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Properties of atomic nuclei at ground state and low-lying

states

ABSTRACT

In this thesis I study a number of issues on ground and low-lying states of
atomic nuclei, including the description of nuclear masses, empirical relations
of nuclear charge radii, regular structure of sd boson systems under random
interactions, and the nuclear Gamow-Teller transitions in terms of the nucleon

pair approximation of the shell model, and so on.

Nuclear masses and charge radii are both basic physical quantities. Nuclear
masses are key inputs in nuclear astrophysics, while nuclear charge radii describe
the dimensions of nuclei. Theoretical models of nuclear masses and charge radii
can be simply classified into three categories. Macroscopic models fit all experi-
mental data (more than 3000 mass data and about 1000 charge radii data) with
simple formulas. Microscopic models calculate nuclear masses and charge radii
with mean-field methods. Macro-microscopic models modify macroscopic empir-
ical formulas, based on microscopic considerations of local nuclear structure on

the nuclear chart.

Nuclear pairing energy is very important in nuclear mass models. Its physics
is the pairing of like nucleons, i.e., the energy of two neutrons or protons get a
minimum when their angular momentums couple to zero. It is already observed
that, neutron number influences proton pairing energy, and proton number influ-
ences neutron pairing energy. In Chapter 2 of this thesis we investigate deviations
of different nuclear mass models against experimental data, and find odd-even
staggering in them. Thus we suggest simple formulas to correct these deviations.
We also introduce simple local formulas to describe experimental nuclear charge

radii. In N, Z > 8 nuclei, these formulas achieve an accuracy of 0.0084fm.

Phenomenological modeling is the basic methodology of nuclear structure

theory. Observables are calculated with “basic constituents + interactions”.
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Those interactions come from renormalized nucleon-nucleon interactions (via
nucleon-nucleon scattering experiments). However, when the input interaction-
s are Gaussian random variables, regularities in the output results can not be
attributed to interactions, but to “configuration space” and “interaction form”
constructed with basic constituents (in shell model they are protons and neu-
trons), and these are properties of the model itself. So numerical experiments of

random interactions help us better understand many-body models.

The IBM model (interacting boson model) assumes that like nucleons couple
into s bosons (J = 0) and d bosons (J = 2). Based on symmetries of s bosons and
d bosons, one can easily get nuclear energies and transition probabilities. The
IBM model is simple, elegant and widely applied. In Chapter 3 we do numerical
experiments in the IBM-1 model under random interactions, and point out linear
correlations among low-lying states. These results are surprising, because the
U(5) limit is the limit of d bosons, not necessarily a limit of sd boson system.
We rigorously derived the probabilities of ground state spin, which is the only
analytical results to now about ground state spin probabilities under random

interactions.

Nuclear Gamow-Teller transition is a kind of beta decay, and is a very impor-
tant weak process. In big bang nucleo-synthesis, nuclear beta decay and neutrino
physics, Gamow-Teller transition is one of the most important reactions. The
Nuclear Shell Model gives reasonably good results of low-lying states. However,
in heavy nuclei, because of explosive dimensions of the basis space, the Nuclear
Shell Model can not consider spin-orbit partners (e.g. 0hll/2 and 0h9/2). For
example in the 50-82 shell, the Nuclear Shell Model can not include 0hg/,. In
Gamow-Teller transition, the transition operator is a “spin-isospin-flip” opera-
tor, so it changes the spin and isospin of a nucleon, but not the orbit quantum
number. So spin-orbit partners are very important. The nucleon pair approxima-
tion can effectively truncate the configuration space, thus includes more orbits,
including spin-orbit partners, and is promising for application to calculations of
Gamow-Teller transitions between low-lying states of heavy nuclei. In Chapter
4 we apply the Nucleon Pair Approximation to calculations of Gamow-Teller
transitions. Numerical results of *Ca is consistent with those of large-scale shell

model results in pf shell, and paves way for further applications in heavy nuclei
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in the future.

KEY WORDS: atomic nuclear mass, IBM, random interaction, Nucleon Pair

Approximation, Gamow-Teller transition
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PIXTH AL, BT LA R T RIS A 25 IR 28 A [F) SR A% - B R SR AR, X &5

— 6 —
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M REBOE RIFIRE, A SR T E « SRR N8R4, Bt DG
X IEACLEE R V.

B A RX 24, EIT IR T — Rk R B, B B A
X, PR TR TR, R RS LA SR E AT e i
T T=0 Ji¥HFECA OCEL o558 JEERIXFIEARESE R 1018 T 44% F Quartet
KEX.

AR B R B R — AN AR R FF (udd) F—A
dEZRmEBRN—NMusw, B— 1 HEFH—"RETFHHT, B FHHA
u S = d SR — N T. LA R T EG AR 15 o8 iR
WHPEF % (B F, — AR FEBRR T, FEATRAESEDNAFET
WoRAS L, RELEEFZNSHE R EETE B &4 T (thwd
TR %, BEAREF, R ZEARERNEIEE, R Wer g At
¥, Bt — N REFH—PBEFHRRT JmFEn DER— N R TR ER
T, BR—IHTF, BT NR2REE, XK N F—
NS FE, EATEGE RS A EAERIE R,  Mayer AR IR N DA (8
transformation) [,

EFHEAR RS, MR, 55 Y PR R ET R,
THRTHRA. AEnR, BEHE DR, IRHAEE K, B Be,
120,160 G4k E ) oK, S Fe SR EMZ LG, KAERES 735, &
WP FAFIREE R, TBREZ. EFEFFREA &S, FrEd SRR N
JRFs TR 0 R R A R, B DL DS AR
PEdE 7R P Re R E AR AE, RE T HREMNEERERN TR HESK,
W RARYD IR 22 AT IRAE R S — 28 DI, fER RHuRF S NI )
Mz A FHRER, KEEZFHLIL EYEHIE (BLEERFIERAERD
Mz R NIE.

B L BB i R & — M B A ) . A S
isobar 8 ([FREHMZER) b, FEAHZE 2 KM MEEZ IS 7T RE A4
T isobar # FHIREEMR/ME, FrURIERERSFIEER, BEATARE RIAHT R 1%
AT IE A e AR K A NIEZA (2088 ), BB A HE
+ (EE IR M. R B2 AR A A RS se = L EATH
BEHAC HEHTAIEEFEN, KW EEZRX A AT AT ISR
Bk R (R TR, MERIAEH /N, XUIER WA R kA, R i &
Majorana % K¥, @i H O RPL T, MIIEZB AR M, R

— 7 —
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BECH AT, BRI PR P XOER=A CovBs ) .

A AT S ARSI R R I+ —H, ATIEER AT AT S50t
i ( NEMO-3, EXO0200 %5250 20) . RELE EE R ovps 2, seeid
B H T /2 Majorana oKk T A— 4T, —H 0vBB IR MER], FHT1
Yaf TR AT DMG S, BRI BRI AR R o 2 2 o0 B

R TR F, YRS RETHMTAZIEMRE NI, X
FEBIRRIT PR Gamow-Teller BRIT B9, {5 R-Ze ) BRIT & USR8, XU ILIE
FARMIRZ O FR. BT 55 R N 1 SE I e B R, AT T2 4 Sl B (il
136Xe(3He,t)136Cs ) PURE DS, 19 2| FFE LA 1E B M= RK-ZR 8
BRIT WAL A, BT MR LL

R b, SRR BRI B AL BT C QRPA D BRI B
THEAMNSER-FRBIERIT. SR MIRIUR A& Repe I ECA SIS, T QRPA Xf
R A HER LR E,  JGHST 5-10MeV BT ) Gamow-Teller FE41R 16 ()47 &
TiE wERA, T HLREE & 2 A RSEI mREIUR .

$F T E AR & Gamow-Teller BRIE, BT AL AT B8 & — NS IR 5
WS T, #AT THIE R, MoRKRE. X —80 TEHRBHERMNEN

.
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R PR AR R TR AR BRSO TR TR A
RER/N, LT AR S 1 I S (8] 0 A, XA B 5 57 R A5 LR A O],
I RN X F, . Wigner BN, JEARSE R TSRS, i
s Bl AR RANEAG T RIS, HETA 3 MUk, XX AR a3 AT
WAFE. (D EMe s, HfE RN A AR K S HEU & 5 710 &
R AR SO B, (20 SO ik, Il &A% XA RE G BRI A S 06 B
RN T AR, RS E SR UL (3) B+
MA, MR~ NAHAL E, b — 2225 8 M X S5 RO, 15
PN R, TP A

AR EE 3 A G IRA T S5 A% it B A R Ay A2 T 1 A

2.1 FEFH&EEREIEMYE

JR R ERE Y, RV, Pl REENYHE L —. S
WA — WO A, AT RSR TS R A% i &,  HE il Skyrme-Hartree-Fock-
Bogoliubov P i 5757, Duflo-Zuker % ™, Wezsécker-Skyrme #5784 53.53] | 45
BRBR LAY (FRDM) 558 fejdel o &8 5¢ R AR AMIEARF R T A% it & N AR H
H, el Garvey-KelsonsG & P20 - i - HAE ) &R 0% 959, 56
TR A% ) SE A I EE AN BRI ST AT LA SCER [0, 100], SCER [ th e T
AN TR AT,

AR 36 TR T RZAREOR S IR H B2 1 TR AL T B RE I A 45
Pz W 7R R DTk, SR, BT IR AR S5 MR R AN A XS AL, AR
JRFRZAR Y A N3 25 R R R ARAERY. Lhdn, AEZ SR (9], “SEe
B RRBEE AR T ARG, XA AR Dy SRR R0 X e AL BN SR

FrRAIEATAER Hbr2 B 5. fE2 KRR L, R8sy & i
MIEFAE . AT IXA Bhr, BRAOTAEHEE 7 — R5)E 42 IR FAZBR R i1
SY B RER TS EAR L S2I8 (i PIRR 2. A X S B i8R 22 P 82 3 T Z3 (R 4R
. WX MR KIS RS, A T R ) R T 2

s 2, WAHEIR FEa e, B 720 3 Re X L9018 1 I 25 7€ XN
“HRART AR R rERe. BRI EIRE. TATE SRR R A
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Fig 2.1 S/ (A): Average value of deviations of theoretical models, for single neutron sepa-

ration energy, adapted from Ref. [72]. For different theoretical models: (a)Skyrme-Hartree-
Fock-Bogoliubov-14 [61], (b) Skyrme-Hartree-Fock-Bogoliubov-17 [62], (c) the Duflo-Zuker
model ™ (d) the Weizsiicker-Skyrme model upciteNWangPRC2011, (e) Moller-Nix-
1995 [56], (f) Moller-Nix-1988 [6].

FAr BRI B R T B RN SU(N, Z) = SS®(N, Z) — STMN, Z), Si(N,Z) =
SXP(N,Z) — S$'(N, Z), "RRMEi&8N B (N,Z) = B**(N,Z) — BN, Z).
N 1 Z 53l TR 4 O 7R X g St e, AT E T —1
A (REHD ERPTAESERTYE, 73albsic SL(A), SH(A), B'(A). €11k
T 9E B AR PR Y S B 2 £

7E Bl e, A58l e ST(A) AST(A) X A BARfL il 2. ixX B
8T NHBWHEYE, B35 Skyrme-Hartree-Fock-Bogoliubov-14 B, Skyrme-
Hartree-Fock-Bogoliubov-17 2, Duflo-Zuker #%! [11], Weizsicker-Skyrme 15
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—M—even Neven Z, —&—odd Neven Z —@—even Nodd Z, —¥— odd Nodd Z

B 2.2 #RT 0 HAeRE-FHE KRR LK (2.
Fig 2.2 The same with Fig. EZl except it is single proton separation energy. adapted from
Ref. [I72].

A (R FEEIE) P, Moller-Nix-1995 9 F1 Moller-Nix-1988 581, & /742 &
HHN S5 Z A EtE, SRR e BEZ, a1
AT A%, fE B, S7(A) X VU285 F A2 PUAS 7 S A R B T AR AR 1
XTRE, AN B 58N WS A — MR SR BN, FRATIER
FMEMEET SL(A) Gt EHEFE (EE N F8 2 ) S (A) BRs wFAi N
N EERZ IR, BRI BE R Bl i BS RN 2. 72 Eleah ST (A)
BRUMINE. X5 “BEAMNEFZELEES AR FZ2 —mEEa" X
—HED (02, 73, 78] 2 — B W RAEE A IR FREA R A R TR R R,
RIS L.

