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A B S T R A C T 

The ground-based characterization of asteroids is a key step for planning their exploration. The near-Earth asteroid 155140 

(2005 UD) is a potential flyby target of Japan Aerospace Exploration Agency’s DESTINY + ( Demonstration and Experiment of 
Space Technology for INterplanetary voYa g e with Phaethon fLyby and dUst Science ) mission, while (612267) 2001 SG286 has 
been considered as a possible target for in-situ exploration. We aim to determine their physical properties using the observations 
obtained with various telescopes from Canary Islands Observatory. For 2005 UD, we confirmed the two peak light curve, a 
rotation period of 5.224 ± 0.003 h and an amplitude of 0.34 mag. Ho we ver, a three peak solution seemed also to fit the light 
curve, but this was discarded as implausible. Using the obtained visible to near-infrared spectrum we classified it as a Cb type, 
and we found a spectral matching with heated carbonaceous chondrite meteorites of CM2 type. The thermal emission flux at 
2.2 μm points to an albedo of p V = 0 . 06 ± 0 . 02. There are significant differences in the spectrum of 2005 UD compared to that 
of (3200) Phaeton, hypothesized as its parent body. The accurate visible spectrum obtained with the Gran Telescopio Canarias 
indicate that 2001 SG286 is an S-type asteroid. The photometric data obtained with Isaac Newton Telescope suggest a rotation 

period of 12.30 ± 0.01 h and an amplitude of 0.64 mag. With these observations we found its absolute magnitude H = 21.4 ±
0.3, and estimate its size as 160 ± 45 m. 

K ey words: methods: observ ational – techniques: imaging spectroscopy – minor planets, asteroids: individual: 2005 UD, 2001 

SG286. 

1

T  

c  

o  

s  

i  

c
t

E
r  

o  

b
o

�

i  

f
p

p
s  

t  

a
N
t
L  

o

o
o  

©
P
C
p

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/535/4/3077/7875229 by guest on 02 D
ecem

ber 2024
 I N T RO D U C T I O N  

he study of near-Earth asteroids (NEAs) is important as these bodies
an reveal a plethora of information about the origin and history of
ur planetary system. For the practical means they can serve as in-
itu resources in the near future. This is why the NEAs have become
mportant targets for the space e xploration. F or a part of them, the
urrent technologies allow both a flyby and a sample-return mission, 
hanks to their accessibility in terms of � V budget. 

Moreo v er, those which make threatening close approaches to 
arth are classified as potentially hazardous asteroids and they may 

epresent a threat for our world. Thus, it is not surprising that
 v er the past couple of decades substantial observational work has
een undertaken to understand this population of small bodies. The 
bservations performed using ground-based telescopes can provide 
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nformation such as rotation period, size, and shape of the asteroid
rom light-curve analysis, whereas spectroscopy offers the ability to 
robe surface composition from taxonomic studies. 
Whilst ground-based observations can allow the study of many 

roperties of NEAs, in-situ observations from a flyby or orbiting 
pacecraft can re veal kno wledge that is either difficult or impossible
o obtain remotely. This is evident in the recent missions such
s JAXA (Japan Aerospace Exploration Agency)/Hayabusa2 (e.g. 
akamura et al. 2023 ) and NASA/OSIRIS-REx - Origins Spectral In- 

erpretation Resource Identification Security Regolith Explorer (e.g 
auretta et al. 2019 ) that have greatly improved the understanding
f these objects. 
Planning for space exploration requires detailed ground-based 

bservations. Therefore, we aim to make a detailed characterization 
f the NEAs (155140) 2005 UD (hereafter 2005 UD) and (612267)
001 SG286 (hereafter 2001 SG286), which represent possible 
argets for future spacecraft exploration. 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 

https://orcid.org/0000-0001-8585-204X
http://orcid.org/0000-0002-0696-0411
http://orcid.org/0000-0002-9214-337X
mailto:radu.gherase@gmail.com
mailto:popescu.marcel@ucv.ro
https://creativecommons.org/licenses/by/4.0/


3078 R. Gherase et al. 

M

Table 1. Summary of photometric and spectroscopic observations of 2005 UD. The observer-target distances, � , heliocentric distances, r , and phase angles, α, 
are taken from the JPL HORIZONS database, accessed on 2024 January 25. 

Date UT � α r Airmass Exp. Filter/ Telescope Instrument 
(au) (deg) (au) time (s) λrange ( μm) 

Photometry 
2018-10-14 23:05 −04:29 0.354 −0.357 3.99 −4.42 1.35 −1.35 1.08 −1.95 395 ×30 Sloan r INT WFC 

2018-10-15 21:18 −03:05 0.367 −0.370 5.71 −6.15 1.36 −1.37 1.08 −1.54 96 ×40 Sloan g 
21:01 −03:01 0.367 −0.370 5.69 −6.14 1.36 −1.36 1.08 −1.66 100 ×30 Sloan r 
21:24 −03:03 0.367 −0.370 5.72 −6.15 1.36 −1.36 1.08 −1.50 96 ×40 Sloan i 

2018-10-10 21:37 −23:34 0.301 −0.302 5.3 −5.1 1.30 −1.30 1.94 −1.19 82 ×30 Sloan r TAR2 FLI KL400 
2018-10-11 21:48 −00:48 0.313 −0.315 2.8 −2.5 1.31 −1.31 1.66 −1.08 160 ×45 Sloan r 
2018-10-15 20:10 −22:09 0.366 −0.367 5.6 −5.8 1.36 −1.36 2.36 −1.30 116 ×30 Sloan r 
2018-10-16 02:29 −04:57 0.370 −0.372 6.1 −6.3 1.36 −1.37 1.25 −2.78 152 ×30 Sloan r 

