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フライバイミッション関連

• DESTINY+ 
Apophis(2029), Phaethon(2030) , 2002SY50(未定), 2024YR4(未定)

•はやぶさ２＃
Torifune(2026年7⽉), 1998KY26(2031年7⽉ランデブー)

• Lucy
Dinkinesh (Nov 1, 2023), Donaldjohanson (April 20, 2025), Eurybates
(August 11, 2027), Polymele (September 15, 2027), Leucus (April 18, 
2028), Orus (November 11, 2028), Patroclus & Menoetius (March 3, 
2033)

※ ( )の中はフライバイ(予定)の年

Ø フライバイを成功させるために正確な軌道を決める必要がある。
Ø フライバイという短時間での観測から最⼤限の科学成果を引き出すための観測計画

を⽴てるため、ターゲットの⼤きさや反射率は前もって知っておきたい。



衛星や⼤気、リングを持つ(可能性のある)⼩天体

•衛星を持つ⼩天体 https://www.johnstonsarchive.net/astro/asteroidmoons.html

• Gaiamoon https://doi.org/10.1051/0004-6361/202349122
•コンタクトバイナリ(候補も含む)150個

近地球⼩惑星89個、⽕星軌道交差⼩惑星1個、メインベルト⼩惑星20個、⼩惑星の衛星1個、⽊
星トロヤ2個、⼟星衛星4個、太陽系外縁天体25個、彗星8個（これらのうち確認されているものは76個、
画像やレーダーで同定されたものは信頼性が⾼く、光度曲線やその他の⽅法で同定されたものは未確認）

•リングを持つ⼩天体
(2060) Chiron, (10199) Chariklo, (50000) Quaoar, (136108) Haumea, (136472) Makemake

•⼤気を持つ⼩天体
冥王星

Ø 衛星や⼤気、リングを持つ⼩惑星や太陽系外縁天体が⾒つかっているが、未確認の天体も多い。
Ø ⼩天体のグループごとに主星と衛星の質量⽐とか、主星-衛星間の距離に特徴がある。
Ø 未確認の衛星や⼤気、リングを確認するために掩蔽観測は有効。
Ø 衛星の軌道を推定するには何度か観測を繰り返す必要がある。

https://www.johnstonsarchive.net/astro/contactbi
nast.html

https://www.johnstonsarchive.net/astro/astmoons/am-10199.html
https://www.johnstonsarchive.net/astro/astmoons/am-50000.html
https://www.johnstonsarchive.net/astro/astmoons/am-136108.html
https://www.johnstonsarchive.net/astro/astmoons/am-136472.html


Apophis
測光観測

分光観測

熱⾚外観測 レーダー観測

Brozović et al. "Goldstone 
and Arecibo radar 

observations of (99942) 
Apophis in 2012–2013", 
Icarus Volume 300, 15 

January 2018, Pages 115-
128

ゴールド
ストーン
で2021
年3⽉3
⽇~11⽇
に観測

サイズ
約240m 
✖ 460m 
(±20%)

NEOWISEが
2020年12⽉18、
19⽇、2021年3
⽉31⽇、4⽉1⽇
に観測
可視光での観測
と合わせて導き
出したアルベド
0.44±0.19
有効直径
300±75m

カラー
B‒V=0.818 ± 0.015
V‒R=0.521±0.003
V‒I=0.693±0.013
典型的なS型⼩惑星の⾊

スペクトル
Sq型に近い

observations in which Goldstone transmitted and the 100 m
Green Bank Telescope received. The bistatic configuration
doubles the integration time relative to monostatic observations
and, combined with the larger aperture of Green Bank,
increases the S/N by a factor of about 2. Due to the asteroid’s
distance of ∼0.11 au and its small diameter of ∼0.34 km,
Apophis was a weak radar target at Goldstone in 2021, and the
S/N increase provided by a reception at Green Bank was
crucial to obtain delay-Doppler images.

Observations had also been planned at Arecibo starting in
mid-March when Apophis moved north into Arecibo’s decl.
window but were not possible following the collapse of the
telescope in 2020 December. The radar observations discussed
here emphasize the large-scale properties of Apophis and are
tailored for the 2021 Apophis planetary defense exercise.
Considerably more detailed analysis, 3D shape modeling, and
spin-state estimation will appear in a future paper.