H T Duflo-Zuker FAUFT Weizsacker-Skyrme #8 AR AL B 3BH R5 )£ X A
AT, FRATEIX Lo Y rh SR A 4R 0 B8 Z ks, v 7 R IXFhar s e,
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P TiE X
Ai(A) = 57 (A4) = 5. (A - 1)
Ag(A) = 577 (A) = S7(A - 1)
Ag(4) = T(A) - T (A - 1)
A4(A) = S(4) ~ T (A - 1)
As(A) = B'(A) — B'(A—1), A= even. (2.1)

X Fhr“ee”, “00”, “oe”, Ml“eo” BRI N HEL Z, &8 N &8 Z, #H
N B3 Z, AEE N #4572 MAS. EEe3d, RATRRER N ER T
FEM-THOR AR Duflo-Zuker B Weizsicker-Skyrme #FH HHIXEEA FE. AT AT
PURTE 2 1B ) F e iR 2 8 k. 5 T ARME A B R 7%, XL A
FMBEECR. EATE A ~ T0 215 400 keV, 7E A ~ 100 2124 200 keV, 7E A K
F 100 /T 0.

BATH AL 1A X f b Hen-e3d R & 2. JAT17E Duflo-Zuker B
ANl Weizsticker-Skyrme #E R 1) ST A1 S (%58l o 51 NBAME— 30 fHE A 15
THC, + Co /A, FEAMRTH O + Cy /A GBI SR E s AME2012 (23]
172 WE, BRAMBRIZHC,, Cy, Cs, Cy. M TS5 G REIRATW AL T AR AL HE. &
“Ao R A gfEReh. aTLLER], AER 7T HAKC, O EFMIER Cy, CsfE
(BR T 45 B Cs B 0D . FrLUXFAMO—TEME A MR TP NIE, 75
A FEF RO  IX S5EE A R FAZ A NS A Re R & 2 — 3.

)22 SCik (6] ELS B PN IX — UL JS, S5 5CHk [Ba)H “set”
X R BE IR A A 4R 3 16 ) A Ak 1. R, an SR AN TAE R & IE TR 5
FE, “SEIR” XFRRBE R ARG (A 2 L.

HTHE T FRMEEE, BN E S GRS EmRNfRER T
o, MR RED, Weizsicker-Skyrmeti 4 (1 BLA% 43 B BE 1) 350 5 MR b 14 22 2>
719-20 keV, Duflo-Zukerf& B/ 789 keV. L &R HE A3 7. (HE —
PEME, WRBAVCEL A WIEF 5 BRUEEZ S FHEZMNE, T8 A NE
T AR 7% 5B PI2E, AT LA Weizsdcker-Skyrme 157 () 5% 143 55
REX TR R Z WD 27-32 keV, 45 & REJk/DN 12 keV, Duflo-Zuker 57 ) BA% 7
IYESREIR/N 13-14 keV, S5 A REN/N 4keV.

XA TAE VR T A0k bt 38 2B (1) LA ot A58 Y 0670 55 e 10 0 5 1 A 0T S
B AME2012 B B, FA LK Lo 25 O 8 B Gk n 2. XA 52
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Fig 2.3 Values of different As, adapted from Ref. [72]. (a)A;(A) and Ay(A) of the Duflo-
Zuker model, (a') A;(A) and Ay(A) of the Weizsécker-Skyrme model, (b)A3(A) and Ay(A)
of the Duflo-Zuker model, (b') Az(A) and Ay (A) of the Weizsdcker-Skyrme model,(c)
As(A) of the Duflo-Zuker model, (¢’) A5(A) of the Weizsécker-Skyrme model.

& 21 BTG RE N XAt AR A LK (2]
Table 2.1 Reduction of root mean square deviations (RMSD) of two mass models [™:5]

on both binding energy and separation energy, and corresponding parameters.

Duflo-Zuker Weizsacker-Skyrme

Sh Sp B Sh Sp B

cy | —-0.075 —0.070 —0.023 | —-0.086 —0.056 —0.072
Cy 11.334  17.001 2.214 18.538 14.239  10.295
Cs 0.043 0.050 0.051 0.051 0.084 —0.006
Cy | —12.039 —6.905 —12.460 | —13.907 —18.300 —5.295
0.294 0.324 0.570 0.275 0.268  0.213
o’ 0.286 0.315 0.568 0.256 0.248  0.207
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EOCHR (A HEIN — B TR TR EAR, Bl SEER OREEOy
HEO M AR 1%, 2 — g ae. KX Fh a5 vk DL B A U 05 R
LU, BRI EES S T 56,

2.2 [RFZBREFEEF

SR, EFZMKN P RFEF LR E. sfEfmriEEe —.
HL B P 1 J5 O & B & i P AR I SR 38 7 v [, IR FE ) S B 4k
PR SR LR BT 1) iR A% 2 R e B AR e 1Y) Bt A8 TS 1 B - o ™,
i RABUE OISR AR PRk R, A ik I A AR I 2 B T AR R i
. T A R L R R G, X A A AT P AR 0 B e i T R AR
oy . ses2l R AR TR AR A Bl AR B se ST X — R A R L N — AR
JRFAZ LI B i BB H A2 —, AR S 10 7 U S 06 1 7R 34T
thr (55,59

B A 1 S 00 A G A R R PR, SRR B B R AR A
¥, 7E W o 5 7, Hatree-Fock-Bogolyubov st Y 9050 LRy A1 Xt 18 - 1 37 4
A B2 SSAT D2 Y AT B AR R T AR, K (RMSD) £ 0.027fm 2 4. LA
FARWAT LI o ZEARRE B, DL E A BRSO R R
TEFEMER AR F, — ATl Fen e

R(N,Z) = roAY3 4+ 1 A™Y3 4 )] + ryAE,

KR ARRER ETREED, I =N - Z/ARKRETFZIFENLES =2,
AE sE5efBIE. FATH SH s ieEids B0 4T 7 AE SLLS, AR Y TR 2
B B RBAMEE R(N, Z) = roAY3 4+ 1 A28 4 ro I FEFIXAN A P A 5256
Bl A1E SUREN RIA = Ry — roAV3 (EEIZA th, 7T LG BB R 72 %
M. Z FRIE ) R e [a) BE B3, TR IR AL &= 8E (isotopic chain ) . fif PATE[R]—
X, 7850 (isotone shifts ) LRI D) (isotope shifts ) E K
B2 XEBNNERE—E: AR 20 Z BIHGHE K. X T 5 8d, mf
LA 720 N, N, BRI 258 2030 N, N,/ (N, + N,) K& . 30k 4]
H, BEAR R RSB IR AR HRE AR AR, fEA> 161X
BHAS T 0.022fm WK . WA s ~ B AR A G &K R A R
WA ST kG, & T 50 B B AME R F 7 42, Kb, Garvey-Kelson ok
F P25E — A Y (1) 5] 7. Garvey-Kelson ¢ R 75 HLff -2 PR ik 3] T



LEZBRFH TR Bowm ETERE. BRI R

L) I L) I L)

0.16 |- -
—~ .ﬁ

Eoosf,» y % - -

8 . '-"' o
2 - -~ l‘ h o

~ all e " el L]
™ 0.00 -'.-:' -'-'ﬂ' 'i'}vmh.w ¥
L) 3 N ol
1.‘" Ve % '
-0.08 : =

0 60 120
N

]E] 24 Rf,(ASE)S = Rexp — T0A1/3 — TlA_2/3 — 7"2[.
Fig 2.4 R, = Rewp — 1oAY — 1y A=2/3 — po, versus neutron number, where R, is the
experimental value of nuclear charge radii, A is the mass number, rg, 71, 7 are parameters.

This plot well shows the shell effects in nuclear charge radii.

0.01 fm [PIREB B9. B 5 7-A 740 ELAE I JR 3000 8 Al 32 31 5y [roo-ima] | =%
XEETAER R, ATRI T — RIS R, MR T SR .

KB 3| Ema 2 & F R o RIR B K, REIFIREZE X L [0 R
%, HREN,Z > 8 MET%. H,

SRin-1p=R(N,Z)+ R(N—-1,Z—1)— R(N,Z—1)— R(N —1,7), (22)

*/\ﬁmﬁ/ﬁﬁﬁ IEE] T 0.0084fm WIAERE, EERFERIREADAXMRZE. 1]
LGS, #B0 LI HE MR 2 KT 0.1fm, SR IXAS B2 20 wEw B IR =,
é@ﬁ%%ﬁz%ﬁ%ﬁf 0.01fm PAF.

FERAMFEIT A IE R, “Box 1-37 A8 R IR LU HER, X1
B & RO AR A, FA R R R I AT T — R, R
W FE I AL AR R4, RHEMENA—E L (FlmEx, &
T ) — %) 2 - 1) LR AR TR B

HAL RO R IIFAUER, XHRZEE. FIEOCRTRZE D N,

b R OtE AR, BEFEA (D PRET =G 5
—HW o BER L R R AR ERAR, BT AR RON., AR RN, B XS RK
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(a) (b)

©F [ [ | [@ | [ [ |®
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B 25 ARE&ABXEX (1) .
Fig 2.5 Different local relations (1): (a) Garvey-Kelson longitude relation; (b) Garvey-

Kelson transverse relation; (c) Diamond 1; (d) Diamond 2; (e) Diamond 3.

+|— +|+ +|—
(a) (b) (c)
N
_|_ — —
+|— +|+ +|—
- - -
((.j) oL (€I>) o] (f)
N

B 2.6 TFl&EBX AKX (2) .
Fig 2.6 Different local relations (2): (a) Parallelogram 1; (b) Parallelogram 2; (c) Paral-
lelogram 3; (d) Parallelogram 4; (e) Parallelogram 5; (f) Parallelogram 6.



Ll R FHE R BoE ETERE.

fir A2 0 RPER R

(a) (b)

() (d)

(e)

N

B 2.7 TR AR KLRE X (3) .

Fig 2.7 Different local relations (3): (a) Line 1; (b) Line 2; (c¢) Box 1; (d) Box 2; (e) Box

3.

0.10

0.05 |-

-0.05 |-

-0.10

0 100
Mass Number A

250

B 2.8 6R1,_1,(N,Z) = R(N,Z)+ R(N —=1,Z —1) — R(N — 1,Z) — R(N, Z — 1).
Fig 2.8 Root mean square deviations of 6Ry,—1,(N,Z) = R(N,Z) + R(N —1,Z — 1) —
R(N —1,Z)— R(N,Z —1). Though the experimental errors of nuclear charge radii can be

large, the local relation of dRy,,_1, fits the experimental values very well.

17—
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% 22 I FZTR ALK R NiRE (1) .

Tab 2.2 Root mean square deviations of local relations (1).

Garvey-Kelson Diamond
Longitude Transverse (1) (2) (3)
RMSD (fm) 0.012 0.011 0.053  0.069  0.047
Average Deviation (fm)  -0.0004 0.0009 0.001  -0.056 -0.025
Number 223 202 290 290 290
Parallelogram
(1) (2) (3) 4 ) (6)
0.014 0.083 0.024 0.047  0.048  0.055
-0.0002 0.060 -0.015 0.027 -0.0004 -0.043
404 404 404 268 268 268

N, DLR BRI Z IPE . B DU IR R 3800 R AZE R — iR 2=, DAL
FE RN G RCKE RN Garvey-Kelsons& &A1 “Box 1-3”7 =ANMRHE G R 2 X 2645
.

HAE—REE, “Line 27 R R, B

A(N,Z)=R(N,Z) —2R(N —1,Z) + R(N — 2, 2), (2.3)

BoR AR BB R A R L e, por, REEEBP TR T A K
HATE, mahrrErZ A E b TF XRY, Fr2ais G
EVED, X5 A AT B . XS b o T B A R R I g2
— 2, B E, TR T R SR ER BE A BRI, IX AT BEJE R
Quartet. T=0 FLX 355 4751 7 AH HORHK.

L AR R RN R 7 1%, ATREAL T R R PR L B (Pl

% 23 I FRTRE ARk R NiRE (2) .

Tab 2.3 Root mean square deviations of local relations (2).

Box Line
(1) (2) (3) (1) (2)
RMSD (fm) 0.013  0.0096 0.0084 | 0.052  0.016
Average Deviation (fm) [ -0.0002 0.00002 0.00028 | -0.0001 -0.0005
Number 296 427 394 354 641
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B 29 A(N,Z)=R(N,Z)—2R(N —1,Z)+ R(N — 2, 7).
Fig 29 A(N,Z) = R(N,Z) —2R(N —1,Z)+ R(N —2,Z) vs. N.Red dots represent odd-
N cases, while hollow squares represent even-IN cases. Neutron number oddevity impacts

proton distributions.

OR1n—1p, T AV AL E, 4 A RE & L AR R EN R T 4%), BB,
TR RN R 7%, UL E A B8, 2 RsEoe KT
o RIAACEY B, GBI AR AR BT AIRA T AR = e A R A
X TR

SRip1, = R(N,Z)+R(N—-1,Z—-1)—R(N,Z—1)—R(N —1,2),
SRinop = R(N,Z)+R(N—1,Z—-2)—R(N,Z—-2)—R(N —1,2),
§Ron1, = R(N,Z)+R(N—2,Z—1)—R(N,Z—1)— R(N -2, 7).

