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Starting from our previous work on the complete angular momentum reduction of the Fad-
deev equations, general formulas are developed for constructing the bound-state wave func-
tion from the Faddeev amplitudes. The £-8 coupling scheme is used. For trinucleon sys-
tems with nucleon-nucleon interactions in the 1S, and 35,-°D, states, the complete set of ho-
mogeneous Faddeev equations and the formulas for constructing the wave functions are given
in detail. The wave function is also given in terms of the Derrick-Blatt classification of

states.

1. INTRODUCTION

In a previous paper! (hereafter referred to as I),
we carried out a complete angular momentum re-
duction of the Faddeev equations for the case of
realistic nonrelativistic trinucleon systems with
(local or nonlocal) interactions having general
spin, isospin, and velocity dependence.?

In I, the construction of the completely antisym-
metric trinucleon bound-state wave function from
the Faddeev amplitudes was briefly described.
The purpose of this paper is to provide general
formulas for this construction. The £-8 coupling
classification of trinucleon basis states is used
because it is closer than the J-j coupling scheme!
to the conventional Derrick-Blatt classification.?
The formulas given in this paper may be easily
transformed to corresponding ones in the J-j cou-
pling scheme by a unitary transformation.!

In Sec. II, we summarize the results of I which
are relevant to the subject of this paper. General
formulas for the bound-state wave function are
given in Sec. III. In Sec. IV, we consider the im-
portant special case of local nucleon-nucleon in-
teractions in the 'S; and ®S,-®D, states. The com-
plete set of homogeneous Faddeev equations and
formulas for the bound-state wave function are
presented in detail, with numerical values for the
angular momentum coupling factors. Several
workers®“?® have obtained solutions of truncated
versions of these equations in which one approxi-
mates the nucleon-nucleon ¢ matrices by separable
forms,* or one neglects the part of the trinucleon
wave function in which the spectator nucleon is in
a D state relative to the center of mass of the in-
teracting pair.>° We have recently solved the
complete set of Faddeev equations for the case of
the Reid potential and will discuss our results in
another paper.® In Sec. V, an expansion of the
wave function of Sec. III is given in terms of the

o

Derrick-Blatt classification of states,® and the
usefulness of this expansion for checking the con-
sistency of numerical calculations is discussed.

II. FADDEEV EQUATIONS, KINEMATIC
VARIABLES, AND £-8 COUPLING
BASIS STATES

As in I, we work with the linear momentum com-
binations p;, 4;, and P, where

gk, —m K,
[2m,my(m, +m,))

512 172 »

_ m,(k,+K,) - (1';'L2+m3)1-€1

o 2m my+mg)om  +my, +m )R
K, +k, +Kk,

[20m +m,+m,) P2 "

q (2.1)

P=

m; is the mass of particle ¢ and E,- is the momen-
tum of particle ¢ in the space-fixed coordinate sys-
tem. The definitions of (,,q,) and ®,,d,) follow
from (2.1) by cyclic permutation of the indices 1,
2, and 3. The total kinetic energy is given by

Ho 3 S = B304 @) (2.2)

All of our analysis will be done in the center-of-
mass system (P=0). The linear relations between
(®;,d;) and (¥,, ;) are

>

Pi=—a;;B; - Bi; ﬁ,l
ai=5w5j - aijﬁj j

where

@, = mym; )1/2:(1”
I\ +my)(m; +my,) i

Bij=(1—a;)?==B,

@+7), (2.3)

(¢jk cyclic).
(2.4)
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We neglect the neutron-proton mass difference, so
that o;;=3, B;;=3V3 . P(i)=P,, (ijk cyclic) is de-
fined as the operator which interchanges particles
j and k. Thus, for the equal-mass case, we have

The £-8 basis state! | p,q, a); =|pq, ali, jk));,
(ijk cyclic), is defined to be an eigenstate of the
operators: (5;)%, (@), ()2, (1), (£)7=(L;+1)?,
(gi P = (§, +§k)2, (Ej)z’ (gk)z’ (gi)z’ (g)z = (S,- + 5,‘)2,

P(l)ﬁiz —ﬁi . (@22(.,6:"*_8»2.2, ‘gg’ (?j)zy (Fk)zi (T’i)2=(i’j+i’k)2’ (Fi)z,
- (i=1,2,3); (2.5) (T)2=(T; +t,)?, 7, with corresponding quantum num-
P(Z)qi:qi bers b, q, L, l’ £: S: sj=%y sk=%’ S=é, 8, ‘g’ ‘gu

t;=3%, t,=3%, T, t=3, 7, and T,, respectively. I,
is the relative orbital angular momentum of the jk
pair; T, is the orbital angular momentum of nucle-
on ¢ in the c.m. system; $; is the spin angular
momentum of nucleon ¢; and E is the isospin of
nucleon i. The explicit construction of | p, q, a);

