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Our study combines both spectroscopic and photometric data
of small NEOs obtained over the course of ∼7 yr. In the
spectroscopic study (Section 2), we analyze the NEO spectra
employing different techniques, including thermal modeling,
spectral band parameters, curve matching, and machine
learning. We carry out the compositional analysis of the NEOs
and look for possible meteorite analogs. Laboratory spectra of
meteorite samples prepared by us are also used to help in the
interpretation of the telescopic data. In addition, dynamical
modeling is preformed to identify the source regions of the
NEOs. In the photometric study (Section 3), we derive the
lightcurves of a fraction of the NEOs and obtain rotational
periods and lightcurve amplitudes. Moreover, we investigate
possible relationships between axis ratios and absolute
magnitudes and rotational periods. A summary of our main
results is presented in Section 4.

2. Spectroscopic Study

2.1. Observations and Data Reduction

All NEOs presented in this study were observed with the
SpeX instrument (Rayner et al. 2003) on the NASA Infrared
Telescope Facility (IRTF) between 2013 October and 2021
January. In 2014, SpeX was upgraded, and the Raytheon
Aladdin 3 1024 × 1024 InSb array in the spectrograph was
replaced by a Teledyne 2048 × 2048 Hawaii-2RG array. NIR
spectra (0.7–2.5 �m) were obtained in low-resolution (R ∼ 150)
prism mode with a 0 8 slit width. During the observations, the
slit was oriented along the parallactic angle in order to
minimize the effects of differential atmospheric refraction.
Spectra were obtained in two different slit positions (A-B)
following the sequence ABBA. Depending on the magnitude of
the asteroid, the integration time varied between 120 and 200 s.
In order to correct the telluric bands from the asteroid spectra, a
G-type local extinction star was observed before and after the
asteroid. NIR spectra of a solar analog were also obtained to
correct for possible spectral slope variations that could be
introduced by the use of a nonsolar local extinction star. For
asteroids fainter than V.mag ∼ 16.5, guiding was done using
the MIT Optical Rapid Imaging System (MORIS) instrument, a
high-speed visible-wavelength camera mounted on SpeX.
Using nonsidereal tracking rates, MORIS can image fast-
moving fainter targets (>10� s−1) with no trailing. This
instrument has a pixel scale of 0 11 pixel−1 for a field of
view of 1� × 1�. MORIS images were saved and used to obtain
the lightcurves of the asteroids (Section 3). For observations
carried out prior to 2017, a 0.8 �m cut-on dichroic was used
with MORIS; this dichroic was later replaced with a 0.7 �m
dichroic during semester 2017A. For each night, calibration
images including flat fields and argon arc-lamp spectra were
also acquired. Observational circumstances for the 84 NEOs
included in the spectroscopic study are presented in Table 1.
The distribution of absolute magnitudes for these NEOs is
shown in Figure 1.

Spectroscopic data were reduced using the IDL-based
software Spextool (Cushing et al. 2004) and several Python
scripts following the same procedure described in Sanchez
et al. (2013). The data reduction procedure includes the
following steps: (1) sky background removal by subtracting the
A-B image pairs, (2) flat-fielding, (3) cosmic-ray and spurious-
hit removals, (4) wavelength calibration, (5) division of
asteroid spectra by the spectra of the local extinction star and

solar analog star, and (6) coadding of individual spectra. NIR
spectra of the observed NEOs are shown in the Appendix
(Figures 23–27).

2.2. Thermal Modeling

Seven objects in our sample show a thermal excess at
wavelengths >2 �m. The location and magnitude of the thermal
contribution in the NIR is an indicator of the surface temperature
of the body. Thus, the amount of thermal flux emitted by an
asteroid can be used to constrain its albedo (e.g., Reddy et al.
2009, 2012a; Kareta et al. 2022; Le Corre et al. 2023). The
thermal flux of the asteroids was modeled following the same
method described in Reddy et al. (2009, 2012a), which is a
modified version of the standard thermal model (Lebofsky &
Spencer 1989). Thermal models were generated for a given solar
distance and phase angle for albedos ranging from 1% to 10%.
An emissivity ò= 0.90 and a beaming parameter � = 0.75 were
used for all the models. The spectra along with the modeled
albedo curves that can be fit to encompass the observed thermal
fluxes are shown in Figure 2. The quality of the fit is largely
dependent on the signal-to-noise ratio (S/ N) of the spectra at
long wavelengths. Spectra with a high point-to-point scatter at
wavelengths >2 �m generally produce a poor fit (e.g., 2015 TF).
This was one of the reasons why we choose to use a fixed value
for � instead of leaving it as a free parameter, because we noticed
that it produced a better fit for data with a low S/ N. Geometric
albedos obtained from the thermal modeling were used along
with the absolute magnitudes of the NEOs to estimate their
diameter using the following equation (Fowler & Chillemi 1992;
Pravec & Harris 2007):
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where PV is the geometric albedo and H is the absolute
magnitude of the asteroid. Derived albedos and diameters are
presented in Table 2. The final step was to use the models to
remove the thermal excess from each spectrum, so the
taxonomic classification can be applied.

2.3. Taxonomic Classi�cation

The taxonomic classification of the NEOs was done using
the Bus–DeMeo taxonomy classification web tool.8 This online
tool is an implementation of the Bus–DeMeo taxonomy
(DeMeo et al. 2009), which uses principal component analysis
to classify asteroids among 25 different classes. The Bus–
DeMeo taxonomy requires visible and NIR spectra
(0.45–2.45 �m) for the classification; however, most of our
spectra cover the wavelength range of ∼0.7–2.45 �m. For
objects whose NIR spectra show an absorption band at ∼1 �m,
such as those in the S-complex, V-types, etc., and do not show
features in the visible, we extrapolated the data to 0.45 �m. For
objects whose spectra are featureless in the NIR, like most
taxonomic types in the C- and X-complexes, we cannot use this
procedure because in the visible, the spectra of these objects
can have very different shapes that cannot be reproduced with a
simple extrapolation. For this reason, for those objects, the
taxonomic classification was done using only data from 0.8 to
2.45 �m. The main drawback of not having visible data is not

8 http:// smass.mit.edu/ busdemeoclass.html
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Table 1
Observational Circumstances

Number Designation Date H V � r Air Mass Solar Analog
(UT) (mag) (mag) (deg) (au)