HHA—A e ir s, bR A EEE G EeTopT
D, —HATI2RME . QRS A MR T SRR B S
AT RN, WA CF, = 66 FIARKIEE. X TE2MRE n (n=1,2,3,...), A
%%ﬁ%ﬂ“iﬁ:ﬁ‘&iﬁﬂi&ﬁ’]éﬂAﬁﬁ feRead, ¥ n=12---12, FAE

R T LT AR I B SR
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B 2.10 RFHARHBAN KT 942 E .
Fig 2.10 The relative location of a certain nucleus in a local relation. The three relations

in the sketch are separately 6 R,min—1p, 0 Rrmin—2p0 Rrmon—1p-

& 24 IR BBX F X RELS
Tab 2.4 For each n (number of local relations used to describe one nucleus), the best

combination of those local relations.

n C o (fm)

1 1 0.008371
2 1,3 0.005480
3 1,7,10 0.003566
4 1,8,10,11 0.002428
5 2,5,8,10,11 0.001778
6 2,4,5,6,10,11 0.001480
7 2,4,5,6,8,10,11 0.001381
8 2,3,4,5,6,8,10,11 0.001282
9 2,3,4,5,6,7,8,10,11 0.001253

10 2,3,4,56,7.8,9,10,11  0.001266
11 1,2,35,6,789,10,11,12  0.001362
12 1,2,3,4,5,6,7,8,9,10,11,12 0.001514
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2.3 Ihgh

AT EL T YHATmAT R 2R A, B%F Hatree-Fock-Bogoliubov 115,
Duflo-Zuker #%!, Weizsaker-Skyrme %, Moller-Nix %84, FAI 17 521X Lepil
0 () B VR AR AH T S50 A8 1) P 25, FH 1] B8 0 R 3800 F U0 HH A AR . FRATTHE
X SE R B SE R T [E A E, S N EAZIE, $EE T IR SRR R A
FE. 2 fE K, RATH G R RO RZ R R FAZ B 1e, £ N, Z > 8 XiH
A3 T 0.0084fm [AIREFE.
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=T  sdHETFHRENAEEER

3.1 B=EN

M T HEAEA S —AHEW EER R, Ee B MHESR T, AU LM
TEREARMEEAEN: 1. X h+2hketh ), @d/b8lZ, [\EMERK
FHEAER 5 2. DU AR+ A EAE R, B — R0, —
MEX IR Z RRGUEATILE, FRIMER A EAER ™ 3. W% 785U
SEIGEE R, G HFE (G matrix method ) ™9, FAEHFHIHFEL (
Chiral Effective Field Theory ) %7745 2 BEAEA AT, AE&ETMIAE
FIMHEAEH.

JR A% P R A L SE B % A BAE FHUUE . — N R ) /2
WRMHZEEMINZ - Z B ERERMGAE, BORERFEAREATIHE,
ARG = A S5 R A S ? 1988 4F, Johnson , Bertsch 1 Dean
PL “RENLAH BLAE R = A A M R aesE ” SAIfE (Physical Review Letters) &
KB HsE LA BAE BT AR, I — TR BARAES
PR ASENO, FALEET = T = N — ZHIRRARERZH, HEEL
AN N0, FLLERET = Tom = N — Z BIBENUREARED SR8 RN L R 2
BABNTEMEER], T =0,T = T FIFES A HARE R S Z 18F — A 52 1B
A, XL GAE IS 2N AR RIS T 2 (R 7 BaEdE . fERENLAR B AF
T, FREPRWHI T, BSUREE —MNEME IR G NARNEREZS
N ) S SN AR (L 5 S 3B T) S5 TR R 1 A A 0 L () (e,

BEMLAE ELAE FHEUE LI I 7= A8 T 45 A Re Al R M. 78 SR %,
R FZ4iGae GRS E) B8, 8= A A EIRG A AR
=2 —J51, fEHF 574 Copen shell nuclei ) "1, H. j HUIE &K 255
YRR, BEERN 25 + 1 REE, ENIMMASIESR =/0EmNFE T, XN
MBI R EEAE, FFRUE R SN FEREZ T, e A E IR
=71, RPEZEE T2 R 2B, X—HHES B IR, BSE T ATy
. SR, sEaBENLEAE BAE R P A A5 Re b AR AR IR

BEAUA BAE HEUE LI s B, F RSN Fail B AT 7%
RO BETE AR, 0B SL I AN 7y =2, BRI =E 598t g oe i
T AFEIRTIRNE X (I TFEEDID, Bl 2R, BV AR
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FIR, et Gt LA R R R T

PAEBISRA U], BAALS GEARA (B3 1) +200 (Flinsd 76
HHEAERER iR WEMEEND) “MWE” e, X5MEFEH
IR N R R, Jak, AMTFRA AT 7R E

UL RS, SN AR S BEA U ELAE A AL I R 02 T L e A
[ =, BENUM EAR S, R UBRERIE B(E2) MME ST T b S S
DD R, MR B(E2) s KE R EE SR /. B AEAR B Z SR
B, AU SRR EAE . i BEATLA LA B SR i e 3, AR T PR RE
W (RGN POWRLEPE BT AR A B phoE, SAHEAEMI R, e S Wl P
NRIAT P2 AR RGTREE (10— LE R T, X2 — AR AT R A 1)

MEAFHE G T (IBM ) BRI EIRL sd 3t 7N REARA B, HEXFRIE N
SErtl, MRS SRR AR, BAT T N AT A T KR
BEATLAE AT PS50 b A S 06 A0 40 5 A Asd 3¢t 3 BEA LA T AF S 45 R 1
FRAE 2, PR3 00E, IR F B TSRS B IO R IFEAR, IRahEs)
i el BENUM BRI R, A AN FRENREA T, 2o S 2 a1

RLEEHE T TAFAR R B, EAIH RS BV E MBEHLREA, L35 B e
ANFRIFEAEPHERR 1. 2800, BENUME EAEH T RGERIR 2 A E, SEfs b
A AR, BT DX —F 3T IBM-1 B8 B A (15 16 204 JRAT TSR
PIBEHUREAS PARBOR S Z A AR R KR, SRS HRE S AEFTLR.

3.2 HELER
sd B 0, F- 18 22 i BNy
H = 1lalsly [bllblg] [blgbl4] , (3_1)
et V(L0 (1+ dig,)

HoR L= 1,2,3,4) R 0Bk 2, AT IR s B TR d BT E
Vi, = (s« L|VIisly ¢ L) P TR AR T6. A2 MR A 5 37 5
BEHLEG A0 0, TN /(T O ). SR 5E S LN HO 1 R
2k, BRIEPIRBERLR S5 BN 1E X Ry = (B, — Byp)/(Byy — Eyy ). 2 BB
T ezt T Re A Ry MHXT Ry BB, FRAF Mallmann B ™, 32417 R sk
TRA O AR RBEIREA, B0 T 83 n 611 XA n 10ME, Al
H 60000 ZHEEHLAH EAE T, 0 it 5, 285 XX 60000 S HE A gt 18
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A 3.1 IBM-12 R 4 Rs — Ry X k. A B B8 Lk [I16].

Fig 3.1 Rg ~ R, correlation of sd bosons under random interactions. n is boson number. We

only consider spin-non-zero random samples. The peak at (R4, Rg) = (3.3,7.0) corresponds
to rotation, the peak at (R4, Rg)= (1.0,1.0) corresponds to seniority correlation. Except
from these, we observe compact linear correlations between Ry and Rg (labeld as «, 3,
and 9).

g2, WLUE R Ry, Rs #85 Ry AR BAJA AL SCHR. AT X L it
RIRFRE A, B,7,6, 6. X T2 AR FRIBEHUREA, AAT{E IBM F B A
FDSM =5 B sk i 1 R A MR SR IR, AR o, AR R e 1 DR I A2 3
FAER], SPEAMESERZTR AR, BATHE I 1 6, LMERHK. 8 175
fif, BAMEREDF, F Py e k.

3.2.1 XF U(5) MRS

FEIX—Firh, FRATTH IBM A B i) U(5) HER IR I 1R X L8 2 1 5 BR. U(5)
MePR A d BT AR IR, B T o ZRIEIRBRLAAE, P FAd SRIBRHT T LA U(5)
P PRt RS SRI,  FRAT AR B N T BEHLRE A AR ST UL d Bt 1
BRI R. XA WSS : 1. F U(5) BB AR 20 4 R0 00 5 L X e 2 1 5
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B 3.2 IBM-1#2 R 4 Ry — Ry X k. A B B A LK [[I06].
Fig 3.2 The same with Fig. Bl except it presents correlations between Rg and R,.

% 3.1 Ry B R, Z A &M X IR GG Fh38 . A BB A AR [16].
Tab 3.1 Description of linear correlations between R; and Ry (labeled as «, 8,7, 0,&). We
define Rg = k1 R4+b1, Rg = k1R4+bs. For each linear correlation we present its k1, by, ko, by
and corresponding demands on the boson number n. We note that, in correlation 8 and &,

the formulas of Rg and R, are the same.

Correlation & by ko b n
« 3 -3 6 —8 both even and odd n
B % 0 1785 0 n =3k or odd n
0 g 1 % —% even n
5 Boo_uom o n # 3k
& % 0 % —1—71 odd n
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WRs 2 RN BEHUREA FARBOR S B R i d Bt F B geit-r, Jfs
IO LR

3.2.2 BENHEEERTH dHETHRES

X —/N, AR RIS A SE d M TEE, #HESHIEAR S
LM RIR B, 7, 0, € AT MRPE S Tk [37) FRA(2.79, 2.82 ) FIZ=F L
BR[O AT(2.8), d B TFRESEEREN

ET[ = 017'(7' + 3) + CQI(I + 1), (32)

B d T CRIEC, RN,
¢, — =TVas + 10Vag = 3V,
70 ’

RO RO
02 — 222214 2222 )
T HEH U(5) RFRAZIA NI 25 1, 7E 225 3CHR [37] 00 5( 2.28-2.35 ) AT
PR AT EEE, BRAVEXEER. X E o d HETH (s HETHRNO
)y PUAERATEIR RIS P d 3 THER. X T2 d 3t T7480n
, BAHEE S N n=2v+7, FTLL T BMH

(3.3)

n, n—2, -, lor0 (n=odd or even),
RBv=0,1,2,--, [3]. W TS 7 HERAGEIARB NE, BL 7 =3na+\
w2, X7,

A=7, 7—3, .., Oor 1,2 (7 mod 3),

KB na =0,1,2,---, [5]. TIRRBEANES NHX, 57 REEAMK:

T=X\ A1, .., 2\ —2,2)\

R4E B A R d A0, AT Lkt 2~ Xsmd ¢y, Oy IR
5 A E R, B E n =2k 4+ 1 GEF¥in), M C, Fl Cy #E IESEL
WRIEAR B, BHEK r BEAME (Wlo=0) . XTFHENO, 2, 4,6, 8K
R, IRBESER |7, N) = 3,0),|1,1),13,3),]3,3), Fl|5,5). iXLLE NI AERAE
SN 18C,, 4C + 6C,y, 18C, + 20C,, 18C, + 42C,, 400, + 72C,. Fiblf
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K32 dmETFAMES A% AERA MK (10,
Tab 3.2 Summary of ground state spin of d boson systems, with n, C; and Cy varying.
n is d boson number, and “g.s.” is short for “ground state”. A means larger probabilities,

while A means smaller probabilities.

C1, Cy Ci<0,05>0 Ci>0,Cy>0
n 3k 3k+1 3k 42 2k 2k+1
T, A A T A T A T A T A
|01) n 0 n—4 0 n—-2 0 0 0 3 0
12,) n—2 1 n 1 n 2 | 2 2 1 1
|41) 3 n 4 n 2 2 2 3 3
61) 3 n 4 n 5 4 4 3 3
181) 6 n 4 5 4 4 5 5
g.s. spin 0 A2, A D A2, A D A2, AN O
Correlation I6; ) ) v 19
C1,Cy Ci1<0,05,<0 Ci>0,0,<0
n 3k 3k+1 3k +2 2k 2k +1
T, A A T A T A T A T A
|01) n 0 n—4 0 n—-2 0 0 0 3 0
121) n—2 1 n 1 n 2 2 2 1 1
|41) 3 n 4 n 2 2 2 3 3
|61) 3 n 4 n 5 4 4 3 3
181) 6 n 4 n 5 4 4 5 5
g.s. spin 2n 2n 2n A2n, A O A2n, A 2
Correlation I6; ) ) ¥ ¢

XA R RN B R, XS5 EBIB2H IR —8: B KEAE n = 3k,
Civ Co BIATER I 7 BURKAED . Re- Ry IRERXTRLE.