P(i)ﬁj = "ﬁk
P()4; =4,
P(j )ﬁ; =P,
P(j)d; =4,

(¢j% cyelic). (2.6)

is given by

| P, q; a>i = [ [ Pq(Ll)£, (SS)S]C‘] ‘gz ; (Tt)f‘rz>: = E < £m£8m8 I(g tgz> l M(Ll)£m£),|(58)8ms >1|(Tt) Tq‘z>i ’ (27)

meMs

where

[ pg(LDL&m, ), = (Lmim|&m )| pLm ;qlm,); = (Llemx|£m£> dp AGY ppm (D) Y10, (@IB, D,
L 1

my ., my my . my (2'8)
[(Ss)8m s Y= 25 (Smgsm |8m ) |Smg)|sm,);, (2.9)
mgmg

and |(Tt)T 7, ); has an expansion analogous to (2.9). Antisymmetry with respect to jk interchange gives the
restriction (-1)£*S*T=_1. The states (2.7) satisfy the orthonormality relations

3(p-p) 8lg=-4q’) ,
pz LIZ a, of -
The Faddeev equations for realistic trinucleon systems in the £-8 basis are given by Eqs. (4.6), (4.28),
and (5.7) of I:

2 Tmy
i<p, q9 a[T(l)(s)| Zp>A = i‘l)(pr Q; Ol)zfpgl)(P, q} CU) +TT Z 6SS 1675725(_1)t2 T2 7‘2 TTZW(tztS thl; TzT)

A

_ 20+ 1\V2 (2L, +1) V2 s A
X 9 ATTL T T (TT ) 1,009, 5,1 D, (a ) ( N ) (ay)' A=

Ty ty L, )\/\rrlrz

(2.10)

i<pa q, a] p,q’; al>i =

X (B I AT (L) N L, + 1)V2(21, + 1)Y2(27, + 1) (27, + 1) [2(L, — A) + 1]/
ofL, v ¥ \[A X7 717)(L—Al—)\7) 1
- 17252 2 1 1 2 2 1 2
X[ + 1757 (0 0 0>(0 0 o)(o 00 0 o 0)Cesg

% wd Ly=A+l=A+1 (205 + @) /Bra AN L DSTTa(p (p 24 2 — q2)/2; ( 2)1/2)
quZ pz L,L, P, pz +q2 -q s\ —¢q
0

laypan —al/Blz

X P (‘3122‘022 + a1zz‘I22 - qz) .(sl)(pz; Py 012)

dp, - 2.11
20,812 P24 (2 +q,° = 8) (P2 +q,° — O ® 2 ( )

s is the total energy of the trinucleon system. The off-shell { matrices are normalized so that
e*®Lsind
25 Tk, ey k) = Sk (2.12)
where 6 is the partial-wave phase shift. Since only the homogeneous Faddeev equations are relevant for

the bound-state problem, we will not give the explicit form of the ¢{"(p,q, a). The geometrical factor
G._; is given by Eq. (5.7) of I.
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III. BOUND-STATE WAVE FUNCTION

The components of the bound-state wave function {pg, aly;) are obtained from the homogeneous solution
Zps(‘EB)(p’ q, a) of (2-11):

1 _
0,4, alpp)=N gz {(e+ Py + Prn)(P, 0, a),| T (ER)|e,)
=Np~2+;2ﬁE— ([P(1) + P(2) + P3))(p, 4, )| TV (Ep) 1), (3.1)
{045 | TV (ER)Ya)= 3500, a5 @)=lim (s - B;)(p,q, a| TP (s)|9,) .
s2Epg

N is a normalization constant. )
We now outline the procedure for calculating P(i)| p,q, a),. For the space-spin parts of the basis states,
we have

