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BDOFEE VF (LIWI() ) -0 RN E L 03 bh 2 2 D3 ARERICL-T2L 5
NEZEEOEBUCIENG) B2 0B In-0EF 2 & TREETANTH 3.3
FEOFRW AV R1us-BAS L 202 b OFMED» 51X 5, =O(HERANY
TOHBERIBB LIREOWEL R Y - TESHRFEL IV, i =002
WHSFREBL T3S, J2FmBERL 3, 0 cH LT RERMBORREZRL—
Biohase-space & 3- OFEKICHNh S, —H. FH(3.2)12 N=Q OESETL, eXQK 2.2
HUTREXNADSH K e CQH L TR BIRFEUER, (OCHL TREIFLDOH> —
57735, BTERSMIC I=00RakE0 HeoiStRE-KES2TTEZEEL
THL: TTTHRPIN-2E523 50 CHLETHHMR.2)RS5 x5 ¥ Haniltonian
(3.1 JioHT 5 BOS-REEZ - TS, 2 L TEIFROMBEHEEAC 2> TSN
2—4E0 CS-RBO L) CORLFEEHRATCHEL LD OTHS, E-T, 814K
OEER BS-FEACHASEREF» 38 U5 I oROEEREFBERRABTHIH
2RI LS LTS SAENE THA D, R 1 HS-HERCBI B> THE
1REMNFFER A EVRSRBCEERBIRFCLFEL LWENFEENES,

BE.LAEVEAE Ny Vi npOREKTFEC O TLHTOBCEET S 3,
¥,

“-l-]_/z =N (t) , ?1_1‘;2 = Wo(tj (3-'5;)
AR BYTPNSEFOTT.H () AN ToRANET

M O M=Ay . (3160
H (Tf2)=A1 ’ (ﬁ.o p Al ) (3.16L_}

BEIT, ST (Mg APREG.LD.CARFENRAON, nEROATHE, B
L'_"T'G(t) 1R o

Yo lt)={ ¢4(t) , ( ELKECEED
#o(t)+m /T 1, { ECICECEEY
¢ olt)+nm/2 ( E<g<gmy (3.1%)

LnB3EBTHENB, TTTH,(t) RET2HETEN TORBEECH 3!
$ (0= o (T/2)=0 (z.13)
RN, o DREFITERRD X S FEA3IY X 0N, » @) A5H (1) 2RoN

i, H H)REFHHFELGC I L->TEDLHN TV, IR-EEORX BN E2FE-
THE.7IFD sinQV,, ) BHEL N QCRTSEL X



=t exF OGN, ) . (3.i%e)

FOEN, )= Yoo - [hCH, N-H)™= (3%, N-M)- W) ]

= = M3 [ Gle- ( Q% SIN - N®) + Vae (€ - GV Y- We IM?
+[G/4e - IN(R-N) + 2/Ge-( & ~ GN/2IW )M - Wae L (3.198)

»BEN3, NTOSEEON OHCSHLIF TROEELD.

3.
F(Ma03N.£)= = &5 /GE , (3.200)
F{M=N N.EBI= -ENY/GE s (3.20B)
F(M=zN-25 N.&J =~ E,.,‘:_,,__/qs s (3.20¢)
FiM=L;N.2) = ~E2/6e ,  (3.20d)
rre f e O N-0 W
E,=€ Hp]ao[e +G-(S2-N)] = W ;  C3.21a)
Eu= E- Nfo-[& -Gl2-(R-N)] = W- &N » (2.2lb)

Bn-n= E+(n-No)le-Go-tn-nD = W-(e-G6f2-0)(N-£2) ,  ( 3.20¢)

En =& (R-N2)[e+Gz-(2~M)] = w- (e-Gla-(N-LV)-51, ( 3.21d)
- F RIRBECTOTROIICHGHTES:!

FOGN, E == (i -(0-H -(M-Wp) . MgdBydHy . (3.23)
HEDXxH

Wi real M- (<0) ¢3.23)
BEWILH, R(B14) Q1S BERODIBIFITISALE.F GO NEMHD
HBEETETRTNERER . N =0,N EBFEF OEMATHEIEIS, 2 0OH
i

MHO(H. Hy ireal {3.24)

BEREARELG, W EN OFEZOT, KGR E@3unr WicHTz
TOHERLE23:

EL<EEm. LIV (3.25)
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A.o:Ho. A1=H1 (3. 25)

2RV, FOF RIXCWTOTH IRAORIOFHETRHIBHTE S ¥
BT DRl

MH <My {(3.29)
XL WEAR
N =Ny~ (y-Hpa(t)? (3-285

Il THEn() 2 ATE, a2 EDIXIUTOMCES:

2)Z TU-m0- Bmh) | .29
T Kir- w , €3.28%)

T Tw,KRTk BT CEEYNS;

W=JG4CHO" M) « /K 5 (3.20a)
K= § s = KR , (3.30h

k= [@o-ryfAe-Hy 5 (ORBRE 1) s (3.30c)

J-:H?’K HIUk RE—-WMANET L 20BH 2T, Q. ) ORI Jacodi OFTRE
ﬂ%‘m—sf

n(t)=sn(Et,k) (3.3
W3, RG.BI LY
Nopyp = Mo=0lgHy) -sn®(t.k), (3.32a)
Ny = NN,y po (3.224 )
BIBEN B Ny g PTHIRME
Nayso(6=0) = Mg, N1/ = -y (3.33)
LB,

RIZ, B, pp CHT 3BT RERD S, 0,2 RDSFERERG.3) LA E.10)
E@)2EoTROMITRS

Ba1sp = Su0+ FonCNed ~ (88003~ W)- hije, (Nd/h" (6, G3.340.)
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S _1pp = SuD+ Fsh (N - (B NG ~ W) K Ns /R8s | (3.34b)

£00.8Q g ). RO U,y 1) RO, DRBHEZHERATZER LY
=€ G'LQ-'NJ - E.n._ | £o |

2OMo) AR S(EEE) — 2Me - Relat, ) , (-35a)
& 9., En-n [
2(N-52He) 1= A sui(EL.R)
En 1
* 20-Me) 1 F Azt B) ; 3.35D)

BELEND, LT E,.00,0F-2,2 HRXB2DKEASNTED .4, BRUERY
nd;

/ - (3360,
Ay~ [He-M13M, A= [-MOAN =M ) . )
all- 0 =M M1/ Mo-kt+12) Ao = (Ma=M(1- M) {2.364)

1/ REROFLERGTAEE NG, (8 E) CRAHTRGOFMRRTH.
ORSE SRR HEE U TOL 5 s:

D,1797 Bap () + 0L + %-ry, Ct) , (3.272)
D_ys= Bty (0 + LEAYL + T4 (t) . (3.374)

TIT D OROERFC L TREERETHE, v H/RKROBICEASNSB:

i -ma}

g ta B
v1/2)s $-2 (M B LR R oo+ PuBY) L (338b)

v (+1/2)= _g .._%.(n_._ N — Ea %_?-(-— FrbBa + R Bo) 5 {3.38a)

