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ABSTRACT
We conducted optical polarimetry and near-infrared spectroscopy of JAXA’sHayabusa2#mission target, (98943) 2001 CC21, in
early 2023. Our new observations indicated that this asteroid has a polarimetric inversion angle of ∼21◦, absorption bands around
0.9 and 1.9 𝜇m, and a geometric albedo of 0.285±0.083. All these features are consistent with those of S-type but inconsistent
with L-type. Based on this evidence, we conclude that JAXA’s Hayabusa2# spacecraft will explore an S-type asteroid with
albedo and size (0.42–0.56 km when we assume the absolute magnitude of 18.6) similar to (25143) Itokawa.

Key words: minor planets, asteroids: individual: (98943) 2001 CC21 — techniques: polarimetric — techniques: spectroscopic

1 INTRODUCTION

(98943) 2001 CC21 (hereafter CC21) is the target of the Hayabusa2
extended mission (the nickname is Hayabusa2#) operated by the
Japan Aerospace Exploration Agency (JAXA). After a successful
sample return from (162173) Ryugu in 2020, Hayabusa2 spacecraft
plans to explore its next targets, CC21 in July 2026 and 1998 KY26
in July 2031.
CC21 has a rotation period of 5 hours (Hirabayashi et al. 2021).

However, little is known about CC21. Initially, Binzel et al. (2004)
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reported that CC21 is classified as L-type. On the contrary, Lazzarin
et al. (2005) and DeMeo et al. (2009) pointed out the possibility
of an S-complex asteroid (either Sk- or Sw-type). Therefore, the
taxonomic type of this space mission target still needs to be examined
more thoroughly. In addition, it should be emphasized that CC21’s
albedo has yet to be determined. Knowing albedo is critical for setting
appropriate exposure times during the Hayabusa2#’s fast flyby and
estimating the size.
We present our new observational evidence for the taxonomic type

and the geometric albedo of this asteroid, taking advantage of the
observation opportunity in 2023 January–March. We conducted op-
tical polarimetry in a wide range of phase angles (𝛼 = 21.7◦–99.9◦),
which allows for estimating the taxonomic classification and the
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geometric albedo. Moreover, we conducted the near-infrared (NIR,
0.7–2.4 𝜇m) spectroscopy at an intermediate phase angle (𝛼 ∼ 32◦).
We describe our observations and data reduction in Section 2 and
the results in section 3. Based on the results, we discuss our results
in section 4.

2 OBSERVATIONS AND DATA ANALYSIS

2.1 Optical Polarimetry

The observation circumstances are summarized in Table 1. We ob-
tained the polarimetric data of CC21 by using three instruments: the
FAPOL polarimeter of the Alhambra faint object spectrograph and
camera (ALFOSC) on the 2.56-m Nordic Optical Telescope at the
Observatorio del Roque de los Muchachos, the Hiroshima optical
and near-infrared camera (HONIR; Akitaya et al. 2014) on the 1.5-m
Kanata Telescope at the Higashi-Hiroshima observatory and the vis-
ible multi-spectral imager (MSI; Watanabe et al. 2012) on the 1.6-m
Pirka Telescope at the Nayoro Observatory of Hokkaido University.
We employed 𝑉- and 𝑅-band. All instruments are composed of a ro-
tatable half-wave plate (HWP) and mounted in the Cassegrain focus
of each telescope. HONIR and MSI equip a Wollaston prism, and
ALFOSC employs a calcite plate mounted in the aperture wheel. To
obtain sets of the Stokes parameters, we rotated the HWP in the order
of 0 ◦, 45 ◦, 22.5 ◦ and 67.5 ◦ for HONIR and MSI and from 0 ◦ to
337.5 ◦ at 22.5 ◦ interval for ALFOSC.
The polarimetric data were analyzed in the same manner as de-