Spectroscopy 

2018-10-17 23:37 −03:36 0.398 −0.401 9.23 −9.49 1.39 −1.39 1.09 −1.67 17 ×600 0.4 −1.0 INT IDS 
2018-10-26 01:20 −02:22 0.531 −0.531 18.81 −18.85 1.48 −1.48 1.37 −1.65 2 ×1800 0.4 −1.0 
2018-10-29 23:45 −01:34 0.601 −0.602 21.89 −21.95 1.53 −1.53 1.14 −1.50 1 ×560, 3 ×1800 0.4 −1.0 
2018-10-31 21:44 −23:07 0.636 −0.637 23.13 −23.16 1.55 −1.55 1.09 −1.11 36 ×90 0.8 −2.5 TNG NICS 
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For instance, JAXA has proposed recently the Demonstration and
xperiment of Space Technology for INterplanetary voYa g e with
haethon fLyby and dUst Science ( DESTINY + ) mission to visit the
EAs (3200) Phaethon and 2005 UD, planned for launch in 2024
ith flybys of these objects nominally occurring 2–3 yr later (Ozaki

t al. 2022 ). Phaethon, the main target of DESTINY + and the source
f the Geminids meteor shower, is dynamically believed to be the
arent body of 2005 UD following a splitting event (Ohtsuka et al.
006 ; Kasuga 2009 ; Ryabova, Avdyushev & Williams 2019 ). 
Ho we ver, compared to Phaethon, less is known about 2005 UD.

revious photometric studies have resolved the rotation period to P
 5.23–5.25 h, with colour observations of 2005 UD indicating a

luish surface similar to Phaethon (Jewitt & Hsieh 2006 ; Kinoshita
t al. 2007 ). Using NEOWISE (Near-Earth Object Wide-field In-
rared Surv e y Explorer) photometry and thermophysical models, a
iameter of 1.2 ±0.4 km and a geometric albedo of 0.14 ±0.09 has
een determined (Masiero, Wright & Mainzer 2019 ). In addition,
y using the albedo–polarization relation, Devog ̀ele et al. ( 2020 )
etermined a diameter of 1.3 ±0.1 km and geometric albedo value of
.10 ±0.02. While spectroscopic observations have previously been
aken for Phaethon, no such observations in the near -infrared ha ve
een published for 2005 UD to date. Phaethon has been classified as
 B type (Licandro et al. 2007). Therefore, additional spectroscopy of
005 UD is needed to compositionally identify the body and poten-
ially link it to Phaethon, whereas additional multiband photometry
an help confirm and refine previously determined rotation properties
nd colour indices. 

Furthermore, we aim to make a detailed characterization of the
pollo asteroid 2001 SG286, which was considered for several

ample-return missions to a D-type asteroid. The existing spectral
ata (Binzel et al. 2004 ; Popescu et al. 2011 ) indicate a possible D-
ype peculiar composition. The origin of these objects, their evolution
nd the mineralogy remains poorly known. They could be rich in
rimordial organics and could be related to comets (Barucci et al.
018 ). The NEAs with a D-type composition generally represent
are targets and so far no spacecraft has ever visited one. Thus,
001 SG286 was chosen as the baseline target for the MarcoPolo-2D
ission proposal. 1 It may still represent a possible target for a sample-
NRAS 535, 3077–3087 (2024) 

 https:// stem.open.ac.uk/ research-project/ marcopolo/ o v erview/marcopolo- 
d accessed on 2023 October 02. 
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eturn mission, as the estimated � V budget for it is 5.6 km s −1 .
o we ver, before establishing this goal, more observations are needed

o clarify its nature. We therefore made detailed observations to this
bject during its fa v ourable apparition in 2020 October using some
f the large telescopes from the Canary Islands. 
The article is organized as follows: Section 2 describes the

hotometric and the spectroscopic observations and the instruments
e used to perform them, Section 3 summarizes the methods applied

or the data reduction, the results are presented in Section 4 , and the
onclusions are shown in Section 5 . 

 OBSERVATI ONS  

e obtained photometric observations with the 0.46 m Telescopio
bierto Remoto (TAR2) and with the 2.54 m Isaac Newton Telescope

INT). The spectra of 2005 UD were obtained with the INT in the
isible range and with the 3.58 m Telescopio Nazionale Galileo
TNG) o v er the near -infrared wa velengths. Because of its faint
pparent magnitude we could acquire only the visible spectrum of
001 SG286 with the 10.4 m Gran Telescopio Canarias (GTC). We
cquired data in 2018 October for 2005 UD, and in 2020 October
or 2011 SG286, during their most recent close approaches. The
NT, TNG, and GTC telescopes are located at the El Roque de
os Muchachos Observatory, on the island of La Palma (Canary

slands, Spain). TAR2 is located at Teide Observatory, on the island
f Tenerife (Canary Islands, Spain). The observational logs are
hown in Tables 1 and 2 . Below we describe the setups used for
ur observations. 
The opportunity to characterize these targets occurs about once

very decade with a visibility window of few weeks. The following
ime intervals when these objects can be photometrically and spec-
roscopically observed are during 2028 October for 2005 UD, and
uring 2028 May for 2001 SG286. They were found by constraining
he apparent V magnitude to be less than V ≈ 20 and the solar
longations larger than ε ≈ 60 ◦. 

.1 Photometry 

e used the Wide Field Camera’s CCD4 mounted on the 2.54 m
perture INT, and equiped with Sloan photometric filters for imaging
oth targets. We used a subframe of 1821 × 1821 pixels, with

https://stem.open.ac.uk/research-project/marcopolo/overview/marcopolo-2d
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Table 2. Summary of photometric and spectroscopic observations of 2001 SG286. The observer-target distances, � , heliocentric distances, r , and phase angles, 
α, are taken from the JPL HORIZONS database. 