ET. 6, RF o, RATER 5B

8= Ep/IBpl , (3.39a)
pp= Y {EFR+KEE-KSK ) | (P=O N, N-82, ) (2.39})

Ky By & INENMEM )T B e HoR-BRUH-MOTELMUNS 2HT,

x;=_(frd1,(m-z.~xs- x> - (3.404)
E;=f’u,fu- TSV MY , (P=0O_N,N-51, 52) (3.401)
k== &% = JOn-Mad/(Me-Mad (3.400y
B,u= '-ﬁa?(ﬂs-ﬁ:.) . BH=Jm¢'HlJf(N‘HL} , (3_$n &)
Bo-yTfe-Q-M)/(Mi-H.) |, Bo=[tHoFaja-ay (3.400)
ENAIRESXRCLSINNED) . G

-:i?"fl &) = .i..—[-e"_n_i.stt-'*ﬂ'ﬂ-) + BNLDLtJN}] 3 (34180
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4
TER 503, BHL (L, Ly(tP)RBETORMENT, thets-F# (. G2 AT

W (-t + LG 21c)
Lg= %21 'e"ﬂloacwm-t eas) , (PN (2.42a)

= WM+ + LK
e %[géwﬂmx:—tﬁiﬁg' s C(P=N-£22.0) (3.42})
LR B,
BRK Ky o X g SR T IR, WRAHGIDOT TR, X o 2P
e R
i;.:a_’.= Hﬂ*xq’,.n , (3.434)
ix*a’.n" Hcrfo'.n (2.436)

EoT B3, LOFERARROBOEERH:

~Ldgtkd
xé)’,nq’ a.n® Ltf " # (3.440)
YouT om® ) (3.44b)
ST Y, fcr.l W GrasseennBEl CHIARG LY £33, 12, HRMHF:
Z MY, e = O 5 G4say
. e w = -
Z 9™ Sgom Fayom =0 P (3.45b)

LS. B¢, RROEEXOECH3:

$ o =R (1), (3.46)

@ ). B3N ERATIFCIOH , Bt OFRLLIBmEESOTWE
3, Hlb.n, CERKDRARER ¢ 5

[ ¢, na.:]E 18 5 o 3 (2.47)

MEETBILTIL LRGBS o T3 Hauilton OAWMBGEARCES:

¢ ,=l/i-[¢ ,, Hy (3.4%)
SORBETED =T Bimym=0 L0 IBR2FATLIOCY, L v0 1
Yo oa™ P (3.49)

kizs, %,



(3.5a)

PREB)ORERD, T . SORERNBH)DS5EEND ¢, ol b i A
BERZEZL, Lbl.a R OES2BIRCE ¢ tRCHETSLEFB2L.
B, ROBRTRILSICé o Wseniority®l n , PEA SR EBEECHERTIRE
B3, W HEOCBUAROTTO ¢ ORBETHERDTHL, RBAIR 0=
0 OTF . ROBCES,

] E‘L ] - E# . ! 3-51 )

¢+1f2= T (DM bk AR SACRERD 2H, |-Apsi(it.R 4 < a

g = Bu-py . i __En_ I
¢_1"’2 ZONRL~He) 1= AnanSPee &) 2(N=Ma) [+Adbsn* (T, 8) . (3.51b)

EROETRD, ) PEEERCALERASTE S, HRE

b= E2E + Balh) , 352
BO,1 jo= ~Eaf2(2-Me) — @W/d-( PaBat PoBo) > (3.53)
E°-1/2= — 22N H2) = W4 ( ArnOu-o + AiBn) s (3 24)
E‘,Uz: «—J/;-[ Balsfti) + BGLS(t:m J P (3. S_?;c)
¢ 1/2% Yol Ou_alalts N-D) + BulalLiN)] L, (3.8
L5, PHMERFELELT
¢ , (t=0)=0 (3.54)

‘Eﬁ":‘ to

B\ B r2deird iR o i BRAMNREIIRD Shl, R, FENFROMC0T
HLLRTHWLRET B, Nopso(t) BRENMRST.ZOHE T RIXCPIO@TE-T
EHohd;

T= 2/ W . (3.55)

@ 1}z DROEEFEFERO—2 T35, IO RS20 THE3) G Wi £ Ol

BUTRT. QR—BCRMEEE oS ZOMIE 0 s, USEN T eaBoEe D 33

HB, Bt © OREBRES 5 HE OIS X Brohase-space D4R OBRXHE»
TEEV. —F,H(3.4 )R QN OFLSETT, SOBS, VORMUTE ¢GOS
E=ECIniBicrz, @i 0 THOHE-TANMEER LT s, B @ oOHE f-
E-) ToFREFETH D, @O chase-space DD - T2o OB =D 3B,
(3.5)QoSETEHN KEEILYT,

wi, §:1fzitit{3.3?)l:£6ﬂ%.tﬁtﬁﬁﬁﬁ ep( Pz 0 ,N.N-582, 5% )

234
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&L, VHRY B s HET I FAREETL R INERE, 2T L, By
W BATHAMN-RRTERCATHIOTHESNC-]l LR IFERBEERTZ L,
B2 Bk (EQL), EMDBBHTO 12D 53 5. 2OBE HpN-UBRIILS, ¥ 5
ERBTRENS:

Bﬂ-n.len_n:o = EE' lam = . (3-56)

2fn Sly(tida)

Exvn & 0 vusscuamm: Re 38 L LEMORD P& M0 LE WK
FEND, B15,6,20 L23ETR DndFTEEL BN, AR ZNICHD 3 REEM0
LnERIOPE B EORETEDTEMCES, —F, LLEM EEEREEAEFN

E=luB o E=Eoicasmt. 220l Po L 20 KIEFESEL, EoT o 3 05 3
i@ =L, e F BB E T T, T OFERERIROEHNN OO SRR T
%o HI5. B3R Lt:P),L{tiP) #EHENEE DHTHI3¥H»5 -E+1/2=§+14’2‘§'1f2
DIFBOMORRE LTS 6NSE,

AFsy = Talp(m) = Taflo) = (2GR -2 ) T {3t

~B REHEHEC X Uz (+1/2)-0(-1/2) &

o
—

{ o , ( B¢ E< Bl , BB c &)

Whe T , ( ECICECED) (3.58)

OBREHLT, £=£(-),E= )T UMD ‘{-_J DMERENEND(+1/2),14(-1/2) D
TEREP S { B, KRI850, 3R &y,

0 , (EWCEL &), EWMCRT EHD

ATy = { 1, CBWCE< BE) (3 59)
BRI ILE,JUCER(EG), £ ) TRIGERRNE,(EL), EGN. (B, BEape
WHMEE B F3.6 )Xol oléls, Ve1/2) 01mM- £ o dT sl e,
PEbhE LS CEIRCEISRTREEI—FT 3. D61/2E B B TFAMTeH
HZORTD phasespace DHWERML T3, —% = B+ LB TRERHEs
FRER VS WEL2NED0 TR Yo, EG. 7R QN ot§gThh 1(+1/2)= ®3.7
-V(-/2)=e¥s FRY LD, SOBEGTRIBEORE(EWF), EM)HFFEL B DT,
CRL HRRERRAZN,

ik ¢+1,“2r&5‘¢'_1;2 E‘:’“Tﬂfﬂ@ﬁ”ﬁ‘éﬁ%l5&:,%1‘1%‘3‘1 €=

E(). 8= EMRFBRELRD. D, HO L], Eo0TON OBEEEG) @38
FT. YUV OBHE LA, 2nER B= ) oRFRBWTFEMERTRT, &  ———
=0 ¥ G=0 DBFIZiE By 0 PRO L0, B39 LN OBEEEFET, 0 Eq_
1550 = { Eq,olfz:E_nl/z PR D LD, )