scribed in Ishiguro et al. (2022) forMSI data and inGeemet al. (2022)
for ALFOSC and HONIR data. We observed unpolarized standard
stars to obtain the instrumental polarization parameters (𝑞inst and
𝑢inst) and strongly polarized stars to determine the position angle
offset (𝜃off ≡ 𝜃cat − 𝜃obs). Here, 𝜃cat and 𝜃obs are the position angle
of a star from a catalog and an observation, respectively. We summa-
rize the instrument calibration parameters in Table 2 and the derived
polarimetric degrees in Table 1. In Table 1, the polarization degree
with respect to the scattering plane (𝑃r) is given, as is conventionally
driven for asteroid polarimetry. We fit the polarization phase curve
(PPC) by using the Lumme–Muinonen function (L/M, Lumme &
Muinonen 1993) and the linear function by employing the Markov
chain Monte Carlo method implemented in PyMC3 (Salvatier et al.
2016). 10,000 samples per chain with four chains are adopted. We
used the same boundary conditions to derive the uncertainties of the
optimal parameters written in Geem et al. (2022). The initial guesses
of each parameter are (ℎ, 𝛼0, 𝑐1, 𝑐2) = (0.07 percent cent deg−1, 20◦,
0.1, 0.001). Beyond the 𝛼0, it is known that 𝑃r of intermediate or
high-albedo asteroids, such as S-complex asteroids, pseudo-linearly
increases with increasing 𝛼 up to the maximum phase angle (Cellino
et al. 2005). Thus, we applied the linear function to derive ℎ and
𝛼0 by using the data at 𝛼 < 80◦. The best-fitting results and their
uncertainties obtained with the two different fitting functions agree
with each other. The results obtained using L/M cover those obtained
by the linear fitting. Therefore, we discuss only the results derived
from L/M hereafter.

2.2 Near-infrared Spectroscopy

The NIR spectral data (0.7–2.4 𝜇m)were obtained during two nights,
2023 February 5–6 UT, using the SpeX instrument at the Mauna
Kea Observatory 3.2-m NASA Infrared Telescope Facility (IRTF).
We used the 0.8 arcsec width slit aligned with the parallactic angle
(Binzel et al. 2019). We obtained 86 individual asteroidal spectral
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Figure 1. Phase angle (𝛼) dependence of polarization degree (𝑃r). Data
taken by HONIR, MSI, and FAPOL are shown by the triangle, square, and
diamond markers, respectively. The filled and empty markers indicate𝑉 - and
𝑅-bands. The solid and dash lines are curves that fit data in 𝑉 - and 𝑅-bands,
respectively, by using the L/M function. The dotted line is the PPC of 1999
JD6.

images with an integration time of 120s each. The observational cir-
cumstances are summarized in Table 3. The standard star of SAO
42382 (G2V) was observed, which is closely located from the aster-
oid (the airmass difference<0.1). We used Spextool, an IDL-based
spectral reduction program 1 for data reduction (i.e., flat-fielding, sky
subtraction, spectrum extraction, and wavelength calibration.).

3 RESULTS

Figure 1 indicates the nightly-averaged PPC. Similar to other aster-
oids, it shows an upward trend in the observed phase angles, having
an inversion angle (𝛼0) of around 20 ◦ and a maximum polariza-
tion phase (𝛼max) of around 100 ◦. Table 4 summarizes these key
parameters in PPC. For comparison, we plot the typical PPC of the
S-type and L-type in low phase angles (Belskaya et al. 2017).We also
compare CC21 with S-type asteroids: (1566) Icarus (Ishiguro et al.
2017), (4179) Toutatis (Ishiguro et al. 1997), and (25143) Itokawa
(Cellino et al. 2005), in 𝑉-band and with an L-type asteroid (85989)
1999 JD6 in𝑉- and 𝑅- bands (Kuroda et al. 2021). A glance at Figure
1 finds that CC21 is closer to these S-type than to the L-type.
It is known that the polarimetric slope ℎ is a good proxy for 𝑝V. The

relation between ℎ and 𝑝V is given by log10 (𝑝V) = 𝐶1 log10 (ℎ)+𝐶2,
where 𝐶1 and 𝐶2 are constants (Geake & Dollfus 1986). We derived
the 𝑝V by substituting ℎ = 0.07 ± 0.02 per cent deg−1 in 𝑉-band and
obtained 𝑝V = 0.285±0.083 and 𝑝V = 0.284±0.076 using𝐶1 and𝐶2
values in Lupishko (2018) and Cellino et al. (2015) (for 𝑝V > 0.08),
respectively. Although these two albedo estimates are very close, we
will henceforth use the former value (𝑝V = 0.285 ± 0.083), which
has the larger error, for safety.
We created 𝛼0–ℎ plot to discriminate the polarization properties

of L-, S-, and other types of asteroids using databases in Kuroda

1 http://irtfweb.ifa.hawaii.edu/research/dr_resources/
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Table 1. Summary of Polarimetry

