23. Born—OppenheimeriT{Ll & WrEam{Ll



Born—-Oppenheimer IT{2 & BT {2l

§0 XL ®IC

Born—Oppenheimer TP OGP EL FRoEFALF DI LA EDT X NI TH
0, ZOREHD FEAZIZTBEFLIVIIEIDICEVNO TEIENELS, BEFIX—EDONEICE
ESNTWVDAFRFEOED) THE L TWNWDHE L TH-STIY) ZEbIEED, MREL
T [ROPEENBEEA & IR E B & R OEB) OB B OFEIC R TE o) &) ERA
22> TWnD, UL, MEICL>TUIWE 2D RO EF & £ OB HE) Bk
DFEICBECE D LT2L ] LIrD2 b DL H Y, 20DEEHROETRE D Z LR
RONRHERONEEL L TCLE 2 GADBH S, £72, Born—Oppenheimer JT{El Z WLl & 5
WX D2 ENZVD, TRFEEZIED L =% b7\ EWNH) A A= 0B IE L I
S, BEBTEFES BT EIZIEE > T0D E V) “BIZOWE” NH 200G LS L
WO ko “BEi” OfEEZ L TLE S LG HH D% Born—Oppenheimer JT{ELIE19274F(Z
Born & Oppenheimer 33 L 725w 312 H & DN TW A D, RERXORERITHEDCZ L OF
FAMIGRENTND D ENRY Bipo>THY REHM 2 b D TH D ZD7®, Born &
Oppenheimer D JFZE 7w LD ERIZIN - TR ZFE L CW DR EMIT O T F 2 MIZe <, f
RELT, REGER) I LICRRDERDIAET D720, EOBRBETE S WOz %
Z &% Born—Oppenheimer ¥TfEl CToh O Wi 2D &) Z & A E LB TE 2V E FITR
DTV, Fio, BIEEETOBXOMIOE, &) REUTEBICA A—T LT
WA, BRSO TER LTV D & WD #H I BRI T & D 0 b R Ao L & 1T
IV, EBIS, FEAED LY OF7 %A ML, EOVorBA0LomEs Eo X
21 5 Z & 5 Born—Oppenheimer Tl Th 2 ED LTy, KENL, &b PO EEH
ARFHE LTET TR, 1 moiteom FEim o & L TEZEZ Born-Oppenheimer T
s L OWBGE P OARE 2 8fiF 55 Z & 2 B L TED 72 monograph TH 55,

§1 4F® Hamiltonian

DTORT vy VR F—L LT, =& IR0 1220 T, ARl R R %
MEZ =R L F—% & o> THIDPN K% LS BT 5708, 2Oz xvF—0EKAZIEL < H
fRL TV Z ERNESNTE VY, —#%IT, Schrodinger 72U

! Born—Oppenheimer JT{EUFR T TIiZ72 < 43 T & 5 BEOEEIZ2 O T, KERT £ TOfFH Tl TWAH BT )
FOTF A MIUTENPNTORNT ERZLY,

2ET A LR D) I B ITEE N AERRICEW AW B CROMBIRTH 5,

3 M. Born and R. Oppenheimer, Ann. Phys., 84,457 (1927)1328X— T D EWia L Th 5,

4 Singular perturbation method & FEIZAL S HIETHMEZEA L TWA AELFO TEFEOT X X MIGEEN TN D
JEPA & OBIFRIT LRI B L T D,

5 ARFEE, SCHR1(Chaps. 2-3, pp. 8-35), SCHER2(pp. 432-437), XER11EZEBEIZL T\ 5,

6 KT v v VT R — iR LIRS,

23-1



HY =E¥ (1)

EENPNDS(HIEFHRO Hamilton E T, YIZROEBEE?, E 13T X—EAMH),
Hamiltonian H X F- K OEB) = 3L — T, kéﬁ'¥@@@]iff\/l/:"r T.OMT ERDKRT
VXNEXNF =V DR THDH=T+ VY, JRFEOEE T L F—T, 1T s D 5E T
%,

R S S R A @)
"My 2 4M f

THY M ITRFE k OEE, PR TFH k OEHEFHET), BT OEShT 3L F—T5
THHETT, 1%

~2 2
A Di h 2
NP Ny 3
22171 Zmzl_: ! )
ThoHmIIBETOBERE, pIEETF i OEBREET)., £77, VI IR kIS 2 HE T4

0> % 9 o°
= + + =
ox? oy ozf OR®

4)

TH Y (g v 25 IR TFBE k DEERE), VZIXEF i T3 BT

* o o* &
Vl'2=—2+—2+—25—2 (5)
8xl- 6yl 6zl~ or

ERLTO D,y 2 (3BT i DB, —77, 3 FREORT vy bz X —iF, BEH
CHIDHZETERD &,
2 2 2 2 2 2
- ZyZpe~ Zye~ Zjem Zpem  Zpe L ©6)
Rap Tl T2 1 T2 M2

EREINDND(Ze, Zye 1 TENTN a, b DERT), =
N —iic R+ 5L,

V= ZZkZle ZZke Z_ (7)

k>l i>j U

b, ZIZT, kHIRFAEIAHT i w5 50
TE)THY, i, j I TEFIMNT RS THD, 7B, A1 (e, b) & B T(1, 2) 0 il

I Z 9 EM 7z Schrédinger HFRERUF ERE RV DIE7AR0,

P AETCHRFEBIOETFOAL VBT EBE L2VWO T, HHBEK=EEETH D,

3 Hamiltonian |IAR¥, EHTRL X —LRT Y VTR ALX—0fME L T RLX—DOHAZ L OWELEOA
WTTH DD, AETIE, Hamilton HEFOEMICH HAWS,

CHFRS L LT,V inabla(‘)‘7 FYVEIEE, V(=) ‘iLaplacian(77°7 T INEMTNG,

5 ZORT VU VERILF—TERK D Gauss HALR TEON TN D

23-2



ZTNENORTHROBEENT, Ry = Ry R, ng = [Re—n|. 1y = rl-—rj"f‘ﬁ)%)(Rk%‘J:U“
BIIENZENE TRk BLXOET i OMLENRT AL R TH D), o+ 0#Eh = %L
X—T LERT VY NVZRAX—V ZRibk T DB Z B L TR 5 &, T(rR) =
T,(R) + T.(r)BLOVR) L7225 BLORITETBIVHTEONERY ML akEE
LTW%), L7735 T, Hamiltonian H 1Z7(2), 3), (7)DF

H(r,R)=T(r,R)+V(r,R) (8)-1
=T, (R)+ T, (r)+V (r.R) (8)-2
M A2 N ~2 2 2 2
:Z k +Zp—i+ ZZkZle _sze +Z€_ (8)-3
M T i R T e S

TRINDRFEOMEEZ ME, EFOEEE NEE L), ULy, Za2PE L T
(oA EFTT &

H(r R (r,R)=E¥(r.R) 9)

ED, LnL, ZoFBRXITEE I T 202D RIS 2 L 2B 22 TEkb
720N, RO TIZEAME & BB ZNEN1-O LR nE DI/ A 50, [EAME & BB
ORITEBIFAET 205, T O D I LD1>DEAEZ EY, shict 2 EABEEE 72 (r, R)
EENT,

Hr,RY¥*(r,R)=E“¥Y"(r,R) (10)

LET N EAMER IO EIRE B ORBRE LTk BRR AR ERE ThH D, L, IRFEN
W2 T CTHEMEZ 2D L2 - TEHOI T I272 5 DT, ROBEFME, BEAREEOIRTIIL
Bt XDOAHFLT ZEIZTH,

K(®)-31T 0 T 2R T AR T EBETOEFH =R LF—BLORT vy VmRF—% TR
TEXTFLTEY, BEUREERTWRNWEDICARX DM, KX, HEUBEELTWD2, 4, &
HLTWD DX, P LEBFNORL0FONFHT N X—(EH TR LT —+RT v L
TRIX)THDEN, BB L R EOIGE NI WGAITIE, /T8 22 B E R & 2120 T
b, FFEENELREETER L TWTSH, 2 FEFONFH=XLXF TR L THD, FW0
Wz b, DTOEMEIIEE THLENRRL, 2R T 2001 OE3HES) = %L ¥ —
R F-DFRIEED B TR E D)RT ¥ v VTR AXF—|TERTIUT LV, LR~ T, BB
Fm AT O IE, ZERIEEEER TOER T R X —HRE S A2 ROELOEH T L —HEF
& AERCRL - OFEXHEB) = %L ¥ —HE BT 2 ER S D, (8)-31F, HEh= R F—
DEBIZ, FT oY VZ G AX—DEHEFRL r BEORZHAVNONTEY, 3 CIZELOE
BT RLX—ZRELEZ(OFEY, BELRTOROZ RN F ) HE-IZ/R>TW\D, LavL, H#HE)
TRAX =0, R IR EEFEER) O X —2hlx REINTEY, fHxh#Esh— 1L

U 3{KLL E o Schrédinger 7 FRAGES FRERANIREIZAE Z L I1XTE 0,

2 2 -HEEMEERA O L 9 M BEAEFED Hamiltonian (28 EHTWARNWE W) B TIIAR L, HUEIHEE E2
THOER T 3 X =05 N EEICIE L BHEN TN E W ERTH 5,

