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$Ä;����¶��§1(�;����Cu90◦(Edge-on)§�1($1�*ÿö�ð(

�m�§1(ñ4�Ü©1§ð(�1Ý¬u)Cz§ÏL*ÿð(1Ý�±Ï5Cz5&

ÿX	1(��{=�ù({"ÏLù({uy�X	1(�~�§(Üð(�1Ýÿþ

�À��Ý£radial-velocity§{¡RV¤*ÿêâ§�±©Û1(�Ôn5�§X1(�»!�

þ9�Ý§?ïÄ1(�SÜ(�
[2, 3]

"y3�k 2�®(@��Üdù({uy�õ1

(XÚ§=Kepler-9
[4]

ÚKepler-11
[5]

"Kepler-10XÚ¥�¹��ù(1(Ú��ÿÀN§Ù

¥§Kepler-10b��þ� 4.56 M⊕§�»� 1.416 R⊕§�Ý� 8.8 g/cm3 §́ KeplerOyuy

�1��ñ�5�1(§äk FeØ§�/¥kéõaq�ëê
[6]

"KeplerOy�uy
 5�

ÿÀ�õ1(XÚ§���Y*ÿ�?�Ú(@
[7]
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�X�m&ÿ°Ý�Jp§�5�õ�þ���õ1(XÚò�uy"�â1(/¤

nØ§a/1(3X	1(XÚ¥�U´ÊH�3�¶1(/¤�ê��[(J
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²þ��1(XÚ¥�±/¤ 2 ∼ 4�a/1("Anglada�<
[15]

�ïÄ(JL²µ�?/

¥£ò�þþ��10 M⊕ �a/1(¡��?/¥
[16, 17]

¤½öaè(�þ�1(XÚ¥�U

�3a/�þ�1("l��X¥kõ�1(�±íÿ§X	õ1(XÚ´ÊH�3�"�

´§8cù({uy�XÚ�õê´ü1(XÚ§�Xò5/¡Ú�m&ÿ°Ý�Jp§3

ù
XÚ¥�U¬uyõ��((�©ò�ù(1((transit planet)�7Ó��ð($Ä�

1(¡��((companion))"du�(�ÚåZ6§ù(�±Ïòu)Cz§¦^ù«Cz

&ÿX	1(��{¡�ù(±ÏCz{§=TTV (transit timing variation)�{"TTV�

��6u*ÿêâ§��§ïÄTTV�±�ò5�*ÿJøkd��ë�"Ó�§éX	õ

1(XÚ�&ÿ§éun)1(XÚ�å�üz91(�[£nØ�Ñk��¿Â§é

uïÄ��X�å�äk��/�¿Â"

1(�m��p�^�~E,§�éu;�±Ï�á§?u;���£½�C;��

�¤�õ1(XÚó§¦^TTV{ïÄXÚ¥´Ä�3����(´�1�¶éu;

�±Ï��ù(XÚ?1TTV©Ûäké��(J§Ï�ù(*ÿI�²Lêc��m§

ùÉ�uù(&ÿ�Æ·§cÙéu°Ý�~p��m&ÿOy§XCoRoTÚKepler§§

��&ÿÆ·�kAc��m"TTV�{ïÄ�(�AäkÕA�`³
[18, 19]

µéu;�

Ï� �þ�(�&ÿ(¯Ýp§U
&ÿ�XÚ¥�a/1(§$�'/¥�þ��

�X	1("TTV{®�^uïÄù(XÚ¥��(§¤�&ÿX	1(XÚ��«#

�{"glHoman�<
[18]

ÚAgol�<
[19]

ïÄ
¦^TTVïÄX	1(XÚ¥��(£cÙ

´a/1(¤±5§¦^ù«�{ïÄ�XÚkµWASP-3
[20]

!WASP-10
[21]

!OGLE-TR-

111
[22]

!OGLE-TR-113
[23]

!OGLE-TR-132
[24]

!GJ 436
[25–27]

!TrES-1
[28, 29]

!TrEs-2
[29]

!TrEs-

3
[30]

!HAT-P-3
[31]

!HD 209458
[32, 33]

!CoRoT-1
[34, 35]

!HD 189733
[36, 37]
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Kepler-9ÚKepler-11ü�XÚ�3'�²w�!®�(@�3�(�TTV	§Ù¦XÚ

�ù(±Ï�,�w«Ñ�½�É~Cz§�´�vké�§��)²wTTV�yâ"ïÄ

(J��ÑXÚ¥,
�� �þ�3�(��þþ�§�X&ÿ°Ý�ØäJp§3ù


�� �þ§�u�þþ���(k�U�uy"

ù(±ÏCz�6uù(*ÿ§¤kK�ù(1(;��Ï�§Ñ�U�)TTV"Ï

d§TTVØ=�±&ÿù(XÚ¥Uu)ù(�ÚØu)ù(��(§��±&ÿXÚ¥�

¥(
[38–41]

±9�;1(£XAâ��1(¤
[42]

"�´§ù«�{&ÿØUu)ù(��(k

(J§ù
�(U
�Ù¦�{£XÀ��Ý{¤&ÿ�
[43]

"ù(±ÏCz�Ù¦K�Ï

��k�N�A!�éØ�A!ð(�Úåo4Ý�
[44–49]
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2 TTVïÄ?Ð

2.1 {0

TTVkü«~^�½Â"1�«½Â´Holman�<
[18]

�Ñ�§=�ëYügù(¥

%�m�m��Cz£=*ÿ±Ï�Cz¤"Ù¥*ÿ±Ï�ëYügù(¥%�m�m
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�§tc2 − tc1, tc3 − tc2, · · ·§tc�ù(¥%�m§�Iêi©O�11!2!3gù("1�«½

Â´Agol�<
[19]