B335




Bl L, 2¥ 7 B G L i R O BN S B oRE R, 2R e R
RTEIM,BEBL R W, 1/2) ® E,p/ Bomd-RhE & L) ( BS-RIEE
HEVCBWT, X ASh B —TT3, @5, €2 EL) OBRCHNT, &) GHY
FEMAHEIR (Quasi-particle RPA) DLz 354 3 HEBIMORESSI- 23, £i,E5
TS H B 1M TF ORI -G T 5, E1FEH phase-space KIITEL BEN
RESRRT3@aR, £40) T M1/2) @—FT 32, ThiZHEEEBHOES
£ (chemical potential) oG+ 3., kBT, Fiz, ~BOMBLM-H=HL TH RS
ORFYEBEHTER2EFE > L E2TT,

*1 —RIC Fermion p ORI PFBENBL LERAR NG Q.3 YOBRI-fF3158, %
@ phase space OERBIFRICAZ S, Thik Pauli WR-EFEL , BTFTHEEERLT
&% Boson MMIERIC1 T Boson TRA O —B (physical space) # Fermion ZEM 2
R T S b S WORIGELI 31 3 RETH 3.,



§4. EARCETIFTIREORTRCORT®

IORTPR METRKOLEREI SRDEODBFROVDI>BHENTF LSS
EEXS, i HGRCR, F Q. ) )RS R SN 3 M, RoTi-ICN T B FER
BYREND, Shitf=FIcHET 2 R b EET s B EE T3, 8.0
P EORBS ST REBOFA T SERACE Y (OF 0 K23), ThEEFR
TRIW-ITMASAREL T 3ECERT S, Ll aNe, TR Sigic
BOTIR-RUNSHIIRTRIBBECHAICES Y, REE->THI/Z, TORY
Fermionds &2 0 M-I EREL R OIBAIH S vERCRZV(EAE.3)
2R, X, HQ.I3)MFETHME OON oSSy bicsnTd Wk 0 2R%
BRI DL INFICRERRCRNAITESRERIRTFRCTA GHOEBERE SO
KB5S, §3 CRRXICIOFREHMER F,, /M0 W1/2) OF BRI ERT
Bo T, 2oMTREFBIC §ITHA, ON OEE (IL=40,8=30) D 1T U (21/
2) DFWRECESE DT TRIROHE2 W2}

RFREOHE2R3AREHRCHI SN B roE» S RFROMBES 2 HT
FRE2 (BFEATSHETHE, . B3 HTRRARITEEN N, B ) eRRA ¥ 3208
ERTHY, 0, HEAZREE V=N, 1 el jp 200 T OREWATETH
D EFEOMS L L CHMRTENNL 3, £, U FoMFARNZEMr B
MR BE LY Haniltonian P EFRBICHIGT 2 HRMBER 2 R IET,

I=Nws+ Nop = N @ even infegers C4-1 )
T= Jzi&“”*vﬂ"’ﬁ = A : intepers (4. 1L)

E2. R oFIoREIEA. DERY LSRR cEdYh3, BU.D
IxE- £ reA%S ] oRRETRT, SAchi N o#THLT I & 18- & OBR
Mg 33, SOEE, N 2 A ORSARLToOBCTS;

N=op.2, - - ,an , (420
A=0D,1, - - ,iNfz (N<m)
H-Nlz (N>a> | (428D

BFERtA.2) 2@ - THRMNTING-EEEXE O NS, R, BLOBRNFOTAE
FRRLTOoRIHAENS, BFEA#FC I-oTHTH W EERHC ST, EZo @
B O R oT Fourier B3 BHAENS, :

O = I LT smg_ mydc Pz tmylos e . (43D
MLMJ

IITC, a8 BHERLewEEAEN ] 520 ] CAETEXBHSEsT T,

EOBM® Fourier Ry, HHE O CHET3MAT | OffFERHES T o0

53 &CM,JA.JJ NJ-M_, A.J" A) J

<~‘.A’|6IM,A>=J =
GLN.A L NEN, AP-A) (4.4 )
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T NA) REFAROIN-ETRAE CERZSOM (N,J=A) - k- THEFNIHER
ROBMCHET S, NEEFRoBEcE O ofFERE A4 )05 2~
Fourier {REY RIS EETPER L., AL ITIEZ2o® Fourier REOWO T2
A 4)DOEDETFL K, BREANE> HELLTRABER 2 EMZE KBl
D2HOWYFOFHERTIND,

BN B0THERR T (RFEMQ 2 r0)HErRicns-EEH2ERCE F4.3
LTI, eNTE K RTIEMN-F 02RO THIDER IL—HL TV D,
EfoRRE £(+) B E(-) bz ni-EeTT, SRARTRI I CHEOR
HAFER-EDoTNE ORN, NN TINS- 2520 3 X 2RI ORLETHENY
Br-Tnsr20sWEERTH3, TEROBEAL LT, HET BPLoNE R
CHENAERG=AZ A+l OF)EERRLEFR(ERSHN) THETS, ChHEHE
4.4)HFEEH ] OERELTRENTHWE, ROLHE £= Eegprar B4
AEYOME J(+} ETR¥. KL1OGs, SoiFARRR =J(») ceRkoE#Cehz. & —
AERLHCIEARRC W THERARTOERRBETROETE 2 I (HHEL TV S,
RLotEd o, oROEE SRR CTORMIRTFROALIL LTRELEI LGNS,
i, GARCHA A RERER TORFRESVWTLBASPOREEH > L BDNRE
Tochi#l~<3,

§ICARSC, HANEOROFRSEIRLR VeV o £=£a) vorEdEs
CEET S, #-T, BB L (:1/2) oEFRTONEWEET. RE.3MHE F, 0
BEESTROBCES:

Be = (6 + ( EYELSAD Fourier SEK ) . (45D

i R d.4)d 5 Vi) oHicHERTeELENS:

4
DEO(I=N, T=A) > LN AIZLINAD 4 (4.8

bl E'sli"ﬁm! @kﬁ;ﬂ?%ﬁl?? aa(%zwﬁ&waﬁé#ﬁ)a mﬁ
mﬁlﬁmﬂ& Hamtltonian,i ¥ OFMF: | i-[1.0] 526035, I ke TR

o

o= 1[A. 8] = Zo (Nam Zawd (4.m)