ER XS Cy, Coyn AR OLAE . P 45 R AR B2 i 4

3.2.3 FIETSHURRE

FEIX—/NrR, BATIREE 8,6, & RERMBENLAEAS, WU eI 250
PR H. BATRIVEANIT & d PO TEENTE, SENE 2



LEZBRFH TR B=F SD WO THIBENAE AR

— /=0 /=2 —— /=4 /=6 —/ 8|
1.2+ @ pn=6 4 (b)ypn=8 ¢ ()5/7—7 1 ()§n=7
10.8
=
Q 04 s
0.0 : L .
2 4 6 03 6 0 3 6 0 3 6
n
d
12t @)Bn=6 +(b')yn= 8 t()sn=7 )¢ n=7
“ost 1 1 1
Q |
0.4f 1 1 1 J‘
0.0l Ll [
2 4 6 0 3 6 r 3 6 0 3

B 3.3 d & FHAndi &FF 554 AR A LK [I16)].
Fig 3.3 The expected values of d boson number (ny4) and d boson seniority numbers (1)
in 0F,27,4],67,8 yrast states of g.s. spin-2n random samples. (a) (a’) correspond
to 8 correlation (boson number n = 6), (b) (b’) correspond to v correlation (boson
number n = 8), (c¢) (¢’) correspond to § correlation (boson number n = 7), (d) (d’)
correspond to £ correlation (boson number n =7) . P(ny) and P(7) are normalized. It is
shown that statistical distributions of ny and 7 are consistent with predictions given by d

boson condensate.

WEBATSEWETT 6 R (FE sd BT ARG n = 3k WP, Bl Re = 33 Ry»
Ry = BRy. XAKIKIE Cy < 0T Hon =3k Ck NEHD, 1EXMHER FREEH
Jiey 0 8 2n CROKEBE), T d BT ¢ 5950 7 PR R ME. EX A TAEh 347
FRAEILZS ATEA N 0 BENLFEAS, 8 KRG O, Oy BIONTUE, S HEN 2n
I, d BT HRESRE . 7E K [B33) () R FRATTE T XA d BT ngs
d Pt 7 J98 T ERENUREAR T I3, T LG B ng FETLE n ML, 5 d ¥
O RER AR — 2 72 EIB3() A2, BATTE TAFEITE LT d 3T 55K T
FI At ot, B 5REIPRITE 8. EM3IEN 04,68 MRS, il
BT n, 1624 P taw T 0 — 2. 7FEEBA (a) £, RATERES A lE
A 2ns W B RER BETH n = 6 WEEHLEEA T Oy M Cy K704, FAITAT EA
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P(C)

-0.4 -0.2 0.0 03 00 0.3
C

B 3.4 A& QR 2nt A AT Cr, Cofg 570, A BRI E Lk [I186).
Fig 3.4 Distribution of Cy,Cy in Eq. (B2) for g.s spin-2n random samples. Panel (a)
displays f3 correlation (boson number n = 6) , Panel (b) displays v correlation (boson
number n = 8) , Panel (c¢) displays ¢ correlation (boson number n = 7) , Panel (d)
displays £ correlation (boson number n = 7) . We can see that, in 3 and ¢§ correlations
C1,Cy are negative, and C; < 0,C5 > 0 in v and £ correlations. This is consistent with
Tab. [B] predicted by d boson condensate.

B2, LRZHHBOT C MO, HGETE. KRS AR Y], 5 /N4t
HI—FE, B RHE T d BT BERIE U

v KBS BRERIIGOLAEE AL Csd Bt RARAE n BB =) . N
BE3(b,b) F R BAE R, ng Al r BINEE S REIF IS (ng =n =8,
T BUER/ME, X EX TR0, 2f 47, 61,87, T o alfET0, 2, 2,4, 4 L fE
Eeab)H C > 0,0, < 0 MAERZEFAAML, XHE5RED—EL

n# 3k, 0 RERHIIL, ERIME L ESCIR B 5 A SRIREE 2% B R AE
n=3k+2 HEEZHIN 2 KEEIFEARTHIL, ng M7 BSETHEEE M1 RET5)
HKCy < 0,0, > 0 WSO8 AERXFEIL T, EHEng M7 KEET
(BT EIEANOMRZEST=n—2)  XTWHE 6 R HABFENIFEA, H e
N0 WIRFZS 1 ng (A WR AU, 1 HA =5 S BT & RE2M A5 R X
B SRR BB EN 0 BB S B OA 0 Rk, XM HBIIA. R
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TR, T 6, MNTHENT=2,4,68 MEELL, 7=mn FrLAXIUNER
RERN Cin(n +3) + CoI (I 4 1). FAE X BN I KIfed T aeE&IKKIN B,
A1 21

14C,
Ry = 1
4 E12 _ EO + )
36C%
= 1
R6 _E2 _ EO + )
66C
= 1.
Ry 5ot
XFH
18 11 33 26
Ro= —Ri— —, Ry= —Ry— =
6 7 4 7 ) 8 7 4 7

Fir LA & KRBk LRI 25 Y A L SR . & SRIBRELR H e T (1 # 0) A RE
HRIKWE Jd B ETERSA S, e EILFEA S B e 80 it 2 RIS %
HEAMEKR.

BJGEATT® ¢ KBL, EFE C) > 0 - H n NEHE B FEIXFEH T,
FEEEBERTREN 0, 2 (W Cy > 0), B 2n 502 (WHE C, < 0), BUkT ¢
M Cy IAEXHE, SEREDPHEN—8 £RBE3 (d, d) R n =7, 3
AHEIEN 2n Hig 2 i KEBENIAE AT B IEN 0,24, 6,8 NEFHESE ng HYS
T EHHATG . TR R, ng HA 7 AEAT A KRB, AT — 25 TS A e
9 2n BENLEEAR G O, Co WIESME, fEEEE (d) . 85K € KRB 1B, O,
MRS5S B REGEEAE, (HiE Re-Ry MEH, ¢ KBS B RBAHIF.

3.3 EERARFWESBIEGERINMBHIAN
3.3.1 A THASEEERNET AR

RSO R, 0 T REHUA T F RS0 BRI, AT AR
T L e — AN R R i ), T B A A R 5
— NP ), BT sp Al sd BET RS A — MR EAR T,
BT # 7 0,

— N ERIE BRI ER G, KT RER. S [0k, —4
GYT IR T j = 7/2 7%, THESH S0 [[22)r, Chau FIA&fE# I T —
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ORI, R4 T d O T RGHM j = 7/2 529 80K T R G0 7 4& BUE .
WERX KT, ROVE—XIER T d BT REHS BRI, T
J =5/2 A AN P(I) =2 E i3k

d Bt F RGNG H R A

H= Y %MVL[(deT)(L)(Jd)(”]“)), (3.4)
L=0.2/4
KHE V= (dd : L|V|dd : L) WA LERMER G, XBERENTFE 0,0
AT I BE LR, R R 2 A BENLRE A, B RBENL R 4% ( two-body
random ensemble:TBRE ) . d T R & UGBG) BEXMFRYE B9, FH 7 X &
[AE7H, DA —EZ4N, ke SR, £ LW aERuER,
EKHAHREE. Hrh

0. = —Vo +10V; — 3V,
e 70 ’

W+
Cy = TR

FHBRATEE 0 A d AT REMESHRMZE. £AX @ F, O M
Co B RIESFFE ML, TN R C, > 0,0 < 0, n = 2k MIEE KR
NERATTTE RN TAEN 7 E, ERIKNSAEI=22 =27 (FACy, <0)
CHT n=2k, 7 WREEE, FrUEEBEIEN 4 AL, W8 4m, m REEL
RTTERRATE X

(3.5)

G
o,

FAEH e

EI:4m = 2m(2m + 3)01 + 4m(4m + 1)02

N+2 .,
- C
4(17+4)] 2

XEWE By, 2 HERENEH m =0,..., 2 K7L

MFn+4<0, AA4C(n+4) >0, i > 0. M4 ERXA TR, E,,»
W& m WEIRTTIE R, BTl m BUB/MARS, By, 25E, RS H
BERN T =0. 250, ST n+4>0, 4Co(n+4) < 0. XAMEILF LG WA
Ol s > 4 FEASHUm BRME, ITUVERIABEAN I = dmp, = 0: 40
Rans <D EERm RKE, TUVERARN I = dmpn.. = 2n. FTUE

(3n +3)°

= 4Cy(n+4)[m + )
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Cy>0,C, <0,n=2kTH0T, dPOTREESHEN

dn + 2
. n
I = , N An + 9 (3.6)
n — )
’ " n+3

AL FRATTA) AR 2 %5 B e %0 ( PDF:probability density function ) HF50%
NSH(Cy, Cy) BN BENLR SR LIR30, C) A Cy FERE— R sE —ZEIX R
16 FIREZ N PDFAE XA X JH] B R gy, =Dt < 0y I =224 < ¢y (]
Va > Vi — 140y, Vp > W03, SR AK (B3) A

o0

g(Va)dVs / o(Vo)dVi

10Vp —3V4 —70Cy
7

Pi(Cy,C2) = /Zg(%)d%/m

Vi—14C5
FITLA C, Co HIRERZEZREBCN f(Ch, C)

D*P1(Ch, Cy)
0C,0C,

f(Ch CQ) =

70 100C;2 4 260C,C + 316C,2
= Tom exp [ — 3 : (3.7)
BIEAR (BB, MF 0 >0, Cy <0, n=2k EEEIENO KRN
0 * 1 7V3(n +3)
/_OO ng /;4n++3202 d01f<01, Cz) = % arctan <—277’L ~19 )
B IEN 2n IR N
4n+202

/ ng / dCl C(1 ) 02)

13 1 7V3(n + 3)
= + arctan | — | — — arctan | ——— | .
4 27 V3 27n — 19

e, JAIZEGIHM T CL >0, Co <0, n=2k1ENT, EFEIES
H e T PR, SR BATRAT AW Se AR P 15 0. X T A E n Oy, Cor 3K
fIfERE3h Al T2 E e [ IS AT RE, Ay = SEAH R BUEVEHL 753X
SeIUEVEE B, WO, Coff IR ek A (B2 R, BIRTAG 2UAH B ) 8
K, EREA R K, BARETARE n BEX RIS B e & L3
HopAn, (ERBD PAIH. R HBUE SR, BATRIE 17X
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Tab 3.3 Value of ground state spin of d boson systems, and corresponding ranges of n = m\wu for different values of boson number n, and
different signs of C1, Cs.
n 0 2 2n
3k n <0
C1<0, C2>0[3k+1|—35<n<0| n<—3%5 |
3 3
3k+2 ) —5iq <n <0 <~ 341 5
2k n>0 |
3 3
QHVO“ QMVO 2k +1 OASAM mAd
Ci <0, Cy<0 n>0
4n+2 4n+2
2k sAI%& |%+wAdAo
Ci >0, Co<0|2k+1 n< - Al < <0
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Tab 3.5 Analytic formulas: ground state spin probabilities of a system of n d bosons.

P(0) P(2) P(2n)
7V/3(n+3 7v/3(n+3
n=06k | j+ g arctan () 0 3 — 5 arctan (G2050)
1,1 26n—28
1 Larctan (2828 § e Aﬁ\w@T:v
n=6k+1|"* 7 TVa(n—1) +5= arctan Aﬁwv 3~ 25 arctan Afmwmﬂwbv
— L arctan (423)
27 121 ATP t Aﬂ,\wASLﬁbv
or AIrCtan (=57 =g
11 26n—17
1~ 3y arctan A?\wﬁztvv 1,1 26n—17 11 7V3(n+3)
n = 6k + 2 ) 7 T 37 arctan A|§\wsz+cv 3 — 3y arctan (5555
+5- arctan (S22
1 493
s= arctan (5252)
n=6k+3| §-garctan(HP) | - } — o arctan ()
ITF @H.Oﬁmkz AEV
2w 2Tn+8
11 26n—28
3 — o= arctan (-22=5)
n—6ki4|t 7V3(@2n-1)7 | 1 + L arctan ( 26n—28 ) 1_ 1 arctan Aﬁ\w@tcv
L 7V3(n+3) 4 27 ﬂz\wmwzlb 2 2 2Tn—19
+5- arctan (=5 “57)
1,1 26n—17
L — Larctan (2210 ) e i)
n=6k+5|"* " TV3(2n+) +W arctan A%v w - W arctan Aﬁmwwﬂwbv
— L arctan (423)
2m 121 1 7v/3(n44)
+5- arctan (=57 )
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332 j=5/2F"P=NEKF

BUEBATHIIT j = 3 5eh =K T oL, B RER I RE Ry I

15 6
E3pp=—Gy+ =G
3/2 - 2+7 4,

2 bt 3
E5/2 = gGQ + EGQ + §G4 ,
9 33
Egyo = EG2 + ﬁGz; ; (3.8)
X Gov G Gy I E (0,1) oA I FEALEL.