85990 1999 JV6 2015 Jan 11 20.2 16.7 44.5 1.04 1.14 SAO 120107
163348 2002 NN4 2020 Jul 1 20.1 18.0 32.5 1.16 1.21 SAO 83469
363599 2004 FG11 2016 Apr 9 21.0 17.1 62.1 1.03 1.29 SAO 120107
412995 1999 LP28 2018 Dec 12 20.1 17.1 15.3 1.14 1.27 SAO 93936
436724 2011 UW158 2015 Aug 8 19.9 16.7 71.4 1.03 1.11 SAO 31899
437844 1999 MN 2015 Jun 21 21.2 17.9 20.9 1.12 1.39 SAO 120107
438908 2009 XO 2020 May 12 20.7 14.9 19.0 1.05 1.29 SAO 120107
459872 2014 EK24a 2015 Feb 20 23.4 17.9 35.9 1.02 1.11 SAO 120107
467336 2002 LT38 2016 Jun 10 20.5 15.5 7.1 1.43 1.11 SAO 120107
469737 2005 NW44a 2016 Jul 13 20.4 18.1 29.2 1.16 1.25 SAO 120107
471240 2011 BT15 2014 Jan 8 21.7 17.3 60.2 1.01 1.04 SAO 120107
496816 1989 UP 2017 Oct 14 20.6 17.0 21.7 1.10 1.13 SAO 93936
501647 2014 SD224 2020 Dec 17 22.4 17.4 32.1 1.03 1.26 SAO 93936
515742 2015 CUb 2015 Feb 20 20.8 18.0 14.5 1.15 1.55 SAO 120107
515767 2015 JA2 2019 Feb 1 21.2 17.3 13.6 1.09 1.27 SAO 93936
528159 2008 HS3 2019 May 9 21.6 15.2 12.2 1.05 1.10 SAO 120107

2000 TU28 2020 Oct 19 21.1 16.7 27.1 1.06 1.22 SAO 93936
2001 YV3 2020 Dec 17 20.6 17.2 48.7 1.04 1.10 SAO 93936
2002 LY1a 2016 Jun 10 22.3 17.8 55.3 1.04 1.08 SAO 120107
2005 NE21 2019 Jul 11 21.3 17.8 11.2 1.15 1.38 SAO 120107

2005 TF 2016 Nov 3 20.3 16.5 7.9 1.11 1.05 SAO 93936
2006 XY 2017 Dec 16 24.2 15.8 47.2 0.99 1.45 SAO 93936
2007 EC 2015 Jan 19 22.2 16.6 55.0 1.00 1.28 SAO 120107

2012 ER14 2013 Oct 14 20.5 17.1 40.4 1.07 1.05 SAO 147208
2013 CW32 2019 Feb 1 22.1 15.9 10.0 1.03 1.06 SAO 93936
2013 RS43b 2013 Sep 13 27.0 18.2 49.6 1.01 1.28 SAO 147208
2013 XA22 2020 May 31 22.9 17.1 31.4 1.05 1.21 SAO 120107
2014 PL51 2014 Aug 25 20.4 16.9 35.3 1.09 1.29 SAO 93936
2014 PR62 2014 Aug 22 20.6 17.4 13.6 1.15 1.26 SAO 93936

2014 QH33b 2014 Aug 25 24.3 18.3 8.7 1.05 1.22 SAO 93936
2014 QL32b 2014 Aug 26 22.8 18.7 26.5 1.08 1.14 SAO 93936
2014 QZ265b 2014 Aug 26 25.3 19.2 35.5 1.04 1.12 SAO 93936
2014 SF304b 2014 Oct 3 27.3 17.7 17.5 1.01 1.03 SAO 93936

2014 SS1 2014 Sep 24 21.7 17.2 37.0 1.05 1.09 SAO 93936
2014 UV210b 2014 Dec 16 26.9 18.7 5.4 1.00 1.06 SAO 120107
2014 VH2a 2014 Nov 25 21.6 18.3 6.6 1.14 1.01 SAO 93936
2014 VQ 2014 Nov 18 20.4 16.2 14.6 1.08 1.18 SAO 93936

2014 WC201 2014 Dec 1 26.2 16.7 38.7 0.99 1.26 SAO 93936
2014 WN4a 2014 Nov 18 23.3 18.0 17.0 1.04 1.15 SAO 93936
2014 WO4b 2014 Nov 18 24.4 17.9 17.0 1.02 1.14 SAO 93936
2014 WO7b 2014 Nov 25 20.5 18.9 10.7 1.26 1.27 SAO 93936
2014 WP4b 2014 Nov 18 24.3 18.8 22.1 1.03 1.27 SAO 93936

2014 WY119a 2014 Nov 25 26.3 18.1 37.0 0.99 1.22 SAO 93936
2014 WZ120 2014 Nov 25 20.5 16.7 26.3 1.07 1.08 SAO 93936
2014 XB6b 2014 Dec 16 26.5 20.3 63.8 0.99 1.31 SAO 120107
2015 AK45a 2015 Jan 26 26.4 17.9 22.0 0.99 1.07 SAO 120107
2015 AP43 2019 Jun 9 20.0 17.2 33.0 1.12 1.42 SAO 120107
2015 BC 2015 Jan 19 24.0 15.3 40.0 0.99 1.13 SAO 120107

2015 BK509 2020 Feb 24 22.4 18.0 44.0 1.03 1.03 SAO 93936
2015 CA40b 2015 Feb 20 24.6 18.2 47.0 1.00 1.66 SAO 120107
2015 CN13b 2015 Feb 20 23.3 18.4 23.7 1.04 1.35 SAO 120107

2015 FL 2015 Apr 10 20.8 16.7 64.0 1.02 1.31 SAO 120107
2015 GYb 2015 Apr 25 21.7 19.1 45.6 1.09 1.08 SAO 120107
2015 HA1 2015 May 21 21.2 17.3 36.2 1.07 1.17 SAO 120107

2015 HE10b 2015 Apr 25 26.1 19.1 39.2 1.02 1.77 SAO 120107
2015 HW11b 2015 Apr 26 23.3 18.7 37.6 1.05 1.32 SAO 120107

2015 JWb 2015 May 21 25.8 19.5 2.7 1.06 1.37 SAO 120107
2015 KAb 2015 May 21 26.2 19.4 27.1 1.03 1.10 SAO 120107
2015 LK24 2015 Jun 22 21.6 16.9 35.6 1.06 1.59 SAO 120107
2015 MCb 2015 Jun 22 24.1 18.8 19.2 1.07 1.39 SAO 120107
2015 NA14 2015 Jul 21 22.0 17.7 31.2 1.08 1.27 SAO 120107
2015 SAb 2015 Sep 19 25.3 18.7 42.7 1.02 1.08 SAO 31899
2015 SEb 2015 Sep 19 26.4 18.8 44.7 1.01 1.88 SAO 31899
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being able to distinguish between most of the types that
comprise the C- and X-complexes, with the exception of the
Xe-, Xk-, and Xn-types that exhibit a weak absorption band at
∼0.9 �m. Due to this limitation, in the present work, we have
combined the C- and X-complexes into the same group (C/ X).

