F20% HaW x X ¥ OB Vol.29, No. 4
2011 410 H PROGRESS IN ASTRONOMY Oct., 2011

XEHS: 1000-8349(2011)04-371-16

RIMTERGRERNTAM

£ %2 e, B om

eid s

g

(1. PEBRER F8LRXAE, BE 210008; 2. HEERER BFFUARE. L5 100049)

BE: EREERINAEIMTERSG S, WRAEILARI MRS R —BERZs), HETAE
HFZEEES R, BahiEs &AL, PO RIAAT R, 2B, xR
TUHENEERE T HMATE, ORI —FFRTE. FENMET RIMTESHRETEZNN
5| 3 VEFH 5 S A HE 2 A AR A0, AR 2 R AR ARV R A M T B R S I 908 R
B B T UM R A AR AN R PUTE . TR MW . MR RN K&
TEE 5] ) RS .

*x 8 OiE: RIMTERY: HERWZ(TTV); FE#R

FESES: P185 SCERFRIRAS: A

o}

1 5]

HET, CRILT 500 ZHAIMTE, Kb, HEKERINAIMTEA 12028 . 4178
BENPE KRN, AT ERPOE AR T90°(Edge-on), HAT TR H1EE
Z I, AT R0, EREMCES KA, Fid WmE 2 B R B AR SRR
MRAMTER LI AMES. BdHEERINRIMTEIEY EE, &5EERLENE
SR E (radial-velocity, fFRRV) SUIEHE, 7T LAHTAT BB ST, WidT B2, i
B R, ST RN BIERA 2 A ORI h R RN Z 1T
B A, BKepler-9" flKepler-11"7 . Kepler-10 £ 45 *p 444 — i B AT B A — PRk 1k,
W, Kepler-10b FRIRE A 4.56 Mg, F124 1.416 Re, BN 8.8 g/cm® , fEKepleritk &I
M —BE AERATE, BA Fe i, SHIRAMREZEUNSEH" . KepleritRIERIT 54
BRI ZATE RS, S5SNIt — B0

B 2 AR MRS BE 4 =, ORI 2 R BB 2 AT B R GR R I RIEATETE Ak
BiS, HKHATELE RAMTE R TR IHR ALK, TR BBl 1 %0,

WKimHEA: 2011-05-09; {&EIHER: 2011-07-05

FEEIWE: ERARRBEFESE (10573040, 10673006, 10833001, 10203005); LI AREIHEREME SR LA /MT
RIS STBIIE



372 RX®#HPE 29 &

PR —MTEREH AT LG 2 ~ 4 BEHATE . Anglada N IITTF0 45 R R0 HZ%H
BR OB TR BB 10 My BSHAT ERR DA B ™) s R ERBRNITE RSP RS
FEERH R AT E . NKMHRTH 28T B0 DHEN, RINZITERSG WA, 2
&, BHErfEEE KM RERNZHOEBATE RS, MR R Hh A 23 (B BRI B3 =, 78
XL R G ] e R I 2 Wk B (A SOK 5 #E BT 2 (transit planet) H 48R —ifE 21230 1)
1T B AR A FEE (companion)). BT ARG T, #EN R K421, FHXFMELL
M R AMT B 5B #EE R AR, BITTV (transit timing variation) 5¥%. TTVH
AR T B, R, BFTTVH] DOR SRR EE MEN S5 . [, S RMZ
ITERGMHRN, TR TEREMEFESEALATENTISHERSHMAEENE N, XF
THFFURPH R IRt A EEEEE L.

