre : The simulated delay-Doppler images for 
he model at that time. Right : The plane-of-sky view of the model, as it would be seen by direct optical imaging. 
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Figure B2. The CW power spectra data used in the modelling (dashe line) and the simulated power spectra from the best-fitting model (solid line). Power 
spectra were stacked to increase SNR, with data from 12th of February being split into two groups of six runs and one group of five. Data on the 13th of February 
were significantly weaker and stacked in a group of five runs. The spectral resolution of the data across all 3 d was 0.32 Hz. 
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Figure B3. The light-curve fits for the radar SHAPE model of DP 14 with pole solution λ = 180, β = −80. The circular dots are the provided data, and the solid 
line is the simulated light curve of the model, assuming Lommel–Seelinger scattering. Listed on the figure is � Mag, the peak-to-peak magnitude of the light 
curve, α, the mean solar phase angle for the duration of the light curve, and the mean aspect angle over the duration of the light curve. 
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