Date UT � α r Airmass Exp. Filter/ Telescope Instrument 
(au) (deg) (au) time (s) λrange ( μm) 

Photometry 
2020-10-07 23:49 −03:36 0.152 −0.152 40.2 −39.9 1.11 −1.11 1.06 −1.59 208 ×50 Sloan r INT WFC 

2020-10-09 00:32 −04:27 0.155 −0.156 38.4 −38.1 1.12 −1.12 1.07 −1.94 222 ×50 Sloan r 
2020-10-10 00:31 −04:27 0.159 −0.159 36.7 −36.5 1.12 −1.12 1.06 −1.99 223 ×50 Sloan r 
2020-10-10 20:57 −23:52 0.162 −0.162 35.4 −35.2 1.13 −1.13 1.04 −1.21 150 ×50 Sloan r 
2020-10-12 02:00 −04:21 0.166 −0.167 33.6 −33.5 1.13 −1.13 1.19 −1.94 125 ×50 Sloan r 
2020-10-25 20:52 −02:40 0.235 −0.237 22.6 −22.5 1.21 −1.21 1.00 −1.46 157 ×120 Sloan r 
2020-10-26 19:26 −03:12 0.241 −0.243 22.4 −22.4 1.21 −1.21 1.00 −1.70 210 ×120 Sloan r 
2020-10-27 19:48 −03:50 0.247 −0.250 22.3 −22.3 1.22 −1.22 1.00 −2.20 210 ×120 Sloan r 
2020-10-28 19:42 −03:14 0.254 −0.256 22.3 −22.3 1.22 −1.23 1.00 −1.78 158 ×150 Sloan r 

Spectroscopy 

2020-10-08 01:29 −02:00 0.152 −0.152 40.0 −40.0 1.11 −1.11 1.15 −1.19 3 ×600 0.5 −0.95 GTC OSIRIS 
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 field of view of 10.14 × 10.14 arcmin and 0.33 arcsec pixel −1 .
he fast readout mode was set resulting in a readout time of 18 s
er exposure. The NEAs were tracked differentially using half of 
he proper motions retrieved from the Minor Planet Center (MPC) 
phemeris service at the observing moment. 

The 2005 UD observations were taken during two consecutive 
ights, 2018 October 14 and 15. On the first night, we observed 5.4 h
n the Sloan r filter with an exposure time of 30 s yielding a cadence
f 48 s and 395 frames. During the second night, observations were
aken cycling through Sloan g , r , and i filters with exposure times of
0, 30, and 40 s, respectively, resulting in a typical cadence between
mages in the same filter of 193 s for a total of 6.0 h observing
ime. Whilst this gives a coarser sample of the rotational light curve
ompared to the previous night, the data obtained on the three bands
llow for analysis of the asteroid colour as a function of rotation
eriod. 
The data for 2001 SG286 was captured during two successive 

bserving runs, five nights from October 7 to 13 and four nights from
ctober 25 to 28 during the 2020 approach. As 2001 SG286 was a
ore challenging target due to its faint magnitude, the observing 

trategy in this case consisted in continuous image acquisition 
hrough the Sloan r filter during several hours as long as the asteroid
as in a fa v ourable position for observation. Depending on the

arget’s apparent magnitude and the general sky conditions, the 
ndividual exposures were set between 50–120 s long, for a minimum 

arget signal to noise ratio (SNR) of 10. 
We used the TAR2 telescope from the Instituto de Astrof ́ısica de

anarias to complete our 2005 UD light-curve analysis. It has f /D 

 2.8 at the prime focus, and it is equipped with a FLI-Kepler KL400
amera. The instrument is a back illuminated 2K × 2K pixels CMOS
complementary metal–oxide–semiconductor) with a pixel size of 11 
m 

2 . The plate scale is 1.77 arcsec pixel −1 and the field of view is
1 deg 2 . 

.2 Visible spectroscopy 

he asteroid 155140 (2005 UD) was observed spectroscopically in 
he optical range using the Intermediate Dispersion Spectrograph 
IDS) mounted on the INT. We used the low-resolution grating 
150V with the blaze wavelength set at 0.65 μm. Considering 

he typical seeing between 0.6–1.5 arcsec, the slit with 1.5 arcsec 
idth was chosen. The telescope worked in the differential tracking 
ode assisted with manual adjustments for keeping the target in 
he slit. The apparent mo v ement rates were retrieved from the MPC
ebsite. 
The exposures were taken using the EEV10 CCD that has a scale

f 0.40 arcsec pixel −1 . A binning of 1 × 1 was used and the CCD
eadout speed was set to slow. This setup yields a spectrum that
o v ers a wav elength range of 0.4–1.0 μm and a resolving power of
 ∼ 750. It should be noted that EEV10 sensor used in this case

s optimized for the blue spectral range and at wavelengths longer
han 0.85 μm the fringing significantly decrease the SNR of the
ata. 
The spectra of 2005 UD were obtained with the slit aligned with

he parallactic angle. On the first observational epoch 17 exposures 
f 600 s each were taken o v er a 4-h interval with an average cadence
f 0.23 h. Subsequently, two and three spectra with integration 
imes of 1800 s each were obtained on the second and third nights,
espectively, with an additional 560 s exposure taken on October 29.
his observational strategy allows for the study of any changes in the
pectra o v er the rotation period of the asteroid and for the different
hase angles of the target obtained o v er the multiple nights. 
During each observational night three spectra of four G2V solar 

nalogue stars were taken using the same instrumental setup de- 
cribed abo v e. This was done in order to obtain reflectance spectra
f the asteroid by dividing the observations of 2005 UD by the
verage solar analogue spectra for each night. We used the following
2V stars HD 19999, HD 27089, and HD 5495. 
Because 2011 SG286 was a much fainter target, we used the