HAUEE n, 00 APINAERE, Eajp — Bopy < an, By — Eapp < ap GRARA
K BB, EEHEMT Go < Za1+ Gy, Go > —30n + 353G — 55G MIBEEDy

[e'e] %a1+G4
732(041,042) = / 9(04)dG4/ g(GQ)dGZ
/ 9(Go)dGo,
—30y432Gy,—21Gy
FITRA (o, o) BINE 255 B pR A
9*P , o
f(Oél,OQ) = %1052) = /oo dG49(G4)
2 3 55
9(§Oé1 + G4)9(—§Of2 + Y + Gy)
B 1 o _22690412 n 41 g B §a 9
= o P Th202 2 1Y)

FREAREZS e 8 [l

P(;) = /0 /0 folaq, ag)daydos

—00 —00

11 (14\/§)
= — — —arctan| — |.

2 2m 41

Fllits, FA145 21

4 or 1V/3
9 1 1 11
P(E) = Z + % arctan (7—\/5) .
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FATTR 100,000,000 A T B 25 Al 7 Giih, RS HRFR S iR T ¢
BAFE, WEKBZ2ARTR.

£36j=5x PR KT RAANGES AmE ARRA LK [116).
Tab 3.6 Ground state spin probabilities of three fermions in the j = 2 shell. “Analytic”
means results of the analytic expressions (see explanations in the text). “Numerical” means

statistic results of 100,000,000 random samples.

I | Analytic | Numerical

3/2 | 0.4150 | 0.4150
5/2 | 02177 | 0.2178
9/2 | 0.3673 | 0.3673

333 j=T2F"P=ZTHKTFES
MRPESCHR [119], § = 7/2 FH =K F RGNS EHIREEA
9 33
E3/ = ﬂGg + ﬁGzl»
11 2 65
E5/2 = EGQ + ﬁG4 + %Gg,

3 5 3 13
Erpy = ZGO + EGQ + ZG4 + EGG’

13 150 49
Eyp=—Gy+—G,+—=G
02 = e T g et et
5 13 52
Eyipp = 6G2 + ﬁGz; + §G6,
15 51
E15/2 = EGZL + ﬁGG (39)

X Gov Gy Gy G rEe R A AR AER T, M (0,1 i)
A AT RIS RIS B e

R By S (W Bspp < By, 1=5/2, 7/2, -+, 15/2), &ATH
G4 S G27
22G, + 27G,
G ____ s = =
6 49 )
19G5 + 135G, — 91Gy
GO 63 )
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G4 > G27
—110G4 + 201G
Ge > 29? !

19G, + 135G, — 91G

63 '
HREMNITHE Gy < Gy, Gg > (22Gy + 27G4)/49, Gy > (19G, + 135G, —
91Gg)/63 HIMER. FA 1w X ay, az, az N

Go

a1 = G4 — Gy,
L 2G+21G
2 — 49 69
19G5 + 135G, — 91Gg
az = 63 — Go.

X, Gy < Gay Go > (22Go + 27G4) /49, Gy > (19G, + 135G, — 91G)/63
AN R 45T ap >0, a; <0, a3 <0 IR, N E (ab as, ag) (4 25 25
JE BATE X Gy — Gy < ay, (22G5 + 27GY) /49 — G < ag, (19G5 + 135G, —
91G6)/63—G0 < as T Gy < Go+ay, Gg> (22G2+27G4)/49—a2, Go >
(19Gy + 135Gy — 91G6) /63 — a3 ) HIMER N

S a1+Ga
Ps(ar, az, as) :/ dG29(G2)/ dG4g(Gy)
ﬁzc2+27c4 dGGg(Gﬁ) [9G2+135G491G6 dGog(GO)'
a2 — %
FtA (a1, as, a3) BINEZR 2 B R A
9
f(a1,a27a3) mp (al,GQ,a:a)
° 27 66 13

= /OO dGQQ(GQ)Q((Zl + GQ) (GQ + Eal — CLQ) (G2 + Eal + 3@2 — CL3)
= ! ex —2445a2 320 a—E —i—gaa—iza—%az
= o O TR T M T 5™ TggMds T s T gt

G4—G2 < as, (22G2—|—27G4)/49—G6 < as, (19G2+135G4—91G6)/63—GO < as
EMT Gy < G2 +a1,Gs > (22Gy + 27G4) /49 — ay, Gy > (19G5 + 135G, —
91Gg)/63 — ag, IXLEEAF B MIHEZR N

/ dal/ dag/ d&34\/_7r3/2

2445 61 4 3
X exp ay” — —a1a2 — —GQ + —aja3 + —aqsaz — —CL3

4802 441 27 98 3 8



LE B RFH TR JE TS S RO S TR R

RIFERATTE Gy > Gy, Gg > (—110G, + 201G4)/91, Gy > (19G, +
135Gy — 91Ge) /63 IRER. FATTE L by, ba, b3 N

bl - G4 - GQa
110Gy — 201G
bg - 291 4 + Gﬁ,
19G 135G4 — 91G
by = Gy — 2+ — 4 6

XPE, Gy > G, G > (—110Gs 4+ 201G4)/91, Go > (19G, + 135G, — 91G) /63
BALA by > 0, by >0, by > 0 MIKEE. FIEIRATHL (b, bs, by) MOMEZHE
B FoAE X Gy — Gy < by, (110G — 201G4)/91 + G < by, Go — (19G5 +
135G4—91Gs/63 < by (BEHIr T Gy < Ga+by, G < by—(22G2427G4) /49, Gy <
(19G5 + 135G, — 91Gyg) /63 + bs ) [IHER Ny

b1+G2

7)4(131,52,53) :/ dG2g(G2)/ dG49<G4)

—00 —0o0

oo

110G9—201Gy 19G5+135G4—91Gg
ba— 91 63 +b3

X/ dGGQ(Ge')/ dGog(Go).
FTUA (by, by, bs) WIMEZEEE BT BB
53

b, by, bs) = —————— Py (by, ba, b
f4( 1,Y2, 3) 8610626%734( 1, Y2, 3)
0 201 22 13
= / ngg(Gg)g(bl + GQ)Q(GQ + bz + abﬁg(Gg — ﬁbl — §b2 + bg)
1 48101, , 3245 a1, 289 4 3,
- _exp{-— by — by oo hiby 4+ —baby — Sbs2 b
4\@@/2“13{ 165620 819 12T o7 Tig 3Tl

FTbh Gy > Gy, Gg > (—110G5 + 201Gy4) /91, Gy > (19G + 135G, — 91G) /63 K
M

1 e [e) 0
_— db db / db
%@ﬁﬂﬁ {A N
{ 48101 5, 3245 41 289 4 3 }
X exp q — b :

biby — —by? + ——bibs + —bybg — —bs>
165620 819 102 g7V T ygglibs bl = 90s

XEE, BANERESERNY T =3/2 MR, j =72 8Hh =K1 R85
A A B0 PRI A R AN 55 XS T = 7/2 se R AN SR T R SRS A
i, WA LA T E. T AXEB, AR SRR 4.



LEZBRFH TR B=F SD WO THIBENAE AR

FATHRIC T BEHUAI AR F sd B0 (0T RERIEAS 2 IR HCIE. FRATEE A BT
FT RIS AR A 0 BIBEHUREA. M5B (BRICA alpha, 8,7, 6, € FBEAERT
A5 B HLRE A P i 77 7E.

B, 8 I & SBETTLAE d 360 FRERMRS SEI I eI imL,  LA KRB
O, Co WAL, JRATH S T IXAME B, TRATIE d Bt PRI, d B
FREFHL CL = 1/70(—TVaps, + 10Va5, — 3Viyy)5Ch = 1/14(=Vaiy + Vi)
fIS G VY, & d Bt T2 A B PR B AR ARG T, [ =0,2,4), &4
REACHOFEAS B RAE A d 356 T A1 C BRI bR, XL FS b7 5 d B 60 TR SR 44 1l
F1 7% i 8 SR 4 AT R — 5L

AT — 1 i) R AT SR T A, o SRR TV ELAR, EARIX AN 32 I AT b
TE AL 4 7 9% Sh B o 4R B % 5% R Bl A5 (g R,) = (7,3.3)
[(Rs, Ry) = (12, 3.3) HIT (0230 SCTE B S5, (H R A SRR, A4 d
B0 T B R AE sdBi 16 T R G0 thBLTER 4 2 BHURE A, 33038 1A . 3RA1)
TEE BT

WT d BT, B RICRTIR A RS, R R
A Ve LSS T AT A 2. ROTITAL T d Be TR GRS A NN [
IR P(I), L j=5/2, j=T/25%FR =4 WUANTKRTFRIES HIRMER,
PR3 T TR ST AR



JE TS S RO S TR R




BT [RFZEAELTRIINREX-REEKIT

Jebe
41 BH=EN

EEREA T, R — A AT, B — AR — N R
THUT. BEA — e E ¢ BRAHET, Xq— OB, BRITERRE T HK
SRR RIAN B2 - ZR B SR AF . 3 PR P R 43 3] I 830 98 DK BRI AR 25 K- 2R B BR AT . 2%
KEFFHAURAL, (PSR R —Ah T EURT) AR T (8
HT), RESAREMAEL BTASRPGEY LB TR RIEE AR, M
BRIT R LR TR AE — AN RER (RN EAHALAS . isospin analogue state) . ¥ KERIT
AT e SR BRI A e . RN S R-ZR EhEkiT i A, By aMshE N1, B
DIBHZ S FREASHENZERZ N1, B AR TZIRZ RS, KR AR
FER AR L RE G b M- FRENBRT v B o0 A 2 SR T A% “Faar”, 2R
Z BEY AR OEE.

TERZEE A, DUBS AR — AN AR B B, 378 R A — AN A
B, SR ZREPOE T EEAR . TER R, 5L K- 2R BhBRE 5 Uk
E TR 2 550 BLAE T B R SEER T ™2, kI e 1E R 1) PR AR BT AE T )
i, B R AN 5L - R T T B R B R TR, B AR A
T B s el AR R AR T, PRI E R R EEN S —, 1E
T T IE A (OvBp) SRBH, S8 5 SR I 28 Hh B FH SEAZ 1 fn 22
- TENERIT /04, 2 TPIT i 25 .

B I ABASE T EAZAREOR AS, B DABC AUl B AT B d T H A B A AR
AW SRS ISR, XEAZEE. N EE TR 2 k-2
BRI B o () B

42 #HEr=EIMEREE
HAi T L— AN N
AT = "y(abr)(a® x b, (4.1)
ab

Hrf, o, 0 AAFPIEN SRR, r NEEX A ELILE =08, y(abr)
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rE MR RET . AR HE RN

A}{f[\;\j = ((A"T x A1) o x ATNT)]{}VIJ‘ (4.2)
FHRLHL, A7
AT = — Zy(abr)(a X b),. (4.3)
ab

SE SR TR SO AT ) = (1), AL, WA
A7 == y(abr)(ax b)”, (4.4)
ab

FHIZHE RIS 18] S SEAT R 2 1) 7 R

ALy, = (A x Ay o Ay,

(4.5)

“XERRET y(abr) FE AN ERZDCER, BTl A BRI T,
FERIEE EWTEM4ERD R MR OREE OSSR ED .
TS A R U RIG 0 (SD #M. SDG il T=0 X455, W45 &R
B oy(abr) B2 PG ERE, XEBEOSIERE IR E. A TR vt~
VAN, AR B R T AR IR E “XT S5 2507 1. Mk
TrEEE, BURBUR B RECX Gt 250 2. AIBCS J7EHES X451 5
B, FBZHHRAARREST (multipole operator) 1FHTES Xt F, #ie HA M 3hE
[PI%Fs 3. HSP3835 77 1245 B0 s A 2 FERE R, PR AR 5 2 B 0 R o X 4540
#; 4. fEBroken Pair FMRI T, X “Xr&ity 14807 3832

4.3 MEME
AV AR+ PR BEAEFH = Hy + Hy. AR HEAE N
Hy =) €, (4.6)

Hr, e, Z2HUE o BER, n, RAFHTHUE o BB HEHAT.
PIARAE BAE

H, = Z \/(1 + 5ail)(1 + deq) ZVJT(ab, cd) Z AJ{4TAT4T<ab)AJ{JTMT(Cd)7

abed JT M, Mr

(4.7)



LEZBRFH TR FE RTINS OR- R BRI

Hrp

JTT JM 1/2M o1/2t jpl/2t

A Z Cjamajbmb 1/2Ta1T/27-bcjma/Ta Cjﬁblb/Tb ) (48)
MaMpTaTh

JT 1/2M 1/2 jel/2

AM MT Cd Z C JeMejdma 1/2ch/2Tdcy7gd/Tdcymc/Tc (49)
McMgTeTd

Cc/M HNCG REL 74,7, T, Ty NEMIRE =08, TS =708

Ja™maJpMp

N1/2, BNy -1/2. ﬂﬁ%i‘ﬁfﬂ’ﬁﬁﬁ%ﬁ%fc%%ﬁ%f

Vir(ab,ed) = —(=1)Jt =TTy 0 (ba, cd)
= —(—1)jc+jd_J+1_TVJT(CLb, dC)
VJT(Gb, Cd) = VJT(Cd, ab) (410)