¦^�§TTV�/O− C0��§/O0�Lù(1(�*ÿ±Ï£�*ÿØÓ

ØÓ¤§/C0L«d*ÿ±Ï�Ñ��Ð�[Ü±Ï"/C0�k���1�g*ÿ�±Ï§

�5�*ÿöòd*ÿ���IO�ë�"1�«½Â§Ø�6u*ÿþ´ÄkëY�ù

("Veras�<
[50]

|^1�«½Â�Ñ§TTV&ÒÌÝ�ûu*ÿ��ù(�ê8Úæ�Ç"

Ø+´=«½Â§TTV���Ñò�NÑù(1(�;�$ÄÉ�Ù¦�Ä�A�K�§�

©Ì�?Ø�(�)�TTV"

3ù(XÚ¥§XJ�ÑÙ¦�±��1(;�?Ä��A£X�N�A!�éØ�A

�¤§��k��ù(1(3¥%ð(�Úå�^e�mÊV$Ä�§ù(�m�ti = t0 +

iPs + δti§Ù¥t0�Ð©��§i�ù(gê§Ps�ù(�±Ï§δti�dÿþØ�Úå�ù(

�mCz§ù(�±ÏAT´î�±Ï5�£3�½ÿþØ�S¤"XJù(1(É�Ù¦Ï

�£Ù¦UNÚ�«�A¤�K�§§�;���¶Ú %Çòu)á±Ï��Ä§ù(�

±Ï�u)
UC§l�)
��uÿþØ��TTV"

2.2 nØïÄ

î8§TTV&ÿX	1(XÚ�nØïÄ®²��
é��?Ð
[18, 19, 39–42, 49]

"Holman

�<
[18]

ÚAgol �<
[19]

3ù�¡�
mM5�ó�§¦��@ïÄ
TTV&ÿù(XÚ¥�

3��(�A§��Y�TTVïÄù(XÚJø
nØ�â"

Holman�<
[18]

�ïÄ�±(½kTTV�XÚ¥´Ä�3����(§8c�&ÿ°

Ý� 0.1 ∼ 100 min"¦�^ê��[{ïÄ
HD 209458 b�TTV£Xã 1¤"¦��Ä
�

(�AÚ¥%ð(��éØ�A§�Ñ
1(�m��éØ�A!ð(�AÇ!ð(é1(

��N�A±91§��A£duð(7�%$Ä§ð(�*ÿö�m�ålCz¤"lã 1

�±w�§TTV�X�(� %ÇÚ±ÏCzkCz"¦��¦^ê��[ïÄ
a71

(£�©òaq7(�þ�íNã1(½Â�a71(¤XÚ¥�3a7(�þ£10−3 M⊙¤

Úa/1(�þ£10−6 M⊙¤�(��TTV§�Ñ
TTV��(�®�ù(1(�±Ï'9

�(� %ÇCz'X£�ã 2¤§(JL²§TTV��(��þ¤�'"lã 2�±wÑ§

3�;�Ï���¹e§üö�TTV��Ä��Ó§�3;��� �þ§ê��[�Ñ


�~kb�¸�§ù`²TTVé&ÿ1(;��� �þ��(�Ac�¯a"éuá±Ï

�ù(XÚ§UÄ&ÿ��(§�ûuTTV�ÌÝ�"ÏLÈ©1($Ä�.�KF�§§

�Ñ
�(;�3®�ù(1(	Ü��TTVL�ª
[18]

µ

∆t ≃ 45π

16

(

M2

M∗

)

P1α
3
e(1 −

√
2α3/2

e )−2 , (1)

XJ�(�±Ï'ù(1(�±Ï�éõ§úª (1)¥����Ïf�±�Ñ§�n���

���(�þþ��L�ª£b��½�(� %Çe2¤
[18]

µ

M2 ≃ 16

45π
M∗

(

∆tmax

P1

)(

P2

P1

)2

(1 − e2)
3 , (2)

Ù¥§αe = {(a1)/[a2(1 − e2)]} §e2��(� %Ç§a1ÚP1�ù(1(���¶Ú;�±
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ã 1 HD 209458XÚ�TTV��m�Cz

A§B§C§Dã©OéA�(�±Ï£U¤9 %Ç�µ99.8§0.7¶46.4§0.5¶28§0.3¶19.2§0.1"ù(1(�±Ï£U¤! %

Ç9�þ£M⊙¤�1§0.01§10−3
§�(��þM2�10−3 M⊙§¥%ð(�þ�1 M⊙

[18]
"

Ï§a2£a2 > a1¤§P2ÚM2��(���¶!±ÏÚ�þ§M∗�¥%ð(��þ§∆tmax�X

Ú¥���TTV�"XJ�(� %ÇØC§TTVò�X�(�±Ï£��¶¤O�~�¶

XJ�(�±ÏØC§TTVò�X�(� %ÇO�O�¶úª£2¤L²µ�ù(1(�

�(�±Ï�'ØC�§TTV�Xù(1(�±ÏC�O�§Ïd§3*ÿ°ÝØC��

¹e§&ÿålð(���ù(XÚ¥��('�N´¶�§XJ�(�þØC§¥%ð

(�þ'���ù(XÚ�TTV�"

e¡20�Agol�<
[19]

éTTV�ïÄ"¦�?1TTVïÄ�b�cJ´µü�1(ÿ

�Óý��¡§;����90o§1(�ð(Ñ�¥/�"�ù(±Ï�Cz�δt§1(�þ

�ð(�þ�'�µ§aÚP�1(;����¶Ú;�±Ï§eI/in0Ú/out0L«�C

Ú�lð("¦�ïÄ
±eA«�¹e�TTV"

(1) �(3ù(1(�;�SÜ§��(�;�±Ïéá. XJù(1(�CF:��

�uSÜ�(��F:§�±�Ñü�1(�m�6Ä§XÚ�Ä�A5gSÜ�(Úå�

ð({Ä(wobble)§δt ≈ µin(ain/aout)Pout (©z[19]¥úª (16))"