TC equipped with Optical System for Imaging and low Resolution 
ntegrated Spectroscopy (OSIRIS) instrument (Cepa et al. 2000 ; 
epa 2010 ) for acquiring its visible spectrum. This instrument had

wo Marconi CCD detectors, each with 2048 × 4096 pixels and 
 total unvignetted field of view of 7.8 × 7.8 arcmin. We used
he 1.2 arcsec slit and the R300R grism (resolution R = 348 for a
.6 arcsec slit, dispersion of 7.74 Å pixel −1 ) covering the 0.48–0.92
m wavelength range. The R300R grism is used in combination 
ith a second-order spectral filter. The slit was oriented along the
arallactic angle to minimize the effects of atmospheric differential 
efraction and the telescope tracking was set at the asteroid proper
otion. A number of three exposures of 600 s each were obtained on

he night of October 7 when the asteroid had an apparent V magnitude
f 18.6. For calibration purposes,we obtained the spectra of two solar
nalogues, namely SA 93 −101 and SA 98 −978. 
MNRAS 535, 3077–3087 (2024) 
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.3 Near-infrar ed spectr oscopy 

he near-infrared spectrum of 2005 UD was obtained with TNG
elescope on the night of 2018 October 31 when the asteroid had
he apparent magnitude 18.5. We used the Near Infrared Camera
pectrometer (NICS) with the Amici prism disperser (Baffa et al.
001 ). The NICS instrument has an Hg–Cd–Te Hawaii 1024 × 1024
rray with a pixel scale of 0.25 arcsec pixel −1 . This setup yields
av elength co v erage of 0.8–2.5 μm and a resolving power R ≈50. 
During the observations the seeing varied in the range 0.7–1.0

rcsec and therefore a slit width of 1.5 arcsec was chosen. On 2018
ctober 31, 36 exposures of 90 s each were taken o v er 1.4 h in

n ABBA nodding pattern, thus resulting in nine cycles, with a
0 arcsec offset between the A and B positions. The observations
ere taken with the slit oriented at the parallactic angle while the

elescope tracking differentially at the proper motion of the asteroid.
olar analogues Land112-1333, Land115-271, and Land93-101 were
bserved at the same epoch using the same setup in order to determine
he relative reflectance of the asteroid. 

 DATA  R E D U C T I O N  

t the beginning and at the end of each observing session we acquired
he calibration frames, bias, and flat field. For the photometric
bservations, we obtained sky flats during the twilight. The flats
or the spectroscopic data were acquired with the lamp available
t each instruments. We applied these standard corrections using the
mage Reduction and Analysis Facility ( IRAF ) packages (Tody 1986 ).
hen, the data reduction was performed according to the type of each
bservations. 

.1 Photometry 

nalysis of asteroid light curves can be a powerful tool in obtaining
hysical information of body. By establishing the periodicity and
mplitude of the light curve it is possible to determine the size,
hape, and potentially irregularities or binarities of asteroids. 

The photometric data were reduced using two well-known soft-
are packages, namely the Photometry Pipeline – PP (Mommert
017 ), and the MPO CANOPUS . 2 All the chosen reference stars have
 magnitude uncertainty of less than 0.01 mag. The nightly zero-
oints were found to be consistent up to ≈0.1 mag. 

PP is software package written in PYTHON which produces cali-
rated photometry from the FITS images by performing the astro-
etric registration, aperture photometry, photometric calibration,

nd asteroid identification. It uses the Astromatic suite, 3 namely
EXTRACTOR for source identification and aperture photometry
Bertin & Arnouts 1996 ), SCAMP for astrometric calibration (Bertin
006 ), and SWARP for image regridding and co-addition (Bertin et al.
002 ). It also uses the Jet Propulsion Laboratory (JPL) HORIZONS
odule for obtaining the Solar system objects ephemeris in order

o identify them in the images. For astrometric registration, we used
he GAIA catalogue (Gaia Collaboration 2018 ). The PanSTARRS
P anoramic Surv e y Telescope and Rapid Response System) cata-
ogue (Flewelling et al. 2020 ) was used for all photometric calibra-
ion. PP uses aperture photometry performed by Source Extractor.
he PP algorithm that finds the optimum aperture radius based on a
urve-of-growth analysis (Howell 2000 ) was applied. This was used
ith the default parameters, namely ‘the smallest aperture radius at
NRAS 535, 3077–3087 (2024) 

 https:// minplanobs.org/ BdwPub/ php/ displayhome.php 
 https:// www.astromatic.net/ 
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4

hich at least 70 percent of each of the total target flux and the
otal background flux is included and at the same time the difference
etween the normalized target and background flux levels is smaller
han 5 percent’ (Mommert 2017 ). 

MPO CANOPUS is a complete package for astrometry , photometry ,
nd light-curv e inv ersion techniques. 4 It was dev eloped by Brian
. Warner since 1999 and it is a research-level tool for amateurs,

mall colleges, and professionals. This software package processes
ata from the FITS images by performing the astrometric registration,
perture photometry, photometric calibration, and asteroid identifi-
ation. 

Finally, MPO CANOPUS was also used for the rotation period
nalysis, using the Fourier Analysis of Light Curves algorithm
roposed by Harris et al. ( 1989 ). The light-curve plots are shown
n Figs 1 and 2 . The Reduced Magnitude on the Oy -axis represents
he Sloan filter magnitude values that have been corrected from sky

agnitudes to unity distance by applying −5 log ( �r) to the initial
easurements, where � is the Earth-asteroid distance and r is the
un-asteroid distance. The Ox -axis represents the rotational phase. 