The other instance where only data from 0.8 to 2.45 �m were
used for taxonomic classification was when the spectra were
obtained using the 0.8 �m dichroic. In those cases, more data
are missing, and it is not possible to extrapolate the data. This,
however, does not represent a major problem for the

classification of asteroids whose spectra show prominent
absorption bands, such as those belonging to the S-complex
or V-types.

The taxonomic type assigned to each NEO is presented in
Table 3. If during the classification process more than one
taxonomic type was assigned to an asteroid, a visual inspection
was performed to determine the class that best represents the
spectral characteristics of the asteroid. We also compared the
average absolute residuals between the NEO and the reference
spectra obtained from the Bus–DeMeo taxonomy classification

Table 1
(Continued)

Number Designation Date H V � r Air Mass Solar Analog
(UT) (mag) (mag) (deg) (au)

2015 SZb 2015 Oct 12 23.5 18.6 43.0 1.03 1.09 SAO 31899
2015 TB25a 2015 Oct 12 24.5 17.8 28.5 1.02 1.02 SAO 31899
2015 TC25 2015 Oct 12 29.3 17.5 32.0 1.00 1.58 SAO 31899
2015 TEb 2015 Oct 12 22.5 18.6 37.5 1.06 1.54 SAO 31899
2015 TFa 2015 Oct 12 22.2 18.7 3.6 1.15 1.50 SAO 31899

2015 VE66 2015 Nov 22 24.1 16.3 13.8 1.01 1.22 SAO 93936
2015 WF13a 2015 Dec 8 23.2 17.1 42.6 1.01 1.54 SAO 93936
2015 XCa 2015 Dec 8 25.2 17.4 74.1 0.99 1.54 SAO 93936

2016 BC14a 2016 Mar 7 20.9 17.8 64.6 1.03 1.10 SAO 120107
2016 CM194 2016 Feb 13 27.7 13.7 59.6 0.99 1.13 SAO 93936
2016 CO247 2021 Jan 15 20.6 16.6 15.3 1.08 1.07 SAO 93936
2016 EB1a 2016 Mar 7 25.3 18.3 10.4 1.02 1.19 SAO 93936
2016 EF28a 2016 Mar 7 21.7 17.9 21.9 1.08 1.02 SAO 120107
2016 EV27a 2016 Apr 3 23.4 17.8 21.0 1.04 1.05 SAO 120107
2016 FV13a 2016 Apr 9 25.8 17.9 47.3 1.01 1.24 SAO 120107

2016 GU 2016 Apr 9 25.7 17.1 9.0 1.02 1.20 SAO 120107
2016 JD18b 2016 May 13 24.6 18.4 32.0 1.04 1.20 SAO 120107
2016 LGa 2016 Jun 10 25.3 18.5 57.8 1.02 1.05 SAO 120107
2017 BS5 2017 Jul 23 24.2 15.2 33.7 1.02 1.50 SAO 53622
2017 BW 2017 Feb 6 23.5 17.0 18.5 1.02 1.13 SAO 93936

2017 BY93 2017 Feb 22 23.1 15.6 31.0 1.00 1.21 SAO 120107
2017 CR32 2017 Mar 20 22.2 17.4 10.3 1.07 1.06 SAO 120107
2017 DR34a 2017 Feb 24 29.2 18.2 8.3 0.99 1.08 SAO 120107
2017 FU64a 2017 Apr 3 23.8 18.0 26.3 1.04 1.21 SAO 93936
2017 OL1 2017 Aug 1 21.7 17.0 11.2 1.09 1.31 SAO 53622
2017 OP68 2017 Sep 13 21.0 15.8 16.0 1.06 1.28 SAO 93936
2017 RR15 2017 Oct 14 20.7 17.5 19.5 1.12 1.03 SAO 93936
2017 WX12 2017 Dec 16 22.1 16.3 21.0 1.02 1.14 SAO 93936
2018 XG5 2019 May 9 20.3 16.8 49.0 1.06 1.10 SAO 120107
2018 XS4 2018 Dec 17 25.2 16.6 42.4 0.99 1.03 SAO 93936
2019 AN5 2020 Aug 17 21.1 17.1 57.1 1.04 1.37 SAO 109542
2019 GT3 2019 Sep 10 21.0 16.5 42.0 1.05 1.31 SAO 93936
2019 JL3 2019 May 18 25.0 17.2 50.0 1.02 1.05 SAO 120107
2019 JX7 2019 Jun 9 21.5 17.9 41.3 1.08 1.02 SAO 120107
2019 RC 2019 Sep 10 21.8 18.0 49.2 1.05 1.28 SAO 93936
2019 SH6 2020 Jan 4 20.0 17.3 53.0 1.05 1.13 SAO 93936

2019 UO13 2019 Nov 3 23.8 16.7 24.8 1.01 1.52 SAO 93936
2019 YM3 2020 Jan 2 23.3 17.9 17.6 1.03 1.02 SAO 93936
2020 DZ1 2020 Feb 24 24.0 17.6 14.5 1.02 1.35 SAO 93936
2020 HS6 2020 May 12 22.2 17.6 44.8 1.05 1.12 SAO 120107
2020 KC5 2020 May 29 27.4 17.6 67.1 1.02 1.23 SAO 120107
2020 RO6 2021 Jan 15 22.4 17.6 35.8 1.03 1.12 SAO 93936
2020 SN 2020 Sep 22 24.8 17.2 5.8 1.03 1.09 SAO 93936
2020 ST1 2020 Nov 17 22.0 16.4 12.8 1.04 1.22 SAO 93936
2020 YQ3 2021 Jan 15 20.0 17.9 21.1 1.17 1.3 SAO 93936

Notes. The columns in this table are: object number and designation, date, absolute magnitude (H), V magnitude (V ), phase angle (�), heliocentric distance (r), air
mass, and solar analog used.
a Asteroid observed with the 0.8 �m dichroic.
b The S/ N of the spectrum was deemed too low to be published. Only photometric data could be used.
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web tool. There was one case where the classification was
indeterminate, and it has been indicated in Table 3.