The first goal of the observations was to detect echoes and to
estimate radar astrometry. We began with monostatic contin-
uous-wave (CW) observations on March 3, which provided a
detection with a Doppler correction of 0 Hz that was provided
to the Astrometry Working Group (see Section 1) to include in
the orbital solution. This Doppler measurement did not change
JPL/Horizons orbital solution 202, which we used during the
observations and which incorporated astrometry dating back to
2004. However, for the purposes of the Apophis exercise,
which used astrometry obtained only since late 2020, the

measurement was useful in constraining the orbit. On March 5,
we obtained a time delay (range) correction of +3.5± 1.0 μs
(525± 150 m) to JPL/Horizons solution 202; this correction is
only slightly larger than the asteroid and significantly less than
the 1σ time delay uncertainty of 17 μs (2.55 km). Although a
small correction to the ephemeris, this measurement (combined
with the full astrometric data set dating back to 2004) improved
the orbit sufficiently to rule out any remaining chance of an
Earth impact in 2068.
The Doppler broadening or bandwidth of an echo is given by

( ) ( )p d l=B D P4 cos ,

where δ is the subradar latitude, λ is the wavelength of the
observations, and P is the rotation period. For a sphere, D is the
diameter, but for an irregularly shaped asteroid, D is the pole-
on breadth on the plane of the sky at the time of the
observations. For an elongated asteroid, the bandwidth can
vary considerably as the asteroid rotates. If an estimate of
the rotation period is available, then measurements of the
bandwidth place lower bounds on the pole-on breadth if
the pole direction is unknown and direct estimates on the
dimensions if the pole is available.
The initial bandwidth of ∼1 Hz on March 3 (Figure 5) was

broadly consistent with expectations given the 30.55 hr period
estimated from the photometry during the 2020–2021 cam-
paign (see Section 5) and with the preliminary diameter of
300± 75 m (See Section 3.1) estimated from thermal infrared

Figure 4. (A) The visible and near-IR reflectance spectrum of Apophis compared to spectra of average S-, C-, X-complex asteroids. Apophis’ spectrum resembles S
types rather than C or X types. (B) Comparison of Apophis’ spectrum to S-complex taxonomic classes. The Apophis spectrum is similar to Sq types, indicating an
affinity to LL-chondrite meteorites.
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位相曲線から絶対等級は19.20±0.28等
ライトカーブから⾃転周期 30.55時間、
振幅 0.77±0.09等
⾃転は遅く、細⻑い天体

Figure 3. (A) Photometric reduced magnitude with the observer-to-object distance dependence on the brightness removed. The H-G model fit is shown, with the
derived G and HV values shown in the top-right corner. (B) The Lomb–Scargle periodogram of the combined filter data. The arrow shows the strongest periodogram
peak with the lightcurve period (i.e., half the rotation period) and the rotation period labeled. The rotation period of P = 30.55 ± 0.12 hr matches the strongest
lightcurve amplitude for the second harmonic of the period. (C) The combined photometric data folded with the best period solution and with a Fourier series fit shown
as a solid burgundy line. The burgundy triangles show the minimum and maximum values of the fit and are used to determine the lightcurve amplitude displayed in the
top-left corner of the panel.
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過去のApophisの掩蔽観測



Apophisの掩蔽観測チャンス(2029年2⽉まで)
https://fumi-yoshida.wixsite.com/occultation-

ws/apophis-occult



Torifune
平均直径 465±15 m
⾃転周期 5.02124±0.00001 h
反射率 0.216±0.016
スペクトルタイプ S

フライバイ：2026年7⽉
相対速度： 5.3km/s
最接近距離： 〜数km

フライバイでは限られた観測条件下だが、⼩
惑星のスペクトルタイプ、形状、形態的特徴
を明らかにしようとする。
光学航法カメラ望遠鏡（ONC-T）、熱⾚外
線イメージャ（TIR）、近⾚外線分光計
（NIRS3）、レーザー⾼度計（LIDAR）など
で観測。

掩蔽観測で検出できたのは2023年3⽉5⽇に⼀度だけ

https://www.hou.usra.edu/meetings/lpsc2025/pdf/1360.pdf



Dinkinesh (Nov 1, 2023) Donaldjohanson (April 20, 2025)