2~ >
ez, EA.5E I oNAERE, (39 b 21X okBEFY, BRRCOMS, TS
FTN3R)  HERACORRLIVLEBLREAIN. Zhobl RS -Ens Fage M40
O+HuEFLEL TS, MUEKE (L2 | 22 ALNSEC LB Re i+ 3
Bhrboads L3, FERECHBEI -2 SHBCZ Y, ERER (L, Yo )°RF
FROGEREIETHAOEREI R T2EXTFEHIND, IJ.J:#% HHERTOEABOMRED
FEFRE/ R, ﬁ:‘pk HHalE D(s) oEEodihd (%)Lﬁﬁ?aiﬁﬁ*—: Tea

BT, 20 <E BYEHCRYOLIBEREE-TVEOEZ >, 2h2l
~5al, 7, B8 Cs(AN )} 2FEETS:

GelAN) = <N, ALEE [ eV i Ay 4.8)



TOEEHE AR TRISTISE

ol GataN) e 2 ianBe A o9
Ty = SNAIETT B @TTEINAY A

#BENZ. —H.K4.0)0 | oRMCI0HF 1= T AOW K| eAnB

NAE N AT (4.10)

Ge(aNd = Z E(N,ATD
NAS

»¥shs, £ Egi&) it § oBARE WA DIni-ERHA2REbT, £4.9)
.10 ST, (FHRROM-ET 5

2 _ A4GgaNd
CNLAL SN AY = AN mo

= Jim 2 (E0V A~ EQ0AD) en,alle
FLURY.

BT, AN BEAAEWEREZTEE AN-GLA irm Ay REDESE LAY »OH
nF ewg‘l-.l—nf@ﬁ#ﬂ#ﬁﬁmim-ﬂ)-ﬁﬂjﬁkﬁb T IS Tl T
CHENANET AN T eRBEmA 5. BERETF B, 2 | HFMbc
mﬁ?ﬁ&ﬁh?ﬂﬁE%ﬁﬂtﬂl??t%mfdﬂﬁsmﬂ?ﬁaﬂﬂﬁﬂﬁza
ERORNT T (AN » I, -KFHERROMITD:

P " ~ : Nﬁd'
Beand = R(Rivp NI (42

E’lm,.mlaj/;:\.:s‘r (4.0

PAE, BERE LT Con OBRR(EZ. 1952 6NT IS, BS5, émg‘ﬁmfm »
NTEHe M RASHNTFUAACENIFF T3, BRA G125, DTN
FERROFERI IR, % 1o, ¥ 0Bis WE = THT 2 FHWHENE, B@.5)
iz e mml 2 s 1e et Y, T S TES Fu it 1IN AN> OleE,
Fs & 1T>xINe2, A > DEBETNENTT, Bh b, Fuk Ty OX¥ &n By oo
DT J() L ST J0) ET, B Bub b Fed A B BEL TH BN
3., LOHER, I OEBEREOCSHOELMSTAROFTEREORATHIEXLS
B, HMAROKBRZZ OELY, FRABRECLFESCEYAHCECIEETLTVE, £
OIRE rus-EaEEcR

N, AYC BINT2. A+DD (4-120)

EINAY> EWNT2. AD . (4.135)

ORBXAYVU T3 (EA.3)228). -7, HA.5)»6,.F W) CcEEEN

R4.6
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}?L-:rna:-cilli@mmﬂrm W J A JET) é!ﬁiﬂ]aﬁ 2OFEEED
exﬁkammﬁﬁamn ThiBY.5)I-ReNE <Baye 2{s) OESLHYN

T5, MBOBHE Qa0 By CRAZTEREC>VWTLERLD. AHT & ny
BE2NUDEFT. 2hnEa rmiic I HETRESTIEELTV SR

Bhoed,

] lEoBHI W2 nEREATRENS =N & Ot ORS0ZEREX 3.2 » 5D
S Si=N OIBESICIRY Hamiltonian A SRSFHE L T O PEHNC T SRR
EI3CRNARSELCRAIBICEE TS, IS L2 =N OfSCRY Hamiltonian
BEMHs, T O0HIETHRIFTH Y BEO Boson RicH T B3 HHAGE MBATHERSE
LEd, TONREOBE: 2 2R%T Fermion ROTHEINGH2 EMEHRTED
TRH—BCRONBD DT Fornion HCHT 3 HRBMO—oDHMEER H0E,

20N oS0 TRESTR D CHWTHRECICE S HL W IRBLEAT

tﬂ‘aq
23 RG.2)rsbhsie X kor:

#=en RCe U, Ved ’

E=efgn , U= Ne/n Ve= Fe |

ELTW3B, E-THER
. K « 2%
u'd' 31?'0‘ - Uu- = ;E'%,g o
2T Us.vs VBEST e, TR
Ns(tl = SLuUlgsCet r
Fslty= Usglet) 3

LR B, W, o= OGN B—EIcLi 22 QT2 BOEIROEMNT -5 K
WTEEBCEL 3. %
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§5. MEER L N iRy EY

$1 THiic, oo T3 2-HUHHEERERERS, SHERMC X - T EE
ZE¥hs 1 ilodEGCs 3 HEEESCHEHEBOMBORNC AR TS,
AR N EE, FEEE -0 P ETH S Hartree-Fock-Bogol iubov IAMERCS £
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~

Tty = F(e + b+ B AL 5 (56
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SOMTERBO IS T Grasseann & 751 22 12RO Hianiltonian
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FXFOXRQ.S) ORI OERE T, SEIWSELTO 42Cdhs:

& Ea
I+ s ezttt , (B.da) Haim‘tzt,&Jdt , (B.1g)
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st . o 2@MoORYcE D ENS:
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; ] z S
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1 e v
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2in, 00 =  EEIE 2 0,80 - v |
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FIRS, RASY:
SiK+1ivr) = TE&-—;} (R.10.§3)
9. u it uskeikp Po0N-0L 2 FFB, 2T i
(kL8 = —pa— 5 P =0, N-SL  (B.9)

EHRT, REOREGH)S5, k <A< 1.P=0,N-f1 PRH L-BRERTB LT
Ok Kp REFEL

S P=Db_N-5
G G (B 10>

TEAGR3, AB.5 ) GL )6 B.2bRUTOMIEEER S

2__ v _ [(aMaXHaP> | . .
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&, KB 7), B.1 ) BnD 20K )+ -— &l%#xaq zeta-BIRI DEH (R.13.67)
B TF Legendre OBIERR:

- i, . E
EK + E'K - KK = &
EE-T,
W8+ = B+ (R - 1)K s p=w-mio N

{B.12)
¥Eehs, PLEOLE.7), GANEEI)2B.L)cRAFRE L n, ZOR,F(3.3%)
OERNENHTLIOEN, 2N RS tabitw.loi)&ﬂﬁwtci‘i'lb‘ta%o

% EvF’ - P Mo
Sn ra-ASsn‘(.tr,wdv © P-Mz &r Z
.(Ho-l'l P- Jl-. pp
*'EPJET%_HQMJ{ B+ Loks ?)} s P= N, O, (B-B)

te EBF q,j,g%:—'% & RIRBR S

Goh(pr | o (AU JSHIPHS - Ep (o) oM,
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:EHBSH:H&&'(BJU)&
gy ={Ete gy + LR 0p L + Bp-Lo(tsP)
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ERB, oW TLEBTH S, 21, B LoltiP), LaltsP) R 2RFNUToORRIC
Fourier EMC¥ 5