(2) � %Ç��(3ù(1(�£�/¤;�	Ü§�;�±Ïé�"�Äü�1

(�m��p6Ä£ù«�¹§;���Ø�¤§	Ü��(òUCSÜù(1(�±

Ï§δt ≈ µouteout(aout/ain)
3Pout (©z[19]¥úª (26))"
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ã 2 úª(1)£J�¤Úê��[£¢�¤�Ñ�TTV�±Ï�'£PÚP1©O����(Úù(1(�±

Ï¤Ú�( %Ç�'Xã
[18]

"

(3) ù(1(Ú�(Ñ uC�;�þ§�§��±Ï'�?¿�§��;���"ü�

1(£�¡�C�;�¤�Cj : (j + 1)£j��ê¤���§½Â��L���rÝ�ëê�

�'�Ïf, ǫ=|1 − (1 + j−1)P2/P1|§�ǫ = 0�§1(;���"�(�Z6�^éù(1

(� %ÇkK�§�ü�1(��C��G�§ù(1(�;�C��±Ï��"�ǫ =

j − 2�§δt ≈ µouta
2
in/(ain − aout)

2Pin"

(4) ù(1(Ú�(Ð©��;��;���"ù«�¹TTV��§���(��þ�

�uù(1(��þ£8c*ÿ��ù(1(�U´XÚ¥�þ���§�þ����(

�vkuy¤§TTV��ù(1(�;�±Ïþ?§��(�þÃ'¶éu�þ����

(§TTV�uù(1(�;�±Ï§¿��ü�1(��þ'�k'"éuj : (j + 1);��

���¹§TTV�����Z[Ü�µ

δtmax ≈ P

4.5j

mpert

mpert + mtrans

, (3)

Ù¥§mpertÚmtrans©O��(Úù(1(��þ§P�ù(1(�;�±Ï"Agol�<
[19]

^

ê��[{ïÄ
Gliese 876 ÚHD 209458 XÚ�TTV"Gliese 876 XÚ¥kü��C 2:1

;����a71(§§�� %Ç�C""Gliese 876 b �TTV±Ï�� 600 d£Gliese

876 b� 20�;�$Ä¤§ÿ�?Ä±Ï� 3 200 d£Gliese 876 b� 110�;�$Ä¤"3ï

ÄTTV��(�ëê�'X�²~¦^�Ó+ã"HD 209458XÚ�TTV��( %Ç9

±Ï'��'XXã 3¤«£ë�©z[19]¥ã 5�çã¤"3 4:3�� �NC§ù(±Ï

�Cz,ÏÃS¶3 2:1�� �NC§TTV²wC�"3±Ï'�?¿�¹e§TTVÑ

�X�(� %ÇC�C�"ù«ã^m²�ôÚL«ÑTTV���§�~�ß/Ly
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TTV�=
ëêk���'X"¦��±HD 209458XÚ�~§'�
&ÿX	a/1

(n«�{�&ÿUå£ë�©z[19]¥ã 7¤§b�UNÿþ{!À��Ý{ÚTTV{�&

ÿ°Ý©O� (1.0× 10−6)
′′

!0.5 m/sÚ 10 s"�Ñ(Ø�µ3�(ÚHD 209458b���¶�

'�u 2��¹e§TTV{'UNÿþ�{(¯Ýp"��(Ø3�� ��§À��Ý{

´�Ü·�&ÿ�{§��(3�� ��§TTVé���þ��(�¯a§U
&ÿ�

a/1("

ã 3 HD 209458XÚTTV��( %Ç91(±Ï'��'X

�ÝL«±Ï�3.5U�ù(1(XÚ§�þ�1 M⊕��(�)�TTV��
[19]
"

Agol�<òTTV^uïÄa71(XÚ¥�a/1(§�Ñ
±eA�û½ëêµù(

1(�;�±Ï§ù(1(��(�C;����§Ý§�( %Ç"a/1(UÄ�&ÿ

��û½u&ÿ°Ý!ð(1ÝCz�)�Ø�9®²&ÿ�ù(�gê"�Ñù
Ï�§

�âúª (3)��Ña71(XÚ¥a/1(�TTV
[19]

µ

δt ∝ 3

(

mpert

mtrans

)

min , (4)

lþª�±wÑ§±Ï� 3 d�ù(1(�;�	ý 2:1�� �þ§XJ�3/¥�þ��

(§K�)�TTV�� 3 min"ù�(JéN´�/¡"�º&ÿ�"

Äu±þéTTV�ïÄ§Agol�<
[19]

�U©*ÿöJÑ
XeïÆµÀJ;�±Ï��

ù(1(?1*ÿ¶O\/¡"�º�ÿ1&D'§�°(/ÿþù(�m¶#Øéw«

k�(�3�ù(êâ"

2.3 �(ïÄ

8cuy�ù(XÚ�õê´ü1(XÚ§3ù
XÚ¥´Ä�3�(§cÙ´a/1

(§́ TTVïÄ�Ì�ÄÅ"ÏL©Û*ÿ�O − C�§XJuyù(�±ÏkCz§�(

½ù
Cz´Äd�(�ÚåK��)�§I�(Üê��[{ïÄ"ÀJù(1(�u

y��ëê�Ð©^�§b�XÚ¥�3���¡��(§Ù�
ëê£X�þ! %Ç!
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��¶�¤3�½���S±�½�Ú�Cz§©OéAz«Ð©^��§éb��XÚ?