潮汐ロック状態

最接近後にLucyが捉
えたDinkineshと
Selamの画像により、
Selamはコンタクト
バイナリーであるこ
とがわかった。

Dinkineshの直径は
約790m、 Selam は
約220m

最接近距離： 425km
相対速度： 4.5km/s

https://lucy.swri.edu/
Dinkinesh.html

最接近距離： 960 km
相対速度： 13.4 km/s

Size:約 8 x 3.5 km

https://lucy.swri.edu/Donaldjohanson.html

メインベルト⼩惑星

メインベルト⼩惑星

https://astro-dic.jp/tidal-lock/


https://lucy.swri.edu
/occ/predictions/202

70315Leucus/

(11351) Leucus 
L4 Trojan 
フライバイ：
April 18, 2028

Size:約34 km, 
スペクトルタイ
プ: D



衛星を持つ⼩天体
https://www.johnstonsarchive.net/astro/asteroidmoons.html#1

※( )の中の数は衛星
の数を⾜したもの、
衛星を２つ以上持つ
系もある

発⾒⽅法：地上観測からAO、ハッブル望遠鏡や探査機、レーダー、ライトカーブ、掩蔽など
（掩蔽観測による発⾒は全体の約4％ほど）

衛星の軌道を精度良
く求めるには、衛星
が確認されている天
体でも、繰り返し衛
星の位置を求める必
要がある。

リストはここ→



update June 13, 2025 Edited by Hayato Watanabe

C No, Name Y Discovery Date Site
Area

Main 
body 
point

Satellite 
point

Main
Body
Dia

Satellite
Dia Souce MPB Asteroids with 

Satellites
Observer

Notes

18 (33956) 2000 NN3 18 May 2, 2025 NA 1 1 6.8km 2.8km CBET 5562 - T.Swift
16 (31736) 1999 JR73 17 April 22, 2025 ES 1 1 5.98kmx2.55km 1.5km CBET 5552 SummaryData D.Smith
15 (148358) 2000 SY18 16 March 11, 2025 NA 1 1 1.8km 0.9km CBET 5544 SummaryData P.Stuart

(9203) Myrtus 15 February 22, 2025 EA 2 1 18.6kmx8.2km 6.0km K.Katazaki
January 1, 2025 NA 3 1 4.0km 1.5km K.Getrost

December 22, 2024 NA 1 1 4.0km 1.5km V.Sempronio
February 24, 2025 NA 3 1 5.8kmx3.5km 5.0kmx3.0km B.Huynh&R.Nolthenius 

November 17, 2024 NA 1 1 4.1km 3.6km R.Nolthenius
17 (134421) 1998 QT2 12 October 12, 2024 NA 2 1 9.0kmx5.3km 1.0km CBET 5556 SummaryData S.Conard

11 (6326) Idamiyoshi 11 August 21, 2024 EA 2 2 6.86km(7.7km,
8.7kmx6.1km) 1.3km CBET 5512 V52-3

2025  SummaryData H.Yamamura&
H.Watanabe

12 (127418) 2002 NB19 10 August 17, 2024 TTOA 1 1 5.34km 1.7km CBET 5521 SummaryData S.Kerr
13 (61784) 2000 QL178 9 April 29, 2024 NA 1 1 5.2kmx4.0km 1.8kmx1.6km CBET 5522 SummaryData N.Carlson
7 (5232) Jordaens 8 February 1, 2024 NA 1 2 10.0km 8.2km CBET 5382 SummaryData M.Simpson&G.Schmidt
8 (100624) 1997 TR28(Trojan) 7 January 23, 2024 EA 1 2 16.0km 4.0km CBET 5388 SummaryData Y.Ishida&M.Ikari
6 (10424) Gaillard 6 January 14, 2024 NA 1 1 4.3kmx3.0km 2.6kmx1.8km CBET 5370 SummaryData J.Gout

September 10, 2024 NA 1 0 21.1km - -
August 31, 2024 USA 1 0 21.2km - -

September 20, 2023 ES(Greece) 1 1 21.1km 2.8km Dramonis
September 4, 2023 ES(Czech) 3 1 24.6kmx16.2km 2.0km J.Manek

4 (15094) Polymele(Trojan) 4 March 27, 2022 USA 10 2 27.4km 5.5km SummaryData Lucy Team&Ama

3 (172376) 2002 YE25 3 March 16, 2022 Australia 1 1 4km 3.3km CBET 5151 V52-1
2025

SummaryData R.Nosworthy

January 21, 2025 EA 3 2 12.0kmx11.0km M.Ida&HaH.Watanabe
October 16, 2024 NA 3 2 14.0kmx8.0km K.Garg&P.Oakey

September 14, 2024 NA 1 2 14.0kmx7.8km K.Bender&Nolthenius
June 30, 2021 NA 3 0 - -
June 9, 2021 NA 2 2 13.5kmx13.0km K.Bender&R.Nolthenius
May 19, 2021 TTOA 2 2 13.0km D.Gault&P.Nosworthy