Date in UT𝑎 Inst𝑏 Filter Exp𝑐 N𝑑 𝑟𝑒 Δ 𝑓 𝜙𝑔 𝛼ℎ 𝑃𝑖 𝜎 𝑃 𝑗 𝜃𝑘
𝑃

𝜎 𝜃𝑙
𝑃

𝑃r
𝑚 𝜃r

𝑛

(s) (au) (au) (◦) (◦) (%) (%) (◦) (◦) (%) (◦)
Jan 24 18:35–18:49 HONI𝑅 𝑅 60 12 1.14 0.17 213.0 21.7 0.38 0.30 83.7 22.1 0.18 -31.3
Jan 25 17:40–18:00 HONI𝑅 𝑅 60 16 1.14 0.17 208.5 22.1 0.00 0.19 31.7 52.0 -0.00 45.2
Jan 29 14:35–15:14 MSI 𝑅 120 20 1.13 0.16 191.2 24.5 0.31 0.19 -85.0 17.3 0.30 -8.1
Jan 29 15:34–16:45 MSI V 150 20 1.13 0.16 190.9 24.5 0.45 0.25 -89.8 16.2 0.37 -16.7
Feb 03 23:01–23:10 FAPOL 𝑉 120 8 1.11 0.15 170.3 30.4 1.25 1.15 54.4 26.3 0.75 -26.6
Feb 09 13:39–16:18 MSI 𝑅 120 16 1.09 0.14 151.5 38.6 1.22 0.53 63.5 12.4 1.19 -6.8
Feb 09 16:32–16:50 MSI V 180 8 1.09 0.14 151.3 38.7 1.62 0.73 73.5 12.9 1.62 -2.8
Feb 11 23:30–23:47 FAPOL 𝑉 120 12 1.09 0.14 144.3 42.4 1.89 0.43 49.8 6.4 1.87 -4.5
Feb 15 13:05–13:28 MSI 𝑅 90 8 1.07 0.14 133.4 48.4 2.09 0.50 45.8 6.9 2.06 -5.2
Feb 15 13:55–14:29 MSI V 120,240 12,4 1.07 0.14 133.3 48.5 2.92 0.56 35.9 5.5 2.85 6.0
Feb 17 12:03–14:52 MSI 𝑅 90,120 32,24 1.07 0.14 127.4 51.9 2.53 0.12 38.0 1.4 2.53 0.9
Feb 17 13:06–16:08 MSI V 90,120,150 4,24,24 1.07 0.14 127.2 52.0 2.76 0.17 36.9 1.8 2.75 -1.8
Feb 26 20:42–20:59 FAPOL 𝑉 120 12 1.03 0.13 100.1 68.0 4.13 0.19 8.8 1.3 4.13 -1.3
Feb 26 16:40–16:53 MSI 𝑅 180 8 1.03 0.13 100.5 67.7 3.28 1.18 5.5 10.3 3.24 -4.7
Feb 26 18:28–19:28 MSI V 240 12 1.03 0.13 100.3 67.9 4.61 1.16 22.4 7.2 4.60 -0.9
Mar 04 14:15–15:20 MSI 𝑅 180 16 1.01 0.13 84.6 78.0 4.66 0.88 8.4 5.4 4.64 -2.5
Mar 04 11:56–13:48 MSI V 180 20 1.01 0.13 84.9 77.8 5.51 1.33 -6.5 6.9 5.50 1.7
Mar 05 20:35–20:43 FAPOL 𝑉 120 16 1.01 0.13 81.5 80.2 5.69 0.39 -7.7 2.0 5.69 0.8
Mar 13 21:07–21:07 FAPOL 𝑉 120 4 0.98 0.13 62.6 94.4 6.02 0.48 -27.8 2.3 6.01 -0.5
Mar 16 20:24–20:41 FAPOL 𝑉 120 12 0.96 0.13 56.1 99.9 6.33 0.63 -33.5 2.9 6.22 -5.4
𝑎 UT at exposure start,𝑏 Instrument, 𝑐Exposure time, 𝑑 Number of valid images, 𝑒 Median heliocentric distance, 𝑓 Median geocentric
distance, 𝑔 Position angle of the scattering plane, ℎ Median solar phase angle, 𝑖 Nightly averaged polarization degree, 𝑗 Uncertainty of 𝑃, 𝑘 Position
angle of the strongest electric vector, 𝑙 Uncertainty of 𝜃P, 𝑚 Polarization degree referring to the scattering plane, 𝑛 Position angle referring to the scattering
plane.
The web-based JPL Horizon system (http://ssd.jpl.nasa.gov/?horizons) was used to obtain 𝑟 , Δ, 𝜙, and 𝛼 in the table.