3 BRI AL S D VML FEREEIE L IR D, BRI “ERHEE IS TIRR] L) ZEBZN,

23-3



X —DIBIT 2> TV ARW(EEE~ESHD R T 3 v VT XX —HE T IS ICER SN TV D),
FLIES) & FHRHERY A~ O BEA AT 512X, 29 W E AT A DR & MR AR TR T2 0 O FEAE

BHAEATH LEND D, 2R T, 1ZEAEOEA, HEOEDZ EOEEE 2EE TR L,

K TEE A FH R A & MR B CRLR T A8, ZRRGHLT-LL L)DWE, FRERED LD HFIZnA

WARGERS D, AETIE, TOMAGE L LT, Macobi(v = )| % F| 4 2 JEEE#BED T

Ex T8k, 6, TTHEMNT 5,

§2 BRFHDEE D ELE

FRROO)E BT ZENTERVOIE, B EETOEBX ZFEFICEZ TND &
WHRERTHD, £ T, D FOFTORTEOEIT R /LXF —RNE L OEBH TR LF— LD
HIEFITNSWIZ LI E SN TR BEOEH = XL F—2 35 L, X(@®)-28 LUK
)3DHIET (R) AT I LN TEHWEE : BFOEIZE 2 DB FRZIEDTE X
HEWHIBWRTHY, FFEOERZEIEL CWD b TiERy, #ld+s ko, FFE
OiEH) & L TCORBCERIIFFINTWVD), Z0OE X, BN D EEMBLE) R IZHETE S
N5z iz n, @I LTR=R &< &, Hamiltonian /%,

N A2
Ao (rR) =To(r)+ V(i R) = > 2ot v, RY) (11)
il
& 72 DR S & L L 72 O C Hamiltonian (WS- . #3717 %), Z @ Hamiltonian (Z &
% Schrodinger 2

Ho(r; R (r;R') = E(R)¥ (r; R') (12)

LEMND, RO)TH OEHERT r L ROMIZENITWS [ (I r=)B"RADTIE ()
(B aa)Zb-o>Tn50i, KE®)D RITHFERDOEHTH DA, (1) TIHITEE R
WREOHF THICERE AR EINDNLTHD, VDL, K®)20FEIHEAHELZZ
XIS L T, (1), (12)DOH D RIIE TIZ/RL R T A—=H|ZipoTWD, —J7, ()T
H20ND5HRT Y VEXAVF—HVIER=R L BV THLXOFBIIEDL L 2WDO T, K(11)
TEEIaa sy TR ~DFEFIZLTH D, RTIFEOEEZFEET D &, XA2)DOfEE L
TR LD B BEBILE OB 72 2 DT,

Ho (R (r;R) = E (R (r; R') (13)

VIEFEITET L VEVEOIZET LY DX DCESE L ERBTHZ ENZ 0, L, ZoRBIL,
HHN (v =p/m)2 BT TH D LRI T L BT OEBENFREORE I THH I L EFHEE LTNEM,
FNERGET D AR T2 W (EFiROEBREE FOPRICERIIZENTHRY), Lo T, BES
TR =R VX =TT 5 50N HKRTH 5, Born & Oppenheimer 13, BT DB & m &R OBREEE 4 O
D4R % k= (m/,u)1/4 ELTERL, x ZRE/ T 2 —% L7 58 EF(singular perturbation method & FEITH
DINCLY, BFE=FAX—% E,, REITXNF—% E,, =R VX—% E, £ T5L %, E, ~ K’E, ~ 'E,
DL EFRLE, ez, KESTFH, DEHA, «=018(x* =0033)Th Vv, EHEHTFN, DA,
K=94x107 (k% = 88x10°)LRD ML, KEHFORFHOEHOT XL X — LB FOEBH O FLF—0
K3 %, BHRDTOHEIT09 %IT X2 LT D,

2 HARER ORI AR T > v ¥ /L= 3L K —H Hamiltonian O F|ZF% > TV 5D DT, Z ¢ Hamiltonian |38 1 DA
(2 B94%& 9% Hamiltonian TIXRWNZ & ICHE,

23-4



el I
L(12)EX(DBTBNTZR AT =N R OB E LTEPNTWAIEBIE, RO XL HICEZXDH L
BTV, (DT FRNVF—E (X

E=I " (r,R)H(r,R)¥ (r,R)drdR (14)
Thzbnd, Lnl, RA)OHA, =FRLVX—E, 1T
E, =Jw:(r;R')I-}e(r;R')l//e(r;R')dr (15)

ERV(R PERETHDND RICEDFEMIITE R, AR DS TWDLTDIZE, N R IC
AT+ DD TE(R) L EIND,

R L 1XBRR DT HEE R TOT RV —E (R b, X(13)D R % R"\ZE & fx /- i
ERRFIEELND S, R, R', R", - & R2 R E &2 2 CHRER13) & i) 1,
fERBNALE O FEEEE R \ZxHET 5 =R VX — E(R) BNF b b, Lo, R
BLiE & [EE L 72K T D Schrodinger FFER A — XA

Ho(r; R (1 R) = E(R)o (15 R) (16)

LELIZENRTE DL ZOXH D Hamiltonian [

N 2
o N\ D
He(r,R)—lZ:l:EJrV(r,R) (17)
Thb, FTEXAOZMNTHONIZRVF—E (R ZRIZKH L TTay LD, &
CHIEZT AT e o)L X—dlihii) Th 52 E.(R) %5 2 2(16)> Hamiltonian
T 5 H,(r;R) (RAT)E®)-3DHEHT, (R) LA DASD T 3L F—

s B OEH T LT — (FA(8)-3DH2IH)

TR D) AT o L R L F— (R(8)30H3H)

TR TMOGUNRT > o m 3L F— (R(8)3 0 F475)

BT TR ET v v VTR A F— (R(8)-3DHSE)
DRITdH %125, He(r: R) % ¥ Hamiltonian, E,(R) & x4V % — LIFS 2 ERZOD,
WIS BB S LR BFMOET ¥y VTR AF—BEEN TS 2 L
ZEN TR DR, Schrodinger (1602 M < &, EAE L KBBIOM (B, (R)} &

U Z o 5T clamped nuclei equation & 2% M3 clamped nuclei Schrodinger equation & FEIZAL S,

2 Hamiltonian Z T B R T L U ¥ V2R T —V L3RR D LRONETHA D,

3 % Hamiltonian &\ 9 4 P& BFEICKB LT, H (r;R) \CETOEEEZEHEF T %28 L CURTFEREOK
FRT T VT RAR = EDIRMER S d 2 3CCHERD), 1 D05 Hy(r R) ISR T RA L O RERT v
NTERNR =% GO T HREHE LT,

23-5



Wen (R DPEDLND(M=1,2, =, N), L7=203>T, X(16)Z 12D EAHE & FEIEIEIZ SV
xzT &,

H (r; R o (1 R) = Eoy (RW o, (15 R) (18)

LELZENTE D, WEBK DM (w,, (r; R)} 1% Hamiltonian H,(r;R) DEAEETH D05,
SEeRERLTED,

J.l//:m (r;R)l//en (r; R)dr = 5mn (19)

INFEALT 5 (8, 1% Kronecker DT /L2 Th D), 728, KAETEZ TWLEFREBIIEREES
FIREETH LDy (r R) IFFEREBETERIND,

§3 ROKBBHROEFREBEHNIC KL SERM

BALBINZAF T2 0 S DX (9) D Schrodinger HFEOBEAMEE & A OEIE S A4 E L TH
D(=JRF L E T B IRIRFCHEE) L TV A ERTO) RO Y (r,R) THh 5, —7F7, X(16)
ZENTHE LD EAEE(R) & BB w (r; R) 1L, R Z[EE L T Schrodinger A2
ERNTFRERTH LD, y(r;R) DI TH D (e, r; R} WEEREZHERL TNDHND,
Wen (1R} ZFRLAG DR TC(=MERAE L OP@R) Z2ET ZENAETH L, OFV,

V(r,R)= ) W en(rs R) (20)

n=1

ERED,

I TWERVBIBREAENH CELOTHEE Y b LR WD, % LK OBIBHA T
TOTHLNLEHHREFECHRNTHD, SF0, RANCEBHTEL LT (P2 /2M,) 227248
#)2 Hamiltonian(z\(8)-3) D [E A B ¥ (r,R) %, 4B H)R Hamiltonian(ZU(17))IC L Y 1S 72D
{We,(r, Ry OBIEREAE TEL TN D,

RIZE b 72> TREBRE G, BELL D 5D Ty, % ¢,(R) L EX,

P(r,R)= ) ¢y (R, (r; R) 1)

n=1
LR, RQNOBEWEFEHERT S L, FHRE R SBT3 ROEBEEY(r,R)1E, 0
J TR T3 DB B (e, (R)} (RIS 2 BT A BT e (r; R)} DERA D Th

U Seli R, SERIERERR, SSMESRBEREERRE L LIFEN D,

2 S3F-Da~ifittop axis)EH W OBEFOMEEENE 0 TRWVWEAICHEEIRELE 20, ZolhEb ) OfEE
0L, METHMEHBORETHE m L T2 LBETRBBELIC " DA LOWMOBEND 1D, MAEE
T —ih(0/00) 2kt L CEAME tmh 2 b2, 72721, HWiEEEFRECEIm=0Th2, MEEBREEZE X
% & Jahn-Teller <2 Renner—Teller &h 23 U 5,