H T+ Clebsch-Gordan &%

011111201:11;,1:1 (4-11)
Ci%1 1=Ci%1 11 =1/V2 (4.12)
VS, =1/V2 (4.13)
Y0001 =-1/V2 (4.14)
P EAET NS it 7 7B Hy = Hy, + Hyy + Hop F, Hyy N

- A AR A
_ Z \/1 + (5alzl\/1 + 5cd VJ,T::l(ab’ Cd) Z Z Aﬂ(aubV)A}{/[(Cydy),
M

abed J

(4.15)
Hmr v R ZE NP TR, RTEAUNAH « 2R,

All(a,b,) = /M el (v)et (v)

Ja™Ma,JpMb m

Ay(ed,) = —Cl iumaCn W)el, (). (4.16)

JeMe,jdMmd Me mq

JF - B A AR 5 2 2Rk -l AR AR N

1+ dapvV/1 40,
Z v Z\/ d Z(2VJ,T:0(ab, cd) + 2V r—1(ab, cd))
J

abed

XY Ani(ayby) Al (cudy). (4.17)
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A (avbe) = Ciln, s, Gl ()il ()

Af(cydy) = =CIN . cle (v)dle (). (4.18)

JeMe,jdMd Mec

R A S N (2~ (B3)),

o | Jaog S
2:&m%mm%wﬂa§]DWh”“L{]jb }@ﬂmpux@@ﬂ

M L Ja Je L
(4.19)
Hrb QL (ac) = (5 x jo)b. AR F-B A AR N
H,p, =Y rp(abed)[QF(ac) x QX (bd))°, (4.20)
abedL
ko (abed) — V14 0ap V1 + 0c Z(_l)jbﬂ'cwﬂﬁ Ja o
2 7 jaje L
X [Vyr=o(ab, cd) + Vyr—1(ab, cd)].
(4.21)

4.4 BHENA
441 HETBIWickEI2
NT G —%EH KT MNP T, EXNGT

-1, ab¥INFKT,

[a,b] = ab— Oba Oy =
1, HAt1F L.

FTbAAT

[ab,c] = abc — Oy cab
= abc — Opcach + Opcach — Oy ccab
= alb,c] + Ola,c]b.
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MR MR AT, 52

[(axb),d*=" Y Ulabde;ef)(a x [b,c]’)*
f

+Ohe ¥ Ulabeds ef) x (—1)"([a, ¢/ x b)". (4.22)
f

XA AR EE T AL B % 22 B0 5 3. A EE m-scheme 72 (GER I
MEF = EANFETED, EXIEPTEREA j-scheme (GERKIEMENEN
WETEHD  XRRKED TRROANE (FERGEED, WITIF 7 A FEEX
TEZI AHZE T RENMINEREG, AR TEIGIN, THERRAT %R
AR, — MR, FCRHEALRETH RS Ah 8-10 H, 8-10 ¥

442 BRIKETFQ AL (A7]|Q! AT

Mg B U A ARSERT, - AR (asEzn) me By ey
ARERT S BT AR R AT A R S RS R R, R FAT 2
PREAF. NS 4 AR AT A AR R T E R UL M e P R, 8 SCRAR LAY

Q=3 alabt)(ji x ol (423)

ab
Horb glabt) NEMEEH R ARPBREREFAARKLSEN R HEA
KB 22 — 0. BT AT SR 5 ek 2l ] Conden-Shortley AHAZ]
S, A qlabt) = (=1)/«H* g (bat), HTLAR]LLIESRT

(@) = (-1)7QL,.
QIS
(Q1 AN, = (1) (A, Q") )
I BA {0 7
(Arl|QIAY) = (=1 (A (AL, QY _yp]) (4.24)
RiEARTZ, fshiEy G e )
(AP Ay, QU5

0

= Y Y Q- Qual®Mtr( (AT ) AR A

k=N 1} Ly-Ln_1

(4.25)

], G
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EHEA = [Am, Q1

Ql(t) = (—1)Ji71+Li_Ji_Li*lU(T’iLiJiflt, Lifleji), Mk(t’l“;€> = U(?“ktjkflLk; T;Jk),

1 Jfor k = N,
Qn(t) - Quyi(t) = {
QN(t) ,fOI'k?:N—l.

T A = [A™, Q). AR AR, 75 5133

G (cf x d))e = (—1)S-a-t5w5ds§d (4.26)

((ax b, (cFxd)bs = Ulabst;rd) (=170, /d(a x d)2
+(=1)" 75U (abts; 1d) Syt /d(d x b)S (4.27)

FIrEA
5.QY = (P (1.25)
(A, QY = 2> " z(dat)(d x @), (4.29)
da
XH
z(dary,) = T}sz y(abry)q(bdt) { mt Tk} : (4.30)
b dabd

Frbh, WFALLE, o (dar),) = z(dar),) — 0(adr),)z(adr},), FA145E]

AT = (A QYY" = Zy'(dar;)(d X )"k

da

S IEE A NECEE]

(ATNQUA™) = (1Y Y Qn(D)- Qi () Mi(try)

k=N 7! Li-Ln_1
X (818N S M roryry; Jyo L. .LyM")

(4.31)
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443 EBRARITE
AR HEMEER (AN @D HFARIELZH—8, AFRZER KA
A
<AX/][VNAJMNN+> = <(AT1 X AT2)J2 X X ATN)JNMN|
(AL x AL )y < AT ) g,

(4.32)
g 2 s H AL (), A2

(Apy iy AL ) = (_1)JN71+8N_JN']]:fl‘]]/\f—l«AJN’AZN)JJIV,17MI/V,1AT]1’V71,M’ )

N-1
(4.33)
Hr
(A Al iy = D U arn Lvsn o I ) (A X (Aryes AL D )i
=
+ Z (—1)NHEN=INTEIN A (T yry sy Ly Iy Liv-1)

Ly-1

X ((AJNfl ) AEN)LNA X ATN>LN

(4.34)
Flle X
Qr(sy) = (=17t Im b sy L Ji L)
Mi(t) = U(JerriLisy; Jit). (4.35)
PR AR @, AT LIEF
(A, ATLLe = 20000n.05N > ylabry)y(absy)
=
—Aiyén %y(abm)y(bds]\;) { T’; S;V Z} (dF x @), (4.36)
PL &
(A Qyh = 3y (darg)(d x a)%,
”
G.QY = (1P el (4.37)
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y'(dary) = z(dary) — (—1)d+a+’"’“z(adrk),

. re T
z(dary,) = f’ktZy(abrk)q(bdt) { kd Z} ; (4.38)
b a

A (B35-E3%) RAA (B33, HA1EF)

(Apory Al ) = (D)MW J T 3 Qulsw) -+ Qugalsw)

kLg-Ln-1

><5rkle/)(jT1'"Tk—17’k+1'"TN;J1"'Jk—1Lk"'LN—1J1/v_1|
‘|j,31 ce 5N—1§j/=]{ T J]/V—1>

— (1) norten=In gl g Z Qn(sn) - Qrya(sn) My (ry,)

iLiLyn_1
Qir1(t) -+ Qu—1(t) My (r7)

(Gro - Ty ToaThpr NG e JiaLi - Ly Jy 4
.|j’51 e SN—1;j/J{ e J],V—1>7

(4.39)
X B
y(darf) = =(dar}) — (~1)**+z(adr?),

. ri tor Tr Syt
2(dar})) = 4Afgdnrit Y y(abry)y(dbyry)y(bibsy) IS
bb1 d a b b d b1

~ g ) . Tk SN t ~
Jo= ()T MRA Y y(bry(bjsn) S T

b jJ o
U= A=) S y(abr)y(absy),

ab

444 FEEEER (Q x Q)°
R A (@),

(A (Q"x Q)M = Y (A% x [AT,(Q" x @))% x -+ x A™)7™(4.40)

k=N
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AR 25 (=220
M%@x%ww=§}@%MMQWW+Z%wwM%@m”

/
Tk

+Z rk+t rk (Ark Qt)rk Qt] (441)

Tkt
AN
M“(@x@wr
Z Z U(Jprt Jirh; Li—17) Qr—1 - - Qi1 M; ()

’Lkl’r’L Lkl

Tk;t
T

x(((- (AJ‘ ' AT (Qu))F )t AT(Q2)) T )Y

Z Z U(Jg—1tJxry; Li—17%) Qr—1 - - - Qir1M;()

i=k— 17‘/L Lk 1

x(((- (AJZ XCAT(@2))F )P X ATH(@)) T x )
30T T () (Y, ).

AR AR A BAE B, AFREX I HEMH X 1+ 2 -2
717 ( Pairing+Multipole-multipole ) B, HIX—WiitHZW- 271, S1RIT
fi.

44.5 FEEEER (QLQL)°
R A (B3
(JLJL TM(QLQL)° |y JM)

vem)

!/ !/
™ v

o Jo I g\ ,
=Jj ;/t(l)"””*"“”{ t} (TNQUIT) (T 1@ 7).

(4.42)
B () ALK (), 173
(JLJs JM | Hyp J s J M)

- Z kr(abed) J/J/ )J/+J+Ju+t Jo Jr J
abedL J;T Jl’/ ;

< (@, (ac) |1, ) (Tl Q7 (bd) || T)
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4.4.6 FEEHEEIEREMRETT Y, ASFAS = §(A%T x A%)°

XRERIA EAE R RIS SR “Xt )37 Y fEE s iTUARE) | RIEA
(=D, f

~

(b, (¢ x dT))? = —iébdécgﬁ + (—=1)etdts gébc(sdgdf (4.43)
C

(@ x B)°, (¢" x dY)]' = —BucOpaduodesf
+(=1) 540401001 f

+(_1)“+C+t£5de(abtf; ec)(ct x a)
+(_1)“+C+f+t§(5ch(abtf; ed)(d™ x a)t
+(—1>“+C+e+t£5adU (abft;ec) (¢t x b)’
_(_1)e+f+t§5acU(abft;ed)(d+ x b)Yt (4.44)

firbify

C;, AT ——2Z—yj]s

XF AR, AT AT LN £ *ﬁ?iﬁ}iﬂ ik, Bly(abr) = —(—1)**7y(bar).
2]

(A, , AT, Z 2y(abry)y(abs)dydy, <5
ab
Ty St
— Z dy(abry)y(bes)rys (ct xa).
abe cab
HATE X
rp St
p(dat) = 478 Zy(abrk)y(bds) *
b d ab
JUEESH

[A™, (AT x A3)°]™
2 ) i L
= 20 ;y(abm)yl(absmg’“ - Z(—l)s”’“’tg > pleat)((ch x a)' x Ag)™.

t kac
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X
bo= 3 3 ulabri)yn(abs),
-
i
oAz < age] = —ijéi;[ww < Ay

AT s As r As s+rp— tA ~ AsS\T
(AT, (AT x A3 = Gy sh0 A5 — Z(—l) *Tk t@ ;p(cat)((c+ x )t x A3,

t

s

$(INMy(A* x ATy My) = (AN, (A% x AH)0) 5 ANt
1

= 57«k81§¢0<]82(k7),j<]7“, JNMN’S...; JS, JNMN>

k=N
1 0 tA
_ Z Z (=1 U (T 1t Jp8; L 17%) Q1 -+ - Qi1 My (tr?)
k=N i=k—1 tr;Li---Lk,1 "k
X <j-..T’i—17”§7”i+1..rk—1527“k+1--7’N; izl L1 Jy -+ 5 N M|

44.7 1BIEZMER-RYKITIER T
FATE SCAARERT HAT A
Qf =Y _ BlabL)[a’ x b)", (4.45)
ab

Hep, LAKIERHANE, o b WPUEFEL o b ARFERZEE T 1A,
Xt 9K ERIE

B (abL) = =Gabja, (4.46)
X TN R -ZE KL
. A A [
6GT(abL) = _\/E(Snanbélalbjajb(_1)la+]b+3/2 { 1/2 1/2l } : (447)
Ib Ja tla



< JRT RS 5RO 115
BRIE R 98 B N
2
BF(i%f)ZQJHKfHQgH)! (4.48)
2
Ber(i — f) = o7, +1|<f!|625|| i) (4.49)
Fgy = 1.0 REBBEHH, g4 = 1.26 RHH KBRS H
AT ISP RN
[JM) =" C(Jy eI M)\, Jw; TM )y, (4.50)
k
KA RECH
|TM'y =" Dy(J T T M) T J M )y, (4.51)
k
SERTAE PR TN
(JNQEINT) = CulJy JxI M) D} (I, T M) (T, Je T | QE N Ty T - (4.52)
kl
B, TELEERE TLE (I M |tr|JM) = CTY ()t T) T,
(AT]|QM|ATT) = (=1)" 7= (A3, [Q%, A7) (4.53)
WA (22D
[QL,AJT]JI _ _(_1)JV+J7T+L7J’ {Z U(JWJ,,JIL; JLI)[AJ"T % (AJVT’QL)L’]X/’[
Ll