Sinh CUILKE7K)
LaltsP)= Z;"v Skt i St ) 3 (B.16a)
& sih{omie /K)o
LaCtsPy= E. e ee—Sin (nwt ) . (B.16)

Ji%ic, PRy, © Fourier B2 SATH L, ThREG.4 )22 RFAERD
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. . -
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Sin(2¥4) = — MR 3 (B.I%b)-
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" E 71 2 Moos(MIUA)
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ns
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TORTR Hamiltonian PEFC>WTREENVEOHB LI REL m»ﬂwg%
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2@r 2Pr 30> 3Pry _
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REC IO PTHRBENS:
TR - Ye=n , IR -~ =0 , et
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BlEit Hamiltonian 2 EEABRTEEFRO—PVERZHBRTH S, KIS Haniltonian @
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A Schematic Model of lLarge Amplitude Collective Motions
with an Exact Clasgical Solution. II

= Clasgsical Analysis of Two-Level Pairing Hamiltonian -

Shindi IIDA

Department of Physics, Kyoto University, Kyoto 606

It is investigated how classical pictures of the whole phase
space are connected with the original quantal system by using
the two-level pairing model. Discontinuous shape changes of classical
trajectories are shown to be related with the sudden changes of
patterns in the transition strength between energy eigenstates,
By introducing the collective and intrinsic coordinates representing
pairing rotations and wvibrations, respectively , these discon-
tinuities can be interpreted az the hreakdown of the excited

paliring rotational band scheme.



§1. Introduction
One of the most important problem in nuclear physics is
how to describe the large amplitude collective motions. The time
dependent variational principle is one promising c¢andidate and
many attempts based on this principle have been made. For example,
there are works on nucleus-nucleus reactions, giant resonances
and anharmonicities of the low lying collective states.i)
A description based on the above mentioned principle yields
first-order differential egquations for parameters of a trial
function. Provided that certain conditions are satiafied in these
equations, the description can be regarded as a kind of classical
approximation to a gquantal systemﬁ)h starting task in the claszsical
approximation is to obtain classical trajectories by solving
equations of motion. Since we are concerned with a quantal system,
it is inevitable to investigate how the behaviors of these trajectories
are connected with phenomena in the original quantal system under
the consideration. Then, in many cases, these investigations
give clear interpretations based on a clasasical picture to phenomena
in the quantal system. Especially, the above 'classical analysis!'
of a quantal system may be important for the understanding of
nuclear large amplitude collective motions. For typical examples,
various phase transitions of nuclei, e.g. shape deformation,
pairing phase transition etc., manifest themselves in changes
of a self-consistent wmean field of a ground state

( Hartree=Fock-~Bogoliubov state ), which corresponds te an energy
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minimum point in a classical picture. Further, the random phase
approximation ( RPA )} is powerful for an analysis of small amplitude
motions around an energy minimum point., The RPA method gives
not only excitation energies but alzo a c¢criterion for stability
of a ground state, and is useful to investigate phase transitions
of nucleif)
Many investigations have been made about an energy minimum
point { which is a peculiar classical trajectory consisting of
one point in the classical phase space ). For the description
of large amplitude motions, it should be further necessary to
investigate general classical trajectories over a wide region
of the phase space. However, classical -trajectories of the
ordinary non-linear Hamiltonian systems show very complicated
behavior, and there is no settled procedure to obtain information
of the original quantal systems from classical quantitiesi)Only
in the case that the Hamiltonian systems are integrable, guantal
stationary states are connected with c¢lassical invariant tori
yby the Einstein-Brillouin-Keller quantization '.'.:nm'n:l:Lt:l.t:mﬁ.':l But,
for these integqgrable cases, there are not so many classical analyses
about the excited states in the whole energy regiong)
Recently, the present author, together with Yamamura, showed
that the SU(2)-models reducing to essentially one dimensional
problem ( integrable models ) can be analytically solved with
the use of elliptic functicnsg)Further, the explicit solutions

were given for the case of a two-level pairing model in Ref.9)



{ hereafter, referred to ags (R) }, whose title is the same as
the present paper. Through the numerical analysis for the solu-
tions, we should learn that, in spite of the simple model, it
containg some interesting features. In particular, classical
trajectories of this system change discontinuously ( classical
phase changes ) according to the change of the total energy.
Following these changes, the whole pase space is divided into
three distinct regions, except certain extreme cases, The aim of
this paper is to investigate how the classzical pictures in the whole
phase space obtained in (A} are connected with the original gquantal
systen, and especially to investigate how the discontinuous changes
in classical picture are reflected in guantal guantities.

In §2., the main results of (A) are recapitulated., In § 3.,
traces of classical phase changes in the qguantal system are
investigated. In $4., the collective and intrinsic coordinates are
introduced and the behavior of the excited pairing rotational bands

is discussed. Finally, §5. summarizes the results.



§2. Classical theory of two~level pairing Hamiltonian

The model treated in (A) consists of two non~degenerate
orbita with the same degeneracy () (= 2j+1 ) and N particles
interacting via a pairing force. This model were used to demonstrate
mechanicg of pairing phase transition, or pairing rotations and

), 12)
vibrations. The Hamiltonian is az follows :
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where @& = + 1/2 specifies single particle states, and 6¢,m( Eﬁi‘.u\.]‘
denotes the fermion annihilation ( creation ) operator in the state
(g, m ).

Corresponding representations in classical mechanics are

cbtained by the following replacements:

N
Ne —™ N« , (2.32)

ar P s

ﬁ; ~ P:=j(-‘1*“-s-Nf)(”€‘n5) e . (2.3b)

Here, Ny and neg denote classical images of the particle and
seniority numbers of the level & , respectively. Then, the

classical Hamiltonlan is written down as follows:
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Hereafter, we consider the case where seniority numbers are zero
{ ng =0 ). Therefore, this classical system iz described by two
pairs of canonically conjugate variables {Ng , $g: &= x1/2) (
two dimensional system ). Clearly, total energy tEl and total
particle number ( NaN+y, + N-¥% )} are constants of motions and,
then, this clasaical aystem ig integrable,

By drawing trajectories in phase space, a good perspective
of classical motions can be cbtained . For the case [} =40, &/G{L=0.1
and N=30 , F%g. 1 shows classical trajectories of various energies
projected onto { Way, , Fuh= Ba - $-%) plane., According to the
shape of classical trajectories, whole phase space is divided
into three distinct regions which correspond to following energy
intervals : (£(1), £(-)).{ Et-1, €1+, E(+), E(H)). Here, § (L)
and EEIH) denote the minimum and the maximum energies of the
system, respectively. The symbols E{—) and El+) represent

E=-N2-[e+6&a-(a-N) ) (2.5a)

Eey= Nfo-[€~ G- (a-N> ]
{2.5b)
Classical solutionzs of this model can be explicitly written down

with the use of elliptic functions.