SRR AR WA WA ZRELE (DR IS IED THETE (w,, (R} B E LT, BTEREIN TV 2RO ER
B¥YEr,REETENIZETHD,

23-6



HEWHZ LD, R10)ERLEZEZATEREZ L S, FERRXO)IE, BEHAEME E &EAE
IS 2 BN BAE P (r, R) DAL A & > D T, T(zl)@ ¥ (r, R) ITHEE DO W ENEEEL D 5
HLD1I2ER L TWDLZ EEZENTITRLRW, TOEWT, AKkIL, XQHDLELD ¥ (r,R)
h %%ﬂ%%ﬁ FHRETHLN, WFENHZTED LEMECR 20 TEK LTS, P(r,R)
75:?%% 7o DIZITEBIREL 6, (R) N ILETH L5, RO BIRIZREBRES,(R) ZRET HZ &
Th b,

Hebe, YR N TREFERNUIXO)THLINE, KOIZKXQHZERATD &,

M Az N
[Z M, Z Py, R)]Z Gy (RW en (r; R) = EZ By (RW ey (r; R) (22)
k=1 n=1 n=1
LB, RQDEDEERT S &
© M f)kz N [92
nZ_; ;{M‘” (RWen (r;R)} + Z}E* V(F,R) gy (RW e (3 R) (23)
LD, { YOFOFEIHEICE N ﬁk2¢n(R)l//en(r;R) Z BARRIICEHF L C
B4, (R W e (r; R) = B[ By (RW oy (13 R)] (24)-1
= B [W/en (r; R) By $, (R) + $, (R) B oy (75 R)] (24)-2
= B en(FR) By (R) + Yo (K RV B4, (R) + By (R) By (75 R) + 6, (R) B, (15 R) (24)-3
=V en (i R)BZH, (R) + 2B, oy (1 R) B, (R) + §, (R) B oy (75 R) (24)-4

%1521, wiT, X)DOHOFET pP L r BT M TH, R@Eﬁa}& ITVEM L2 o
&, BLOV(E,RG,(R) = ¢n(R)V(r,R)otD, Q23 DENH

N .2 N 52
[Zzp—l +V(r, R)]¢n (R)W e, (r; R) = ¢, (R)[Zp_l +V(r, R)]l//en (r;R) (25)
i-1 <M =R

EETHENTED, RQALED[  We,(r; R) DT D HRADEDE F -7
KFEICIETHDMNG Egy(R)We,(rR) CEZHEZ bVD, LIehR>T, XQ25DABIT

N 2

n(R) o Vir, R)]V/en (r;R) = ¢, (R)Egyy (R)y o (r; R) = E, (R)$, (R)Y ¢y (s R) (26)

i=1

s, R24)4 LK 26)EREINTMA LIS ORRQ)DABITE LMD,

1Myfﬂﬂﬂﬂﬂ=ﬂ&mwﬂf@mmﬂfﬁﬁ<,Myfﬂﬂﬂﬂﬂ=ﬂ@¥@ﬁ2f&mhhf@wmﬂf
BHZL EABETHD, S HITHIET T Leibniz DA (d"/d"x) f(0)g(x) = ¥, C.f " (1)) (x) 1272 5
r=0

23-7



[W[l//en (r R)Pk ¢n (R) + 2Pkl//en (r R)Pk¢n (R) + ¢n (R)Pk Ven (r R)]j
k

M=

k=1
(27)

+Een (R)¢n (R)l//en (r;R)} = EZ ¢n (R)l//en (r;R)
n=1
155, ﬁf@ﬁﬁi%%%ﬁ%mﬁ%ﬁ>&(gmm%%étwwﬁ&ﬁ%¢5 £)T
b5, B E L TR S TV D EFEE r 29 720121, RQTDDOEHLIZEN S wl, (1 R)
BT CRETFEE r CHEDZITH &, EDOFEIZHOWT

Ven (3 RVBG, (R~ B2, (R) [0/ (s R (s R = B2, (R)G,, (28)
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S, FAEEOEEOTAIZIIRE EFELRY, Lo T, K(35), 36)DIE(=1THER)
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D AEIT IR D 7 <, Bl & v O HREDN KR E(4.2)D TBom—Oppenheimer #T8l] #3208 %0, HD
W, 43810 DHWEIEGERL % Born—Oppenheimer JT{El & FEA TV 5 & D % d %, Born—Oppenheimer JT{El &
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W EBIFEINS, WG KD &, EEREY, (R) 2522 7FAL LT

M
{2{2;4 (P" + [Ven R B yon R)dr>}+Eem(R)}¢m(R) Egy(R) (38)

NEHND, THEY L) SEORIT, KEOICEFIREEZXBITDHRTRm L(1>L
DB TWARNZ EITH &SN TN5S, RGB)ITRGHH D ;’ﬁ(37) ICHELTWD 2, Hr
Bl A AT 5 Z L TrlllT2BHEZ 5006, KRHD L S INTIE g W AR SREAS
< THRRDHOBERHEOT D1

#(r,R) = gy (R)W e, (r; R) (39)

721F C Schrodinger FREXDEE 5252 LR TE 5, 2%V, BR5EFIREEZERST S
(FHEAEH OYEN 72K, 12DE IR ., (1 R) 720105 ¢, (R) R E D L ) BEIRCTHEL L
WO FEREDIL TN D

ZZET, ¢,(R)EREBUREKEMEATE N, ZOMBNRERESZ X THLEII, P(@,R)
132(8)D Hamiltonian> D [E A BIEL TH 2506, 2 ORAERHK T OEB) 2 XTI EEIK TH 5,
BRI T EBTRHY, PR DT Dy, (r;R) BET OEENIGT DB CTH
L5, @, (R)ITEFAZOIEEN NS D WEIRIR CTh 5, ROWEENBIE Y (r, R) % FE 1 E)
BIEL e (r; R) & JR TR BB 4, (R) DFEE L TR EIND Z & B WBGIElEfEH L T D
RENZ VD, WERVKXBYD X HITHEET 2 Z L2 WEuTl e BT 5 L0 b, XGBNDE
7213 3B3) D b E IR L 2T ESR 2 HE L, NGBDIEIZT 5 Z & AlrElr
HThy, ZofRE LT, —IIITEFEBIBREHRIC L2 EBHGENR)) E L TEPNL RO
BB B D L D IZI>O RIS TR SN, ZORMREDIRFEZOER) 2R LT
WD EBET 50000 RT VD TIEZRWEA D D),

4.2 Born-Oppenheimer #r & 1Ll

Al Born—Huang WLl CTH72 ¢, (R) 12 BT~ 5 HFEA(38)IZFk - T\ D X AATHI £
THEM L TLE 2irfll%E [Born-Oppenheimer Wil &FESS, Z DA, ¢, (R) %5 %
%IRRT R O

5 JHFEIL, RO EIRE% 2 BB R & IR EN R O TE T QoD RS A BET 2 )R L TR <
HITWDHD, RO ET L IRE OO TET I LN TE D L IR DA EURI-2721T Tk
WDT, Born-Oppenheimer JT{EL 72 1F A3 B & RB D43 B A AIREIC T2 HIE TiEe vy, WEGLLICRE ¥ 2 HiE L
ZTDOEFE F L ORIk EZ§S TR T 5,

U SCERI0IC & & ST SRS 44 L7=, HIC [Bomn-Huang TfEl] LFEEIND Z & b H 5,

2 ARFETH 5 Hamiltonian (S IFHERFIF DAY L O X L XF—ITE TN TR,

3 3CHR8IC & B A4 1d [Born—Oppenheimer WrEGITIEL) TH D2, %< OBFA, [WiEh %1153, Born-Oppenheimer
WL ERREND 2 ERZN,
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M 52
I _ 40
lgsz+Eem<R>]¢m<R> E¢,(R) (40)

(272D, YRV D, ZOIEBLBBGTEIO1I>TH L0, Z ol Lk, E-ikdhEa%k
IZ K DATHNEF R T 20BN, ROWED D, R OWKEB 6, (R) BART v %
VTRV H— Eg (R) DY & THEENT 51D Schrodinger FFRINUZ LY 52 b5 2 &7
Ky fgcx s, XB)LHEHKFICKRUEGODOELAXCHDOEIZET D LD,
Born—Oppenheimer LN K U 23 ) BIES B F B B3 & R FRZ B A D TR S D
(=BT OEH) LR FEOEENC O CE D)L RELSND Z L3 Z WA, Born—Oppenheimer
TN XTI L O TETF L RO ZEEN AIREIC 72 5 DT Tid/e <, Wik {El(Born—Huang
)OS TT CTICNEESN TS ZEIFEERLATHDL, TNETOHERID,
Born—Huang #Tf2l & Born—Oppenheimer Tl OFEFIEEEIEIT E > 7 <FI L TH LD, ¢,,(R) &
527200 FREA(KX3B8) L RUEONITELLND, ZNENDOELIZE > THLILD ¢, (R) 3
B MICEBET D0ENH D,

22T, R ERE S, (R) OFEH(NFRICOWTEZ L 9, RU@OELD[  JNOFK
FIIFE AR E R DB OB TH 52, HHEOT-O2RFSF20CEZ25 &, R ZRERT S
JERERR AR, ZHIEEEE R & (5 T ORMZRI2OO[EI L o THDHND
(R=(R,0,9)), R@AOELD[ TNOHEIHDES) T 3 X —HETIL, T,(R)=T,(R,0,9) &
KEDL E,,(R) I3 FORMIITEFET, R OBOEKTHL1B E,,(R) LFE T D, *
7o, WEIRIH 4, (R) B (R, 0,0) DEIELTH DD, ¢,,(R)=4,(R,0,p) EFHED, LTz,
Ki(40)1%