The classification of NEOs 2013 CW32, 2016 CM194, 2017
WX12, and 2019 SH6 yielded very ambiguous results, with all
of them being assigned multiple taxonomies including C-, X-,
and S-complex, as well as K- and L-types. This happened
because, even though the spectra of these objects are similar to
those in the S-complex, their absorption bands are much
weaker. For this reason, and in order to highlight these unusual
characteristics, in the present study we refer to these objects as
Sx-types. Thus, we define Sx-types as objects whose NIR
spectra are similar to those in the S-complex but that, due to
their weak absorption bands, could fall in the region of the
PC2� versus PC1� diagram, where the C- and X-complexes
normally fall. The composition of these objects and the
possible causes for their weak absorption bands are discussed
in Sections 2.4.2 and 2.6, respectively.

Figure 3 shows the distribution of taxonomic types. We
found that the most common taxonomic type in our sample is
the Sq-type, followed by the S-, Q-, and Sr-types. The fraction
of the main taxonomic types is shown in Figure 4. NEOs
classified as S-complex represent ∼66% of the entire sample,
objects in the C/ X-complex represent ∼17%, and the other
∼17% are less common taxonomic types. Our results are
consistent with the work done by Binzel et al. (2019), who
found a fractional distribution of 60% S, 20% C, and 20% other
types for NEOs in the size range of 100 m to 10 km. It is worth
noting that in the original Bus–DeMeo classification (DeMeo
et al. 2009), Q-types are not considered part of the S-complex,
but they are in DeMeo et al. (2022). Binzel et al. (2019)
followed the same definition as DeMeo et al. (2009), whereas
in the present work, we use that of DeMeo et al. (2022). The
new subclass of Sx-types is also included within the S-complex
in Figure 4.

For the majority of the NEOs in this study, the albedo is
unknown; however, having information about their taxonomic
type and the mean albedo for those types, it is possible to do an
estimation of their size using Equation (1). Thus, the diameters
shown in Figure 1 were calculated from the absolute
magnitudes of the NEOs and the mean albedos of their

taxonomic types found by Marsset et al. (2022). The mean
geometric albedo of the spectroscopic sample was found to be
PV = 0.22.

2.4. Compositional Analysis and Meteorite Analogs

2.4.1. S-complex Asteroids

Asteroids in the S-complex include those that were classified
as S-, Sq-, Sr-, Sx-, and Q-types. The spectra of all these
objects show absorption bands at ∼1 and 2 �m due to the
minerals olivine and pyroxene. Olivine has three overlapping
bands centered near 1.04–1.1 �m, and pyroxene has two
absorption bands centered near 0.9–1 �m and 1.9–2 �m
(Adams 1974; Burns 1993). These absorption bands are caused
by the presence of Fe2+ cations. Diagnostic spectral band
parameters including the Band I and II centers and band area
ratio (BAR) were measured using a Python code following the
procedure described in Sanchez et al. (2020). Band centers
were measured after dividing out the linear continuum by
fitting third- and fourth-order polynomials over the bottom of
the absorption bands. Band areas are defined as the area
between the linear continuum and the data curve and are
calculated using trapezoidal numerical integration. The BAR
was calculated as the ratio of the area of Band II to that of Band
I. A temperature correction derived by Sanchez et al. (2012)
was applied to the BAR in order to account for differences
between the surface temperature of the NEOs and the room
temperature at which spectral calibrations used for composi-
tional analysis were obtained. The uncertainties associated with
the band parameters are given by the standard deviation of the
mean calculated from multiple measurements of each band
parameter. Spectral band parameters are shown in Table 4.

Prior to the compositional analysis, it is useful to plot the
spectral band parameters in the Band I center versus the BAR
diagram from Gaffey et al. (1993) to determine the S-asteroid
subtype. The results shown in Figure 5 indicate that most of the
NEOs in the S-complex belong to the S(IV) subtype, which
also represents the mafic silicate components of ordinary
chondrites (Gaffey et al. 1993). These meteorites are the most
common type to fall to Earth, representing about 86% of all
meteorites. They are divided into three subgroups (H, L, LL)
based on the abundance of Fe and the ratio of metallic Fe (Fe0)
to oxidized Fe (FeO) (Weisberg et al. 2006).

NEOs 363599, 2005 NE21, 2005 TF, 2015 HA1, 2019 JL3,
and 2020 YQ3 were found to fall into the S(III) subtype. Objects
in this subtype can contain a calcic pyroxene component; some
ordinary chondrites can fall in this region as well (e.g., Dunn
et al. 2010; Sanchez et al. 2020). In the particular case of 2005
NE21, it is worth mentioning that the spectrum shows a low S/ N
and large scattering in the 2 �m band, which can lead to an
overestimation of the BAR moving the object from the S(IV) to
the S(III) subtype.

One NEO, 2019 UO13, was found to be an S(V) subtype.
This class of asteroids is thought to have experienced intrusion
of early partial melts into their crust and upper mantle (Gaffey
et al. 1993). A highly metamorphosed H-chondrite or a calcic
pyroxene-bearing lodranite are possible meteorite analogs for
these objects. The NEO 2014 WZ120 falls slightly below the
S(IV) subtype, which is possible for some ordinary chondrites,
although we cannot rule out an affinity with primitive
achondrites (acapulcoites and lodranites) that are also located
in this region (Lucas et al. 2019). NEOs 436724 and 2018 XS4

Figure 1. Distribution of absolute magnitudes (H) and diameters for the NEOs
included in the spectroscopic study. Diameters were calculated from the
absolute magnitudes and the mean geometric albedo of the sample (PV = 0.22).
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Figure 2. NIR spectra of asteroids 163348 (2002 NN4), 2015 AP43, 2015 LK24, 2015 TF, 2016 EB1, 2017 FU64, and 2017 OP68. Modeled albedo curves that
encompass the observed thermal fluxes and thermally corrected spectra are shown.
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NEOs show an increase in reflectance with increasing
wavelengths from ∼0.75 to 1.5 �m and then become relatively
flat at longer wavelengths. For 2014 VH2, we did not find a
good spectral match with meteorite samples, but given its
taxonomic classification, possible meteorite analogs could
include carbonaceous chondrites. The NIR spectrum of 2015
TB25 shows a slightly negative slope at wavelengths >1.5 �m
and the possible presence of a 2 �m band. For this NEO, we
found a good spectral match with CAIs from the CV3
carbonaceous chondrite Allende (Figure 11). The spectrum of
the CAI exhibits a characteristic absorption band centered at
∼2 �m due to the presence of spinel (MgAl2O4). For asteroid
2017 BW, the best meteorite analog was found to be the CM2
carbonaceous chondrite Mighei. No good meteorite analogs
were found for 2017 CR32; however, as in the previous cases,
a link with carbonaceous chondrites could be possible.