Nea® = Mo- (M=K SR'(aret , R)

(2.6a)
N-w (&) = N ~ N+a(e) , 2.60)
Fup(e) = Do) + VEAIE + 3+ (O , (2.70)
$-v (v = @+ L)L+ 5—*{;&) . (2.75)
The symbol snl_ ) denctes one of Jacobi's elliptic functions,

and the symbols K and k mean the complete elliptic integral of

the first kind and the modulus, respectively. Then, Ng (t) are
periodic functions with the period T which is one of the fundamental
periods of this system. The quantities Ms and M; are the maximun
and minimum values of Ny{(t) along the trajectories ( see Fig. 1}.
The quantities FPg(0) are appropriate initial values and ?fc.(t}

are periodic functions with the period T. The functions Ng (t)

are continuous with respect to constants of motions £ and N.

as for ﬁg{t), however, L/ (g) and gﬁ-(tl have discontinuities at
&= £(-) and £ (+) ( as for the behaviors of )JJ(§), see Figs. 5).

Further, V(&) satisfy the following relations :
V@R = D), (EWKECER, EMLELEW)
YAy =B+ I | (E@<ESEW)

{2.8)



Then, the increase of i*'&_- $up- 44 during one period T is as

follows :
AT, = Fue (1) - E(D)

0, CEWE<EE, EMLELCEMD)

I . (ECI<CE< &) (2.9)

This causes the discontinuous shape changes of classical trajectories
( classical phase changes ) at £ =§ (=) and £ (+). Therefores,

it may be an interesting problem to investigate traces of these
discontinuities ( especially appearing in }J (< })) in the original
guantal system. The main aim of this paper is to give a possible

interpretation for this problem.

§3. Phase change in gquantal system

In this section, we investigate how the phase changes appearing
in the corresponding classical system are reflected in the original
guantal system. As mentioned in.§2., this system is integrable,
and the old quantum theory is applicable in order to guantize the
classical system. First, replacing action variables with appropriate
integers, we can select the classical motions corresponding to

the quantal stationary states.

I= N+ +N-w =N @ even integers | (3.1a)
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= = HL, = :  Inteqaers

J- QJL /?- A. 3 L] t3.lb}
Integrals in Eq.{3.lb) are defined by hatched areas shown in
Figs.2. For a given N, J increases monotonously according to

energy & . In the present case, N and /\ take the following values :

N=0,2, - - 5 20 7
{3.2a)
Az0,L, - -« LINa (Nes)
D~ N (N>
{3.2b)

With the use of the conditions (3.2), discrete energy eigenvalues
are obtained. Next, for calculating the matrix elements, we adopt
an idea similar to that in the case of dipole transition in hydrogen
atom. For a given classical motion, any physical gquantity (O

can be expanded into Fourier series in the following way :

L(Mer + Myedz )t
O@= L O(L7;mz,my)€
MNr,Mx g
where my and mgy are integers , and Wrand Wy are fundamental

(3.3)

fregquencies accompanied with I and J , reapectively. The Fourier
coefficients of the above expansion are related to the matrix

elements of 0 which is an operator corresponding to the classical

quantity & :

. O(NSASN=N,A=A)
<N’1K'0'NJA)= or
6(NJA _;N-:'NJ A,"‘A._) .

(3.4)



- 10 -

Here, the state |[N,A> is a quantal counterpart of the classical
motions dencted by the set of action wvariables ( I=N,J=A).
Within the framework of the o0ld quantum theory, matrix elements
of 'B' {l,h.s. of Eq.{3.4)) cannot be connected with the Fourier
coefficients uniguely. For example, possible choices of the Fourier
coefficients are given on the r.h.s. of Eq.(3.4}. Later, when
we compare the quantal results with the classical ones, both
choices in Eg.{3.4) will be shown.

Figqure 3 shows the exact { calculated in the guantal system )
and the classical ( calculated by the gquantization rule (3.2))
energy eigenvalues. We can see overall agreement bhetween both
the values. Dashed lines denote the values of energy corresponding
to E(-r] and € (-) whers phase changes occur in the classical
system. It is difficult, however, to know what happens on these
lines by only watching this discrete energy spectrum. As a typical
example for matrix elementa, the diagonal and non-diagonal
{ between J =Aand A+1 ) elements of "Isq-{g't,_ﬁ-h calcunlated in both
quantal and classical systems are shown versus the action variable
J in Figs. 4. The positicns of J=J(+) and J{-) which correspond
to the critical energies £=E(+) and &(~) are indicated by
vertical dotted lines. It should be noted that clagsical results
are continuous at J=J{t} { &= E(x)). ot only diagonal elements
but also non-diagonal ones are well reproduced by the classical
description. From these comparisons, we can conclude the validity

of the classical description as an approximation to the full
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quantum mechanical treatment in the present case. Therefore it
may be meaningful to investigate the traces of the features
of the classical system in the guantal one,

The phagse changes in the classical system appear as the
discontinuities of 1) & ). Therefore we first locok for the guantal
counterparts of these guantities. From Eq.(2.7), we obtain the

time derivatives of §s as follows :

ég- = WE)+ ( Fourier series without constant terms ) . (3.5)
Thus, following the correspondence (3.4), the counterparts of
Vig) is as follows :
N

VE(I=NT=A) 2 <N,A IS N A P (3.6)
where %, is an operator corresponding to the classical wvariable
P | for details of operators %‘., see ref.ll)). A time-derived
operator 3 is fefined by i[ﬁ,'&j : where [, J denotes a commutator.

For the case §¢, we have

2 A& A (New 32%)
Bz i[H, &) = 2is A (3.7)

The comparison between (%;) and Y} &) are shown in Figs.5 .
Although the results of the guantal system, as expected, vary
more smoothly compared with the classical ones, there can be
etill found the enough trace of the discontinuities appearing
in the classical system., If we increase the values of [} and N

; keeping N!Q_ constant ( then, the classical results are only
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scaled up proportionally ), this trace becomes more evident as
shown in Figs.5, and in the 'classical’ limit ( N,fL>%} the
quantal results are supposed to coincide with classical ones,
Therefore, from the above, we find thiat the phase changes observed
in the classical system are certainly reflected within the direct
counterparts of YN g ) {, that is, (%6-'}).

From the above arquments, it may be important to clarify
the physical meaning of the gquantities (ga?. They may be connected
with certain transition strength between eigenstates. Then, we
can interprete the phase changes observed in the classical system
with the use of energy spectra and transitions among them. First,

the function Gg( AN } is defined as follows :

NS A _iaNEe
Ge(ANY = <N AIE T B ET INAY -
Then, AN-derivative of G4( AN ) is
d.Gs'(ﬁM) cm§, uw&
N, A N,
d.(AN) =< i E‘ INAS> L (3.9)

AN
Inserting 1-3.:_'. lhﬂﬁi')(N'Jfl into both sides of H , Eg.(3.8) is
A

transformed intc the following form :

2

- v ok ale ™ Se1n, A

GelAN) Z EQN. ADKN, | | 3 (3.10)
where (Nj A”> iz an eigenstate of fi ana E[NJ;A'.’] is its eigenvalue,

N
With the use of Egs.(3.9) and (3.10), <Bs¢) 1is expressed as

follows 1

A dGs(OND
<N, Al Bs|N; A> = qan) ,M.I=o

= fim [Z (EQLAD-E(N,A). [<N,/f m,ml J /N,

AN Yo {3.11)
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Foa
Therefore, for the sufficiently small value of AN , AN -(N,Al §¢| H,h.)