[T,(R. 0, 9) + Egpy (R)] ¢ (R, 0. 0) = Ed,, (R 0, 0) (41)

EELZENTED, SBIT, T,(R,0,0) & ¢, (R, 0,p) B EHEELT-
T\ (R, 0,9) =T, (R)+ T, (6, 9) (42)
(R, 0, 0) = 4,,(R)$, (6, ) (43)

ZHREDIZTRAT D &,
[T5(R) + Egpy (R) + T, (0, 914,y (R)$,, (0., 9) = Edy, (R),, (6. 0) (44)

DM, N@HITED2HODFRERUZHTHZ LM TETC,

U L7285 C, %13 Born—Oppenheimer i 2L & WrBGA LU EIFE Tld7e ., Born—Oppenheimer ITELIIMrEGT LT
HDHZEDOTREETH LN, WrEWTIT Born—Oppenheimer Tl TH 5 = & DMBESLAET LN, THEL
(Born—Huang) Ll + i /417 41| 2258 fE 1l = Born—Oppenheimer iTEl | T 5,

2 BRSBTS RE T LTWDH DT, B EEIEEIIEE > THRuy,

S nEORTN G725 R0 TGEEMR) OGS, EOOEERZRIAT D E, 3n-3FE(=EHEEEIZEQ (3n-6
fiE) + ) F8Z DL & 22944 BE3-D(Buler £ (0, @, 7) )DFERERNLENTR Y, R=(0, 05, O34, 0,0, 1) £ 72D,
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(71 (R) + Egpy (R)] s (R) = Epyy by (R) (45)
T, (0, 9) by (0, 9) = Enyy 6,0 (6, 0) (46)

BIFHID, 72720, E=Ey,+Ey), Thb, ¢,(R)IZRT ¥ ¥ LR F—E,, (R)NTD
KEHIBERED 7 2 28 & 3 5B 2 R 0 L IRENEEIB % 4, (R) TH Y, ¢,,0,0) 1 FAEOGT
DEAE R LT 5, BT v v VT VX — 32N EE & £ b RIERIE BB 4., (0, )
ThbD, Eyy lFZDOEETCREETZRNVF—E, THDHN, E, \ITETF=RNVF—E,,(R) 1
GENLTVDEMND, EROEEBER =X LX—E,, 1%, E, 2»DELTRF—OhIME(=
A EZFIRERE R = Ry TO E,,, (Ry)) & 22 LBIWZ b D(Ey,, = Ey — Ee (Ry) W72 5, 2 (40) D fiF
FRX@EYTREIND NG, EFIREE m ORRE T

Y (r,R) = hy (R) by (0, @)W ey (13 R) (47)
TRIND, £, BTNV X—IXE=E,, +Ey, +Ey, CHD,
@A) SR @7 E THRELEH 2R L722s, 2 T4 BIZONT, BEI7RR O % R

LTI H3, X40)Z M ERE R & &ZREhORL I (6, (0) /7%& SEET D &, D2 B p i
2T DA &),

" i(Rz dj+E (R)+E,, |4, (R)=E,, 8, (R) (48)
ZILIRZ dR dR em 2m m 1m
L a(mé’aj 0 0.0 = Erp (0. 0) (49)
2uR?| sinf 060 00) sin’0 o¢? PI=am (@

K496t LT D, (@48)DHIZ, (4D EFE E,,, 13 E EN TV DD, FEic=(49)
R L, R@EYELO[ IFAEBERETJ? THIM1D, BAME

R 1)

m= (50)
? 2uR>

PO IERTHR T =0,1,2,+),  Ey, [ Z2R T T HIBEBE RYDEET KL X —TH 5 ( E,, 7
R OB TH D AICER), £z, EABKILY,0,0)=Y, (0, 0) GREHMBEIE) T2 b, =
NREERIERISCH D, —J7, RUE)ELDO[ |1 NOE I TEITE 7 17 0O FER) = R L X —
F-OT(~(12)2u)(0*[0R?) YT ie» TR, 2T,

_ (R (R)

LpE, AEELO[ |NOBIHOHH T 2EHSED L,
1 2 d VR d [d¢,’n(R) - }
2R dR(R drR) R 2uR? dR| dR R~¢,(R) (52)-1

U 2B BEBUTEBE L TURuy,

PARF T EBELTVD DTy, (r;R) & we, (r;R) L LTz,

3T ORA ST OV TR L TV 5 i E C Born-Oppenheimer Wi LU kit TW 220 S DIZ 200, R4
OETNT WIS OEHRE TEHA LT L TN D L DIEEIMID 720,
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n? R R) R)
{ (R, (RSl } 5202

= = Tm 2)-
2uR  dR? (523
B nn, REDERXEITRALTERE LT,
n & 2J(J +1)
2 d.R2 Eem(R)+—}¢m(R) E1m¢ (R) (53)

NELND, RGHEADO[ JHOFIEL R FROEH X LY —HETTHY, FEHELE3
IH7S Hamiltonian D DRT ¥ ¥ LT R LF— LR o TN 5, FE3HEIT AT XL —HRETH
L6 TELDRT vy v EREEN, S EE3EOFINT [FhART v EFEEIND,
MEDRRE(J =0) TH LA T ¥y AR 20 & X OXGHDBREHIZHIE L TWD, E,,(R) %
% R EEE R, C Taylor BB 35 &,

2
Eop(R) = By (By) + L) 4 ldE§;§R°)<R—Ro>2+--- (54)

LB, dE,,(R)/AR=0TH Y, iz, E,,(R)=0 LEFXRTIND, E,,(R) ITALEHEIHELE
IRV REND, RBRMPOHRE LN TWARWEAIE, ANF4HELKEEERTS Z LN TE,

d’E,,, (R
ks—(;;g o) (55)
x=R-R, (56)

EERT D EKITNOEREMITND), X(G5HD E,, (R) ITHHFIRIART v v L
Eon(R) =3 (57)

2725, BE RDO x \IZEMBT L &, BEHRRAE(J =0)TOR(S3)I

n?od® o1 . .
(‘7@ +3 kxz]czﬁm(x) = Ejyy 1y (x) (58)
L7 %, R(S8)ILFMFIEEN T D Schrodinger HFERTdH 50 HIFHTHICAELS Z LN TE T, FEAMHE
I
Elmzhv(v-i—ljzh i(v-i—lj (59)
2 7 2
ThHHw IFTEFH0=0,1,2,-+ )0 Ep, 1T RITKHFELROA, E, (2 \IKAET D B, (R) D35

ENTNLOT, @, REBTRLVXF—E, ZR-TH51T, Izzvﬂe @%E%I@WF?EEHERO
TDE,,(R) THDE,,(R)IZEV, E,, =E,-E.,(R) &T5', £/, BEABEKT

1/4
#,(x)=N,H, {(,u_k} x} e*[(ﬂk/flz)xz 12 )

hz

L0, ZRAMEBE BRI C b B (N, ITHRALER, H,[(uk/n*)*x] 1 v kD Hermite £1H5L),

Eey(Ry)) =0 EEFL TWIUE, E, VIREI=X1L¥—Thd,
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UEXY, 4.,.00,0)=8,00,0) 8LV, (R) =4, (R)/R BfF 54, 2IEBRIEIL

¥ (r.R) =@¢m<e, PWen(riR) 61)

b,

BEAREESIL, RGHDORT ¥ ¥ VTR —(THLRT Y ¥ (AR R —)HEHR G
FNTCNDEOTC, [AERRIED L ICIREESOR T UV Yy VTRV X—RNRB AR5 Th D, OF
D, RE)T R VX — 1 IEHRER) & IHNIITRE ST, BEERETORT vy LRV F —
E,,,(R) WEHLEENIZ L > CTEB LIANRT v v ¥ V=RV F —(E,, (R)+E,, ) L TOEE & L
TIRBOEAE & A ERDRTIER LR, SHIZEWEZ 5 L, FEEENREE(J=0)T
BONIIRE = R L F —EMORE D FICEHEEM N ED E B2 DDITIE LWHBTIER, JZ
B DRT vy VR NX — E TR R VX — S 2 R ET D &0 ) OB IE L WA T
HoDl,

KOEDDHRHIZH D RICEFIURZK 2000 LRV, EFEEEORKRbzE 2D L,

pwmmFmM=féwmm%wywmmmﬁmw (62)-1
- I% | 4, (R)B, (0. 0 (13 R) P Rsin@drdRAAdp (62)-2

- [ g, hﬂ[ [isu0.007 sinededwﬂ Ven(FR)P dr} S ()3

ERVEOD[ TNORISENZIZENL) , R DEREERICEEND R BT DL Bbhb,

728, XME0)E RICHETHIIRTEOFERLEEZT, REHOFICEES B TLE D &, HiRE
Bao LN TERIRDDT, BB RT3 T TIER=(0,0;,,05,_5,0,0) TH Y, IFEHIE
nJFT T TIER=(0, 0y, s Oz 050, 7) THDRIZEET HMENRD B,

AR 2 W OB,  TRFZFEMARTER L THART v b 30—l )
IARETH D2 L RET D D1, 2(40)D Schrodinger TR DK T v v v LT F X —E, (R)
%5 % % JFER(16)?> Hamiltonian H,(r;R) DR FEOE BN G ENTHOARW(E(17) 2
EERBIUZLTWD, Fz, TEELUERlOb & T, FMEERL THART oy o xr
F—RIIAETH S L RBETHZ L L H DD, TIUTEEITIZIE L 22, 22872 5T,
WrEGT Ll O (B8 &V LERT 5 &,