January 3, 2025 NA 1 1 11.7km 3.9km CBET 5524 V.Ruckman

August 1, 2020 Srbia Obs - - 15.14km 3.81km CBET 4893 Lightcurve/Prof.
(Pravec et al)

C=CBET Publicatin order Y=Order of discovery Source:Asteroid with Satellites(Johonston),IOTA site,IAU-CBAT,MPB

CBET 5506

(1626) 1Sadeya

CBET 4981 SummaryData

SummaryDataCBET 5318

SummaryData

V51-2
2023

V49-1
2022
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24.0km~25.0kmx
13.0km~13.4km2

9

5

14
1

List of Asterod Satellites discovered through asteroid occultation observations<2020Y~>

(4337) Arecibo

(3927) Feliciaplatt

Queen's

14

13

5

2

CBET 5511  SummaryData

SummaryData(10430) Martshmidt

(5457)

by 渡部勇⼈さん



Gaiamoon

Liberato, L., et al.: A&A, 688, A50 (2024)

Fig. 1. Representation of a simplified case where the Gaia satellite would be observing a binary system perpendicularly to the plane of rotation
of the bodies, along with the projections of the positions of the barycentre and the photocentre on the AL direction and the representation of the
orbital fit residuals’ projection in the along-scan direction. AL direction is represented horizontally for simplicity, but in reality it can take any
orientation, slowly rotating by some degrees on a scale of several hours.

With the assumptions of uniform illumination and unre-
solved components, it is possible to derive the wobble amplitude
as the difference between the position of the barycentre and the
position of the photocentre. This is a function of the mass ratio
q only (Hestroffer et al. 2010), scaled for the separation a:

↵ = a

������
1

1 + q�1 �
1

1 + q
�

2
3

������ , q 2 ]0, 1] (1)

This function (Fig. 2) has a maximum at qmax ⇡ 0.154 (corre-
sponding to a size ratio k = 3

p
qmax = 0.536) and tends to zero

at the extremes of the range of q 2]0, 1], that is, for a vanish-
ingly small satellite or equal-sized components. During a single
transit in the Astrometric Field of Gaia (about 40 seconds), up
to nine consecutive positions are obtained. We fit all Gaia DR3
astrometry for each asteroid by a version of the ORBFIT soft-
ware1, optimised to exploit the full accuracy of Gaia, following
the same procedure as in Gaia Collaboration (2018). From the
orbital fit, for each astrometric point, a residual is obtained in the
AL direction.

Given that the observation geometry over that time span
is nearly constant (and a relative displacement of a satellite
negligible) we average the residuals from all transits from one
observation into a single transit. Their standard deviation also
provides uncertainties on the measured residual itself. The aver-
age AL residuals per transit, and their uncertainty, are the data
on which we base our analysis. To prevent future confusion,
throughout the work we refer to the residuals from the orbital
fitting of the average transit observations in the along-scan
direction simply as AL residuals.

3. Wobbling detection

For this first data exploration, our search targets intervals of
time in which several consecutive astrometric measurements are
1 See http://adams.dm.unipi.it/orbfit

Fig. 2. Plot of the amplitude of the photocentre wobbling as a function
of the binary mass ratio, as described in Eq. (1). In this example we use a
separation a = 10 mas, which means that we would observe a maximum
photocentre wobbling of 0.9 mas for a mass ratio q ⇡ 0.1538.

available, sufficiently short to neglect any change of orienta-
tion of the asteroid with respect to Gaia. On the observations
available over that interval, a period search is performed.

3.1. Sample selection

To easily identify the longest sequences of consecutive astromet-
ric measurements, we perform a convolution of the observation
epochs with a rectangular function and find the peaks of large
data density, as shown in Fig. 3. In the left plot, we show the den-
sity of AL residuals over time for asteroid (3457) Arnenordheim,
and the peak close to 450 days represents the 2.75-day window
of time with 17 observations shown in the right plot. The rectan-
gular function has a unity value over an interval of ten days and
zero elsewhere.

The considered threshold of ten days is a compromise
between the length of the time series and the resulting number
of candidates, as longer time series allow for better frequency
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ABSTRACT

Context. Asteroids with companions constitute an excellent sample for studying the collisional and dynamical evolution of minor
planets. The currently known binary population were discovered by different complementary techniques that produce, for the moment,
a strongly biased distribution, especially in a range of intermediate asteroid sizes (⇡2–100 km) where both mutual photometric events
and high-resolution adaptive optic imaging are poorly efficient.
Aims. A totally independent technique of binary asteroid discovery, based on astrometry, can help to reveal new binary systems and
populate a range of sizes and separations that remain nearly unexplored.
Methods. In this work, we describe a dedicated period detection method and its results for the Gaia DR3 data set. This method looks
for the presence of a periodic signature in the orbit post-fit residuals.
Results. After conservative filtering and validation based on statistical and physical criteria, we are able to present a first sam-
ple of astrometric binary candidates, to be confirmed by other observation techniques such as photometric light curves and stellar
occultations.