Table 2. Calibration Parameters of Polarimetry

Inst Filter 𝑃𝑎
eff 𝑞inst 𝑢inst 𝜃off UP𝑏 SP𝑐 Ref𝑑

(%) (%) (%) (◦)
HONIR 𝑅 97.58 0.010 ± 0.050 −0.008 ± 0.037 38.00 ± 0.83 G191B2B HD 29333, HD 251204 (1),(2)
ALFOSC 𝑉 100 (assumed) 0.012 ± 0.065 −0.054 ± 0.055 −87.78 ± 0.10 HD 42182, HD 65629 BD+59 389 (3)
MSI 𝑉 99.59 ± 0.02 0.785 ± 0.020 1.077 ± 0.019 −20.61 ± 0.26 HD 15318 HD 7927 (4)

𝑅 99.55 ± 0.01 0.584 ± 0.011 0.751 ± 0.011 −17.09 ± 0.52 HD 15318 HD 7927 (4)
𝑎 the polarization efficiency,𝑏 Unpolarized standard stars, 𝑐 Strongly polarized standard stars, 𝑑 the references of standard stars
(1) Turnshek et al. (1990), (2)Whittet et al. (1992), (3)Schmidt et al. (1992), (4)Wolff et al. (1996)

Table 3. Observation Circumstance of Spectroscopy

Date in UT𝑎 Exp 𝛼𝑏 Airmass N𝑐 Solar Analog
(s) (◦)

Feb 05 09:48–12:39 120 32.3 1.18–1.41 38 SAO 42382
Feb 06 06:08–09:38 120 33.7 1.20–1.69 48 SAO 42382
𝑎 UT at exposure start, 𝑏solar phase angle, 𝑐 number of valid images

Table 4. PPC Fitting Result

Filter slope ℎ 𝛼0 𝑃max 𝛼max
(% deg−1) (◦) (%) (◦)

𝑉 0.07+0.02−0.02 20.7+3.3−2.6 6.7+1.0−0.6 114.5+5.4−12.2
𝑅 0.06+0.01−0.02 21.2+2.2−2.2 4.3+3.5−1.2 88.4+31.5−8.4

et al. (2021) and Lupishko (2022) (Figure 2). Because ℎ and 𝑝V
are inversely correlated, asteroids with lower 𝑝V are typically found
higher up in the plot. L-type asteroids are known to have distinctively
larger 𝛼0 than other asteroids. From this comparison, 𝛼0–ℎ of CC21
matches those of S-types rather than L-types.
The NIR spectra obtained over the two nights are consistent with

each other. No rotational variation of the target spectra is found
during the observations. For this reason, we combined all spectral
data from two nights. Figure 3 shows the resultant spectrum. The plot

compares CC21’s reflectance spectrum with typical S- and L-type
asteroids from DeMeo et al. (2009). Our CC21 spectrum indicates
not only the clear absorption around 0.9 𝜇m but also the shallow
absorption around 1.9 𝜇m associated with pyroxene. The continuum
in the visible range at 0.75 𝜇m is confirmed. These features are
characteristic of S-type asteroids and are not found in L-type.