M ﬁkZ M 1 £ ) 63
;m'f' ;[MIWGm(FeR)Pk '//em(reR)dr]"'Eem(R) $n(R)=E¢,,(R) (63)

L7V, ZOHRADEDHLRART VXY VTN X —=TH 5

U RICIRBNEM = R L X — IS AR T, 2O LIERE T XN F— 2 HE XA O TIERL, LiIZEmREEJ
OEEL, TOJIHIET RT3 v VXX —TORT L F —EMEEZRD D DONRELWEIET
B 5,

2 MLEEAEONOEBENRFRI L TH S LRHETHZ EHE,

3 TBorn—Oppenheimer ¥TRLD H & Tid) ERIITIUTIE LV,
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M

;(ﬁ [venr: DRV, (r;R)dr] + Eep (R) (64)
OFINIR A OEENE £ TV D5, (Born—Oppenheimer T2l Tl 7e < WLl (=
Born—Huang JTfE))D L~ L TIXFRINAKR TRT o v vz x L F—dhifgm iR 5 Z L 5,
R(64)D 5 15 L diagonal correction term(X 4 #ffi IETH) & 5 M adiabatic correction term(#7T 20\
IEIR) & RTINS,

Wi IETE O BRI 7a K& 03, BFEDOE TIRRE @TT//“\’/I/@EE&E@*?/J\{[_( T
T TR T DRNARIR B L THD Z N TE D, e X, KESFoOEF R
REB'S]IRAE & B THICIREX S, DR T v v L L — i MER 1 D T, (B- X) O
MR Hy & DyOMDZEAT, = T.(Hy)—T.(D,) iZ Born—-Oppenheimer JT{ElTI%0 & 72 5 73, FEH)
f132.8 em™ TH %%, AT 1L B IREE & X S RIEE BT B WA IE 180 7% % Sk
LTWBMND, 5F ADEBEFIRKE @Lﬁ%&%ﬁﬂilﬁ% Ci(A) £ EL &

AT, =Cg(H3)-Cg(Dy)—[Cx(Hy)-Cx(Dy)] (65)

LD, W EHIZE EN TV D EEDFEENN R 10T O%h, BEEEIZR D)
}'."..
R

5, (RN O W BV IETE O He I3 R B o H:GJZC Do
Ci(Dy) _ M, (66)
CGi(Hy)  mp,
INEANTR(6S)EEXWZ D L,
AT, = Cg(Hy) -2 CB<H2)—[cx<Hz)— M ey y) (67)-1
Hp, Hp,
=[1— HH, ][CB(HZ)—CX(HZ)] (67)-2
/p,

LRYZENTE B, Hyo B S RHE & X L IRRE DM IETE O FH 5L 2 0 2/0120.835 &
U146 cm ' ThH Y, Hu, [Hp, =12THDHO AT, =(1208 - 114.6)/2=3.1 em L PRI S
IERTE, EEESem N LS HEHL TS, HOMEEOFEKLE OkEE LT, H,
D E T IR RE D MRRE T R L ¥ — Dy DFEGIN B 23, FERMAEIE361183 cm ' TH D 4,
Born—Oppenheimer #T{2L TlE36113.2 cm ™! & 72 0 FEHIE & DFE135.1 em™ T %, Wil IEE O
K& 1349 em ™ & A 205 ERIE & DFE130.2 em UTHEE 55,

' I. Dabrowski and G. Herzberg Can. J. Phys., 52, 1110 (1974) DO EF #5803 2,
2 k#ESFOEBETES B -X Z+ % Lyman band & FEIZN 5,

3 W. Kolos and L. Wolniewicz, J. Chem Phys., 41, 3663 (1964)F5 & 149, 404 (1968) D3 &6l & #7332,

4 G. Herzberg, J. Mol. Spectrosc., 33, 147 (1970).

SOEBCITHR R R OB I L0 FHRE 0.5em™ AT 20 B EME DT 0Tem™ £725, ZhIZ, &5
(I IE 21T 5 & FFFLIEAS 0.5em™ ML, HME L D 02em™ L7325,
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4.3 FAL\Er#hsa 4l (Crude adiabatic approximation)

Z oI, Q2D REBRIZHI L BB B ORZ BT 2 LR E Ry ([ E 9 5 Ul
Thd, LIeBn->T, EFERHHEEOEEE(EEVKFEERBEINR W (DT,
Born—Oppenheimer ¥T{EL L D & & 512 DV EEITH %), KDITHHET 2R

¥ (r,R) =) ¢y (RWe, (r; Ry) (68)
n=l
b, ZHITHIE LT, BB AE 5 2 5 Schrodinger FHEAULF(16) L D
He(r; Ry (r; Ry) = Eo(Ry )W, (r; Ry) (69)

L7 D, R DSERIZEE I TV D &9 EBETH(69)% Tstatic equation] , #i(16)% [dynamic
equation] EFFATXRBITEHZ LMD D, H (rR) & Hy(r;Ry) 13,

H,(r;R)=T,(r)+V(r,R) (70)-1
=T,(r)+V(r,Ry)+ AV (r,R) (70)-2
= H,(r;Ry) + AV (r,R) (70)-3

THRIEN D NS, BEOEKEZ y (rR) & LTINE CHREOXERZED 2 &, K (33)IC
it 5:E LT

M }")2 0 .
Z[ﬁ;ﬁm (R)] #2901/ (13 ROV (RO (1 R |+ By (RO) (R) = By (B)  (T1)

n=l1

BELND, ZOXDLIGAITIERZHET D L,

D2
D1 S | [ 75 RYAV 0 RO (75 R M+ Ee (Ro) | (R) = By (R (7
P 2M;,

ERVWEGEEL L 72 5000, ZOHEDL, ROEAREEEZI SO
¥ (r,R) =y, (RW e (r; Ry) = By (R G (0, 0, )W e (13 Rpy) (73)

DY, IRENAES BN R L BB O TRE DS, B, R=(R.0,0,y) ThD,

§5. FAEDEELEREINLAH

Cik111%, Born—Oppenheimer #T{EL & VY 5 HEE FRDS RIS E R S ALV E F LIZ LIREZ
HERICHWOGIL T DR A TER L, 32DOBEGTEINA W OHEIZ L > TE D FEHIN TE 720,
TOEBELEFE LDED, B EIRILEZE L SERWTEODOLHERE -HERL TS, 2B,

U ZOREO E 5 2 IO TH D,
2 AARFEOT XA MIIE, Z OMWEEGL{E %4 Born—Oppenheimer FT{El & FEA TS DS H 5,
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SCHR111E Ballhausen and Hansen(SCHRS) D44 2 HELE L T 5,

1. 35OWBEGELIZBET 5 1

FRDLE

(3CHR11 : T. Azumi and K. Matsuzaki, Photochem. Photobiol., 25,315 (1977), Table 2% &% (ZEfK, )

Authors SCHK | year Born—-Huang Born—Oppenheimer Crude
Longuett-Higgins 2 1961 Adiabatic Crude adiabatic
Herzberg 13 1966 Born—Oppenheimer
Hirshfelder and 14 1967 Adiabatic Born—-Oppenheimer adiabatic -

Meath

Bunker 15 1968 Adiabatic Born—Oppenheimer -

Jortner, Rice, and . . .

Hochstrasser 16 1969 = Born—Oppenheimer adiabatic - -

Kolos 17 1970 Adiabatic Born—-Oppenheimer adiabatic

Geldof, Rettschnick, . . .

and Hoytink 18 1971 Born—-Oppenheimer adiabatic Condon
Engleman 19 1972 - - Born—Oppenheimer
Ballhausen and L . L S
Hansen 8 1972 Born—-Huang adiabatic Born—-Oppenheimer adiabatic Crude adiabatic

(E) RFOTXTOLIRD 5 L AlZapproximation 115 5,
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18%1. ERIEEEEZEH I RIILF—EFEFOELES I RILT—EEF LEATEH T RIL
F—EBEHF~D 7B (Jacobi FEZ)
PR & BT ORI NEO N EKFREEBZ 52, ZOROEH) T XL X —FEH 7T 11,

P 1[82 o2 azJ_ 1 o

~»

— + + =—— ) ——— (74)
2 k=1 my ax,% ay]% aZ]%

TREND, ZIT, m ik BEAOR PR TS XEOERETHY, 1= v 21)
T k FHORAFOEETH D, mAN, ZHEEHEEr = (x, y, z) BBEEN D Jacobi HEE p =
(&, 1,8) ~DEMEAT 5o p-JERERD j 3 B OBEEIRIIHIET D7 MV pi i3 r-EEER DT

FUCE DR TERSND,

J
P
_ k=l

Pj=

j —rjia =R =1y (75)
my
k=1
FORF VTR A O jAH ORI T OFELOAIER,; TH Y, TOEL R, IS T j+1 78 HORLF
INDEINTZAT MVIR pJERER D j B OBELR p; 2527 M THD, r-BERE p-
JERFFR DR ZXIRT 2 K20 X 912725, N+IEHEOKFIIFELRND Try, =0T
HLHNE, j=NIZOWTIX

N
ka"k
py =*S——=Ry =Ry, (76)
my
k=1
LY, pyBREEROBELONMEER G 25, F
7o, 2RFROYGE,

nmyn
P1=#—"2="1—"2 (77)
m
\\ 0
BIO
. [X12. Jacobi JFEAZ O JE 25§
0y = mn T mar (78) T 7 SR D jEDRLT
ml +m2 @ﬁ‘t‘Ny ]\/l/

. . - . (SCHR12(b) : W. Greiner =&, JHEEMZ, FIFHEHL
Ly, Pl L o)) N Z IV V2R TR DAEKHEERE & BEER (B T2 k] va Y vl — - :/“':7/\"

BHOBEICRHE L TWD Z EnD, 2IKRDER ¥, 201 14ECGEIEER), p. 244, 1X19.102> & 7F it & 1%
LEALTND = Eibng, RASPRIDE )

UARRHERIE, SCHER12(a), BR9FE pp. 262-264, pp. 382-387% 5 HIZ LT\ 5,
2 §ITIHRAEED ME, EFNANMEERE LD, I TIEE+H%E NEET 2,
3 p; %% jJacobian X7 RL(Hj X AT R RV LIRS,
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Mx.