Key words. methods: data analysis – methods: statistical – astronomical databases: miscellaneous – astrometry – minor planets,
asteroids: general

1. Introduction

Binary asteroids have attracted the attention of the scientific
community due to their interesting properties and the signifi-
cant impact they have on our understanding of the Solar System.
Unlike single asteroids, binary systems offer unique insights into
many fundamental processes, including the formation and evo-
lution of planetary bodies, collision dynamics, and gravitational
interactions.

Numerical simulations suggest the existence of nearly equal-
sized binaries as a byproduct of catastrophic collisions (Durda
et al. 2004) but they remain essentially unknown. On the other
hand, multiple craters on Mars demonstrate that asteroid bina-
ries with properties not represented by the known sample should
exist, or have existed (Vavilov et al. 2022). More generally, the
formation of asteroid companions by fragment ejection and in-
orbit re-accumulation (Walsh & Richardson 2006; Walsh et al.
2008; Ćuk 2007; Pravec et al. 2010; Jacobson et al. 2013;
Madeira et al. 2023) seems to be common among near-Earth
? Full Table 3 is available at the CDS via anonymous ftp

to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/688/A50

asteroids (and probably small main belt objects) but the colli-
sional evolution is also expected to play a role (Doressoundiram
et al. 1997; Michel et al. 2001; Durda et al. 2007; Jutzi 2019),
with an undefined boundary between the two creation mecha-
nisms. However, some open questions on the origin of binaries
and the evolution of asteroids cannot be answered without a
greater number of known objects and a better knowledge of the
sample.

The presence of asteroid companions has been revealed
by different techniques, such as high-resolution imaging from
ground-based and space-based telescopes, photometry, radar
ranging, and stellar occultations. When taken together, these dif-
ferent approaches are complementary and cover a wide range of
separations and size ratios for the system components. However,
the known population of binary asteroids is still strongly biased.

While imaging favours large separations of the primary and
the secondary, and bright primaries in the case of adaptive optics,
photometric studies, based on detecting mutual events, strongly
favour compact systems (Merline et al. 2002; Pravec et al. 2006;
Richardson & Walsh 2006). Radar techniques are strongly lim-
ited in range and are efficient for near-Earth asteroids (Ostro et al.
2002).
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• 地上観測からAO、ハッブル望遠鏡や探査機、レーダー、ライトカーブ、掩蔽などとは全く別の
⽅法で衛星候補を⾒つけた。

• Gaia衛星で検出した⼩惑星のデータを解析し、軌道後処理残差中に周期的な特徴が存在するか
否かで、衛星の有無を推定し、衛星を持ちそうな⼩惑星のリストを作成した。

• リストに載っている⼩惑星は、光度曲線や恒星掩蔽などの他の観測⼿法により、衛星の有無の
確認を待っている。

Gaiamoonのリスト



まとめ
科学成果に直結する掩蔽観測を⾏うには、次の天体が狙い⽬。
a. フライバイミッションターゲット
b. 衛星や⼤気、リングを持つ(可能性のある)⼩天体

a.  
Apophis, Phaethon, 2002SY50, 2024YR4, Torifune,Dinkinesh, Donaldjohanson, Eurybates
Polymele, Leucus, Orus, Patroclus & Menoetius

b.
衛星、コンタクトバイナリー:
https://www.johnstonsarchive.net/astro/asteroidmoons.html#1
https:// cdsarc.cds.unistra.fr/viz- bin/cat/J/A+A/688/A50 
https://www.johnstonsarchive.net/astro/contactbinast.html

リング: (2060) Chiron, (10199) Chariklo, (50000) Quaoar, (136108) Haumea, (136472) Makemake
⼤気: 冥王星

すでに衛星やコンタクトバイナリーであることがわかっている天体やリングや⼤気があることがわかってい
る天体でも定期的に観測を続けることで、衛星の軌道や、コンタクトバイナリーの全体形状、リングの形や
⼤気量の変化を観測できるかもしれないので、モニタリング観測は重要。
ケンタウルス族や太陽系外縁天体はリングや⼤気、衛星も持っている可能性があるので、機会があるごとに
観測していただきたい。


