
地上観測によって検出された小惑星イトカワの YORP 効果

als, such as activated carbons, are widely used
in industry. In recent years, microporous
organic polymers have been created that are
chemically well defined, even though they are
disordered and therefore possess a distribu-
tion of pore sizes. 

One approach to microporous polymers
involves tying polymer chains together with
a large number of rigid bridges, to give
“hyper–cross-linked” polymers (4, 5). Another
approach starts with the design of the polymer
backbone. By connecting rigid ladder-like
components with units that force the back-
bone to twist or turn, it is possible to construct
polymers that cannot pack together and fill
space efficiently in the solid state. A variety of
these “polymers of intrinsic microporosity”
(PIMs) have been developed (6–8) (see
the figure). Some are soluble and can be
processed into useful forms such as mem-
branes, whereas others are three-dimensional
networks. They are commonly prepared by
making use of a reaction that joins two aro-
matic rings together with a pair of oxygen
bridges. This approach has the potential to

generate polymers that are ordered in two or
three dimensions, but in practice, amorphous
materials are generally obtained. 

Current theories suggest that to form a
crystalline polymer network, the polymeriza-
tion reaction must be reversible, so that it
occurs under thermodynamic control. Yaghi’s
group set out to generate ordered polymer net-
works by making use of reversible condensa-
tion reactions of boronic acids. Using this
approach, they first produced two-dimen-
sional covalent organic frameworks that
incorporate carbon-boron-oxygen linkages
(see the figure) (9). A similar, but slightly eas-
ier, route to a two-dimensional covalent
organic framework was taken by Lavigne and
co-workers (10). But extending this concept to
three-dimensional covalent organic frame-
works is not trivial, because any given combi-
nation of building blocks could potentially
give rise to an enormous variety of products.
In their latest work (1), Yaghi’s group drew on
their experience of porous frameworks to
select the most realistic targets and used a
computer model to help predict the structures

that were likely to form. This helped them to
design the synthesis and identify the products.

The results open a new chapter in the story
of porous organic materials. It is likely that
routes will now be found to a host of novel
crystalline covalent networks. Their high
porosity and controllable pore size, coupled
with the versatility of organic synthesis,
promises that this will be a rich and fruitful
area of research.
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S
unlight changes the rotation rate of an
asteroid? The idea seems absurd, but on
page 272 Lowry et al. (1) and on page

274 Taylor et al. (2) report observations that
indicate sunlight is doing just that to the small
asteroid 2000 PH5, and Kaasalainen et al. indi-
cate the same is happening on 1862 Apollo (3).
The mechanism is the Yarkovsky-O’Keefe-
Radzievskii-Paddack effect, mercifully short-
ened to YORP. With YORP now on a solid foun-
dation, we may be able to understand a number
of strange observations involving small spin-
ning asteroids and asteroid binary systems.

The saga of sunlight changing into spin
began with Ivan Yarkovsky, a Polish engineer
who realized more than a century ago that the
infrared radiation escaping a body warmed by
sunlight carries off momentum as well as heat
(4). Point this heat in the right direction, and it
will function like a rocket motor: Each infrared
photon escaping the object carries away
momentum, thanks to the relationship p = E/c,
where p is the photon’s momentum, E is its

energy, and c is the speed of light. By the prin-
ciple of action-reaction, the object emitting the
photon gets a kick in the opposite direction.
(Yarkovsky knew nothing of photons and based
his reasoning on the outmoded ether concept,
but his idea survives the translation to modern
physics.) Yarkovsky thrust is tiny, but space is

so empty there is no friction to stop it.
Moreover, because the Sun is always shin-
ing, the Yarkovsky effect goes on century
after century with an inexhaustible supply
of photonic fuel, profoundly altering the
orbits of meter-sized meteoroids (5). 

V. V. Radzievskii applied the photon
thrust idea to rotation by imagining each
face of a cubical meteoroid painted white
on one half and black on the other; sun-
light reflected by the white part pushes
that area more than the black half, caus-
ing a torque, which changes the rotation
rate (6). His mechanism is weak because
the black half, although it reflects little,
makes up much of the difference by emit-
ting infrared photons. Moreover, most
small solar system objects have fairly
uniform albedoes (that is, the fraction of
light reflected) across their surfaces. 

Building on this work, John A.
O’Keefe and one of us (S.J.P.) at NASA real-
ized that shape was a much more effective
means of altering a body’s spin rate than albedo
and set about measuring spin changes in the
laboratory. The idea was that light reflecting off
of various angled surfaces on the object could
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Spinning in the Sun. Sunlight speeds up rotation due to
reflection off the vertical and slated faces of the wedges
(blue arrows). Infrared radiation emitted by the faces also
causes speed-up. If the body spins in the opposite sense,
then YORP will slow it down.
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太陽輻射圧と熱放射の不均衡によって
回転トルクが発生する効果
→ 自転の加速・減速機構「 風車効果 」

YORP トルクの向き
　→ 形状, 自転軸 

YORP トルクの大きさ
　→ 日心距離, 質量, アルベド

( Rubincam & Paddack, 2007 )

YORP 効果 ( Yarkovsky-O’Keefe-Raszievskii-Paddack )



YORP 効果の重要性
•  族小惑星の角運動量分布における二次的影響
•  連星系小惑星の形成を促すスピンアップ効果

( Pravec & Harris, 2000; 2007 )
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YORP 効果の検出例
•  今年２月に小惑星 YORP 効果の検出成功が二例報告Figure 1: S1. Lightcurves from the 2005 apparition. The lightcurves (asterisks) and their

inversion model fits (dashed lines) are shown as in Figs. 1 and 2 of the paper.