M;=

Jj my (79)

k=1

WO RLEERL, ROBREEZ My TEKTELE(DED, My=My), 2(75), (76)ILEIZ
i

j
2t

=1 _
P M, —ri=R;—riy (80)
BEIW
N
Zﬁm
PN = k:EMO :RN ERcm (81)
LEIT S,
STV EWEH(74)% Jacobi FEAEEFLICEH L L o5, £, XTHOFaDELy
N 2
La_z (82)
o1 e O

(23 2 TEFE T 13 2(80), (8D DR S

Zzap’ P2 (83)

8rk or, 0p;op;r

LET DD Top; Jon ZaFili LTI <, #(80)2 HIRDBILR

(v (k < ) (84)-1
op:
Lr_ ] (=k-1) (84)-2
6rk

L0 (j<k-2) (84)-3

N N N
YLyl o (85)
My | 2 O, Or Opiop

ERGT D, TOBK, iz
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] k<j, k<j

[2a] j=k-1, k<)
[2b] k<, j'=k-1
3] j=k-1 j'=k-1

DADSDEEETHT TEHET S &

N N Nooar 0 N N N 2 2
e S SEe o | S S S e ] o

N N 2 N N 2

1 my, 0 1 0
2a] : - ) — — = R —— 87
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FAB=X———— —BC=X—|— Wy
mpg +mgc mg +mgc

ERTENTE S, Zhb2ilnn,

2
. . . 1 ..
g =i 4| —C Lyz_z _mc g
mg +mg a mg +mgc a/

) | )
BC=_V

o
. . 1 .. mc 1 .2
TAB'BC = Xy — —
AB'BC al/z y LmB-i—chay

NEHND, b3 EX (161512 AT 5 &,

1 .2
T=§M0xcm

2
LLma(mg+me)| 2 [ mc iyz—z me 1 =
2 MO mpg +mc o mpg +mc al/z

L L (mp +mp)me Lyz
2 MO [24

L%, SHICERLTEHTD L,

1 )
T=§M0xcm

2
LLma(mptme) o 1 mpmc ly2_mA 1 =
2 MO 2M0(mB+mC)a MO o 2

L L (mp +mp)me Lyz
2 MO [24

+Wc 1 ).C)'/—mAmCL mc J 1 ).}2

MO \al& MO mg+mc |

Lis, i, i, PPOREIZHONTELDD L
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(177)-a

(177)-b
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(177)-d

(178)-a

(178)-b

(178)-c

(178)-d



TZ%MOxczm+lwx2 (179)-a

2 M,
2
JLomame 1 Lmatmgdme 1o mame( me \1oa g0
2 My(mg +mc) a 2 My o Mo \mp+mc ja
LW D, P OTEICOWTE LR (179)-b LT 5 L,
. 1 mAmé mAmé 1 .»
iﬁ(179)'b - - —+(mA +mB)mC—2— _y (180)'1
2M¢ | mg +mc mg+mc |&
r 2
__ L | (mp +mg)(mp +mcIme —mamé |1 oo (180)-2
2M, mg + mc a
1 [ mampme +méme +mpmé | 1 2
_ AMBMC ¥ MBMe TIMBMC | 2 (180)-3
2M, mg +mc a
_ 1 | mpmc(mp +mg +mc) iy-z (180)-4
2M L mp + mc (24
_ L [mpmcMo)1 o2 (180)-5
2M0 mg+mc Ja
_1(_mgmc )1 I (180)-6
2 mg+me &
2
_1(_mpme || mp(mp +mc) 2 (180)-7
2 mg +mc mBmCMO
_ Lmp(mg*mc) ;2 (180)-8
2 M,

A 5% (3(180)-67 B H(180)-T~DZEATIF(164) & FIH L72), #(179)-a & R(180)-8%
abhiEs L,

1 ) 1 mA(mB +mc) ) 1 mA(mB +mc) .2
T=—M +— +— 181)-1
0Xcm B MO X ) MO y ( )
1 . 1 ma(mp +m . .
=§M0x§m+§—A(£o Q) (32 4 32 (181)-2
720, K(165) & F T2 A LB H LN L@, 7o, U820 0F2HICH HEH &
KL Thit Al & ThiFB & COELNL] OBFEEETHY, i
ﬂzw (182)

My

EFTIE, BREIICRAZGS,

23-36



1. . 1, .
T=Tom+T, =5M0x§m +E,u(x2 +37) (183)

K(I)DFFEFN NI RZEN BN & TH DA, Tl BICEER S, EEhd 5h
FR3MEH B 5T, FHRHER T RV —NE &y & DO UEOR (B A)D2IR T
(x, y IR OEE) & L TERINTWDHEWI HTHDH, 2 F TOMm CIRh MO AAE
HaEEZ o720, 3KABOMEERRT Vv vy VXV X —%JEE x, y TRTLE, 3
ki DOEEBOREFIL, BEN 4 THDHEDOE SNRT v vl b & (i o M6t -
N LT E L TRDLIZENTELHDTHS,

TIEWE WX, 7o, K(162), (163)LR(167), (168)D &L 5 IR EFE A NS & RRZETHD 72\
IZEBTHZENRTEDLDONCONTEZTAHAL Y, EiF, BXITEHHETH D, 1 TR
L= F%fibu@“fﬁ B ENNE Jacobi EFE)] ZHWTWAHMNLTH D2, £, (HEMETIE
72N D) Jacobi JEEE D E# & N HZ 5, Jacobi JEARIE, KI2IZFR L7 XL 91T, %*ﬂii;ff‘ﬂﬂ
DAERE O2EDRL 2R, Z OFHXLE Z1-D>H O Jacobi FEEE p & L TEFRT H, KIZ,
DOHOKLF-ONE &, BANZER L7 2{E Ok OO A 5710 %20 B O Jacobi JEEE py 1T
D, TOEHREZMICHEA L TH LY, RUIOEEDUEOKIFL LT B & CLAHA
&, 12 H®D Jacobi JEIEIX rge T D, 22 H D Jacobi JEFEITRLF A 2DRIF B & C DELOD
MEF COHMTH 2050, ZHUE, rap BT B 22HRi1 B & C OFELE CTOHMHE
[mc /(mg +mc)]rc PF

"AB T+ e BC (1 84)

Thb, LIZD>T, Jacobi JERE py, py IXZFNLE,
P1=18C (185)

mc

P2=TABT "BC (186)

mpg +mc
EESTENTEDHFHE 22T TR TWAEIRITOAFR A, B, C L R(75)Dj & DXt
Kt A j=3, it Bwj=2, KT Cwj=1Ths), (185 & H(186)D Jacobi BT % >
TIEE) T R L X — O — 172 £ B, HER1 X114 E LTEHETWDI NG, TOREEZFIHT
T KWz Gl il d o> T, MRIERLHie 23R <, #1149 LEEZ 2 ]
FTAUL I, K11 ZE LW > T DRI FRICHEAT D &, g 1THi 1 B LR C OHEE &
WZhTe bbb,

Ux &y I BEF R M7 < TYH, i ETERR—/WV)EIRNT 2 & TR T OEE 2K Z LN TE
HOITERNTH D,

2o TLED EERIZHS TR,

P IITHEHEREOESHZEX TWDLDTEIEEZ T My p;, TR AT T — p; & LTELT D,
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= tpc (187)

THY, wlE ThitAl & ThirB & COEL| OBBEEEOED, X182)THoH1bH,

_mp(mp +mc) _ (188)
M

N

L%, BELOMEIEE, Jacobi FEARDLE HH(150) LR CTHDH(p3 =xm )20, Tpypm =
MﬁéhﬁkéoLkﬁof,ﬁam®mﬂE@I*W¥—QKﬁﬁﬁéﬁ@th@@
TORBIL

I . 1 .
Ty= At +5 10p3 (189)-1
2 mg +mgc 2 MO
1 I )
=5 HBCPT S HP) (189)-3

L%, K189 TIE, 20DHEE p & py DIREMR R > THBER, R116)D X ST, T3T
DEDBREN BT HICERTHZ b TE D, RA1SD py (o 7= 2 W E 8% H(188)
Oukl, BEMEEEL LT

x=ps (190)
1/2
y=(@J A (191)
7
ZEFRT DL, K(189)-31F
I
7L=5ﬂu2ff) (192)

i, RAHDT,Ic—8F 5, 22T, RAIDDHLOREDOHTD uge/u i,

HBC z( mpmc ]( My J: mpmcM (193)
H mp +mc )\ mp (mpg +mc) mA(mB+mC)2

ThHhHIZMND, R4 TERLIZalZE LW EBRbnD, 12, FK190)D p, 1Z(186)IC
D;ﬂwn@mmﬁmmmiwﬁx%héﬂa‘Vwmkﬁmmi%h%hﬁmmkﬁ
(163)NZ—FH L TW5, U EICED, E50n)RUCEW Wb DnE oo bnbeiroT
A(162) & FK163) DRI BT 72 o 72