L/

£ DU L5 TE) (1) = (4%, QY x A% }

(4.54)
Zd—RIMNEETHG, 192
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(ST T | Qb Ty Jwd) = =2(=1) It it eIV LT 70N ™ B(pn L)

pnn/
Je J, T
X o dn Lo Y ylnnsr)i/5Qn () -+ Qi)
Ly, Ly, J' Fobabg 1

(@' i) Jedps g Ly L, )
X Z Q N, ]n e Qlk—&—l(]n)Mlg(jn];L)Qk—l(]n) T Qll (Jn)

l

LNy —2

. / / / / T/ / /
><<” 77"1 e 'TN,u Jl(n) T Ju|n7 Ty Tt Ty “TN,; Ly - "LNn—2Ju>7

(4.55)

X H
Qr(Jp) = (—1)‘]’“’1%’“7‘]"%’“’1U(TkLka—ljp; Ly 1Jx), (4.56)
M (pdp) = U(rigpdia1 Li_y: gy Ji), (4.57)

Q' (jp) = (~1) s U (L Ty Ly a Ji), (4:58)

Q) HIRE X5 Q) 2L, B MEESE L — L, Ly — L,

(T T T | QBN | T T )

J, J. J
= —2JLJL Y BpL) S G gy Ly Y y(opire)r/d)
pp/n J, J/ J/ k7L1"'LNp72

XQN(jp) Qk+1< )Mk<]pjp)Qk 1(Jp) - Q1(Jp)
< (p, 7"3"'7"1\/ S JU(p) - T,y e Trgr Ty Ly Ly, o J0)
x Z @, (Gn) -+~ Q1(n)

I
Nn—l

><<n ey i) T ngry oo Ly - Ly 4 Jy) (4.59)

WRA TR FEEDTNESR Chole) F, AR (EH3EHD) A AT Z 0
FHRET (D) R R TSRS, M FaERNTRSE, WE
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(T TN Qb T d) = —4(=1) It t eI = T L g J N " B(pnl)

pp'nn’
o S, J
. . L 1o % 5 / A~ 5
Xg Jp Jn y(nn's v )ri a0y (oD’ T) 7/ 3,
J/ J/ J/ kvklyLl“'LNp—Q

XQNp (jp) e Qk—H (jp)Mk(jpjp’)Qk—l(jp) T Ql(jp)
<p' 7’,1"'7’§v ;J/( )"'J/\pﬂ“l"'7"1@717’k+1"'7"Np;L1 Ln,_ QJ/>
X Z Q : Q k'+1(]n)Mk’ (]n]n )Qk' ( ) o Ql(]n)

/
Ly, -2

. / .71/ / /
X<n 7r1 .. .an’ Jl(n) “ .. JV’n,rl .. 'rk/7177ﬂk'+1 .. 'an?Ll .. ‘LNn—2JI/>7

(4.60)
g, J. J
(LT INQE T Twd) = =T LJLJLY " BpL) S Gu gy Ly >
pn T Ly--Lny—2
XQNp (jp) e Ql(jp)
X',y Ji(p) - Tl gy Ly L1 Jy)
X Z QNn ]n ) Qll(]n)
1Ly,
><<n ey s Ji(m) - T ngry oy, Ly - Ly 4 Jy) (4.61)
WRPFETINERT, MAFENTRET, NEF
(S, TN QE o= T)
I J, J
= (SIS TLL LY B(nL) S Gy e Ly D
pn J/ J/ J/ leLNp_l
XQNp (jp) N (jp)
x(p', i Ji(p) e Tl Ly Ly, )
X Z QN ]n : Qll(]n)
Ly, 1
X(n T an; Ji(n)---J|nyry-oern, L L’anlJ,') (4.62)
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(T T TN Q5| T ) = AT L, J. Zﬁ npL)

J, I J
. . L 1o " 5 / ~ 5
X q Jn Jp y(nn'sr)ri/any(pp's )/ 3
JI J/ J/ k»k/yLl"'LNp—2

XQNP (]p) e Qk-H(jp)Mk(jpjp’)Qk—l(jp) T Ql(]p)
(7 T (D) - Tolp - Tt - Ly Ly )
X Z Q N, ]n e Qlkurl (]n)Ml:;’ (]n]ﬂ)Q;c’—l(]n) U Ql(]n)

N -2

L7/ ! T/ / !
X<')’L77’1 anujl(n)"'Jy|n77,1"'7,k’717rk’+1"'TNn7L1”'LNn72Jy>;

(4.63)

45 BCa BHHFRIVERE

AR ES, BRATNEFZE TR IS =R (2088 )
(22, 02%) i A PR AL ] DR T B T DU R AR BT AR B G, —
& QRPA (quasiparticle random phase approximation) . QRPA R A& &£
KA, 15 2088 HFEIT My, X T-H ¥ 51 &85 Bk -k 1+ BAE H 234
Gpp TEH BUR 25 5 — PR SR, SRR BT 2 IR T L U R
DRl 29 225 1) 24 25 5 R~ 0 ) 38 48808 K

PR R R DL S AR BRI H B T A
(Ji o111 (1 o [105)

\/ﬁz (B + E;)7+1 )

Hrf o R R-BEERIEFAT. AR 20185 RE72 55 T 12 1 B
A 1 BRI R R BT 7T, BIF 25 & T R . AR 0y

M3 (J*) = (4.64)

1/2 = GY | M ()%, (4.65)

Horpr G W P A 7 U DU AR AR A -5 [A) R 8, X T 48Ca H{H Oy 711,10
10~ yr=t (MeV)2.

BCa & pf 70 T AT R T4, HXCRUCESR 5T 5. S — 5,

8Ca 1 2088 BT HFE oA 4#Sc 1 17 A HIRe & a3l 5k,  BPA A A AH
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HRN, fEHANEFRF, MRLEZX NS, BJET ¥Ca, $¥Sc, ¥Ti X =
AR TR BIPER.

T BCa EANETF %, OF —RIIFERIBITHE 2902 JRAT7E BU X #8r 1)
FRAAIR, X 48Ca, ¥Sc, BTi =ANE FAAHATR A, 121 RE, HitH
BCa, BTi 1 0 5 8Sc 0 1 Z AP R-FREE, RETHE 2086 T2
HIEKIEHRE TG My, .

BATEEF A T s E N 0 KXt (S X)) MEZRE TMAshE N 2 Xt (
D X)) . TN AR RE AR, FRATERS D X AN EBCAA KT 2. 341
S GAPF1A AHEAER. RN =N, AT ZAE A B 1 quenching. /HEL
FEAALH I of=0.77(0.74), FRATIE qf=0.33. ZEKEDE2 F, RATER “#Ca
— 8Sc, PAJ 48Ti — 48Sc MM ZE I Z8 8 Rl 2 5 . A AT 2 ) P 4 0 A A 4
R E 22—, AR P 5K B 5 B 4 A 5 225 Sk [1030)— 2K

05 . I . I

04l [ Ca48 -> Sc48] |

B(GT)

Ex(MeV)

B 4.1 48Ca — 48Sc @9 3E k- K Fh3KiL.
Fig 4.1 Gamow-Teller transitions of ¥Ca — 8Sc. In the framework of the Nucleon Pair

Approximation, we consider SD truncation, with the number of D pairs less than 2.

FIH A3, A5 2] BCa B 17 W VLIS AR BRIT A6 B J6 My, =
0.061 MeV~t, HIEWIN T 0 = 2.4 x 10" yr, 5ZFE3CHR (129,131, 32 R
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T T T T T
0.25 - .

[N 48Ti -> 48Sc]| |

B(GT)

0.20

0.15

0.10

0.05

0.00
10 15

Ex(MeV)

B 4.2 #8Ti — 8Sc #9fw3E R-F Fhkit.
Fig 4.2 Gamow-Teller transitions of 48Ti — 48Sc. In the framework of the Nucleon Pair

Approximation, we consider SD truncation, with the number of D pairs less than 2.

WARBA AT, My, & —HIEK, [RREHRMER, AR

4.6  EBRIRERITRYSKFnARL M

WRAE & Nk, BRFOR SN, BIBRIE LR M50, R 7
(V)RR BRAE o2 Hh T AL REAR AR F B, o3 R-Z8 kit A& i+ 994
HAEH M. AR B, X BT 8 B AR BRIE SR A BRI 5 S SR %€ X
FRERIE AT

Fi =) FuK 'al x b} (4.66)
ab

X BN A] S A by = (—1)2Pb_g. Foyy = (al|F||b). & XAHIZS|J) BIKZ | )
MEREMER A B(F), 1E5 1, VISR TZGE TR | LM) &, ST
JI R FAZ I M, A8 & — ADBENLANBENL AT, BT ARR ZEXE M, (35 10 R4S
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T T T
i /'/.7'-\
./ ./.
0.06 - ./ \.\ _— e -./. Ay o R - S na
S
(]
2 004} , [—«—Ca48 >Tidg |
ci
=
0.02 + -
0.00 L I . 1
0 5 10
Ex(MeV)

B 4.3 ¥Ca — *¥Ti 6499 P T N B X T KL4EE .
Fig 4.3 Transition matrix of 2 neutrino double beta decay of “*Ca — 8Ti. It is seen that,

because of phase cancellation, My, increases and then decreases as the running sum goes.

My fERTRERERF— A RTRERIMA. FIT AR 25X My SRAN.

1
B(F) = 57 1 > (M| FTM) P

M; MM

2Jf+1

A [T IES T P (4.67)

4.6.1 BRIESRERFAFN
OIS | ;) BE ST, EARKRS EHSKEamE A

=Y B(F)= (LMY Fy Fyj|JiM;) (4.68)
f M

FTLL, HATHEEANG S, Foy FI SR AR+ B RS RF @ AR, B A] AR
SR RE PP AR BAHIAS |, M) HIBRE BB

ZFKTFK S (=D)MFR Y = (-1)FK(FFFR), (4.69)

M
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I I I I I I I
0.10 | .
>
()
=3
> 0.05 |
AN
= -
Phase cancellation
~—+- No phase cancellation
000 1 " 1 " 1 " 1 " 1 " 1 " 1
0 2 4 6 8 10 12 14
Ex(MeV)

B 4.4 95Ca — STi 2033 3£ P 6484548 5 2
Fig 4.4 Two neutrino double beta decay transition matrix of 48Ca — “®Ti. It is seen that,

because of phase cancellation, M,, increases and then decreases.

H ¥

Fi = K™Y F(ab)(a® x b)f, (4.70)

ab
e

F'-F = (=1)NK™'Y " F(ab)F(cd)[(a™ x b)* x (¢* x d)*]°.

T et = —ctbs+ (bp, ch)s AR AT, W5 B R EH A

=y
ab K
Ft.F = —(=D) K'Y F(ab)F(cd) | ¢ d K| [(a* x c)F x (bx d)")°
abed LI 0
ab K
—(=D)FKTY " F(ab)F(ed)(-1) ™ | d ¢ K| (a* x d)°8cb,
abed 000
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Racah RE0A W1 MR
ab K
(_1)b+K+c+L ab K
cd K| = Q2K+1)Q2L+1)————
KL dc L
LLO
. lab K
— (_1)b+C+K+LKL (471)
dc L
ab K
(_1)b+d+K a b K
K cd?o0
000
(—1)\atbt+K 2
= (s T, e
ab ab
Fir CAFRAT 145 21
ab K - .
F*-F = =Y (=1)"""LF(ab)F(cd) [(a® x ¢t x (b x d)*)°
abed d c L
a+b+1
+Z )F(ba)(a* x a)°

= > (1R (ab)F( {a ’ K} > Afac); Albd))s

abed dcL o

—l—Z S0t F(ab)F*(ab) Z(a ), (4.72)

m

BJE—1THET F*(ab) = (—1)*"*1F(ba).
4.6.2 Be=FIHIERITSK FnARL M
PAARESVIZS e & Z2 NAE T8 E 2 A1

Si1(E;) = Y _(Ey — E)B(F,i — f)°. (4.73)
f

AR (mmn) RAAR (), 153

(i, M;|= Z MIpK [H,FE)|i, M;) (4.74)
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FTARATREA LS (DM [FE, [H, FE] S B R+ A BAE R, A
Ja RIVAT SR RARIAS |1, M) SKRAFRE BT B R 5 2 A

AR A (@22, BATAT AR 2] — R 50E H X 5 3 X L3t 5 2n] LU
ORAE- B SRR A BRIE SRANE I

ah x )Y, (el x )R] = <1+7>abz><1>ef“<6bff%f{ . [} (e x al)’