.2 Spectroscopy 

o obtain the reflectance as a function of wavelength the data
eduction of spectral exposures is required. The standard procedures
pecific to each instrument were employed. After the image pre-
rocessing (bias and flat-field corrections), these routines include
he following steps, tracing the spectrum in the e xposures, e xtraction
f flux values as a function of pixel position, combining the data
rom the multiple images corresponding to the same object, and
avelength calibration. 
The final step provides the reflectance spectra by dividing the

steroid observed spectrum with the G2V solar analogues one, and
hen normalizing it. We acquired nearby solar analogue star spectra
n every observing session for each target, as following: HD5495,
D19999, and HD27089 for the 2005 UD spectrum and SA93-101

nd SA98-978 for 2001 SG286. All spectra were normalized to
.55 μm. 
For the INT spectral observations, the GNU OCTAVE software

ackage (Eaton et al. 2015 ) was used to generate scripts for IRAF , to
erform these tasks automatically. The extraction of the raw spectrum
rom the images was made with the apall package. Each image was
isually inspected to a v oid artefacts such as contamination due to
ackground stars, target tracking errors, or spurious reflections (in
ase of targets located in the apparent vicinity of the Moon). The
 avelength calibration w as made based on the images of a CuAr
 CuNe lamp (Popescu et al. 2019 ). 
The spectrum of 2001 SG286 obtained with GTC was obtained

ith a Matlab dedicated routine (Morate et al. 2016 ). The sky
ackground was subtracted and a one-dimensional spectrum was
xtracted using a variable aperture, corresponding to the pixel
here the intensity was 10 per cent of the peak value. Wavelength

alibration was carried out using Xe + Ne + HgAr lamps. 
Because of the sky brightness in the near-infrared, the data

eduction of the TNG/NICS observations includes additional steps
Medeiros et al. 2019 ). After the image pre-processing, we subtracted
he consecutive A and B images and then extracted the one-
imensional spectrum from each A–B pair. Wavelength calibration
as made using a look-up table of the theoretical dispersion predicted
y ray-tracing and adjusted to fit observed telluric absorptions. These
 https:// minplanobs.org/ BdwPub/ php/ mpocanopus.php 

https://minplanobs.org/BdwPub/php/displayhome.php
https://www.astromatic.net/
https://minplanobs.org/BdwPub/php/mpocanopus.php
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Figure 1. The light curves of 2005 UD (left) and their corresponding periodograms (right). The various observing sessions are plotted with a different colour. 
The selected periods represent the solutions reported in the paper. On top is the second-order polynomial fit using the INT data e xclusiv ely, on the bottom is the 
sixth-order polynomial fit using the INT data combined with the TAR telescopes and ALCDEF data. 
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asks were done using a specific program in PYTHON provided by the
elescope staff. 

In the case of 2005 UD, in order to create a more complete
rofile for detailed analysis, we merged the near-infrared with the 
isible spectral data by using a data minimization procedure in 
he o v erlapping spectral re gion 0.8–0.85 μm which consisted in
ormalizing the visible data to reduce as much as possible the mean
quare error between the two spectra in the respective interval. 

 RESULTS  A N D  DISCUSSIONS  

e present the photometric, spectrophotometric, and spectroscopic 
roperties of these two NEAs. These are discussed in the context 
f previous published results. While the previous data indicated two 
odies with carbonaceous chondrite like composition (Binzel et al. 
004 ; Jewitt & Hsieh 2006 ), the spectrum found for 2001 SG286
ndicates an ordinary chondrite-like composition. Thus, this section is 
ivided in two parts corresponding to each object. 

.1 (155140) 2005 UD 

he light curves . We combined the INT/WFC (Wide Field Camera) 
hotometry with the data obtained with 46-cm TAR robotic tele- 
copes, and with the archi v al data from Asteroid Lightcurve Data
xchange Format 5 (ALCDEF) database, namely those obtained by 
arner & Stephens ( 2019 ). 
Our solution for the rotation period of 2005 UD: P = 5 . 224 ±

 . 003 h and the light-curve amplitude of 0.34 mag is in the range
f values reported by various publications (Jewitt & Hsieh 2006 ;
inoshita et al. 2007 ; Devog ̀ele et al. 2020 ; Huang et al. 2021 ;
 uen y et al. 2023 ). Although statistically we could generate a three
eak solution with a period of P = 7 . 851 ± 0 . 001 h and an amplitude
f 0.37 mag, we excluded it as an alias. That is because according
o Harris et al. ( 2014 ), for light curves determined at low phase
ngles with an amplitude greater than 0.4 mag, the dominance of
igher order harmonics is unlikely, unless the spin is complex. In
his case, we found the amplitude of the light curve to be close to the
bo v e-mentioned threshold. Moreo v er, it is v ery hard to envision an
steroid with irregular surface producing an almost perfect sinusoidal 
hree-peaked period. 

Ho we ver, the high signal-to-noise ratio light curves obtained with
NT show a general trend towards higher magnitudes (Fig. 3 ), where
oth maxima and minima seem to have higher magnitudes with time,
ith differences of at least 0.05 mag. The trend remains obvious

ven when accounting for the relatively small phase angle, distance, 
ir mass, and zero-point of fsets v ariations. We performed a dual
MNRAS 535, 3077–3087 (2024) 
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M

Figure 2. The light curve of 2001 SG286. On top, the phased curves resulted from each observing run, and on bottom, the complete phased curve (left) and its 
period spectrum (right), obtained with the INT/WFC instrument. The various observing sessions are plotted with a different colour. 

Figure 3. The raw magnitude variation of 2005 UD, with unity-distance and H–G phase correction applied ( G = 0.15). In this case, the high-quality INT data 
were selected for plotting. A secondary magnitude trend towards higher magnitudes can be noticed even during each nightly observing session where the phase 
angle variation was negligible under 0.5 deg. 
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eriod search using the available data from all the abo v e-mentioned
elescopes but without any conclusive result. Nevertheless, although
here could still be a small observation bias due to the opposition
ffect, in our opinion this effect is better explained by a secondary,
NRAS 535, 3077–3087 (2024) 
arger periodic variation which might statistically fa v our other
olution. Thus, we can argue for the existence of a secondary rotation
xis with a longer period. In this case, we may speculate that 2005 UD
as a double-period (tumbler) rotation, with P 1 = 5.23 h and a much
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Figure 4. Top: the comparison between the average spectrum of 2005 UD 

obtained on October 17, and its reflectances determined using broad-band 
filters. Bottom: comparison between the spectra of 2005 UD obtained at 
different dates. 