N(192)1F, REEROERHESR) 2 20 St i (x-y Fif) L COE & u %2 & O HEOE S OEH) I
BEEMRZTHDN, FER1TIERA92) L0 5y T BE(118)),

U oy, py &6y ORIIC AN TA— AR S 5 DI TIEHARVND, ¥ RESELMTHBTH S,
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%(QhQ’%) (194)

TERITTZOOEEDOERG(17)E R L2, RX(189)-32X(194)DFIZT H7-D12iE, H(117)
IZHE> T, BEMEMEEL LT

O = #Bcpl (195)

0, = u"?p (196)
ZEFTIIE, X(189)-3/1

—(0F+03) (197)

DIGAZ720 , AAXHER) AR 2 20 e (01 -0, V1) L TO B E &4 & O ME OB RO EE) T
KT T EDAREICR D,
R(162), (163) TEFR SN D EIE x, y & BRI 2T O JEFES & L CTHIWZ b OMNK4TH
%, #(162), (163)z>>%zbz>>5 DN, rag CIWEALT D & ElE x ODHBELT D00, xp
Yol A x WS IR o THEEIT 523, rgeldx &y OVTIUTHEENTNDDT, ryg BEES
T rge 72 ﬁnwﬂﬁ“é EETY, yEERTNELT 20 TIE AR, x EEL yfﬁ“fﬁ‘iﬂﬁ#
(2T D, ZORER, x-p FEIZIE, EETL2EANRETERWEBRBFEET 22 81
Do TR, KAFIZRHR TR Lo Ch 5, BIE rTREfEIk & FERI IR 4 Eﬁ?ﬁ‘én‘?@@
XIIHI T A B,C DEEDOKREITRED, rag FEE L2 L &, rge AT D &, x#hidm
12 me [[(mg +me)rge BEIL, FMHC y ST o 2rge BEIT 2005, 20 x Bilids & Off
TXAE)YE O LT D L (013 skew angle(RIZZA) & FEEXN D),

2 2
+ +
cos? 0= g * Mc = ™ T Mc (198)-1

2 2
mg +mc mg +mc mp (mg erc)2

T

0 TAB
e

(4. B RN (B A)
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mc _ mamc

= = (198)-2
me + mgMo  mamc +mgM,
ma
- ulule (198)-3
mamc +mB(mA +mpg +I’}’lc)
_ MAMC . (198)-4
mamc +mpmg +mp + mgmgc
- MAMC (198)-5
(mA + mB)(mB + mc)
L0, GEEHFEIE A IR D5 & x il 2T A 0N
cosf = \/ MAMC (199)
(mA + mB)(mB + mc)

THAOND, HAIZIEZ D skew angle Z /R BRIV TIE Y, rag DAHDZEALIT x il
IR D FIRITHY, rge DHOZEAGITHFEIARIIB O Fi b2 b, 2O K5 efiE a2 R AKX
{£(skewed axis presentation) & FES, 7233, skew angle [Z1Z & A EDT F A N Tcosh T
FINTWDENR, tand ZHN 2D HFREHMTHO D 90,

mpmcM
o _ ma(mg+mc)” _ mpM,

tan® @ = 3 3
me me mamc
mpg + mc mpg + mc

(200)

vy,
tan g — /mB_Mo (201)
mamc
TH 5D,

KQODDAL LT mp, me BHDDT, mpy & me BE BICKEWHAITHBR/NEL 72
DobINEL /D, 7oL xiE, Br+HI»>HBr+1 & WO LFASUGEE LT, my =mg, =79,
mg=myg=1, mc=m =127 2RAT D&, 0=82°0L720, xy ¥ L TREEDETT HH
BUTIEF IR WEPICIRE SN D, Zoflo X 51, R AEWE T CEET 54
(24 % HLH © 47— A LIS skew angle WIEFIT/NS < 70D, *HFRAJIC, BEWE2MEIC

V2SR O], 3RV EAR b AT D (RSS2 L BRHRETH D,
2 H {X heavy(F), L 1% light(#) 2 EE L T\ 5,
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W R 2ME 2595 X 972 LHH O/ —ATIE, 72 & 21E, H+ Brl > HBr + 1 D34, 6=85.0°
E D xfhl y EANFTITEART D, K BRI A L BIZHRXTREWEEOLE(LHL) S
skew angle [T KX <720, x#hé y HHIZITEEIZRZR DD,
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{T8%7. IEZERHEIR & Poisson FFil

SR OER) & O EE) & A ERNIC T b
Z R NNFOTF A MIEBIZEDPNTNDZ ETH
D, KETYH, ZEZOBEAICHOVTHER1B LUBER
D BRG] 2 F§R6 THERL L 7=, Jacobi JEFEA “HiR” @D
MXEFED L) FThHDHZ EITHELEELRWNWTHA
20N, BIDEERED &V F :lécm@f*z%% DD, ELOJE
T EEE 2 T D7 DICMETH DD, T
TERY Txﬁﬁ@“é%gz%éo WIZ, R O ERE (L
E)Z KSR T L 90T, BEOLERLFIZHENI T bk :
NTHRELTCAL I (ZOEED &Y J5ix, Fhi1oE 0

FEE LT Jacobi JERE XV & JEIZBWT S EEEED & 0 T 5. 24 5 0D i

TIE72WEA 9 DY), £ LT, RNORLTDALE % Jacobi

JEAECERT HHEAE L, BOD Rl OB TOME CERT HHA L LKL TAHL D,
ARfrERTIE, £, 2*i?77§“6‘%25(75§, —ERPEN DI D DT TR WY, ki1 & k12
D ENERE Ry, 2K OFEHERE p, BLSR TOELD G LTk & H ORLT O EEAE R, %K
DEIITEFRT DL

(FEL) Ry = ’"1’1 T _ Zm ", (202)
2 .

(FAT) F=H-r= Z(—l)’“rl- (203)

(K1) Ry=n—-Ryy, = I 2 (n-n) _A”;—Or (204)

(KiT2)  Ry=ry—Ryy =—%(r1 —r) =—%r (205)

BB, mTRT | OBRE, nBET i ORRMBEEEETOME, My li2k T REEOE R
(my+my)) T B, 2N ENOMEEC BT % E# 1

2
(L) Py =MoRey = p+p2= . p; (206)
i=1
mm 1 1 2 i+1
FIXD)  p=pai =—2 (G —iy) =——(mypy —mpy) =— ) (-1 m3_;p; (207)
My M M IZ:; o

! Jacobi JERE & RITZHRL TR ZNER 2K TR & L TH - T 5 (X2),
2 FER6 TITHL T DEFRE T VT 7 Xy MNA,B, ...) CH 2 7en, A CIEXRI OV HFK B TRES(RHE—
THLIRD Y FHAPEEILS 720,
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(*ﬁ%l) Pl = m1R1 = iU
My

F =i =p (208)

CKiF-2) Iﬁzn@Rzz—ﬁZsz—yuiz—p (209)
0

ERTZENTED, AB, py=mhy FEMETERA CORT | OBBIR, g, (THF1E2
ORFLER (mmy /M) T %, R(207) ~ (209) B WAL Y 3,
p=P=-P (210)

KX(210)i%, HOLRTEODICE S ORDL &, R OESEDOF P+ P, 730 &V 9 J17OfS
IZ—HEH LTV, X(210)&L 0, MHRER =R LF—T), 1%

1 5 1 5 1 .5
=— p’=——p*=—P (211)
241 215 : 215 :
TEREIND, Eio, EEEEEIRQI0)OER BN T DI L AWM THE 2 ED
Zricky,

Ty

p=-ind=ind —in-o (212)
or aRl aRz

L7200, FXHEB) T XX —DEFE KRB, X1 ERQ212)0 5

Fo__ w2 o @
2pmp ar* 2 ORY 2442 OR3

(213)

H

LD, QI (K6 CTRIEIC LItk OBIER O R EE PPy 25 A TR LT, B
TN <AThbTnb K 2cixs!, Lol ! KRi12)EXQB)FAAHETH D, 7
72 51E, R(Q03)~Q05TEHZLZL I, r, R, RYITTRTERDLNDG, TNETNEEHK
E LT EE 7R T3 28720, bbb, QR12) TIEEF B OFELIMI)FE T
272> TV D, MHRHEEI T R L X — 220 T H(R(213)), ALK LHER NI T
[T > TWADIEARAKRTH D, RKQR10)E TOEBITITRIEN WS, K210)715H K
QRINZEEHT L & RQINN SRR EZE T 2ERICHEND D Z L gk b,

IFC, ZHETITER L RACHRERZMRL X5, Rif UeMBEAIZ T~ Tl s
DRED NS T BEFR TOMBAFITELTWENS, fEoT2 (L o TV D) HEFICRIEN
BENTORWLE S DERT 52 L1ICT 5, BEFm COHRFIZE > THFFICEERME
IZHBR CTH D, 72 & 21E, HDEEEE T & & Z ISR RNEB) BE R 1 p, ORI
XN A/RVASR