TREZBIFMAEERIER R, BEX TPl RRE, 4Tt (SEaiuE it
) FRZITERGM S, MHTTVIEM R RS B EAERMPIEERTATH; X T
KR RGEHATTTV T AR KB R, B h HE 2 0 75 22 28 3o 5504 1) i (1)
X5 R T BRI 1) 25w, JUIER TR BE R & 0 2 AR H R, W CoRoTHIKepler, &
ATHIERI 25 5 R A JUAE B 18] TTV T B0 AL B N B Mg o 3™ ™ 3 T8
WMAME FEEMRNRBE R, ERNBIRETWEMTE, 2 R TEE
MRIMTE. TTVIECHH THRABERZTHALE, BOVERENRIMTERE N —FH
Ji¥k. H MHoman® A" FiAgol® N B T M TTVII A RAMTER G H LR Ol
RFHATE) Lk, XM EMRINRSE: WASP-3 ™. WASP-10 * . OGLE-TR-
111" OGLE-TR-113"" . OGLE-TR-132 *. GJ 436 “*" . TrES-1 ** ™| TrEs-2"" . TvEs-
3 " HAT-P-3"". HD 209458 ™. CoRoT-1 ™ ™. HD 189733 " "%, Hut kL, B
T Kepler-9 fKepler-11 i REHFAE B E R . S IAEELEERTTVAN, Hi RS
FIHE A B EAR R BR H — R E AR, HE2REARIEN AR ETTVRIESR. 5%
SR H RE P REEILRAE PR E EIR, BERNE BN AR S, fE1XLL
HARME B, DT RE EREEA T RER A .

2 RN TREWNN, TEEmEEITENENRE, HTaE~4ETTV. K
I, TTVAM A DA B R ge R A ENAMA R AL LR, B0 AN RS 1)
PTE™ M RIEHATE AR ENMTE M (B, XHOTERNR G R AR R
PRI, T3 e 2 B 5 Bl A v AW TR B ) R ™ o i R0 00725 A i G A % i R
SR W RN . AHX SN . ERE RS PR,

2 TTVHRIERE

2.1 &
TTVA B e . 55— g UEHolman®s A% 45 B 1, B k8 2 5 Yk e S o
SO B ) B 6] B 2 AR Ak CRIUE 0 R 350 A AR 4k ) o JH U 00 ) 349 Ay 32 452 W o 2 A o B () 1) )



43 EIE, 5 RIMTERGHE AR UERE 373

B, teo — ter, tes — teo, -+ tRFEEFULEE], IFRECFSRIAEL 2. SIKEE . 5 e
MRAgolE N EF, TTVH “0— C” IME, “ 07 ARFHIEAT B KON F T EIIIAR ]
MDD, “C” R~ VI E #I4 Bl o3& I .« O B It 8 28 — VOWl () i B
S R P RN 35K e WA AR A bR EE S5 . 55 R X, AT B2 B A L
B VerasB NI i Xig . TTVAS S8 BB g T 0000 2 #2150 H FIRRE .
AN RIRFRE L, TTVRIR/ANACK K B #2472 B 352 2| AR B SN 5% M, A
XEBETTRAEERTTV,

ERERG T, W 2R ILA ] DL EAT EPOE ) RN U 8N . AR IR RN
%), YHA—PHEAT BT OEERN S IER T M-S $iEsh iy, AR RN, = t) +
iP, + 0t Hto WP Z, R, PoAREN ALY, ot il ERESERNH#EE
TR AR AL, #4221 R B R 2 A R BAME ) (E— e MR IRZE WD « WA EAT B 3 HAh K
F HARAATE PR B, & REIE KA RO 28 kAR R B iksh, 2N
PR EAE TS, Nr=E T K FNERZEMNTTV.

2.2 EEHR

A, TTVHIRIMTE RS MBS R CSmBE TRAmERE """, Holman
s N FAgol 2 N ZEX T TR T FREIPE B DA, AT R T TT VR R R g b 7
FERIFE RN, MRS TTVII R RS AL T IS KTE.

Holman®s N\ """ BB SR AR SE B TTVI R G h R B AR IEEE, T H 30 R
FEH 0.1 ~ 100 min. ABATHBUERINERIFT T HD 209458 bITTV (A0l 1. flifi1Z% R T
RN AN OE R ARSI, 2 T AT R Z AR . R R HENTAE
HIEY SN DL KRR ERN. (B TEES R 0Es), 52 5WE 2 AR . WE 1
A LAE R, TTVREE fF 2 B0 20 AR A 24 . AT e FEUERLIUR 5T T RARIT
B (RICHRURERRMSEEITEE X ARARITE) REPHFERRERE (1073 M)
FRMATETRE (1076 M) fEENKITTV, 41 TTTVHEEE S SamiE 24T 20 B &
FEERROFREBMRR WE 2, EREFEH, TIVEHERRERIEL. WE2 7TLEH,
TEARIEBE A MEH T, WERTTVR/NEARME, (BEPOESIRME b, EBESHE T
JEERBEE, XU TTVAHRINAT B PE RO E bR BN 0 A B T4 8
IR RS, REEHRMBIEE, B TFTTVRIEEE. BT 223 ks 8 H 72,
ST PR PUETE C AT R AT EANER I TTVRIER