is approximately equal to the average of the excitation energy

iaNg
of the states excited from |N,A» by the operator it Here
gsome comments are made on the meaning of the operator eLﬂNﬁc_

The angle %a is canonically conjugate to the particle number
operator of level & , ﬁ; + Then, ss dependence of any operators
3,- { AN ) which transfer AN particles of level ¢ 1is as follows:
. A

SaCan) = A Nietk ﬁ"h)' eMNE‘ (3.12)
One typical example is ’P;:: whose classical image is given in
Eq.(2.3b). Therefore, &imﬁ' is a common factor for all the operators
varying the particle number of level & by AN . Through the
relation (3.11), it can be expected that the clasgical phage
changes appearing in W{& ) are also reflected in the distribution
of the transition strengtE for eimig. Figures 6.a and 6.b show
I{flézmln,ﬁ_,‘o'land Kfléa!%]N,A)ll, respectively { for the case
AN=2 ). The case |£) = |N+2,A*1)> is denoted by F, , and the
case [£f>» = |N+2,A), by Fqa . It can be seen from Figs.6 that the
relation of amplitude between F, and Fq changes from F4 » Fu to
Fd < Fy according as J crosses J{-) ( which corresponds to E{—-]l
for the case %ﬂ,_ and J(+) ( which corresponds to EH)) for the
case %-&. These changes are nothing but the traces of the classical
phase changes. The classical results imply that this change of

the strength distribution occurs suddenly in the 'classical'
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limit . For the case shown in Pigs.6, the following inequalities
heold (see Fig.3 ):

ENLAYC ECN+2, A+ 1)

3 (3.13a)
ECN,AY > EX(NT2, A) :

(3.13b)
Then, from Figs.6 , the average excitation energy defined by
the r.h.s. of Eq.{3.11) is expected to change its sign from minus
to plus when J crosses J{-) for the case %wl and J crosses
J(+) for the case %,-y,_. This expectation explains the behaviors
of <§5-> and V(&) in Figs.5.

éd. Pairing rotations and vibrations

In this section, we will show that the discontinuities
appearing in the classical system can be interpreted as the breakdown
of excited pairing rotational band scheme. For this aim, collective
and intrinsic variables ( representing pairing rotations and
vihraticnéQ)in the present case, respectively ) are introduced.

Recently, sclving a generalized equation of collective
submanifold, the present author, together with Yamamura and
Kuriyama, have given the expressions in which the total degrees of
freedom are separated into the c¢ollective and the intrinsic ones
for classical systems where Hamiltonian depends only on relative

i3
coordinates.} Hersafter we will refer to this as (B). Classzical

many particle systems interacting through relative coordinate
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dependent forces and classical images of fermion system with
pairing correlations are examples of the above, and in this case
collective and intrinsic motions represent, so to speak, generalized
centre of mases and relative motions, respectively. In the present
case, collective motions are expected to represent pairing rotational
motions which are described by the total particle number N and

its canonically conjugate angle £ , However, &4 cannot be specified
uniquely by the condition that N is the total particle number.

For example, & = oLl 3++ B3-% always satisfies a canonical
variable condition provided that the relation ol + 8 =1 holds.

Then, we cannot specify the intrinsic coordinates ( M, ¥ ) which
are independent of the collective coordinates ( N, ¥ ). The
procedure of (B) is directly applicable in the present case,

and the collective and intrinsic coordinates can be specified
uniquely by this method. Here, it should be noted that the
definitions of M and § are different from those used in (A).

The results are as follows :

Nam = NGO + M

3 (é.1la)
Q)

N-vy = Nop (N) - M J (4.1b)

S, = P + d.N(_n{;,_ [N <% (4.2a})

o, = B - WNGp/an - &, (4.25)
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Here H(:-)IH) are the solutions of the B.C.S5. equation which minimize
total energy :
= {®
NS (0 + NS () = N

, (4.3a)

}Q(N€=N$:(NJ 3 E"‘Vﬂ_‘ i"'yz‘i-y& = 0) = E (L) - (4.3b)
Namely, the point (Nt&-ﬂff;‘_(m, ¥#,=0) is a minimum of energy
denoted by the symbol () in Pig.l. Inverse transformations of

Egs.(4.1) and {4.2) are

N < Nota + Neva , (4.4a)
M= N - NL:-J'/,_ ’ (4.4b)
& = AN /dN - By, + dINSL N - By 3 (4.5a)
¥ = ¢ - 2%

(4.5b)

Egquations (2.6), (2.7}, {(4.4) and (4.5) give time dependences
of { N ,8) and { M ¥ ). Here the results are written down for
the case  and ¥ :

)= S+ At + T (&) , i4.6a)

Fit) = Flo) + Lt + F () P (4.6b)
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A = dNG, /AN - DY) + dNSL /N - D(-'A) , ta7a)
2 = L) - DY) 5 (4,7b)
@w NSy, /aN -&v;(t) + dN‘?n;,/du 3y (1) , (4.8a)
I = §+vz(tJ - B (O .
(4.8b)
The quantity A =satisfies the relation :
)c. = QE-/GN ,?f (4.9)

where E is total energy and a function '8{ N,EI'-) is ohtained

from an inverse relation of the following :

A~ ~ 1 T -
T = j'(E__N_) = ﬁSﬁMLﬁi(ﬂdt - (4.10}

The relation between J and the action variable J defined by
Eg.{3.1b) is as follows :

T = T, (SEIKE<S B)
T~ N3w/o , (E@<E< EW)

T-Nfa e (EMWICE < E(W) (4.11)
The values of l are plotted versus J in Fig.7. Using Eq.(2.8)
dN t-:
and the relation *b" g% =] derived from Eqg.{4.3a), it can

be seen from the definition of A {4.7a) that J. eqguals to
VA{+1/2)=2(=1/2) in the regions (0<J<J{-)} and {(J{+) T N/2),
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Since LV (+1/2) ( L) (-1/2)) has discontinuity at J = J(=) (J{+)),
A jumps at J(-) and J(+) in general. In the same way as in§3.,
the counterparts of A. in the quantal system are cbtained as

follows

n
A{I=N, T=A) 3 <NLAISIN, A

. A 2
= bim [ T (&, A3 - 00 AN KT 1, 5] J/mu

AN% D
The variables ( N , 3 ) and ( M ,F ) are introduced as collective

+ *(4.12)

and intrinsic coordinates which represent pairing rotations and
vibrations, respectively. Then, if there does not exist any coupling
between rotational motions and vibrations, an energy eigenstate
with the total particle number N is expressed in the follewing
form :

LN
IN,AY» = lintrinsic> @ e’ {4.13)

3

e . A
In the above case, the strength of the operator el-ﬂli concentrates
on one state which has the same intrinsic wave function as
IN, A3, 0 lintrinsic)@&?tmwg]. Namely, only transitions between
states belonging +to the same pairing rotational band are

permissible. Then Eq.(4.12} becomes

<N, ALE [N, A

= lim [ ECN4aN, K- E(N‘&}%Nlm bard a"L—E ISDM band | 4 14)

N30

where |N+#AN, A > and |N,A> belong to the same band. The above

means that J_ can be regarded as a chemical potential extended
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to the case for a generally excited pairing rotational band. In
fact, A_ becomes an ordinary chemical potential at £=Ew).
From the relations (4.12), (4.14) and the discussion of transition
strength in §3. ( see Figs.5 and 6 ), it can be seen from Fig.7
that, in the classical limit, |N,A) and |N+2,A) belong to the
same rotational band for the case 0 J< J{-}, and for the case
J(+)< T < N/2 |N,A) and |N+2,A+1l) belong to the same band.