Figure 5. 2005UD: the thermal excess at the near-infrared wavelengths. 
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onger (which we could not determine with our current limited data) 
 2. Jewitt & Hsieh ( 2006 ) also hypothesized a multiple axis rotation
ith similar observational results. If 2005 UD formed from a parent 
ody as a result of a violent collision or break-up and it experienced
aterial ejection, it may represent the origin of Sextantides meteor 

hower (Ohtsuka et al. 2005 ). This could also explain the secondary
otation axis. 

The spectrophotometry and spectroscopy at visible wavelengths . 
he INT observations performed on the night of October 15 with 
ifferent filters allowed us to determine the colour indices of 
155140) 2005 UD. The following values were found: ( g–r ) = 0.42

0.01 mag, ( g–i ) = 0.52 ± 0.02 mag, and ( r–i ) = 0.10 ± 0.02. This
esult can be compared with the reflectance spectrum. To compare the 
pectral data with the spectrophotometric observations we converted 
he colour indices to reflectances. This was done using equation (1)
e.g. Popescu et al. 2018 ): 

 

f 1 
aster / R 

f 2 
aster = 10 

−0 . 4 
(

C f 1 −f 2 −C Sun 
f 1 −f 2 

)
. (1) 

The f 1 and f 2 are two different filters, the corresponding colour
s ( C f 1 −f 2 and C 

Sun 
f 1 −f 2 ) represent the colour of the Sun, and R 

f 1 
aster 

nd R 

f 2 
aster are the asteroid reflectances. The following colours of the 

un were used (Holmberg, Flynn & Portinari 2006 ) for the Sloan
igital Sky Survey (SDSS) filters ( g − r) Sun = 0.45 ± 0.02 mag

nd ( r − i) Sun = 0.12 ± 0.01 mag. Finally, we normalized the
eflectances at the r filter ( R 

r 
aster = 1). 

Fig. 4 shows the comparison between the average spectrum ob- 
ained on 2020 October 17 with INT/IDS and the spectrophotometric 
alues obtained with INT/WFC on 2020 October 15. The matching 
etween the two sets of data obtained with different setups gives 
onfidence in the obtained results. We notice a slight turn up of the
pectrum abo v e 0.75 μm which might be an artefact due to fringing
ffect or due to the second-order contamination. During the night 
f 2018 October 17, we obtained 17 consecutive visible spectral 
xposures of 10 min each. There is a slight variation of spectral slope
etween these exposures, ho we ver we found that this is correlated
ith the airmass. We did not find any spectral variation between 

he observations outside the error bars of the obtained data (1 σ ),
ndicating that there is no large composition heterogeneity. 

The thermal excess . The near-infrared spectrum of 2005 UD shows
 considerable amount of thermal emission in the near-infrared, even 
hough at the time of the observation the asteroid was at distance of
.55 au from the Sun. We calculated the thermal excess according to
he thermal model described by Rivkin, Binzel & Bus ( 2005 ): 

= 

T 2 . 5 

R 2 . 5 
, (2) 

where R 2 . 5 is the reflected flux at 2.5 μm, determined by extrap-
lating a linear continuum from shorter wavelengths (2.1 μm) to 
.5 μm (Fig. 5 ) and T 2 . 5 is the thermal flux at 2.5 μm. The resulting
hermal excess value is 0.42 ±0.16. 

By applying Rivkin et al. ( 2005 ) model and taking into account
he heliocentric distance of the object at the time of the observation,
e determined the geometrical albedo of 2005 UD to be p V = 0.06
0.02. This result is similar to the most recent estimate of Masiero

t al. ( 2020 ), p V = 0.054 ( + 0.036/ −0.022), but at the lower
imit compared to the result of Devog ̀ele et al. ( 2020 ), where
 V = 0.10 ±0.02. In the latter case, their value was determined
sing the albedo–polarization relation. The differences between the 
alues reported by various authors may be due to underestimated 
ncertainties in the different methods used (e.g. uncertainty in the 
bsolute magnitude). 
By using the abo v e-determined albedo and the value currently
ound in the literature for the absolute magnitude H = 17.51 ±0.02
Devog ̀ele et al. 2020 ), we determined the diameter of 2005 UD to
e D = 1.7 ±0.3 km according to the relation (3) below (Harris &
arris 1997 ): 

log 10 D = 3 . 1236 − 0 . 2 H − 0 . 5 log 10 p V . (3) 
MNRAS 535, 3077–3087 (2024) 
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Figure 6. The match between the Cb spectral template and the visible to 
near-infrared spectrum of 2005 UD. 

Figure 7. Comparison of 2005 UD spectrum with the Relab spectrum. 
The spectrum of the asteroid was normalized to its median value and then 
multiplied with the median value of the Relab spectrum. 
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Taxonomic classification . We merged the average visible spectrum
btained on 2018 October 17 with the near-infrared one obtained with
NG on 2018 October 31. Although 2005 UD presents a slightly
lue slope in the visible region, it turns in the near-infrared part.
he best curve match for this is the Cb type from Bus–DeMeo

axonomy (DeMeo et al. 2009 ). This classification differs from the
ne proposed by Devog ̀ele et al. ( 2020 ), who identified it as B type
ased on a visible spectrum. Kareta et al. ( 2021 ) obtained the near-
nfrared spectra of 2005 UD during 2018 October 2 and 3 using the
.0-m NASA Infrared Telescope F acility. The o v erall 0.8–2.5 μm
pectral trend is similar with ours, except the thermal excess. This
onfirms our Cb-type classification (Fig. 6 ). 