K1Ie
(4.75)
{[(a" x b)Y, (" > NYF]", (g % 1)Y= (14 Papr) (= 1) 0y, 112K + 1)
abl eal
X { } (1 + ,Peal’)(;ah { } (gT X eT)I (476)
K1Ie KIg
~ - R drl| .
—[(é X d)I, (GT X f)K]I/ = (1 + Pcdl)(sdeKI{ ‘ } (f X E>Il7
KIf
(4.77)
—{lExd) (" x HF", (g x WK} = —(1+ Poar)dac (2K + 1)IT'
cdlI fell . .
X { } (1 + Pesrr)0eq { } (h x f)f (4.78)
K I f K 1Ih
N - P abl -
[(a' x b)!, (" x )X} = (=1)*TH 5, T K { } (a" x d)!
K1Id
.\ b I -
—(=1)brer K s T K { ¢ } (cf x b, (4.79)
I' K ¢
X Poyr = —(=1)/ T Py, Py, REEHELT, RN a F b,
4.6.2.1 BEREREKFFN
FATE R E PR BRIT R N, REIHE
1
5 %: MIpK [H, FE]] (4.80)

XH PR = FuK ' af x 0)§. H = H, + Hy, Hy FomBRIERELR, Hy %
TRPRIE RS, BAISTFHEEA.
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4622 BIMERER

Hy = qi(ab)(al x b)°.
FIFHA (22 Wik, BA1EE

- Z MIFK,, [Hi, FE] = ; Z ﬁ > {=a"qi(ac) F(cb)F*(db)
+b~ F(ac)q (cb) F*(db) + é_lF*(ca)ql(cb)F(bd) - ci_lF*(ca)F(cb)ql(bd)}

X8jojy > alda. (4.81)

WRAE H P RERRFRE, %A LMW  monopole parts ), Bl
( )_ Ea&(gab’ m”ﬁ

1 « 1 1 .
§§M: MIpK  [Hy, FE]| = 5%: T Eb:(zeb — €4 — €q)F(ab) F*(db)
X(Sjajd Zalda.
(4.82)

FITEL, kS F 2 18] oA A sh B R B A RPUE RS (B4 0s1/2 AT 2s1/2 ),
25 R 2 H I AR .

R E M EE j RA—RuE, WA

LS F(ab) F*(ab) (e, — €0). (4.83)

4.6.2.3 MIAHEER
WEEE H A AR N

3 IV (abed; I)v/T + 0gpn/T + 0,
4

Hy = (A" (ab) Al (cd))°, (4.84)

abedl
XH A(ab) = (af x b1, Al(ed) = —(& x d)".
BAANX (2 AR (mard, ®ATE
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5 SIS, [, F) =

S (=D)X IV (abed; T)v/T + 0/ + 0a
8

abedl

x (=) (AT (ab) x Al (ed))” + (AT (ab) x A (ed))’)
+2(A"(ab) x A" (cd))° }
(4.85)
JXHL AT (ab) = (A" (ab), FF)T, AT (ab) = [(A"H(ab), F¥)"', K], A" (ed) =
(A(ed), FEN', Al(cd) = [(Al(cd), FF)T, FK]T
R AR (mer, A5 2
Alt(ab) = {[(A"(ab), FF]", FF}
o la b I eal
_ *(be) F* (a / s e\
%:F(b ) (ag) 11 {KI’ e}{KIg}(g xe')
b a I eb I
ea) ! el N?
+ZF ng{K]’e}{KIg}( x g")
a b I ael
*(be)F(ge)l I’ al N7
+ZF (be)F(ge)l ] {KI’ 6}{K1g}( x g")
. lbal bel
— ea)F*(e ! Fx ph)!
%:F( ) (eg) I 1 {K r 6}{[( ; g}(g x b')
(4.86)
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Al(ed) =

Al'f(ab) =

Al (cd)

{[A"(cd), FF]", FEY!

cdlI fell . .

— " F(df)F(ch)IT h I
Z fE(e {KI’f}{K]h}(Xf)
. del far|l . .

- F*(f)F*(hd)II' !
%j (fe)F*(hd) {K[,f}{mh}afx)

L an cdl cfrI -
- FF (-1 nf{ | } { ! }(a B
m KI'f[|K1h

+ZF*(fc)F(fh)(1)””ff’{ . [} { T Gay
h KIYf K Th
(4.87)
(A" (ab), F¥)"
_Z<_1)G+G+II+KF*<b€)f { ;{ j_/ i} (at x eT)[/
_Z a+b+I+KF* )] {[b( (;/ i} (GT x bT)F
(4.88)
[A(ed), P
d I -
. c+h+] I ¢ &% h I
g4 o
_Z c+d+1F Ch[{;lcl Z} (;lXCi)I/
(4.89)

FAR (xeE=a) RAANX (E=3), H[EHEAHETIER.
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Vi (gecd; I)

Vs (eged; I)

Vi (aged; I)

Vi (gbed; T)

VZ(abh f; 1)

Vi(abfh; 1)

—1/2 Z (D)™ EI+)VT T 5abV(abcd; I

abl’ 1% L+ 569

a b I e al
XF*(be)F*(ag){K r e} {K I g}

N I+I !
_1/22( D20 + 1)VI+ +_5“bV(abcd;1)
abl’ \% 1 +559

b a I e b I
xF(ea)F(gb){K , e} {K , g}

_1/22 (2I' + 1) \/1+5ab

bel’ 1+509

a b I a el
S e

1/22 (2I' + 1) 1+5ab (abed: T)
ael’ 1+5b9

b a I b el
x F(ea)F*(eg)
KT e KI g

DI + 1)1+ 0ug
—1/22( i i V (abed; I)

cdI’ V/ 1+ 0ng

c d I fecl
xF(df)F(ch){K E f} { . h}

N\ I+I ! T
cdl’ V14 0n

delI|l|far
i}

V(abed; 1)

(4.90)

(4.91)

(4.92)

(4.93)

(4.94)

(4.95)
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VI (abeh; )

V! (abhd; I)

Vo (aech; I')

Vio(ebch; I')

Vii(aehd; I')

Viy(cbhd; T')

_1/22 2]’—{—1 \/1+(5ch
a1 V1A den

cdl c f I
xF(df)F*(hf){K . f} {KJ; h} (4.96)

!/
1/22 (21 —|—1\/1—|—5ch
o V1+dan

) decI||afr
< F*(fc)F(fh) k() (4.97)

Z(—l)“+b+c+d(2] + DVI+ 0oV 1 + eq
bdl \/1 + 5ea\/1 + 5hc

a b I c d I
x F'(eb) F* (hd) { g e} {K » h} (4.98)

21+ 1)1 1
Z(_l)a+b+c+d+1+1 (27 + DV1+ 0av +5CdV(abcd; I)
adl \/1 + 661)\/1 + é‘hc

b a I c dl
xF*(ae)F*(hd){K » e} {K r h}
(4.99)

Z(_l)mﬂﬂmﬂ, (2T + D)1+ dupv/1 + 5CdV(abcd; N
bel \/1 + 66(1\/1 + 5hd

a b I d cl
x F'(eb) F'(ch) { . 6} {K , h}

(abed; 1)

(abed; 1)

V(abed; T)

(4.100)
Z(_l)a+b+0+d (2] + 1)\/1 + 6(117\/1 + 5Cdv(abcd; I)
o V140V 1+ 0pa
b a I d cl
X F*(ae)F(ch) (4.101)
KIe K I h

XFHafshE I NiZEE: 23 1 WA FZEZ TR — IRPUE RS
MR, 1N OB EC PR AR B AE R BRSPS B ROE AT X
5 TN [(abed, ef), gh). B BLIX - Z A J7 FEACER AN [A) B9 R . il 4
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(a.h) = 0,(b, f) = OB, {EH V{(gecd). [(abed, ef), gh) #H5 \A>#eK T3 1)
R Ty R T EAF IR A LA, A TAT AT A 5 R 5 M o T T
BEX H = Hy + Hyy + Hyp + Hype BVORITRS. i Th TATIAER. TR T
WEAER. TR TAELAER, SR Hy, By, Hop,

4.6.2.4 XFFERME
NTE R EAER VR RRYE, AT R

DI + 1) /1 + 6,
Vi (abed; I) = —1/2; (\/r%)b LV(efed; I)
F*(fb)F*(ea){e ! I} { be I} (4.102)
KI'b| |K1Ia
) L (=)0 + 1) /1 + 6.5 ‘
Vi(abed; I) = —1/2; NiETm Viefed;T)

e I a I
X F(ae)F(bf) {[]; E a} { KfI b}

(2" +1)\/1 4 04
Vi(abed; I) = —1/2) —V__ _YV(afed;I)
efl’ ]-+5ab

a I a el
X F*(fe)F (be) { . ; e} {K ; b} (4.104)

(2I'+1)y/146
Vi(abed; I) = 1/22 +_1+5b+ bfV(fbcd;I)

b I b el
XF(ef)F*(ea){K ; 6} {K ; a} (4.105)

D)+ (21 + 1) /T + 0,
VY (abed; I) = —1/22 L+ DVIT LV (abef; )

(4.103)

efl’ "1+5Cd
{ e f I} {d e I'}
X F(fd)F(ec) (4.106)
K I d KIc
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Vi(abed; I) =

VI (abed; I)

V3 (abed; )

Vi (abed; T)

Vi, (abed; I)

V| (abed; I) =

()20 + 1)1+ 0, '
—1/2; = V(abef; 1)

e I c f I
e D) {f{ r c} { KfI d}

BYT) Pl DV + e
o VIt

c el c f I
X F(ef)F"(df) { . f} { Kf] d} (4.108)

1/22 2+ )VT+ 0,
efl’ V1+6Cd

d el d frI
xF*(fe)F(fc) { K f} { Kf[ C} (4.109)

Z(_l)a+b+c+d <2], + 1)\/]— + 5@@\/]— + 0
\/1 + 5ab\/1 + 5cd

efl

I I
<P (e)F(fd){ " " = (4.110)
KI6b K Id
Z(_l)a+b+c+d+l+l’ 2"+ 1)V/1+ 565\/1 +9
ef]’ \/1 + 5ab\/1 + 5Cd

b e I c f I
Flae)E(fd) K 1Ia K Id

25 + 1)1+ Oger/1+0
Z(_l)a-l-b-‘rc-i-d—i—l-i-[ @ +1)v1+ \/ + de(aefd; I
efI’ \/1 + 5ab\/1 + 5cd

a e I d fI
XF*(eb)F*(Cf){ K I b} { K1 c}

(4.107)

V(abee; I)

(abed; I)

CfV(aecf;]')

e V(ebef; 1)

(4.111)

(4.112)
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21" + 1)y/T+ 6\ /1+ 054
Vi (abed: I) = -1 a+b+c+d( V(ebfd; I'
12(abed; 1) ;( ) VT +0aV/T+ bea (D
b e I d fI
« F(a0) F*(cf) (4.113)
K 1Ia K1c

MAK (=3 FafbESR, A5 AL, AT 5 AT REEXHR, XA B
BRAERPER AR Viabed; I) = V(cdab; I) FRNAR (E1m-a113), FA'l

f
PoePyaVi(abed; I) = Vi(abed; I), (4.114)
P, PoVy(abed; I) = Vg(abed; I)*, (4.115)
P,.PygV3(abed; I) = Vi(abed; I)*, (4.116)
Po..PyiVi(abed; I) = V{(abed; I)*, (4.117)
P, PyiVy(abed; I) = Vy(abed; I)*, (4.118)
PacPoaViy(abed; ) = Vi, (abed; )", (4.119)
PoePogVis(abed; I) = Viy(abed; I)*, (4.120)

XH P, RBEIELT, ZZHa M.

WMERFAEFTRE M b7, St hilE 2 X
FRME. 8 PurV (abed; I) = V(bacd; 1), PV (abed;I) = V(abde;I) (Pug =
(=)t p) RAARX (o213, HATA

PaupiVi(abed; I) = Vy(abed; I), (4.121)
PaunrVs(abed; I) = V(abed; ), (4.122)
PapiVy(abed; I) = Vij(abed; I), (4.123)
PearVy (abed; I) = Vi, (abed; 1), (4.124)
PaviPearVy(abed; I) = Viy(abed; I), (4.125)
PearVi(abed; I) = V/(abed; 1), (4.126)
PearVi(abed; I) = V/(abed; I). (4.127)
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ML RRPE, P LA E, RAE—MEZ ST, V/(abed, IT = 1) B K
PEE SRR T -

PV’ (abed; I) = V'(abed; 1), (4.128)
PearV'(abed; I) = V'(abed; 1), (4.129)
PPV (abed; I) = V'(abed; I). (4.130)

4.7 INER

AT — U BT I AL T7 6 B 2 I 12 A0 5 R-Z2 R )T E . AR F A
PWTREFWELE, ULV HEER. /£ SD B~ (np <2), FAIHE] 48Ca
P T B S AR B N T = 2.4 x 10" yr. X — 45 RIL 7 2k —
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