P)[[ pa(L1)&L, (S5)8189,), = (-1)** =5 |[ pg(L1)EL, (S5)8]99.), , (3.2)
P(2)|[P€I(Ll)oe, (SS)S]&SZ>1= Z; <£m38ms |33z> <Lleml|£m£>[ P(z)‘meL;qlml>1][ P(Z)I(ss)sm§>1] >
e (3.3)
P2)|(Ss)8m g), = 3 (=1)°*°3752881(25] + 1)W(s,5,85; S, W (s,5,85; S, S1)| (S, s)8m ), , (3.4)
s1, 8%
where the W’s are the usual Racah coefficients, S, =(2S,+1)'/?, and
P@)| pLmy;aimy),=P@) [ db [ dd Yy, (3)Y1n, @15, D
= [ ab [ dav,, (5)¥1, @15, ),
b sy DYon, @ T Vi, DIV, @) st (3.5)
""L3
where
—53‘:%5“"%\/3“67 Q3—2rp % (36)
The spherical harmonics of 133 and ¢, in (3.5) are expanded in spherical harmonics of p and §7:
47 (2 1 1 -
Yiymy,(<Ds) = p-“Z Z = ( Lo ) (3PN VB q)Famh
A=0 mA:—/\
X<Am/\L3 - AmL3 —mAILBmL3> Y’/k\mA(ﬁ)st—/\, mL3-mA(&) (3-7)
and
-1 21 +1 1 A 1 To=X\
Yt amig (@5)=q; BZ Z 2)\ (z V3 (-249)'s
A=omy
XAy = Ay = [ Lgmy )Y ey (D) Y, s, mpy-my (@) 5 (3.8)

where (*33*!) is the binomial coefficient. We then combine the p;%s and g;'s factors in (3.7) and (3.8) with
'psLsng; qs 3m,3>1 and expand the result in partial waves:

1 . R
W— |psL M 14543 3m13>1 2 |7, pa; 3mL 3””13>Y;k m,(P) r,m,( ), (3.9)
where

P( ose

|7, pa; L My lom, )= 271f d(cosb) |psLgm S sl >1» (3.10)
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~

with cosd=§ - p. Finally, we use (3.7)-(3.10) and the expansion

[paLamLs;43137”13)1[(5{5)57”5)1: 2 27 <L3mL3l3m13|£3mL3><£3m.e3sms133331>

L3 Mys I3 I3z

X | [ £305(Lyl 5)£5(575,)8] 95852) 5 (3.11)
in (3.5), do the p and § integrations, and obtain

P@2)|[pg(L1)L, (58)3]53z>1=2 (=1)°*237%887(25] + 1)W(5,5,85; S1S;) W (5,5,85; SS})

5152

- A (2L, +1\Y2 (20, 41\ s PN
<X Gonemara v e (M) (P ) e oz,
LS,IBA,}\,r

X[2(Ly = A)+ 1]M2[2(1, = A) + 1]172

Lvyry ANy v 1lv L.-A l,=-)\ 7
X2 (271"1)(2’2”)(0 0 ol><o 0 o‘) (o 0 02> ( o o o2>

TpT2
XZGEX . f deose) 200 P (°°59) | [b42s(Lals) £4(S15)8168.); (3.12)
The geometric factor G, in (3.12) is given by

Ge=D_ (B Sm | 99,) (Lmylm,|8m ) (L. Sm|99.) Ly Lom, |8, Y (=1 By

all m

X 5mr+m,. mL3+m;3-mA-m>\ <Am ALS - A}’VLLs -m AILBmL3> O\m )\l3 - )\m13 -m >\| Zsm13>

( = —1 >< = —1 )( l = 2— )
X
My =M, M, =My \ M\ My —Mp\—M)) \M, m; —m,-m,

X( Ly~ A I,-2 7, )

(3.13)
My, =M My =M\ Mp+My =My~
Using diagram techniques,™® we find
SLSA L3—Az oy o
Gex____(_l)r+25+x+l+L+23{£sg} 13 by l3—7\ ll Lz ys cogs (3.14)
1‘2 Yy, 7 S

where {£84} denotes the triangular relation among £, 8, and g, and the last two factors are the 9-j and
6-j symbols, respectively. In deriving (3.14), we have used the fact that G, is independent of g, and that
g and ¢, are invariant under pair-exchange operations.

A similar calculation gives P(3)|[ pq(L1)&£, (Ss)8]99,), equal to the rlght-hand side of (3.12) except for an
extra factor (—=1)'3*!*S-51 in the summations. P(3)|(Ss)$m ); is the same as the right-hand side of (3.4)
except for the factor (=1)$~51 in the summations. P(i)|(T#)TT,), is the same as P(;)| (Ss)8m ¢ ); with isospin
quantum numbers replacing corresponding spin quantum numbers.