Jewitt & Hsieh ( 2006 ) suggested that 2005 UD might be a fragment
f (3200) Phaeton – the parent body of the Geminid meteor stream.
his assumption was proposed based on orbital similarities. Another
ssociation between 2005 UD and Daytime Sextantids was made by
umitru et al. ( 2017 ), by using three D-Criteria metrics and their
wn method of threshold selection, from which two metrics found
imilarities: Southworth and Hawkins ( 1963) metric – 0.1521 and
opek ( 1993) metric – 0.1595. Also, they concluded that 2005 UD
ay be a long-time contributor to the meteor shower due to its

table orbit (Lyapunov time – 478). The orbital evolution was made
or 10 clones on a period of 10 000 yr backward in time and the
yapunov time for 2000 yr. The spectral and the spectrophotometric
ata obtained o v er the visible wav elengths supported this hypothesis.
evertheless, by analysing the orbital similarity and minimum
rbit intersection distance o v er the last 5000 yr, Ryabova et al.
 2019 ) argue that 2005 UD is not a member of Phaethon–Geminid
omplex. 

Our observations performed with TNG show a positive slope in
he near-infrared for 2005 UD which is indicative of potentially
ifferent surface properties when comparing with the spectrum of
3200) Phaeton. Phaeton appears to have a slightly higher geometric
lbedo with estimates ranging from 0.09 to 0.12 (Ito et al. 2018 ) and
 steeper blue slope fitting in the B-type category in the Bus–DeMeo
axonomy (Licandro et al. 2007 ), while also having a ne gativ e slope
n the near infrared part of the spectrum. 

A sample of 45 B types classified only based on visible data
ere observed by de Le ́on et al. ( 2012 ) at near-infrared wave-

engths. They found a continuous shape variation of the near-
nfrared (0.8–2.5 μm) spectral curves. It varies from a monotonic
e gativ e (blue) slope to a positive (red) slope. While all of
hem are matching the carbonaceous chondrites spectra, there is
lso progressive change in composition that correlates with the
pectral slope, from CM2 chondrites (water-rich, aqueously al-
ered) corresponding to the reddest group, to CK4 chondrites (dry,
eated/thermally altered) for the bluest one. We determined that the
isible to near-infrared (VNIR) spectrum and the albedo of 2005
D is similar with that of the group G3 defined by Le ́on et al.

 2012 ). For comparison, these authors placed (3200) Phaeton in 
roup G6. 
MacLennan, Toliou & Granvik ( 2021 ) found likely (based on

rbital integration) that 2005 UD originated in the inner part of the
steroid belt in the families (329) Svea or (142) Polana. We outline
 similar VNIR spectral trend of 2005 UD and (142) Polana (Le ́on
t al. ( 2012 )). 

Comparison with laboratory spectra . The surface characteristics
f asteroids can also be derived by comparing their remotely acquired
pectrum with a catalogue of meteorite spectra. While this process
till presents challenges (Miyamoto et al. 2018 ), careful analysis of
tatistically rele v ant similarities in spectral features can still provide
n useful insight into the surface properties of nearby small planetary
NRAS 535, 3077–3087 (2024) 
odies. Thus, we employed the M4Ast tool (Popescu et al. 2011 ) to
ompare the 2005 UD spectrum with meteorite laboratory spectra in
n attempt to determine its mineralogy. M4Ast uses sparse modelling
n order to find the closest analogue among the meteorite spectra
rom the Relab database 6 (Pieters & Hiroi 2004 ; Milliken, Hiroi &
atterson 2016 ). 
As seen in Fig. 7 , the 2005 UD spectrum fits best with a CM2

arbonaceous chondrite meteorite spectrum sample heated at 900 ◦C,
ith a mean square coefficient of 0.00113. Similarly, at perihelion,

he subsolar equilibrium surface temperature of 2005 UD reaches
bo v e 300 ◦C or 600 K (Burbine et al. 2009 ). In these conditions,
henomena such as surface thermal stress and fracturing along with
esiccation of hydrated minerals are common. This is an evidence
hat 2005 UD is a Cb-type asteroid with thermally metamorphosed
M/CI mineralogy and generally fine-grained surface. 

.2 2001 SG286 

he light curves . The observations performed with INT span a time
nterval of 22 nights and were obtained during nine sessions. The S/N

https://sites.brown.edu/relab/relab-spectral-database/
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Figure 8. H–G phase curve diagram of 2001 SG286. 
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Figure 9. H–G 1 G 2 diagram of 2001 SG286. 

Figure 10 2001 SG286 optical spectrum. 
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atio varied due to the presence of the Moon and other environmental
actors. The Fourier period spectrum sho ws se veral peaks, the most
rominent one corresponds to a rotation period of 12.3 ±0.01 h. The
olded light curve has an amplitude of 0.62 mag and is shown in
ig. 2 . 
The photometry data were taken during several weeks while the 

steroid had a high relative movement and different phase angles, 
hus we were able to determine the linear part of its phase curve. We
ould not acquire data corresponding to lower phase angles because 
he minimum observable phase angle during the 2020 apparition was 
bout 22 ◦. Moreo v er, as the nightly light-curve data could not cover
he whole rotation period of 12.3 h, we used the Fourier analysis

ethod of the composite light-curve spanning groups of adjacent 
wo nights in order to minimize the phase angle dependence for the
etermination of the amplitude corroborated with the raw data for 
he computation of the mean level of brightness expressed in reduced 

agnitude r during each observing nightly session. The observation 
og (Table 2 ) shows that the phase angle did not have a significant
ightly variation, and the observations were carried out for as long 
s possible at once on many consecutive nights. For each nightly 
bservation session, we took into account the average phase angle 
alue due to the small corresponding variation. 