1ê��[§O�ÑëY�ù(¥%��§l�ÑXÚ�ù(±ÏCz"XJ�[�*ÿ

�TTV���§L²XÚ¥�U¬�3®b���(¶��§�Ñ38c�&ÿ°Ýe§

XÚ¥�U�3�(��þþ�"8c®²üØ�� �þ�3�(�ù(XÚ�uL1

¥"3ù
XÚ¥vkuy�(�)�TTV§3,
�� �1:2§2:3§3:2§2:1þ§©O�

Ñ
XÚ¥uy���O − C§9ÙéA��(�þþ�"ùL²§XJù
�� �þ�

3�(§§��þA�uù
�þþ�"3yk�*ÿ°Ýe§�Ã{&ÿ��uù
þ�

��("ù
�þþ�õê�/¥�þ�þ?§$�'/¥�þ���þ?§XHD 209458

XÚ�0.3 M⊕"�´§ù
TTV�ïÄ´�~k7��§U
�*ÿö�±��*ÿJø�

�§�X*ÿ°Ý�Jp§�U¬uyù
XÚ¥��("

e¡0�¹k2�±þù(1(�õ1(XÚ�TTVïÄ"Kepler´^ù({&ÿa�

��ð(�Ø4«Sa/1(��mOy
[51]

"8c��§Kepler®²uy
 1 235�ù(1(

ÿÀN
[52]

"�ù
ÿÀN´Ä´1(§�I�²L�Y�*ÿ5(@"Kepler-9ÚKepler-11

´®²�(@�2�¹k2�±þù(1(�XÚ"Kepler-9XÚ¥k�éaè(�þ�1

(Kepler-9bÚKepler-9c u2:1��;�þ"Holman�<
[4]

�Ñ
Kepler-9XÚ¥1��

*ÿþk²wTTV�yâ§TXÚ¥�éù1(�¥%�mCz�L 1 h"Kepler-11XÚ¥

k 6�ù(1(§dS�	©O�Kepler-11b!Kepler-11c!Kepler-11d!Kepler-11e!Kepler-

11f!Kepler-11g, Ù¥§SÜ� 5��~�C§;�±Ï���� 10.3 ∼ 46.7 d§�þ���

2.3 ∼ 13.5 M⊕¶�	� 1�ål§���§±Ï��118.4 d§�þ< 300 M⊕"Kepler-11X

Ú¥�1(´ñ�ÚíN�·ÜÔ§�U¬¹kY§ù´ 1��~��XÚ§�âyk�

ëê�±?�ÚïÄÙ/¤�üz"Kepler-11SÜ5�ù(1(�~�C§Úå�A��§

Ïd§ùü�XÚATk²w�TTV"é±þüXÚ§©OïÄz�ù(1(�TTV�§

(Üê��[§�±?�Ú(@õ1(XÚ§���Ñ�(��þ½ö�þþ�"3Kepler-

11e�Úå�^e§Kepler-11dÚKepler-11f�)�TTV�~²w¶Kepler-11bÚKepler-11c�

C 5:4��§3ù(±ÏCz�ªÌãþ�3nØýÏ�¸�"±þA�Ñy¢
§�´�

7Ó��ð($Ä�1("

e¡{ü0�OGLE-TR-132!WASP-3/WASP-10ÚKepler-9XÚ�ïÄ�¹"

(1) OGLE-TR-132XÚ

g 2006c±5§Adams�<é 3�ù(XÚ£OGLE-TR-111
[22]

!OGLE-TR-113
[23]

Ú

OGLE-TR-132
[24]

¤?1
TTVïÄ"·�ò±OGLE-TR-132
[24]

XÚ�~{ü0�ïÄ(

J"

OGLE-TR-132´��'���§Ý�p�ð("OGLE-TR-132b´2003c^ù({

uy§2004c�y¢´��1("duÙ;�±Ï�£1.69 d¤§TXÚk�éõ�*ÿù

(�Å¬"g 2008c 4�� 2009c5�§�*ÿ� 7g���ù(¯�§©Ûù 7g*ÿ

±9 2002c� 2008cuy� 3gù(� 10g�êâ§Adams�<
[24]

vké�;���9

ù(±Ïu)²wCz�yâ"3OGLE-TR-132b� 2:1½ 3:2�� �þ����£�¡

�¤�þ� 5 ∼ 10 M⊕�� %Ç�(§ê��[(Jvkuy�u( 108 ± 49 ) s�TTV§
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L 1 ù(±ÏCz�Ñ���#N��(�þ

X	1(XÚ ��O − C(s) 1 : 2 (M⊕) 2 : 3 (M⊕) 3 : 2 (M⊕) 2 : 1 (M⊕) ë�©z

TrES-1 107± 17 1 2 2 1 [28]

[29]

TrES-2 257± 27 2 15 1 [29]

TrES-3 70 ± 30 3 ∼ 4 10 ∼ 15 [30]

OGLE-TR-111 65 ± 43 1 5 5 1 [22]

OGLE-TR-113 140± 71 1 ∼ 2 [23]

OGLE-TR-132 108± 49 5 5 5 [24]

HAT-P-3 < 60 0.7 ∼ 1.0 30 ∼ 40 [31]

HD 189733 < 45 4 1 8 20 [36]

79 ± 36 4 2 8 20 [37]

HD 209458 70 ± 50 0.3 0.3 0.3 [32]

[33]

GJ 436 < 60 [26]

< 120 10 2 2 20 [27]

WASP-3 178 15 [20]

WASP-10 86.4 [21]

CoRoT-1 < 100 1 [35]

�´�Ñ
XÚ¥�U�3��(�þþ�£ë�©z[24]¥ã5¤"XJ3ù(1(;��

1:2§2:1§2:3Ú 3:2�� �þ�3 5 ∼ 10 M⊕��(§8c�&ÿ°ÝATU
uy"ù´

�«�ÑTTV{ïÄXÚ¥�(�þþ��;.ã/L«§§�c¡�ã 2Úã 3´�Ó�

�n�Ñ�aq��"�þ�����(� %ÇÚ�(� �k'"Ïd§3ùaã

¥§î¶�±´��(�;�±Ïk'�Ù¦ëþ§X�(��¶§ü�1(�;�±Ï�

'!��¶�'�"

ã 4 WASP 3b£Ð©�;�§��¶�0.050 7 AU¤2:1�� �þb��315 M⊕��(§ê��[�

Ñ� O − C �.§�*ÿþ� O − C �é'
[20]

"
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(2) WASP-3/WASP-10XÚ

WASP-3b´ù({uy�7ÌS(WASP-3$Ä�X	1(§§´��ù	Ë�4r�

íNã1(§�þÚ�»©O� 1.76 MJ£MJ�7(�þ¤Ú1.31 RJ£RJ�7(�»¤§7ð

(�±Ï�� 44 h"Maciejewski�<
[20]

ÏL©ÛWASP-3bXÚ3 2009�2010cm� 6gù

(*ÿêâ§uyù(�m�±Ï5Cz§¿^O − C �.�±)º"¦�é*ÿ�TTV?