There was one asteroid (2015 FL) whose NIR spectrum did
not match any of the spectra in the Bus–DeMeo taxonomy;
therefore, its classification was labeled as “ indeterminate.” The
spectrum of this asteroid shows a very red slope (comparable to
a D-type) from ∼0.7 to 1.4 �m and then becomes flat at longer
wavelengths. No absorption bands are visible, but given the
scattering of the data beyond 1.4 �m, we cannot rule out the
presence of the 2 �m band. No good meteorite analogs were
found for this NEO.

2.5. Space Weathering and Resurfacing Processes

Space weathering refers to any process that modifies the
optical properties and physical structure of the surface of airless
bodies. It is characterized by producing an increase of the
spectral slope and suppression of the absorption bands in the
NIR spectra of S-complex objects (e.g., Pieters et al. 2000;
Hapke 2001; Clark et al. 2002; Gaffey 2010). For asteroids in
the S-complex, S-, Sq-, and Q-types are thought to represent a
weathering gradient, with Q-types having relatively fresh
surfaces and Sq- and S-types having more space-weathered
surfaces (e.g., Binzel et al. 2010, 2019).

Different processes have been proposed to explain the
presence of fresh material on the surface of asteroids, including
thermal fatigue fragmentation, YORP spin-up, and planetary
encounters. Thermal fragmentation caused by diurnal temper-
ature variations can create fresh regolith by breaking down
rocks and exposing their unweathered interiors (Delbo et al.
2014). YORP spin-up, on the other hand, can accelerate the
rotation of an asteroid enough to displace weathered particles,
refreshing with this the surface of the object (e.g., Graves et al.
2018). Similarly, tidal stress caused during close encounters
with planets can produce landslides exposing fresh subsurface
material (e.g., Binzel et al. 2010, 2019; Nesvorný et al. 2010).

Binzel et al. (2019) investigated the efficiency of the
different resurfacing processes as a function of the perihelion
distance. For this, they estimated the degree of space weath-
ering experienced by the NEOs by calculating the space-
weathering parameter � �, which uses the principal components
PC1� and PC2� obtained from the taxonomic classification. This
parameter is given by the scalar magnitude of the space-
weathering vector defined in the principal component space of
the Bus–DeMeo taxonomy (Binzel et al. 2010, 2019):

( )�I� % � �
� � � a � � � a � �PC PC2 1 0.5

1.0541
. 4

1
3

The analysis done by Binzel et al. (2019) showed that the
number of NEOs with fresh unweathered surfaces increases as
the perihelion distance decreases. This is because at short
perihelion distances, there are more resurfacing processes
operating simultaneously. At perihelion distances <1.0 au,
thermal fragmentation, YORP spin-up and planetary encoun-
ters with the Earth and Venus are all acting together, whereas at
greater perihelion distances, YORP spin-up, and encounters
with Mars are the most dominant.

We performed a similar analysis for the S-, Sq-, and Q-types
in our sample. Spectra obtained with the 0.8 �m dichroic were
not included. Figure 12 shows � � as a function of the
perihelion distance for the NEOs. Most objects were found to
fall within the fresh or intermediate regimes as defined by
Binzel et al. (2019), and only a few fall in the saturated regime.
In the context of space weathering, saturation occurs when
surface grains become uniformly weathered after multiple
rearrangement events followed by extended periods of
exposure to the space environment (Binzel et al. 2019).

The trend in Figure 12 is less clear than what was found by
Binzel et al. (2019); this is probably because the maximum
perihelion distance of the NEOs in our analysis is ∼1.1 au,
whereas the data used by Binzel et al. (2019) include objects
with perihelion distances that extend up to ∼1.7 au. Never-
theless, we note that most of the NEOs that fall in the saturated
regime have perihelion distances >0.8 au, which is consistent
with the results of Binzel et al. (2019).

Hasegawa et al. (2019) found that surface refreshening due
to close encounters with planets could explain only ∼50% of
known Q-types. To account for the other Q-types, they
proposed an alternative explanation, where these objects have
weathered surfaces like S-types but their spectral characteristics
are explained by the presence of large particles (>100 �m).
Different mechanisms have been proposed to explain the
release of particles smaller than 100 �m, a condition required
for this hypothesis to work. These include solar radiation
pressure and electrostatic acceleration (Hasegawa et al. 2019).

We tested this hypothesis by comparing � � values obtained
for different grain sizes of the LL-chondrite Chelyabinsk with
the � � of asteroid 25143 Itokawa. The � � values of

Figure 12. Space-weathering parameter � � as a function of the perihelion
distance for S-, Sq-, and Q-types. Regions corresponding to the different
regimes of space weathering (fresh, intermediate, and saturated) from Binzel
et al. (2019) are indicated. Figure adapted from Binzel et al. (2019).
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Chelyabinsk were calculated from the spectra of samples with
five different grain sizes (45–90, 90–150, 150–300, 300–500,
and 500–1000 �m) obtained by Bowen et al. (2023) plus the
spectrum of a slab obtained for this study. These values are
depicted as black squares in Figure 13 (left). The � � for
Itokawa was calculated from the spectrum obtained by Binzel
et al. (2001). Abe et al. (2006) found that the average
reflectance spectra of Itokawa were consistent with grain sizes
of <125 �m. Therefore, we matched the location of Itokawa in
the x-axis with the 45–90 �m sample, since this grain size is
probably the one that best represents the mean grain size of the
asteroid. Then, we offset all the � � values calculated for
Chelyabinsk (red squares in Figure 13), so that the � �
corresponding to the 45–90 �m sample overlaps with the � � of
Itokawa. In this way, we can visualize what would happen to
the space-weathering parameter of Itokawa if we increase the
grain size.

As can be seen in Figure 13 (left), increasing the grain size
from 45–90 to 150–300 �m could, in theory, move Itokawa
from the intermediate to the fresh (unweathered) regime. A
similar result would be obtained if the surface of Itokawa were
completely depleted of dust (slab), which is probably the case
for very small asteroids of just a few meters in size (e.g., Reddy
et al. 2016). Interestingly, if the grain size were in the range of
∼500–1000 �m, no change in � � would be seen compared to
the 45–90 �m sample.