4 DISCUSSION

In the previous studies, CC21 was classified in either L- or S-type
(Binzel et al. 2004; Lazzarin et al. 2005; DeMeo et al. 2009). Our ob-
servations indicates S-type features and rules out L-type possibility.
Although empirical, L-type asteroids are known to have distinctive
𝛼0 values compared to other asteroids. The 𝛼0 value in this study is
predominantly different from that of L-type asteroids but is consistent
with S-type asteroids. Another important aspect of our polarimetry
is that the geometric albedo was determined. The derived CC21’s
albedo (𝑝V = 0.285 ± 0.083) is in the range of S-type asteroids
(𝑝V = 0.258 ± 0.087, DeMeo & Carry 2013) but is slightly higher
than the average L-type asteroids (𝑝V = 0.183 ± 0.089, DeMeo &
Carry 2013). We also emphasize that our NIR spectrum with a good
S/N provides definitive evidence for the taxonomic type. Our NIR
spectrum agrees with the previous CC21’s NIR spectra (Lazzarin
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et al. 2005; DeMeo et al. 2009) within observational uncertainty
(Marsset et al. 2020) (Figure 3). The 0.9 and 1.9 𝜇m absorption
features (typical of S-type) are detected. Using an online-based clas-
sification tool2, CC21 is further subcategorized into Sq or Q-type.
These taxonomic types (less weathered ordinary chondritic asteroids)
are common in the near-Earth region. Given all these observational
results, we conclude that CC21 is an S-type rather than L-type. We

2 http://smass.mit.edu/cgi-bin/busdemeoclass-cgi

expect that a discussion of the scientific case of Hayabusa2# will be
conducted with the S-type in consideration.
The second significant point of our study is to determine the

albedo. Because Hayabusa2# will conduct a fast flyby with CC21,
the exposure times should be pre-determined based on the geometric
albedo and scattering phase function. The geometric albedo of an
S-type asteroid, (25143) Itokawa, was estimated by polarimetry be-
fore the launch (Cellino et al. 2005). Notably, the geometric albedo
estimated by the polarization method matches the actual value de-
rived by the in-situ observation (Lee & Ishiguro 2018; Tatsumi et al.
2018). Considering that CC21 is an S-type asteroid, our albedo value
obtained by the same method as Cellino et al. (2005) is also quite
reliable. Our albedo estimate is higher than the assumed value in
Hirabayashi et al. (2021) (𝑝V = 0.15). Although we need to refer to
the absolute magnitude 𝐻V =18.6 from the literature (Binzel et al.
2004), the effective diameter of CC21 estimated from our albedo
would be 0.42–0.56 km. Note that the size becomes smaller than the
value in the previous research Hirabayashi et al. (2021).
Polarimetry at large phase angles is also useful for estimating

particle size on the asteroid’s surface. It is known that the 𝑃max is
correlated with the 𝑝V and the grain size. Their relationship is given
by 𝑑 = 0.03 exp 2.9(log (102𝐴) + 0.845 log (10𝑃max)), where 𝑑 is
the grain size in 𝜇m and 𝐴 is an albedo at 𝛼 = 5◦ (Shkuratov &
Opanasenko 1992). We calculate CC21’s 𝐴 =0.198 ± 0.058 by con-
sidering the intensity ratio of 𝐼 (0.◦3)/𝐼 (5◦) = 1.44± 0.04 for typical
S-type asteroids (Belskaya & Shevchenko 2000). As a result, CC21
would be covered by grain with the size of 100–130 𝜇m, like (1566)
Icarus, another near-Earth S-type asteroid whose size is similar to
CC21 (. 1 km).

5 SUMMARY

We conducted optical polarimetric and near-infrared spectroscopic
observations of 2001 CC21 in early 2023. The inversion angle (𝛼0 ∼
21◦) and geometric albedo (𝑝V ∼ 0.3) are consistent with those of
S-types but significantly different from those of L-types. The near-
infrared spectrum of the target shows clear absorption bands around
0.9 and 1.9 𝜇m, which are the typical spectral features of S-type
asteroids. Based on the results, we conclude that 2001 CC21 is a
near-Earth S-type asteroid with an albedo of 𝑝V = 0.285±0.083 and
a size of 0.42–0.56 km.
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DATA AVAILABILITY

The observational data are available in Zenodo3. The source codes
and scripts for the data analyses, plots, and resultant data tables are
available via the GitHub service4.
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