1
Fp�C�§uy3ªÇ�0.014 5 P−1(P�WASP 3b�;�±Ï¤?Ñy��ªÌ¸

�§�^TTV�±Ï� 69 P�&Ò[Ü*ÿþ�O − C ��§[ÜØ���"ÏLê��

[§3�[(J¥é�
�TTV±Ï9/G¬Ü�Ð��¹§l�ÑWASP- 3b��(ë

ê"¦�©O�Ä�(3ù(SÜÚ	Ü��¹§b�Ð©�(��;�§± 0.000 1 AU�

Ú�UC�(���¶§± 5 M⊕�Ú�UC�(��þ§̂ Mercury§S�
[53]

3NXÚ�Ä

åÆüz?1
�[§��vkuy�*ÿþTTV�±Ï�¬Ü�(J§L²WASP-3b�

SÜØ�3�("̂ Ó���{§éWASP-3b;�	Ü� 2:1!3:1!3:2Ú 5:3��� �N

C§©O?1
�["3�þ�ê��[(J¥§kü|�.�*ÿþuy�ù(�mCz

�±Ï¬Ü§©O�WASP-3b;� 2:1Ú 5:3�� �þk���("��§�Ñ
���

~k�U��.§3�C 2:1£±Ï'� 2.02¤�;��� �þk�� 15 M⊕��("ã 4

£þ¤��ê��[�Ñ�O − C �[Ü�.§ü«��£æçÚØæç¤�Ñ*ÿ���

O − C �§§�3�½Ø�S¬Ü�Ð"ã 4£e¤�í�§=ã 4£þ¤�Ñ�[Ü��*

ÿ���"

Maciejewski�<
[21]

�©Û
ù«�.�3�ÊÏ59Ùå¯K"WASP-3¥ 2:1�

� �þ�3X�(§AT�Ù¦®uy� 2:1���õ1(XÚaq¶�´§XJù�

�WASP-3c�3§WASP-3XÚÒ´8c®�ù(�� �þ�3�lð(ål�C�

þ���XÚ"ïÄùa1(XÚ�åén)1(�[£nØ�~�"�?/¥3�1

(�¥�a7�þ�£íN¤ã1(mÑ�¿Y>�þ�Ð¼§{�
Ù¦�1([£�ã

1(� 2:1�� �þ"�X�?/¥ØáÈ�?1§Ù�þØäO\§�ª�±{øÐ¼§

�ã1(/¤��XÚ"WASP-3c�UÒ´ù�/¤�"y3®uy�1(äkñ�5�í

{Ø§ddíÿÑ1(3L��U´�þ���97(£�©�ú=;�4��CÙð(�

a71(§ùa1(3X	1(XÚ¥²~��¤"§�����±'7(�§;��'Y

(C§�� 0.05 AU"�5duålð(�C§¦��SØ�íN����uK
[54]

"

WASP-10b ´ïÄTTV&Ò'�Ð�XÚ��"*ÿþw«TXÚ¥�U�3��

þ��(§�T�(�U3WASP-10b � 1:2�� �þ7ð($Ä
[15]

"Maciejewski �

<
[21]

¦^þã�{§ïÄ
WASP-10bXÚ�TTV"¦�©Û
 2009c*ÿ�� 8gù(

¯�� 9�1C�£Ù¥k�gù(dü�ØÓ*ÿöÓ�*ÿ�¤§uyù(�m´

±Ï5Cz�"ê��[�Ñ���(Ø´µ3WASP-10b	;�� 5:3�� �þ�U

k���þ�� 0.1 MJ!;�±Ï� 5.23 d��(£XJ�3ò·¶�WASP-10c¤§3

Ù;�SÜ 1:2!1:3Ú 2:3�� �þØ�U�3�("XJWASP-10c�´ù(1(§b

�WASP-10c��»�HAT-P-11b
[55]

½öKepler-4b
[56]

aq§�� 0.4 RJ§Ïþeü 0.3% $

���£XJXÚc#�c�¤§§EU�/¡��."�º&ÿ�"
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ã 5 Kepler-9b£ÎÒ×¤ÚKpler-9c£�:¤�ù(±ÏCz£*ÿ¤

ÎÒ⋄�ÄåÆ�[�Ñ�TTV§�kT��ù(�*ÿÃ'
[4]
"

(3) Kepler-9XÚ

Holman�<
[4]

©Û
 Kepler-9XÚ7��*ÿ�TTV§éõ�1(?1
(@"Kepler-

9´��a���G.ð(§Ù�þ�1 M⊙§�»� 1.1 R⊙"3ÙC 2:1;���� �þk

2�è(�þ���ù(1(§Kepler-9bÚ Kepler-9c§;�±Ï©O� 19.24 d Ú 38.91 d§

8c§�©O±zg;�±ÏS4 minÚ39 min��ÇO\Ú~�"Kepler-9bù(�mÑy


�ÌÝ��O5Cz"ù
&Ew«Ñ2:1;����2�1(�Úå�p�^�A�"Ø

�Kepler-9bÚ Kepler-9c�K��§31C�¥�uy
�31 3��?/¥���1(

ÿÀN�A�§�®uy�2�1(�¡§;�±Ï�1.592 5 d§�»� 1.5 R⊕"3§�(½

�c¡�KOI-377.031("§�éKepler 9� 4NXÚ£�¹KOI-377.03¤?1
ê��[§

(JL²3È©�mS§dXÚU
½�3"8c�KeplerOy�&ÿØ�KOI-377.03�

���1(¤�)�TTV£A�¦¤
[18]