Our results seem to confirm the findings of Hasegawa et al.
(2019) but also impose an upper limit in the grain size for this
mechanism to be effective. For the Chelyabinsk sample shown
in Figure 13, this upper limit is ∼400 �m; for other meteorites
with different compositions, this limit might change. This
constraint in grain size for which we see a meaningful increase
of � � is related to the way light is absorbed within the grains. To
illustrate this, it is useful to see how the Chelyabinsk spectra
change as the grain size increases. Figure 14 (left) shows the
spectra corresponding to five different grain sizes plus a slab.
The most noticeable change is an overall decrease in the spectral
slope with increasing grain size, being particularly pronounced
for the slab. Band depths, which were measured from
the continuum to the band center (e.g., Sanchez et al. 2012),

show an increase from the 45–90 �m to the 150–300 �m sample
and then a decrease for larger grain sizes (Figure 14, right). The
initial increase in band depths happens because as the grain size
increases, so does the mean optical path length, resulting in more
absorption within the grain and deeper absorption bands (e.g.,
Pieters 1983). However, after reaching a maximum in
band depth at a grain size of ∼225 �m, band saturation starts
to occur (i.e., all photons that are not scattered are absorbed
within the grains), and the absorption bands become shallower.
Because � � is calculated from PC1� and PC2�, which are
sensitive to the intensity of the absorption bands, this parameter
will closely follow the behavior of the band depths. It is
important to note that composition also plays a role and that the
pattern that we observe for the ordinary chondrite is probably
not going to be the same for a meteorite with a different
composition.

The obvious consequence of these results is that there will be
some cases where the increase in grain size is too small (or too
large) to produce a change in the perceived degree of space
weathering of the asteroid. An example of such a case could be
the Didymos system, the target of NASA�s Double Asteroid
Redirection Test (DART) mission. Polishook et al. (2023)
obtained NIR spectra of Didymos before and after the impact.
They found that the ejecta cloud released from Dimorphos was
the main contributor to the light of the system for ∼40 hr after
the impact. During those hours, a decrease in spectral slope was
observed, and, as the ejecta cloud dispersed, the spectral slope
returned to the preimpact level. However, no significant change
in the absorption bands that could turn this S-type asteroid into
a “ fresh” Q-type was detected. This led to the conclusion that a
negligible amount of unweathered material was ejected from
Dimorphos and that the ejecta cloud was dominated by coarse
debris � 100 �m (Polishook et al. 2023).

We calculated the � � values for the Didymos system from
the PC1� and PC2� values reported by Polishook et al. (2023).
As shown in Figure 13 (right), there is little change in � � from
September 26 to 28, and only a small decrease occurs for the
following nights. This is consistent with the lack of
unweathered material reported by Polishook et al. (2023).
Moreover, the small variation in � � combined with the

Figure 13. Left: space-weathering parameter � � vs. grain size for the LL-chondrite Chelyabinsk. Black squares represent the � � values calculated for different grain
sizes of Chelyabinsk obtained by Bowen et al. (2023). Red squares represent the � � values of Chelyabinsk plus space weathering (SW) after being offset to match the
� � calculated for asteroid Itokawa (blue diamond) from the spectrum obtained by Binzel et al. (2001). Right: space-weathering parameter � � vs. date for the Didymos
system. � � has been calculated from the PC values reported by Polishook et al. (2023). The location in the x-axis of the Didymos system corresponds to the
observation dates carried out before (September 26) and after (September 27–October 2) the impact of the DART mission. For both figures, regions corresponding to
the different regimes of space weathering (fresh, intermediate, and saturated) from Binzel et al. (2019) are indicated.
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decrease in spectral slope suggests two possibilities: (1) the
increase in grain size was small compared with the grains
present before the impact, or (2) the increase in grain size was
large enough to start to produce band saturation. This example
also highlights the fact that an asteroid that is well inside the
saturated region (S-type) is unlikely to reach the intermediate
(Sq-type) or unweathered (Q-type) regions even if the grain
size increases to the point where � � reaches its lowest value.

2.6. Possible Evidence of Metal or Shock Darkening

When the results obtained from the taxonomic classification
and the compositional analysis are combined, it is possible to
obtain further insights about particular characteristics of the
NEOs. This is the case for the Sx-type objects, whose weak
absorption bands could lead to an ambiguous classification in
the C- or X-complex, even though their composition is similar
to ordinary chondrites. In this section, we investigate the
possible causes behind these results.

As a reminder, four NEOs were found to share these
characteristics: 2013 CW32, 2016 CM194, 2017 WX12, and
2019 SH6. The spectra of these objects are shown together in

Figure 15 (left). At first glance, the spectral characteristics of
these NEOs are typical of S-type asteroids showing absorption
bands centered at ∼0.9 and 2.0 �m due to the presence of
olivine and pyroxene. However, compared to the mean
spectrum of an S-type, their absorption bands are much weaker
(Figure 15, right).

NEO 2013 CW32 was found to have an L-chondrite-like
composition. Its NIR spectrum shows a red spectral slope with
a Band I depth of 4.1% ± 0.1% and a Band II depth of
3.1% ± 0.1%. For comparison, the mean spectrum of an S-type
asteroid from DeMeo et al. (2009) has a Band I depth of
13.0% ± 0.2% and a Band II depth of 5.5% ± 0.1%. The
composition of 2016 CM194 was also found to be similar to
L-chondrites, although an affinity with primitive achondrites is
also possible. This object has the less steep spectral slope of the
four NEOs. The Band I depth is 4.4% ± 0.1%, and the Band II
depth is 2.6% ± 0.1%. 2017 WX12, on the other hand, has a
composition consistent with LL-chondrites. The spectrum of
this asteroid has a red spectral slope with a Band I depth of
7.6% ± 0.1% and a Band II depth of 4.8% ± 0.6%. Similarly,
the composition of 2019 SH6 is also consistent with LL-

Figure 14. Left: spectra of the LL-chondrite Chelyabinsk corresponding to five different grain sizes plus a slab from Bowen et al. (2023). All spectra are normalized to
unity at 0.55 �m. Right: Band I and II depths as a function of grain size measured from the Chelyabinsk spectra. Uncertainties are smaller than the symbols.

Figure 15. Left: spectra of NEOs 2013 CW32, 2016 CM194, 2017 WX12, and 2019 SH6. All the spectra show absorption bands centered at ∼0.9 and 2.0 �m due to
the minerals olivine and pyroxene. Spectra have been offset for clarity. Right: continuum-removed spectra of the same objects. The mean spectrum of an S-type from
DeMeo et al. (2009) is also shown.
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chondrites. The spectral slope of this NEO is the steepest of the
four objects discussed in this section. The spectrum has a Band
I depth of 7.8% ± 0.2%, and the Band II depth is 3.8% ± 0.5%.