457 [ My 3 3/2\—2
avx D7 () Pt - V) ® 1)

AR R AT R AR AR E, AR (1) B —ANE T AT L2, 555
B R R ERNRER (BB E RN LR "

16 At P\?
: B} max 1 _ 3 2
ju2 457_[_1u < Pl ) <P1> ( 62) ) ( )

Hrb, e = {(a1)/[a2(1 — e2)]} » ex WFEERIMROE, o) M POYHERAT I KA HIE




374 RX®#HPE 29 &

30F A

30r B

20 -
10 -
0_

-10
30

At/s

-201

20r D
10 (-1 | . '

-10 +

-20 n I 1

0 200 400 600
T/d

Bl 1 HD 209458 RZEHITTVRER 7] 122 4L,
A, B, C, DESHISNAER K R ELER: 99.8, 0.7; 46.4, 0.5; 28, 0.3; 19.2, 0.1, METEKIFEM K. it

FFRRE (M) H1. 0.01, 1073, FEERFKIEM, 51073 My, HOEEFREN1 M.

B, ap Cay > ay), PBAIM R FBFEE, MoHOMEERRE, AtnaNR
G KRITTVAE . 2L KR ORAZE, TTVEREE R R CEKHD 88 MmN,
WREE W FRIAAL, TTVEEEE R IR ORE KGR A (2) R YETES
FEE R B Z AR, TTVREEREATE R E A R K, Fik, N EAR R
R, WNEEEERENEERSETRERELERES; mMH, MREEREAZ, FOE
EREIE/DRIBERZENTTV,

THENBAlZ N S TTVIIBIF . AT T TTVHF R KR BT R BIFUT R
2R R L ALTH, BB 900, ITESEEFABREN . WHERAKNZL A, TERE
H5EEFREZW Ay, ofPHTEPERFKEMPUEFRE, Thr “in” M “out” RnfEil
Fm e A . IR T AR JLME L FRITTV,

(1) FEEAEREAT ERNHUENT, HAEERNPUE A RS, R REETENEH STz
RFWNEHAER T H A, vTLAZBS BT 22 BRILs), RERNEN KB AN AEES R
16423 (wobble) 6t & frin(ain /aous) Powe (SCER19]FH A (16))

(2) KR EEREITEN (AR SEsME, HPuERRK. % RBWmIT
EZEPMHERS) XM, PUERRAEE, MR RSENSEETENRE
B, 6t ~ Hout%ut(%uc/ain)spout (iﬁiﬂlg]tp/l}ﬁ (26)).



43 EIE, 5 RIMTERGHE AR UERE 375

alay

1ot L 2 3 4 5 678910 20
T T T T T T 1T T
e=0.0,0.2, 0.4 1102
10° L
410
102 L
g
= {107
10tk
110
10° F
4106

107 D 1 6810 20 4'0\ 6080 100
P/P,

2 A1) URL MEEREI (EL AHNTTVE A2 L (PRIP SRR aEEMEETERN A

W) R LR RE

(3) MEATEMEEIA TILRBIE L, HENRFHPH A ERE, HIETEILIR. P
TR GREREEEBE BT - (5 + 1) GARED IR, & X—MRIEILIREE RSt
PWRIERETF, e=]1 — (1 + )P/, He = OB, T EPUEILIR. (EEMTIRIERNELET
BRI OFEG W, MPIUT BRI IIRRE, AT ENPIER R K H B, He =
J =28, 6t & prousad, /(ain — dous)? P

(4) EATE A EVIIR A HBIE HAUEI R, XMIEATTVER A, REARRREZT
RKTHEATERRE (B2 KEETETRERE T IR KN, RER/DKHEE
A KID, TIVAAHET ERNPIERYIRSL, MSHEERELR, W T HRER/I
B, TTVINTHETENPIERY, HFHSWBITERREIEE R X717 (5 + D3uEdt
WO, TTVERKERBENEH:

P Mport

5tmax ~ .
45.] mpert + Mitrans

HA, mper Fmeans 2 B AL E A EAT RO, PAREATERSERY. AgolZN""
FAEAEPETIR T Gliese 876 FIHD 209458 REMITTV. Gliese 876 R4 H A W 2:1
ME R ARITE, BT WMOFEELE. Gliese 876 b FITTVEMAZ K 600 d (Gliese
876 bi¥) 20 NMNIEIZEF)), MHEEE IS AN 3200 d (Gliese 876 bt 110 NIEZES)) . EHF
HITVEHE S SN RN EE M HEFREE . HD 209458 RAERITTV S HF 2 L2 &
FIRAE R X R E 3 Fin (3% SCER[19T B 5 B ED . 7F 4:3 ILHRAL B T, FE
(AR 2L ELTC s TAE 2:1 SEIRA B IHE, TTVIH B K. 7ER R EAEBN T, TTVE
B 5 11 2 11 o 6 70 KT AR K o 3 I 65 B ) B8 3R R T T VIR R /S, AR5 775 Wb 3R 0

3)



376 RX®#HPE 29 ¥

TTTIVE WSS HAE HYI KR MAT1EIHD 209458 RE: 461, Lo T #RI R 42K AT
B S FOTERMAE S (B SO E 7). BRI E: . WA TTVIER R
WDREEESN 510 (1.0 x 1075)", 0.5 m/sHl 10, 4 H&E i ZEAEEATHD 200458b i) KAh 2
HNF 2 ORI T, TTVIE R AR 7 RS o 2 AR RS AR R E I, WL e vk
B BRI, T 24 AR SRR B, TT VBN T i A2 B U, R 31
HHATE .

Curans(MIme)(PI3.5 d)L's

<0.02 0.136 0.92 _

P pert/ P trans

Kl 3 HD 209458 R TTVREFEE fi Lo 2 B AT B A W LB K K R
REEFR N3 5RMEEITE RS, RN Mo R ERTTVIN

AgolFE N TTVATHIAEATEREFHRATE, Sl TUTILMNRESH: B2
ITEMPUERY], BETESHERITPUEIIRNAEE, MR MmO FHAT 2 RS Rl
BIE R E T BRI L« 1E AL A HR 2 DRI B E KRB B EPRIR,
RIEAR (3) HEHEAITEREHRMATEHTTV

ot o< 3 <M) min (4)

Mtrans

M ERATLAF H, AR 3 dR#EAT ERHUESMU 2:1 LR E b, WRAAEHBR TR 1
B, WFEAERTTVA N 3 min. X—45 FARZ 5 il Hh i 22w S35 2

HT U EMTTVIIRIT, AgolZ N 4R SCIZAR I T an R Mepriehis B K 1
HEEAT EREAT I 390 e R B MDA R L, SR A I R E ) R R
LB E SR
2.3 HE#HR

HIARNEERERZHERITERS, EXERETEGAEME, JUHRERKHAT
B, BRTTVHR K EESHL. Bl o irmililfo — O, R R IEE B IE 2, Zf
SE XA T RS e, FESASSEERETR. EFRRETEWE
WIS BNV, BRRETHFE—BLHNEE, H—SS38 (mE. RO=E,



43 EIE, 5 RIMTERGHE AR UERE 377

PARKHNGE) AT PN L— @ KA, 50 ARG 4 HE, BRI RS
ITEEBERL, TFEHESRE PO Z], AT H R HE R, BERlS 0
MTTVHIZE—8, RURFEF RS AFECBENILER; K2, SHERHERIEET,
REFReGFEMEN T E LR, HitCSHRIERME FFEEFENKE RS TR
o EXERFTEE RIEEERNTTV, EREERMAEL:2, 2:3, 3:2, 2:1 &, 454
HTREFRMIEKO — C, RILXNEHEEFE BR. XKW, mRxedtymir g Lf
A, B EN /N TX LR FRR. I NS TR, R BN T X L B R
PR, X pE FRZHO IR TR &L, LR MR E D —DEH, WHD 209458
REMI0.3 Mg o HIE, XEETTVHHIFRIEE B LR, BB AU 4 LS Mt fs
S, BEE LIRS B 3R e, ATRE S RILIXEE RS LA