§±9§éKepler-9b½Kepler-9c�K�"�´§À�

�Ý{�U¬&ÿ�aq���þ1("¦�©O�[
Kepler-9bÚKepler-9c�TTV§(

JL²*ÿ���TTV��uÿþù(�m�)�Ø(½Ý 80 s"ã 5�Ñ
Kepler-9XÚ

�O−C§þ!¥!e 3�ãù(±Ï�O��©Od�5[Ü!�g[Ü±9ê��[��"

lã¥�±w�§Kepler-9bÚKepler-9c�TTV´�p��Cz�£�SÜ1(�TTVC

�£C�¤�§	Ü1(�TTVC�£C�¤¤"ù«�p���&Ò�´duKepler-9bÉ�

�(Kepler-9c�Úå�^�)�§?�Ú(@
§�´�7Ó��ð($Ä�ü�1("
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3 Ù¦�¡ïÄ

3.1 ïÄ�;1(Ú¥(

TTVØ
^5&ÿù(1(��(§��±^5&ÿù(1(��;1(£Aâ

�1(¤
[42]

Ú¥(
[38–41]

"nØïÄýó
Aâ�1(´1(/¤Úüz�B�Ô"Ford

ÚHolman
[42]

�ïÄ(JL²§|^/¡*ÿ�êâ§�±¦^TTV{&ÿa/�þ�Aâ

�1("¦��Ä
��nNXÚ§ð(£m∗¤!1(£mp)ÚAâ�1(£mT¤£½Â3.�

KF:L4/L5NC�Ä�UN�Aâ�1(¤§¿�Ñ
XÚ¥kAâ�1(6Ä��ù(

1(�TTV�.
[42]

µ

δti = Ktt sin

[

2π(t − t0)

PTTV

+ φ

]

, (5)

Ù¥§KttÚPTTV©O´ù(±ÏCz�ÌÝÚ±Ï§XJ®�PTTV§Ù¦ëê�±ÏL[

Ü¼�"ù(±ÏCz�ÌÝ�
[42]

µ

Ktt ≃ 60 s

(

P

4 days

)(

mT

m⊕

)(

0.5 MJ

mp + mT

)(

k∆M

10◦

)

, (6)

ª¥k∆M´Aâ�1( l.�KF:�� £§éu7��−7(XÚNC�.�KF
:$Ä�Aâ�1(ó§�ÄÌÝ��� 5◦ ∼ 25◦"&ÿá±Ï�ù(XÚ¥´Ä�3A

â��1(§òé�
97(/¤�Å�JÑ#�]Ô§̀ ²ù
XÚ´du1(3íN�

Ñ�¥[£/¤�§Ø´É�¥%ð(��N�^/¤�"Ïd§&ÿX	1(XÚ¥

�Aâ��1(§U
uÿ1(�/¤nØ"

�X�5�õ�X	1(�uy§éuù
X	1(XÚ¥´Ä�3¥(§®²¤�

ïÄö'%�¯K"Sartoretti ÚSchneider
[57]

ÄgJÑX	¥(¦Ù¥%�ù(1(�ù

(±Ïu)Cz§�5Kipping�<
[38–40]

?�ÚïÄ
X	¥(�&ÿnØ"�â¦��

ïÄ(J§X	¥(éù(�K�Ì��TTVÚTDV£transit duration variation)ü«�

A"Ù¥TTV�ÌÝ∝ MSaS§MSÚaS©O�X	¥(��þÚ;���¶¶TDV�Ì

Ý∝ MSa
−

1
2

S "�
«©X	1(£���(¤ÚX	¥(§�Ó�ïÄùü«�A"X	¥

(�)�TTVÚTDV� ��π/2§Ïd&ÿ&Ò´ÕA�"Simon�<
[41]

ïÄ
ù(1(

�3¥(��Ä�)�TTV§IP�TTVp§§�6u¥(Ú1(��Ý'�!�þ'�

9��'�"¦�¦^ê�È©©Û
1(−¥(XÚù¥%ð(��¹"b�1(Ú¥(
��Ý��§���Ñ¥(���Ú�þ©O� 0.274 R⊕§0.020 M⊕¶XJ�Ä�Ý'��

0.6, �O�K©O�0.253 R⊕§0.010 M⊕§ù
ëþ�/−�XÚ��¹�'�3 20% ±S

´¬Ü�"

3.2 ïÄk���XÚ

c¡¤ãTTV&ÿù(XÚ¥��(§Ì�´;�^1£prograde¤!�¡��¹"8c

®²*ÿ�
;�����§$�;�_1£retrograde¤�X	1(§XHAT-P-7bÚWASP-

17b
[58]

"Ïd§I�ïÄp��!;�_1XÚ¥�TTV§âU�Ð/�ÑXÚ¥���

(�ëê��"�,Nesvorný �<
[43]

¦^#�{§ïÄ
�( %Ç��9;�kY��
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�¹§���´ïÄ
�é;�Y��u90◦��¹"Payne�<
[58]

ïÄ
97(£�þ�1

MJ§ %Ç�0§��¶�0.05 AU¤3a/1(£�ù(1(¤Úå�Äe�XÚ§¦^ê

��[ïÄ
§�k�éY�!;�_1��¹"ïÄ(Juy§éu$���£X2:1)�X

Ú§0 < i < 170◦�§TTVÌÝCq��§�k3i > 170◦�§TTVÌÝ¬~�¶éup��

�£X5:1¤�XÚ§TTVÌÝ�X�éY�O\£�45◦¤O\§345◦ < i < 135◦�Cq�

~ê§3i > 135◦�~�¶éu�;����XÚ§TTV�X�éY�O\~�"éu;