In the Bus–DeMeo taxonomy, the PC1� and PC2� values are
sensitive to the presence and intensity of the absorption bands.
As a result, as the absorption bands become shallower, PC2�
moves toward negative values and PC1� toward positive values,
eventually crossing the line �, which separates the C/ X-
complex, whose spectra are relatively featureless, from other
taxonomic types such as those in the S-complex and V-types.
The PC1� and PC2� values for the four NEOs are shown in
Figure 16. Several factors are known to produce changes in the
band depths; among them, the most relevant are space
weathering, grain size, phase reddening, and the presence of
metal and shock darkening.

As explained in the previous section, space weathering
produces suppression of the absorption bands. As the degree of
space weathering increases, an asteroid with an ordinary
chondrite-like composition will move from the Q-type to the
S-type taxonomy. In the PC2� versus PC1� diagram, this transition
is represented by a space-weathering vector that moves parallel to
the line � but does not cross it (Figure 16). This suggests that
space weathering alone is not responsible for the weak absorption
bands of these asteroids.

As we have already seen, grain-size variations can produce
changes in the intensity of the absorption bands and the spectral
slope. Bowen et al. (2023) studied the effects of grain size on
spectral band parameters, composition, and taxonomic classi-
fication. For this, they analyzed the spectra of ordinary
chondrites for five different grain-size groups (45–90,
90–150, 150–300, 300–500, and 500–1000 �m). In the PC2�
versus PC1� diagram, most samples were found to move away
from the line � for grain-size groups 45–90 to 150–300 �m, but
then for the largest grain sizes, 300–500 and 500–1000 �m, the
opposite behavior was observed, and the PC values ended up

close to where they started (Figure 16). This behavior is
explained by the saturation in the large grains previously
discussed. Considering this, it seems unlikely that grain size is
primarily responsible for the attenuation of the absorption
bands observed in the NEOs.

Phase reddening produces an increase of the spectral slope
and variations in the band depths as the phase angle increases
(Sanchez et al. 2012). This effect is particularly relevant for
NEOs, since they are normally observed at high phase angles.
Sanchez et al. (2012) analyzed NIR spectra of S-complex
NEOs and ordinary chondrites obtained at different phase
angles. They found that the increase in spectral slope starts to
become evident at phase angles >30°, and absorptions bands
become deeper, reaching a maximum depth at phase angles of
∼60°. Many of the NEOs in this study were observed at phase
angles >30° and thus are likely affected by phase reddening.
However, we note that while phase reddening can explain, at
least in part, the red spectral slopes of some of the NEOs, the
increase in band depths produced by phase reddening is
inconsistent with the attenuation of the absorption bands of the
NEOs discussed in this section.

The presence of metal can also suppress absorption bands.
Radar observations have identified metal on the surface of
many asteroids (e.g., Ostro et al. 1991; Shepard et al.
2010, 2015). The NIR spectra of these objects typically show
red slopes and, in some cases, weak absorption bands at ∼0.9
and 1.9 �m (e.g., Ockert-Bell et al. 2010; Hardersen et al. 2011;
Neeley et al. 2014; Sanchez et al. 2017, 2021; Reddy et al.
2019). Samples from these bodies are likely represented by
several classes of meteorites found on Earth, including iron
meteorites, stony-iron meteorites such as pallasites and
mesosiderites, metal-rich carbonaceous chondrites, and anom-
alous metal-rich chondrites.

Evidence of metal-rich chondrites with affinity to ordinary
chondrites has been recently found in meteorites NWA 12273
and NWA 12379 (e.g., Agee et al. 2019; Jansen et al. 2019).
NWA 12273 is made up of ∼64% Fe–Ni metal and ∼30%
chondrules (Agee et al. 2019). The olivine chemistry is consistent
with L3/ LL3-chondrites, whereas the low-Ca pyroxene is more
consistent with H4-chondrites. An NIR spectrum of NWA 12273
obtained by Reddy et al. (2019) shows a red spectral slope and
two weak absorption features at ∼0.9 and 2 �m due to the
minerals olivine and pyroxene. NWA 12379 shares similar
characteristics; it is made up of ∼70 vol.% Fe–Ni metal and ∼25
vol.% porphyritic ferromagnesian chondrules (Jansen et al.
2019). The oxygen isotopic composition and mineralogical
characteristics of this meteorite were found to be similar to those
of L3.8 ordinary chondrites (Jansen et al. 2019). According to
Jansen et al. (2019), NWA 12379 could have formed by a
collision between an ordinary-chondrite-like body and a metal-
rich body.

In order to investigate the effects of metal content on
ordinary chondrites, we prepared intimate mixtures of the
L-chondrite Viñales and the iron meteorite Gibeon. Viñales
was crushed using an alumina mortar and pestle and sieved to a
grain size of 45–90 �m. Metal shavings of Gibeon were sieved
to a grain size of <300 �m. Four mixtures were prepared
starting with a metal content of 20 wt% and increasing in 20
wt% metal intervals. A sample of 100 wt% Gibeon was also
prepared. The visible and NIR spectra (0.35–2.5 �m) of the
samples were obtained relative to a Labsphere Spectralon disk
using an ASD Labspec4 Pro spectrometer at an incident angle

Figure 16. PC2� vs. PC1� diagram from DeMeo et al. (2009). PC values
calculated for 2013 CW32, 2016 CM194, 2017 WX12, 2019 SH6, and the
metal-rich chondrite NWA 12273 (Reddy et al. 2019) are depicted with
different colors. PC values for intimate mixtures of the L-chondrite Viñales and
the iron meteorite Gibeon and intimate mixtures of Chelyabinsk and shock-
darkened (SD) material from (Reddy et al. 2014) are also shown. Arrows
indicate the direction in which the grain size or the content of metal and shock
darkening increases. The first data point for the mixture of Viñales and Gibeon
(lower right corner) corresponds to a mixture of 40 wt% Gibeon and 60 wt%
Viñales. The following data points represent increments of 20 wt% Gibeon.
The space-weathering vector from Binzel et al. (2019) is also indicated.
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included 59 objects with a mean diameter of 87 m. Thermal
modeling was used to derive the albedo and diameter of those
asteroids whose spectra showed a thermal excess at wave-
lengths >2 �m. A compositional analysis was performed and
possible meteorite analogs were identified for most of the
NEOs in our sample. For the S-, Sq-, and Q-types, we
estimated the degree of space weathering experienced by the
objects and investigated the effect of grain size on the space-
weathering parameter � �.