Figure 2: S2. Shape model of (1862) Apollo from lightcurve inversion. The model is
shown from equatorial level (left and centre, longitudes 90◦ apart) and pole-on (right).

2

614     

小惑星 1862 Apollo 54509 2000 PH5

サイズ 1.4 km 0.11 km

自転周期 3.1 hours 12.2 min

形状
モデル

観測期間 1980 - 2005 2001 - 2005

自転加速度 7.1 x 10-18 rad s-2 4.7 x 10-16 rad s-2

Ref. Kaasalainen et al. (2007)
Nature

Lowry et al. (2007)
Science



研究目的
　「はやぶさ」の探査天体
　近地球型小惑星イトカワの YORP 効果の検出

はやぶさ探査機

形状モデル

サイズ　　　：535 m x 294 m x 209 m

自転周期　　：12.13237 hours
自転軸　　　：
バルク密度　：1.9 ± 0.13 g/cm3

近地球型小惑星 25143 イトカワ

(β, λ) = (266.02◦,−89.53◦)

　(Fujiwara et al., 2006, Science )

実画像



研究方針

・イトカワの形状モデルを用いた固定の
　自転周期から推定されるライトカーブ
・地上観測から得られるライトカーブ

問題

・イトカワの長い自転周期 ( 12 h )

・YORP 効果による自転周期の変化が微小

自転周期固定のライトカーブ

観測されるライトカーブ 位相差

小惑星の見ための断面積

時間

明るさ

自転周期そのものの変化を
検出することは困難

自転周期が変化していれば
自転の位相差が検出される

方法



小惑星イトカワの地上観測

Sun

Earth
Itokawa

観測期間：2001-Mar-26 ~ 2006-Dec-22

　　　　　( 7 シーズン, 27 夜 )

見かけの等級：14.3 ~ 20.7 ( mag )

太陽位相角： 7 ~ 88 ( deg )

望遠鏡：東京大学木曽観測所 ( 1.05-m )

　　　　台湾中央大学鹿林観測所 ( 1.05-m )

　　　　ハワイ大学マウナケア ( 2.2-m )

フィルター：R ( 中心波長：650 nm )

Mars

2001.3

2004.9

2003.12

2004.1

2004.4

2006.12

2001.8

解析手順

1. 画像の一次処理
　( ダーク, フラット補正 )

2. 星像の検出, 位置座標の決定

3. 小惑星, 比較星の測光
　( IRAF / apphot )

4. 明るさ, 時間補正処理
　− 大気吸収
　− カラー変換
　− 日心, 地心距離
　− 太陽位相角
　− 光到達時間



∆s

I(t) =

∫
Fr(i, e, g)ds

∆I

F

Incident Flux ( Sunlight )

Observable Flux

ライトカーブの数値シミュレーション

( 25143 ) Itokawa

形状モデル：Gaskell Shape Model 49,152 facets

自転軸　　：　　　　　　　　　　　　
自転原点　：2005年9-11月で決定（ 精度 : < 0.001 deg ）

自転周期　：12.13237 hours

光散乱特性：Hapke’s bidirectional reflectance model 

　　　　　　　　　　　　　　　　　　　　　　　　　
影の効果　：Ray-Tracing Method（ 二次散乱光は無視 ）

ω(0.40), g(−0.35), B0(0.89), h(0.01), θ̄(26◦)

(β, λ) = (266.02◦,−89.53◦)

Scattered Light

　--- Gaskell et al. (2006)

　--- Gaskell et al. (2006)

　--- Gaskell et al. (2006)

　--- Kaasalainen et al. (2003)

　--- Hapke (1993, 2002)

　--- Kitazato et al. (2007)



小惑星イトカワのライトカーブ
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小惑星イトカワのライトカーブ
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ライトカーブの位相差

Maximum Rotation Period

Minimum Rotation Period

Nominal Rotation Period

∆φ = 2π
∆P

P 2
0

(t− t0) +
1
2
ω̇(t− t0)2

位相差 自転周期の誤差 角加速度

P = 12.13237± 0.00008
( Kaasalainen et al., 2003 )
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ライトカーブの位相差

YORP Effect

Rotation Period Offset

P = 12.13237± 0.00008
( Kaasalainen et al., 2003 )

ω̇ = (−1.2± 0.2)× 10−17(rad/s2)
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YORP 効果の比較

Object
Normalized Acceleration

Rate (10-18 rad s-2) Ref.

Itokawa (obs) -2.2 This work

Itokawa (model) -8.2 ~ -4.6 Scheeres et al. (2007)

Apollo 30 Kaasalainen et al. (2007)

2000 PH5 6.2 Lowry et al. (2007)

・コンタクトバイナリ的形状（ラッコ型？）

過去のイトカワの自転

0.4 Ma  < NEA のライフタイム ( 10 Myr ) 

(Scheeres, 2006)

頭部 と 胴体 が分離する自転周期
P < 6.5(hours)

イトカワラッコ

 YORP 効果で進化するタイムスケール



まとめ

•   小惑星イトカワのライトカーブ観測とモデル計算の比較から
　 YORP 効果による自転周期の変化を検出することに成功

•   検出されたイトカワの YORP 効果は理論的予想とほぼ一致
　（減速する傾向は同じだが, 値がやや小さい）
•    YORP 効果が検出された小惑星のなかでは最も小さい

•   過去にイトカワがコンタクトバイナリへと進化した時期は
　 約４０万年前