Using the results just presented, we may write (3.1) in the form

£p59, CV!Z/)B> =;2—_;qi\2f-_—EB- <(-—-1)L+S+T¢(1) (p,q, @)

D DY AMLIC| Lol £y(=E)B(S|SDC (T | TY(p)? (@)™

ANT Lglg S] T

X[1 +(=1)la*1+§=si+T-1] f d(co o)ﬂic_os_e) (Ps,%’a))

La ‘3

ny=A+X, n,=Lg—A+lg-2X, (3.15)
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where
a=[(L)L, (Ss)8]9, 9,; (T TT,,
o' =[(Lsls) L5, (S,5)8199,; (T\H)TT,,

Ds, s are given by (3.6), cosf=p- g, and the coefficient matrices A

from (3.12) and (3.4).

IV. FADDEEV KERNEL AND TRINUCLEON WAVE
FUNCTION FOR THE CASE OF LOCAL
NUCLEON-NUCLEON INTERACTIONS

IN THE 'S, AND °S,-’D, STATES

With most of the presently available computer
facilities, the case of local nucleon-nucleon inter-
actions in the 'S, and 3S,-°D, states is about the
most complicated one for which an exact solution
of the Faddeev equations can be obtained. As was
mentioned in the Introduction, the Faddeev equa-
tions for this case have heretofore only been
solved in truncated form. The purpose of this
section is to present explicitly for this case the
relevant equations with numerical values for the
various angular momentum coupling parameters
so that other workers might be spared from this
rather tedious task. .

The eight trinucleon £-8 coupling states involved
in the Faddeev equations (2.11) are listed in Ta-
ble I. The even parity of the trinucleon bound state
and the dynamical assumption concerning the nu-
cleon-nucleon interaction restrict L and [ to the
values 0, 2. Only five of the eight Faddeev equa-
tions are independent. This may be easily seen
by considering the eight J-j coupling states in Ta-
ble II, which are related to the £-8 states in Ta-
ble I by the unitary transformation':

TABLE I. Trinucleon £-8 coupling states withd = |g,|
=T =|T,|=1 and positive parity, which are involved in
the Faddeev equations (2.11) for the case of local nucleon-
nucleon interactions in the 'S, and %s,-3p, states.

State e (Ss)8 (Tt)
1 (00)0 ohHt ad
2 (00)0 1hHt 0P
3 (20)2 abi ()
4 ©02)2 abi 03
5 (22)0 abt o
6 @2)1 abi 0%
7 ©@2)1 abi (O
8 (22)2 1pHi 0%

(3.16)

A B, and C, may be easily read off

[[pa(LDL, (S9)8]99,; (T1)T T,),

L1l &

=Y Jj€8s s 8

7. (J 7 9
x [[p(LS), q(1s)j199.; (THT T ), .
(4.1)

Only the first five of the listed J-j states enter the
Faddeev equations, since there is assumed to be
no nucleon-nucleon interaction in partial waves
with J>1. The first four £-8 states are identical,
respectively, to the first four J-j states. The last
four £-8 states are linear combinations of the last
four J-j states. Thus, with the states in Table I
labeled as |p, q, ), with @=1,2,...,8, we have

1(pq, 6 'T(”(s)'Z/J)A :ng)(p; q, 6) = a‘/)(sD(P, q, 5) )
¥, a, 1) =B (b, 4,5), (4.2)
d)(sv(p; q, 8) =7¢(sn(p’ q, 5) s

with
iii§211 211
azé;ig 233 233 =‘/—%—,
i)/ losd

and similarly, g=4v3 and y =37.
We may write the homogeneous Faddeev

TABLE II. Trinucleon J-j coupling states which are
related to the £-8 coupling states in Table I by the uni-
tary transformation (4.1).