Our research revealed the existence of NEOs with spectral
characteristics and compositions consistent with ordinary
chondrites but whose weak absorption bands could lead to an
ambiguous classification in the C- or X-complex. For these
objects, we defined a new subclass within the S-complex called
Sx-types. The source regions of all the NEOs in our sample
were also determined. Rotational periods and lightcurve
amplitudes were obtained from the photometric data, and this
information was used to derive the axis ratios of the observed
NEOs. Overall, most of our results are consistent with previous
studies and can be summarized as follows.

1. The observed NEOs are dominated by S-complex
asteroids, which comprise ∼66% of the sample. Objects
classified as C/ X-complex represent ∼17% of the
sample, and the other ∼17% is less common taxonomic
types. The proportion of taxonomic types found in this
study is similar to previous work that included kilometer-
sized objects.

2. For asteroids in the S-complex, we found that 8% were
classified as H-, 31% as L-, and 61% as LL-chondrites.
These results agree with previous studies that showed that

LL-chondrites are dominant among NEOs with ordinary-
chondrite-like compositions.

3. We confirmed that Q-type asteroids could have weathered
surfaces and their spectral characteristics could result from
the presence of large grains on the surface. However, for
this mechanism to be effective, those grains cannot exceed
the size at which absorption band saturation occurs. For
asteroids with an LL-chondrite-like composition, this size
limit is ∼400 �m.

4. We found that some NEOs with ordinary-chondrite-like
composition (the Sx-types) could be hidden within the C-
or X-complex as the result of their weak absorption
bands. Our analysis showed that the presence of metal or
shock darkening could be responsible for the attenuation
of the absorption bands.

5. The dynamical modeling showed that 83% of the NEOs
escaped from the �6 resonance, 16% from the 3:1, and
just 1% from the 5:2. The small fraction of NEOs coming
from the 3:1 and 5:2 resonances and the lack of objects
from the Phocaea region could explain the relatively low
number of H-chondrites in our sample.

6. Full lightcurves were derived for 17 NEOs (∼29% of our
sample) and partial lightcurves for 19 NEOs (∼32% of
our sample). Flat lightcurves were obtained for 14
asteroids, which represents ∼24% of the sample, whereas
nine NEOs were classified as tumblers (∼15%).

7. No clear trend between the axis ratio and the absolute
magnitude or rotational period was found. Similarly, no
correlation was observed between the taxonomic type and
the rotational properties of the NEOs.
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Appendix

NIR spectra obtained with the SpeX instrument on the IRTF
are reported in Figures 23–27. Lightcurves discussed in
Section 3.2 are shown in Figures 28–43.

Figure 22. Amplitude vs. spin rate for the NEOs included in the photometric
study. Taxonomic types are indicated with different colors. Objects whose
amplitudes and spin rates were determined in this study (or previous work) are
depicted with circles. Objects for which only a lower limit for the amplitude
and spin rate was calculated are depicted with triangles. The curves represent
the critical spin rate for bulk densities (�) of 1.0, 2.0, and 3.0 g cm−3. Figure
adapted from Pravec & Harris (2000).
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Figure 23. NIR spectra of NEOs included in the spectroscopic study.
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Figure 24. NIR spectra of NEOs included in the spectroscopic study.
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Figure 25. NIR spectra of NEOs included in the spectroscopic study.
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Figure 26. NIR spectra of NEOs included in the spectroscopic study.
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Figure 27. NIR spectra of NEOs included in the spectroscopic study.
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Figure 28. Full lightcurves of NEOs included in the photometric study. The highest peak of the Lomb periodogram is the single-peaked rotational period with the
highest confidence level. The 99.9% confidence level is indicated with a solid line, while the confidence level at 99% is the dotted line, and the dashed line
corresponds to a confidence level of 90%. On the right, the lightcurves corresponding to the highest confidence level peak are plotted. The lightcurves have been fitted
with a Fourier series fit (black curves).
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Figure 29. Full lightcurves of NEOs included in the photometric study. The highest peak of the Lomb periodogram is the single-peaked rotational period with the
highest confidence level. The 99.9% confidence level is indicated with a solid line, while the confidence level at 99% is the dotted line, and the dashed line
corresponds to a confidence level of 90%. On the right, the lightcurves corresponding to the highest confidence level peak are plotted. The lightcurves have been fitted
with a Fourier series fit (black curves).
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Figure 30. Full lightcurves of NEOs included in the photometric study. The highest peak of the Lomb periodogram is the single-peaked rotational period with the
highest confidence level. The 99.9% confidence level is indicated with a solid line, while the confidence level at 99% is the dotted line, and the dashed line
corresponds to a confidence level of 90%. On the right, the lightcurves corresponding to the highest confidence level peak are plotted. The lightcurves have been fitted
with a Fourier series fit (black curves).
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Figure 31. Full lightcurves of NEOs included in the photometric study. The highest peak of the Lomb periodogram is the single-peaked rotational period with the
highest confidence level. The 99.9% confidence level is indicated with a solid line, while the confidence level at 99% is the dotted line, and the dashed line
corresponds to a confidence level of 90%. On the right, the lightcurves corresponding to the highest confidence level peak are plotted. The lightcurves have been fitted
with a Fourier series fit (black curves).
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Figure 32. Full lightcurves of NEOs included in the photometric study. The highest peak of the Lomb periodogram is the single-peaked rotational period with the
highest confidence level. The 99.9% confidence level is indicated with a solid line, while the confidence level at 99% is the dotted line, and the dashed line
corresponds to a confidence level of 90%. On the right, the lightcurves corresponding to the highest confidence level peak are plotted. The lightcurves have been fitted
with a Fourier series fit (black curves).
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Figure 33. Full lightcurves of NEOs included in the photometric study. The highest peak of the Lomb periodogram is the single-peaked rotational period with the
highest confidence level. The 99.9% confidence level is indicated with a solid line, while the confidence level at 99% is the dotted line, and the dashed line
corresponds to a confidence level of 90%. On the right, the lightcurves corresponding to the highest confidence level peak are plotted. The lightcurves have been fitted
with a Fourier series fit (black curves).
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Figure 34. Partial lightcurves of NEOs included in the photometric study.
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Figure 35. Partial lightcurves of NEOs included in the photometric study.
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Figure 36. Partial lightcurves of NEOs included in the photometric study.
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Figure 37. Partial lightcurves of NEOs included in the photometric study.

Figure 38. Flat lightcurves of NEOs included in the photometric study.
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Figure 39. Flat lightcurves of NEOs included in the photometric study.
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Figure 40. Flat lightcurves of NEOs included in the photometric study.
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