Since the H magnitude is defined in the Johnson V filter band and
ur observations were carried out in the Sloan r filter, we converted
ur values first to the Johnson R system and finally to the V system
y using the relation described in Jordi, Grebel & Ammon ( 2006 ): 

 = −0 . 267( V − R) − 0 . 088 + r. (4) 

he colour index V − R was calculated from the spectral data by
nte grating the observ ed flux densities o v er the wav elengh range
onsistent with the bandpass and relative response profile of both 
ohnson V and R standards and subsequently using the magnitude–
ux relationship: 

 V − m R = −2 . 5 log 10 

F V 

F R 

. (5) 

he resulted V − R colour is 0.55 ±0.05. 
With the V magnitudes now known, we applied the PYEDRA 

oftware routine (Colazo et al. 2021 ) and the online calculator for
 , G 1 , and G 2 photometric system using non-linear, constrained fit

Penttil ̈a et al. 2016 ) for the H–G and H–G 1 G 2 functions, respectively
Fig. 8 and 9 ). We estimate the value for the absolute magnitude
f 2001 SG286 at H (0) = 21.4 ±0.3, with the slope parameters
 = 0.16 ±0.04, G 1 = 0.66, and G 2 = 0.24. While still presenting

ome uncertainty due to the lack of data at low phase angles during the
pposition surge and the faintness of this target, these result is close
o the latest estimate currently found in the literature: H (0) = 21.1
Binzel et al. 2004 ). 

The accurate visible spectrum 2001 SG286 obtained with GTC is 
learly consistent with an S-type taxonomic classification, according 
o Bus–DeMeo taxonomy. It has the peak reflectance at the 730-nm
avelength (Fig. 10 ) and the drop-off corresponding to the 1- μm
and characteristic for olivine–pyroxene compositions. These new 

igh-quality data are not in agreement with the previous reports in
he literature (Binzel et al. 2004 ; Popescu et al. 2011 ). The low
ignal-to-noise ratio spectra presented by these authors indicated a 
ossible D-type classification due to the fact that the 1- μm band was
idden in the noise. 
Furthermore, the G slope parameter value is typical for an S-type

steroid (Vere ̌s et al. 2015 ). The S-type classification makes 2001
G281 a less peculiar object than considered before. By assuming 
 typical albedo of 0.20 for S-type asteroids, we can also infer the
ean diameter of 2001 SG286 at 0.16 ±0.03 km. 

 C O N C L U S I O N S  

he space exploration of minor bodies relies on the prior information
e can acquire with the ground-based telescopes. Typically, the 

a v ourable observing geometries for most of the NEAs are during 2–
MNRAS 535, 3077–3087 (2024) 



3086 R. Gherase et al. 

M

4  

t  

s
 

2  

f  

f  

p  

c  

a  

f
 

a  

H  

h  

a  

J  

n
 

w  

c  

p  

v  

U  

w  

I
 

2  

m  

t  

a  

t  

U  

s
 

2  

2  

i  

0  

m  

±  

d

A

W  

a  

f  

v  

T  

R  

C  

w  

R  

p

D

D  

s

R

B
B
B  

 

B
B  

 

B  

B  

C  

 

C
C  

d  

D
D
D  

E  

 

F
G
H  

H  

H  

H
H  

H  

I
J
J
J
K  

K
K
K
L
L  

M
M  

M
M
M
M
M
M  

N
O  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/535/4/3077/7875229 by guest on 02 D
ecem

ber 2024
 weeks, once per decade. An observing campaign made with various
elescopes can provide the physical properties critical for planning a
pace mission. 

In this article, we presented the results obtained for (155140)
005 UD, which is a potential target for DESTINY + mission, and
or (612267) 2001 SG286 which has been considered as candidate
or space exploration thanks to its low � − V budget and peculiar
roperties. For each of these two objects we made an observing
ampaign using the 0.46 m TAR2, the 2.54 m INT, the 3.58 m TNG,
nd the 10.4 m GTC. The data were obtained during 2018 October
or 2005 UD and 2020 October for 2001 SG286. 

The best solution for 2005 UD is a double-peaked light curve with
 rotation period of 5.234 ± 0.001 with an amplitude of 0.34 mag.
o we ver, we also identified with the INT data, a likely trend towards
igher amplitudes which may indicate a secondary rotation axis with
 larger period. This possibility has been previously reported by
ewitt & Hsieh ( 2006 ) and further high-quality observations are
eeded to confirm it. 

The visible to near-infrared spectrum of 2005 UD was obtained
ith the INT and the TNG telescopes. The merged spectral curve

o v ers the 0.4–2.45 μm wavelengths. The spectral observations
erformed during three nights with INT/IDS spectrograph shows no
ariation outside the error bars. The visible spectral shape of 2005
D was also confirmed using the spectrophotometric data obtained
ith g, r , and i Sloan filters. These observations were made with the

NT. 
We classified 2005 UD as a Cb type in Bus–DeMeo (DeMeo et al.

009 ). We estimated its albedo as p V = 0 . 06 ± 0 . 02 using the ther-
al emission flux at 2.5 μm. By comparing the spectral curve with

hose of meteorites reported in Relab spectral database, we found
 matching with heated carbonaceous chondrite meteorites of CM2
ype. We also report significant differences in the spectrum of 2005
D compared to that of (3200) Phaeton, the latter being previously

uggested as its parent body based on dynamical similarities. 
The accurate visible spectrum obtained with the GTC shows that

001 SG286 is an S-type asteroid in in Bus–DeMeo (DeMeo et al.
009 ) taxonomic system. The photometric data obtained with INT
ndicate a rotation period of 12.30 ± 0.01 h and an amplitude of
.64 mag. With these observations we also estimated its absolute
agnitude H = 21.4 ± 0.3, thus allowing to estimate its size as 160
45 m. According to our results, 2001 SG286 appears to be a small

iameter slow rotator. 
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