[%,p,]=ih (214)

WICE D &, JEAERE A L ESEHEE IR ORI R 272 S 2T B, 2

VRZDIETTHDLZ End EThnd,
2 BREA T, M =32 SAEIRL TLu,
3 AZHABIR A T S AT AU E TRRAMICIE LW (= IEHEA)EAL T T2,
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DOEBE TR T 2 00 R T OMEFE L EB) &L, fEHT /1% (Hamilton /)%%) CTOEHEHFER
(Hamilton FFER) 2 7= 785 & WV ) B CIEEEKTH Y, KQ14)DAHEIRILIEHEAS
BIfR L MEIZI D, FTo, EMERETH HMEIE L EE &L AWVICIEERETHD LV ),

VLR Cld, AR CE s L2 FEEE(E(202) ~ (205)) & 40 6 DO JFEFEIC & 72 9 TEEE((206)
~ QOB BB T OSLBBERZ D, EFIIUDIC, HELOBREEE T Ry, & 7 DiF
B REF T Py OHERZRD Y, OB, KRR DL, b & OZEMEEHERETO

IEHEZHARE LR

[, p;1=ihd;

(215)

T DA F TR | OFEER T, PRI D TEEh & HE 1 3 1% Kronecker DT IVHE),

K Q02T RIS B B OB T R, 13

. 1 <
R Z_Zmi

0 -1

>

o~

A

ThHH, KQ06)ZxtIHT D HE.OOEBEHEE T Py, 13X

THDHIND, Ry & Py OZHABRIT

2 2
~ ~ 1 A A
[Rcmapcm]zM_OZZml[rppj]

i=1 j=I

2 2
1 .
=@%Z§PM@%
0 =1 j=1
| 2
MOZ’%“ )
=ih
L7, EMERHARALRASEKANL LT D, IEVERRHABIR N 72 S VTV U, TEE &
R l2 L0
0
P, =-ih R
cm

! 32 ® Hamiltonian & H L E< & &, B q=(q,,9,..) BLOEERE p=(p,p,,..) \ZHT 2 ¢, =0H/op; ,

p; =0H/dq; & EY¥EJ7 2 (Hamilton HFEF) & FES,
2 Z OHBMRIZE O LIS O JERE L BB B O R E R DRI L LATH D,
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(218)-1
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(218)-3

(218)-4
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LELZLATESND!, ELOEHT R F—ET T, &

. PSR s
T, =— P = 220
MTOM, ™ 2M, OR2 (220)

ERTENTE S,
WIZ, AHe AR 7 7 13X(203) L 0

2
Z ) (221)
EELL T ENTE, MxhEBEME 7 p 13207) LD
13=—Z( D/ ms_p, (222)

] =1

ERTZENTED, 7 & pDZHEREZHTND &,

[F, p]= ZZ( DRRTCS AR [ By (223)-1
0 =1 j=1
=—ZZ( D=1 ()5 (223)-2
0 =1 j=1
=Li(—l)2<f“’m3_i(im (223)-3
Mo i3
| < .
=E§m3"'(lh) (223)-4
=ik (223)-5

LR D B IEWEAZHBAR 22 L TR Y, EfERLIC K0 MxhER&HEE 1%

po-inl (224)
or

EEL LB TE, REROMHER T L F—HE 1%
2 2

L (225)

2 242 or

ERTLENTED,

U BT TR (RAT ) ) O IEHES H A EEAS IR A i - T TS E S M TR TP TOHEAE &2 T 5 T
& NE#ERTI] EW)H, ol xiE, HBIEx LEFE p, N IEEHEZ THIT p, ZFEMAIC —in(0/ox) IZE X 1
ZNVEE M COEMBEREE T D, 2522 LN T, A0 L AEHR L N EERE THIUE, AEBEHE
F LIIHERAOIC —in(8/00) TH- 2 BB,
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WEWERIS, BEOR TOR T 1OMEFEERE T Ry & EB & T P OKHBERZ T~ L 5,
RIZHOWVTIE, H(204)705,

R =—%2 226
1 Mor (226)
THo, PIIRQR08)N D
P=ppf=p (227)
LD, LEN-T, SSHERIT
~ ~ m2 A A
R.P1=—2 228
(R, P] Mo[r,p] (228)

ETRDBM, [FPIUCHOVTIE, T TICRQ2) THEMEAFIHT 5 Z LN T,

A ~ m2 .
(R, By]="2-i (229)
M,

L%, MBI TWRVWDT, R L P ORICITIEMESSHRBLE ALY SE- 72720 2 & 73
bind, LEN-T, EBEEET P %

o
—_ip 2 2
P 1@ml (230)
ELTHZLZERTERWY, 9F D, HMEHOK(08)H 5 W I (211) T P I K Y fHXIES)
MEINTWNWDEIICHZ D, PR O EE & Tl < E¥EEHTHLRVWOT,
RHEEZRTIIES IO L RVWEHTH D, FHLFRTORA2ZONTHRLF1O%A L IFH
*% \—’

[ﬁz,ﬁ21=ﬁ’j—10[f,m=ﬁ’j—loih (231)
ETRDD, NI EHERBEARAER S TE BT, Ry, ZAHXEE) 2 £ TEE L L THNWD X
T T2,

ULEDZ &g, REBROEE) D EOEE) A/ BE U7 Al RHES) 2 R B4 2 JEIE & iE8h &
& U CIEMERHBIMR A0l 72 L TV B dlE, 3(203) ~ (209)D 9 B H 5 L= r&ﬁﬁ@@ipﬁ
FTHY, BLNDS BRI FOMEENG T, EEE RIS EREEEFE21ED 2 &N T
ERVZENRDND, R212)EKQIB)TRAMER Z LN Z > TWeDlX, EEZHERE
72 ST REE & EBh R A2 W CHE B 2 B0 E - 72 2 ERRER T 5,

ULk, &7imCOME T OEMELZHBIR 2 FIH L CEEAEE & EB) &3 EXESAL )8 5 2%
E LD, E¥ER L TE D0 E ) M E il @ﬁﬁWWt@@g%ﬁofﬂmf%@mt
5o, FEiX, FREITHOZHO “TEE” 8 [Poisson FEIl'] T 5, IEAEHL A I
q1> q2, -.) LEEE p = (p, py, ...) DK TH LB E()FE)AL & B k/)b\’f, P01sson

UPoisson 1%, <X [R7 v Y] EHENTWEDR, KT (R7T V] EHENDL T ENLN,
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FEIMNIRATERSND Y,

0A OB 0A OB
A,B} = E _— 232
4.5} (a%' op; Op; a%) (232)

i

EEEBTH D (q1, ¢35 ) & (P15 P2y o) DF D g, & p, ZE, A4=gq,, B=p, £ LT
Poisson fHIMZARAT 5 &,

m Pn O 0Py
| _ B 233

ERDD, AILEIED

% P (234)
0q; Op;

L, i=m=nD & XDORE1Z & 5, i 13F%E & HBEZIAREDL LD T, EZNTARITZE T n=m
=%+ 5, LenoT, KQ234)iT

Gin Pn 5, (239)
0q; p;

ERD(Syy (X7 O Ry I—DTNE), —T, K(233)DAHWE2HITHFIC

m P _ (236)
op; 0q;
THHNE, REI)T
{Qmapn} = §mn (237)

LI, A, HHIFTOREM g, LEBR p, PEELRTHL I LOXNTHD, &
Hgl paHLOEKQ = (0,0,) EP = (B, Py, ) ICEHLIESAY,

{QmaPn} :é‘mn (238)

DKV NLD & X EEQ,, & B, DNIEWEEE L0, B (r, p) > (Q, P) % IEWEZ ML & FES,
L72io T, B TE 728 LWEERIZEWTQ,, & B, D Poisson &7

{Om>bnt =1 (239)

U J@%, Poisson fEAMZIE{ IMEA SN, EETOZBEKRIZIE IBMEHAIRDS,
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B, O, & By PEWCEELRETHY, ETHCOESEHRET B, &
)

P ——ih 240

n =i (240)
CEDED Z ENTE, EEHET O, &EBEHE T P, (31FESHABIR

[Op» B, 1=ih (241)

ZWiET D, AEDZ LD, IEHEREFLAFEENE 9 )ME, Poisson FHIMALZRD0E D
NEQR3)) THIET T LW LT/ b, O BRIy E 2 2(202)~(209) D FEFE & HEE) &
IZDOWNWT T TH LD,

AN, LD Ry, & Py, O Poisson #5IMZ 55925, Poisson FEINDFHEA(232) & D XIS
IX, A=R.,, B=P,,, q;=r, pi=p;, CHDMH, K(202)F LUK (206)% S L CEHHET
DL,

2
{Rems Pomn } = Z(aRcm OFem _ ORom aPC“‘J (242)-1
S\ o dpp i O

_ ORc Py ORern OPem n ORem 0Py _ ORem OPem (242)-2
on oy opy On ory,  0py apy O

| ™My — M y— ;
—( M, @ (0)(0)j+£ M, O (0)(0)J (242)-3

m +m2 :ml+m2:

| (242)-4
My My M

& 72V, Poisson FHEIMNSZEE L WD T Ry, & Py 1ZIEMELZLTH Y, EHEELICK Y, H
O D S E) B AT

0
p - 243
em = —i7 R (243)
D Z ENTE H(ENQ219)),
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