THNMAEGE2 B LRETENZTERZNTTVIIR. Keplers& FH#EEIEIRNZEK
B f 1L T R A X P AT R A A TR . B AT 1k, Kepler B2 R T 1235 T EATE
1&5@%[5210 EXEREARER RITE, BHEESEEMUWNRMIA . Kepler-9 flKepler-11
2 EAWHINFRAN T H 2B EHEIT RN RS, Kepler-9 REGEHH —X 2K+ B & T
E Kepler-9b FlKepler-9c 7 F-2:1 $£4E#h1E F. Holmans N4 i T Kepler-9 R H1 5 —4
S _FA R TTVRIER, ZR%EH —5HH#T B RO AR EB I 1 he Kepler-11 R H
H 6 PiEITE, BN EIM 3 AKepler-11b. Kepler-11c. Kepler-11d. Kepler-11e. Kepler-
11f. Kepler-11g, FH, PER 5 FEEHR FEL, PuBARNERZAAN 10.3 ~ 46.7d, JRERIEEN
2.3~ 13.5 Mg; MM 1 BUEE S EA180T, AL 118.4d , i< 300 Mg . Kepler-115
ST EREANEINREY, TRSTEK X2 1IANEFEENRE, KEIEH
ST L — PR T S A . Kepler-11 4 #5247 2 W FiL, 5l hMNE K,
i, XWADNRGENZEWERTTV. ML EPRS, 29 REHEETERNTTVHE,
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[29]

TrES-2 257 4 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]
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CoRoT-1 < 100 1 [35]
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O—C1H, BNTE—EIREAYEELTF. B4 (5 RFikZE, R4 (B SHBaEE0
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ERPHEEARRER R BEATEF BRI S Bk, ik T T E2EEBaE
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K%, HICHEN AT AT BT RE R T REE KRR R A R PIEN A BR L E 2K
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B, Tk 0.05 AU. J5 3k g1 THE B KT, A6 I S i e e 2 ki
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HPGENEE 1:2, 1:3 f1 2:3 JLRAE EATREFEEAE . WRWASP-10c L EFHEITE, |’
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MO —C, k. H.F3ANEREERBRNFEES B mEERE . ZIREE LB ERESE S
M LLE F], Kepler-9b MKepler-9c FITTVZAH BATEE ALK YR AT ERTTVES
K (A B, AMATEBTTVA N (B ) MBS S 1E & B T Kepler-9b 32 3|
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3.1 WRHEMTEMIE

TTVER T F R 24T 2 WAL E, & 07 DUA R 2 AT 2 LT 2 GRRiK
AT RBEEY Y. MRS TR TR RAT R RRAEAAKE Y. Ford
FHolman ™ FIBF ST S5 532 B, i FE T 0000 K 5503, 70 LG P DTV 2 8 0 K 5 B PO 9%
FITE. AIFRT —AN=ARE, HE (mo . ATE (mp) IFHEFITE (mp) GE LRI
B3 H S L4/ LSMEE RS R R AT A, A T REHE BT ERSIN iR E
AFEMTTVARR ",

0t; = K¢ sin [QWS —t) + (b} , (5)

TTV
o, Ko N Py 230 02 $i 2 B BAZR A0 i e B A0 B B, a0 S E 40 Py, HoAR S E00T DLE i $
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P 0.5 M kAM
Ky ~60s mr ! , (6)
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HIZFNERE TR S, FRNEE—Bh 5° ~ 25°. BRE A KHEE RS 2B AR
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R IMT A, BRRIAT B RS
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No HATTVINEE o Msas, MsHlagdy 5l F& A0 TR B & FHUE K5 T TDVHIIE
B Msag®e 3T RAORIMTE CGRAFER) MRS TLE, BERNFFIXFEMMN. R4 T
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45 BN TR (K P2 S H05% . Nesvorny FBeaugé " P T N BB S0 i 0 2 P14
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2%, R EERT TV B A BEE XEERA R EE, RIMTENSH (B
HSTHUE A FTLLEBNTTVEE RS, ZEEESHT 2N
3.4 ®WEHE
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Research Progress on the Transit Timing Variations in

Extrasolar Planets

DONG Yao'?, JI Jiang-hui', SUN Zhao'?2

(1. Purple Mountain Observatory, Chinese Academy of Sciences, Nanjing 210008, China; 2. Graduate
University of Chinese Academy of Sciences, Beijing 100049, China)

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.

TTYV 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