�Y��p�XÚ£135◦ < i < 180◦¤§3��ëê�m¥§�k3�(� %Ç�p½�~

�C;�����¹eâ¬&ÿ�TTV"ïÄù
k�éY�XÚ�TTV§éuïÄ8c®

²uy�;�_1�õ1(XÚ�~k¿Â"¦^TTV{&ÿù(XÚ¥����(§XJ

vkuy�(�)�TTV§¿Ø¿�XXÚ¥Ø�3�(§XÚ¥�U�3X;��éY�

�p��("Veras�<
[50]

^ê��[{ïÄXÚ¥d�(Úå�^�)�TTV��«ëê

�'X§XëY*ÿù(±Ï��êN§ü�1(�;�Y�§ù(1(��þÚ %Ç§�

(��þÚ %Ç9ØÓ;�Ï���¹e�TTV"

3.3 _¯K

ù(±ÏCz{&ÿX	1(§Ø�;�/�)ûTTV�/_¯K0§=�â*ÿêâ

¼�XÚ�TTV§dd�í�(�ëê£X�þ9;��ê¤äké�(J"8c�õêï

ÄÑ´b��(�ù(1(�¡§�UC�(� %ÇÚ��¶§ÏL�þ�ê��[�

�ØÓ�TTV§�*ÿ�TTV'�§�Ñ�Ð¬Ü�¹e��(ëê"=¦���q�

�§�J±éÑ�)TTV�ý¢�Ï"FordÚHolman
[42]

�Ñ
ù(1(3ØÓUN½ØÓ

ëêK�e�)�TTV�"ù
TTV��±Ïé�C§/G����q"ù`²==�

6TTV)ºÙg��)�ý¢�Ï´Ø
�§��(ÜÄåÆ©Û9Ù¦��{"Nesvorný

ÚMorbidelli
[59]

±�ÄnØ�Ä:JÑ�«)û/_¯K0�PT�{£perturbation theory

method¤§¦^ù«�{'NN�[{�Jp�Ý104�§�·^uý�;��ù(1(Ú

k�é;�Y��ù(XÚ"��§¦�é*ÿJÑ
A:ïÆ§±)ûTTV�/_¯K0§

Xµù(*ÿgê��u 20g¶I�*ÿg?ù(£secondary transits¤¶Jp*ÿ°Ý§±

�Ñ���þ��(ëê�"NesvornýÚBeaugé
[43, 60]

òPT�{A^�ïÄk %Ç�ù

(1(9k�é;�Y��XÚ£�(��ù(1(¤"¦�3�þ�1(XÚ¥¦^T�

{§�ÑT�{éTTV*ÿ°Ý��65"�XT�{�Øä�õ§X	1(�ëê£�)

�é;�Y�¤�±��lTTVêâ¥¼�§T�{ò¬k2��A^"

3.4 K�Ï�

TTVØ
É��(!�;1(!¥(K�±	§�É�ð(��(!ð(�1§�!ð

(�Úåo4Ý§±9XÚ¥��N�AÚ�éØ�A�K�
[18, 19, 39–42, 49]

"8cuy�ù(

1(ålð(Ñ�~C§õê u 0.05 AU±S§1(�;�É�ð(�K�'��§ù


K��)�N�A!�éØ�A±9Úåo4Ý�
[44–48]

"ù
�AU
Úå1(�;�?

Ä§¦ù(�mu)Cz"XÚ¥��NÑÑ�UUC1(�;���
[46]

"�´ù
�ú�

A�UÏLAc�m�È\&ÿ�"PálÚKocsis
[61]

�Ñ
ý�;��ù(1(�C(:?

Ä�TTVÚTDV�'X§ïÄ(J�Ñ§XJCoRoTÚKepler�mOy¥uyk %Ç�X
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	1(§3ù
Oy�k�Æ·�S§X 3∼4 a§TDV�ÿ� 10−2∼10−3 s§U
&ÿ��é

Ø�A�)�C(:?Ä¶TTVI����m�*ÿ§X 20 a§°Ý�� 10−7∼10−8 s�§

âU
&ÿ��éØ�AÚå�C(:?Ä"ù«¦^TDV½TTV&ÿ��{§Ø=�±&

ÿXÚ¥���(��3§��±uÿ�éØnØ"

RagozzineÚWolf
[48]

¦^1C�ïÄ
97(XÚ�SÜA�§�Äð(Ú1(Ñä

k�½�(�§=�±^�
ëê£X�»!Loveê¤LãÙSÜA�§ïÄ�«�A�)

�ÿ�?Ä��Ç§Uì��lÌ�g�^S�Ñ
��A�)�1(C(:åCzÇ�o

Ú
[48]

µ

ω̇tot = ω̇tid,p + ω̇GR + ω̇rot,p + ω̇rot,∗ + ω̇tid,∗ , (7)

Ù¥§���g�1(��N�A!ð(�2Â�éØ�A!1(�^=�A!ð(�^=

�AÚð(��N�Aé;��)�?Ä�Ç"d(JL²§éuålð(�~C�97(

XÚ§1(��N�A´�Ì��Ï�§2Â�éØ�A=g�§'1(�N�A�
 1�

þ?"¦��©Û
1(��N�ð(��N�A�'�§cö´�ö� 100�"

dTTVnØ��§3²$Ä�� �þ§��þ$����þ�1(ò�)ér

�TTV&Ò§ùéN´��N�^�)��±Ï��~&Ò�«©§��(�)�?ÄÇ

´§����þÚ��¶�¼ê"du97(SÜ(��)�?Äzc�A�Ý§ù��?

ÄÇ§��u 0.1 AU±S7(�þ��(½1 AUS���þ�ð(�)�?ÄÇ"ù
?