For the case J(=}< T < J(+), however, transition amplitude of {N,A)
to |N+2,A) and of |N,A> to |N+2,A+1) are comparahle generally

{ vibrational=like scheme ). Therefore, there do not exist clear
pairing rotational bands and the separation of the original
coordinates ( Nik, Ft%) into ( N, F ) and ( M, ¥ ) is not useful
to classify energy eigenstates. Namely, ( N, % ) and ( M, ¥ )
seem to lose characters of the collective and intrinsic coordinates,
respectively in this region. These are shown schematically in
Fig.8 where states belonging to the same band are connected by
dashed lines. Ac¢tually, in the neighbourhood of boundaries between
different band schemes { £ = £(+) or £ (-)) the coupling of
rotational motions and intrinsic motions is expected to be strong,
gso we may not imagine the picture of band structure.

Closing this section, some remarks should be made. In Egs.(4.1)
and (4.2), collective and intrinsic coordinates are introduced
following (B), and this separation of original coordinates is adopted
in the whole phase space., But in the procedure of (B), intrinsic

motions are supposed to be small amplitude oscillations around
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a zero point, originally. Therefore, this separation (4.1} and
{(4.2) seems to be suitable for the region ( E{LH.' £< E(-))
where time developments of M and ¥ are oscillations around the
origin. However, it requires further investigations whether
Egs.(4.1) and {4.2) are physically suitable for the region
( E(+)¢ E<E(Hl) where M and ¥ oscillate around the finite
values and egpecially for the region |( 8(-)( €< E{-l-)) where M

and T vary widely.
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§ 5. Concluding remarks

In summary, we have investigated how classical pictures
in the whele phase space are connected with the original guantal
system in the case of the two-level pairing meodel. It is shown
that discontinuous shape changes of classical trajectories are
reflected in sudden changes of patterns in transition strength
between energy eigenstates, Further, by introducing collective
and intrinsic ceocordinates { representing pairing rotations and
vibrations, respectively ), these diascontinuities can be interpreted
as the breakdown of execited pairing rotational bkand scheme.

The two-level pairing Hamiltonian uged here is a two dimensional
gimple mocdel for which classical solutions can be explicitly
written down., We add, finally, some general aspects which may
be extrapolated from the analysis of this simple model, As far
as concerned with the problems of hound-states, for finite Fermi
systems and for Bose systems which are constrained by some
conservation laws ( e.g. total angular momentum ), the available
phase space of the corregponding classical system has a finite
area. Then, there exist both energy-minimum points and energy-
maximun points in a classical phase space. If a classical system
is quasi-integrable and trajectories have meaning as an approximation
to guantal states, then the system has at least two distinct
regions ; one region consists of classical trajectories oscillating
around the energy-minimum point and the other consists of

trajectories around the energy-maximum point. Furthermore, there
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is at least one boundary ( separatrix ) between different regions.
It is expected that on these boundaries some discontinuities
appear with respect to a certain direction of coordinates ( it
should be noted that in the present case discontinuities appear

only in €¢ and do not appear in Ng }, and an ordinary perturbative
treatment adding some anharmonic corrections to harmoniec oscillating

solutions around a minimum point { phonons ) breaks down.
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Figures Captions

Fig. 1. <Classical trajectories ( dashed lines } in the Nej~ E

plane for the case JS)=40, N=30 and €=0,1xGSL . The points

Q and A are minima ( £ = (L)) and maxima ( & = E(H))
of energy, respectively. The shape of the trajectories divides
the phase space into three parts which are hounded by solid
lines ( which are trajectories of energy E (=) and 8{+H.
The maximum and minimum values of N+/, (t) along the trajectories
are dencted by Mg and Mg .

Pig. 2 A region of integral in Eg.(3.1h} ia dnoted by a hatched area
whose boundary is a trajectory of a given energy & ;s for
the case (a) E(LICEL E (=), (b)Y E(-1¢ £<¢ E(+) and (o)
Eir)c E¢Em).

Fig. 3 Exact ( X )} and classical (Q ) energy eigenvalues for
the case fL =40 0ENL AL € =0.1%GM. Dotted lines denote
the wvalues of energy Eﬂ 8[4-] and E_(—) where phase changes
gccur in the classical system. Energies are plotted in units
of €

FPig. 4 Diagonal (2) and non-diagonal (b) matrix elements of
3 = ?:yls.yn are plotted wversus the action wvariable J for
the case fL1=40 N=30 € =0,1xXGfL . Classical results are
denoted by solid lines. In (a), {N,A| ) | N,A) is denoted
by X , and in (b) X and A denote ¢, A+1lB ¥, A) and



Fig.

Fig.

Pig.
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<N, Al GIH.A -1», resapectively which correspond to the both
choices in Eq.(3.4}. Vertical dotted lines indicate the
positions of J«J(-) and J«J(+) which correspond to the energy
E=E(-) ana E(+), respectively.

5 Classical gquantities J (6 ) { solid lines ) and gquantal
expectation values <¢N,Al %c | N,A> (X ) are plotted versus

J in (a) (@ =+1/2 ) and in (b) (4 ==1/2 ) for the case

L =40 HN=30 €=0.1x§IL . In the regions (0,J(-)) and
(7(+),N/2), L {+1/2) is egual to 2'{(-1/2). For reference,
<N‘IA"I$_¢-I N/A D for the case S) =5xf) =200 N=5x N=150
N=5¢A are denoted by A . All values are given in units of £.
6 Transition strength ]<f|e’i ',N,ADJE are shown in (a)

(& =+1/2 ) and in (b) ( & =-1/2 ) for the case .[L =40 N=30

€ =0,1xGSL . The symbols X and A denote Fd ( the case

[£> =IN+2,A)) and F,, (the case [£) =|N+2,A +1}), respectively.
The relation of amplitude between F, and Fq is reversed
around J=J(~) for & =+1/2 (a) and J=J(+) for &€ =-1/2 (b).

7 The quantity A, ( solid lines ) is plotted versus J for

the case SL=40 N=30 € =0.1xGSL ., For comparison, }J (+1/2})

{ dashed lines ) and M/(-1/2) ( dot~dashed lines ) are plotted.
In the regions {0,J(-)) and (J(+)},K/2}, A_is equal to
P(+1/2)=3(-1/2). All values are given in units of & ,
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Fig. 8 Schematic figures of excited pairing rotational bands.
The states belonging to the same band are connected by dashed

lines. Dotted lines denote the values of energy == £(+)

and £(-).
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