Ä�²w§$�� 1�þ?�þ��(�)�&Ò^À��Ý{½p°ÝTTV{�±&ÿ"

�´�ù(uy�1(§a ≥ 0.05 AU§Ùÿ�?Äü$��±���$�þ��('��§

· �U¬u)
[48]

"

Rodŕıguez�<
[62]

3¹k 2�1(�õ1(XÚ¥V\
�éØ�AÚð(��N�A§

±CoRoT-7Úb��a71(XÚ�~§Ì�ïÄ
�Né1(üz�K�"Uì²;�

�NnØ§�Ä1(Úð(��N�A¦;�� %ÇÚ��¶~�§lK�
;�$

Ä§�)TTV"Penev�<
[63]

3ïÄð(��NÑÑÏf�§O�
du�N;�P~�

)�TTV§éu8c®*ÿ��ù(1(5`§TTV ≤ 1 ms/a§��u8c�/¡*ÿ°

Ý¶�´§�Y�Kepler�m*ÿOy§ò4á±Ï�ã1(B\*ÿ8I§TTV�U¬ÿ

þ�"Miralda
[45]

ÚHeyl�<
[49]

ïÄ
K�ù(1(;�?Ä�3«Ï�§Uìd����g

S©O�µ�(!�éØ�AÚð(�Úåo4Ý"õ«Ï�Úå�;�?Ä¬K�;�±

Ï§�)TTV"

4 (ØÚÐ"

duù(¦ð(�)�1ÝCzÓ1(�ð(��»'�'§1(�ð(��»'�

�§1ÝCz��§Ï&ÿJÝ��§é&ÿ°Ý��¦�p"Ïd§y�ãdù({¤

uy�a/1(Ä�þÑd�mU©¥(&ÿ�"�X�mÚ/¡&ÿ°Ý�Jp§ù({

òuy�5�õ�X	1("ïÄù(�±ÏCz§U
&ÿXÚ¥´Ä�3�("TTVé
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u&ÿ�� �þ���þ��(�~¯a§U
&ÿ�a/�þ½ö'/¥�þ���

�("�©£�
TTV�ïÄ?Ð§�)nØïÄ!�(ïÄyGÚÙ¦�¡�ïÄG¹"

�ânØïÄ§TTVû½uù(1(�±Ï!�(��þ!�(� %Ç±9§��±Ï�

'�Ï�"3TTV&ÿõ1(XÚ�¡§3®ïÄ�ù(XÚ¥�vkuy�(�3�y

â"(Ü8c�*ÿêâÚê��[§�Ñ
ù(XÚ¥�
�� �þ�U�3�(��

þþ�"ù¿�X8c�*ÿ°Ý3ù
XÚ¥Ã{&ÿ��(§�X&ÿ°Ý�ØäJ

p§ò53ù
 �þ�U¬&ÿ�'�þþ����("Ïd§ïÄù(XÚ�TTV§U


�*ÿJøkd��ë�"8c�kKepler-9ÚKepler-11�Ü´ù({uy�õ1(X

Ú§3ùü�XÚ¥�3²w��(�TTV§?�Úy¢
1(XÚ¥�(��3"TTV5

uù(�*ÿ§�L5§ïÄù(XÚ¥TTV��)�Ï§U
��?�Ú�*ÿ"ék

²wTTV�ù(XÚ§I�����m�ù(*ÿ§È\�õ�*ÿêâ"Ó�§é®k

�ù(*ÿêâ§#?1c[�?n§¦åüØ�*ÿ¤ì½*ÿL§�'�Ï�§y

¢TTV5uXÚ¥��("K�TTV�Ï�Ø
�)XÚ¥��(!�;1(!¥(±

	§�kð(�1ÝCz!ð(��(!ð(�Úåo4Ý±9XÚ¥��N�AÚ�éØ

�A�"3±��ó�¥§·�ò?�Ú�\ïÄù
Ï�éTTV�K�§�Ñ&ÿ°ÝJ

p�õ��7L��Äù
�A�K�"

|^TTV�{&ÿù(XÚ¥��(§·�Ï���õ�nØÑy§~Xµ�Äù(L

§Úù(�Ý���¡XÚ§)ûTTV�_¯K§Jp*ÿ°Ý�"KeplerOyòuy�õ

�ù(XÚ§�TTVïÄöJø�õ�*ÿêâ§l�Ñ�õ���(�ëê��"

ë�©zµ
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[37] Hrudková M, Skillen I, Benn C R, et al. MNRAS, 2010, 403: 2111

[38] Kipping D M. MNRAS, 2009, 392: 181

[39] Kipping D M. MNRAS, 2009, 396: 1797

[40] Kipping D M, Fossey S J, Campanella G. MNRAS, 2009, 400: 398
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Abstract: To date, more than 120 transit planets have been discovered, but only two

multiple systems in which all the planets found by transit timing, Kepler-9 and Kepler-11.

Transit of a single planet on a Keplerian orbit around its star must be strictly periodic.

In contrast, the gravitational interactions among planets in a multiple planet system cause

planets to speed up and slow down by small amounts, leading to deviations from exact

periodicity of transits called transit timing variation (TTV), which has become one important

method to detect additional planets recently. TTV is largest when planetary orbital periods

are commensurate or nearly so, which is widely used to detect terrestrial planets on resonant

orbit. More than 13 transit systems have been analyzed using TTV, however, they don’t show

clear TTV of additional planets, only give the upper-limited mass of the hidden companion

on some common resonant orbits. TTV caused by companions in the system of Kepler-

9/Kepler-11 is obviously found, and then confirms the multiple systems further.

Theoretical investigations of TTV combining observations with numerical simulations

give what TTV depends on. Not only companions but also co-orbital planets and extramoons

cause TTV. Stellar oblateness, general relativity and tidal effects cause periastron precession,

then change the transit timing of the transit planet.

TTV is dependent on observations, so the research of TTV will be helpful to observers

to detect the expected companions. With the development of space missions such as Kepler

and CoRoT, more multiple-planet systems will be discovered. Research on these multiple

systems will be valuable to understand the formation and evolution of planet systems.

Key words: extrasolar planet system; transit timing variation (TTV); numerical simulation