State (LS)J (Is)j (Tt)
1 (00)0 ot a)
2 (on1 0P+ 0%
3 @n1 oHi 0%
4 11 ehi 0%
5 @01 2Hi o
6 21)2 eHi ©od
7 (21)2 ehi 0
8 213 ehi o
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TABLE III. Numerical values for Faddeev kernel factors 1‘%’1,“,2\')\', in (4.4), for @« =1-5, a,=1-8,
aay Ly A I X v n, n T aay, Ly AL A v n o m r
11 0 o0 0 o0 o0 1 1 0.577350 27 42 2 1 2 2 1 2 4 0.375000 00
2 2 2 0 2 3 3 —0.036 084 39
i; ¢ o0 0 0 0 1 1 -173205081 2 22 1 1 2 4 0.125 000 00
" 2 2 2 2 0 1 5 —0.10825318
15 0 0 0 0 2 1 1 -3.87298335 43 0 0 2 0 2 3 1 —0.288 67513
16 0 0 2 1 1 2 2 1.000 000 00
17 0 0 2 2 0 1 3 —0.86602540
18 2 0 2 0 2 5 1 —0.15309311
210 0 0 0 0 1 1 —1.73205081 2 0 2 1 1 4 2 0.371 23106
2 0 2 1 3 4 2 0.15909903
22 0 0 0 0 0 1 1 0.57735027 5 o0 2 2 2 3 3 045927933
23 2 0 0 0 2 3 1 0.866 02540 2 1 2 0 1 4 2  —0.12374369
2 1.0 o0 1 2 2 1.000 000 00 2 1 2 0 3 4 2 —0.053 03301
2 2 0 0 0 1 3 0.288 67513 2 1 2 1 0 3 3 0.357 21725
24 2 0 0 0 0 3 1 0.866 02540 ‘; i ; ; i ;’ Z’ _8'?)22 ;gg (1)2
2 1.0 0 1 2 2 1.000 000 00 :
2 2 0 0 2 1 3 0.288 67513 2 2.2 0 2 3 3 =0.05103104
2 2 2 1 1 2 4 0.176 776 70
25 0 0 0 0 2 1 1 1.290 994 45 2 2 2 2 0 1 5 —0.153093 11
;‘; 4 0 0 2 0 0 3 1 —0.288 67513
28 2 0 0 0 2 3 1 -1.03509834 g 8 ; ; ; f g _; :ggg ggg Zg
2 1. 0 0 1 2 2 —0.83666003
2 1 0 0 3 2 2 —0.35856858 2020 0 5 1 -0.15309311
2 2 0 0 2 1 3 -0.34503278 20z 1142 0.530 33009
2 0 2 2 2 3 3 ~0.45927933
31 0 o0 0 0 o0 1 1 1.73205081 2 1.2 0 1 4 2 —0.176 776 70
2 1.2 1 0 3 3 0.35721725
32 0 0 0 0 0 1 1 —0.57735027 2 12 1 2 35 3 0.255 155 18
33 2 0 0 0 2 3 1 —0.86602540 2 1 2 2 1 2 4 —0.37123106
2 1 0 0 1 2 2 —1,00000000 2 1 2 2 3 2 4 —~0.15909903
2 2 0 0 0 1 3 —0.28867513 2 2 2 o0 2 3 3 —0.051 03104
34 2 0 0 0 0 3 1 —0.86602540 2 22 1 1 2 4 0.123 743 69
2 2 2 1 3 2 4 0.05303301
2 1 0 0 1 2 2 =1.00000000 5 2 2 2 2 1 5 —p15309311
2 2 0 0 2 1 3 —0.28867513 :
45 2 0 2 o0 2 5 1 —0.242 06146
22 0 0 0 0 2 1 1 -1.29099445 5 0 2 1 1 4 o2 0.335410 20
a7 2 0 2 1 3 4 2 0.503 11529
38 2 0 0 0 2 3 1 1.035098 34 2.0 2 2 0 3 3 ~—0.145236 88
2 0 2 2 2 3 3 —0.20748125
2 1.0 0 1 2 2 0.836 660 03
2 0 2 2 4 3 3  —0.37346625
2 1.0 0 3 2 2 0.358 568 58
2 2 0 0 2 1 3 0.345032 78 2 1 2.0 1 4 2 etk
2 1 2 0 3 4 2 —0.167 70510
41 2 0 2 0 0 5 1 0.324 75953 2 1 2 1 0 3 3 0.032274 86
2 0 2 1 1 4 2 -1.12500000 2 1 2 1 2 3 3 0.852 978 48
2 0 2 2 2 3 3 0.974 278 58 2 1 2 1 4 3 3 0.082 992 50
2 1 2 0 1 4 2 0.375000 00 2 1 2 2 1 2 4 —0.335410 20
2 1 2 1 0 3 3 -—1,08253175 2 1 2 2 3 2 4  —0.50311529
2 1 2 1 2 3 3 —0.21650635 2 2 2 0 0 3 3 —0.01613743
2 1 2 2 1 2 4 1.125000 00 2 2 2 0 2 3 3 —0.023 05347
2 2 2 0 2 3 3 0.108 25318 2 2 2 0 4 3 3 —0.04149625
2 2 2 1 1 2 4 —0.37500000 2 2 2 1 1 2 4 0.11180340
2 2 2 2 0 1 5 0.324 75953 2 2 2 1 3 2 4 0.167 70510
42 2 0 2 0 0 5 1 —0.10825318 2 22 2 2 1 5 024206146
2 0 2 1 1 4 2 0.375000 00 46 2 0 2 1 1 4 2  —0.3080939%
2 0 2 2 2 3 3 —0.32475953 2 0 2 1 3 4 2 0.308 093 94
2 1 2 0 1 4 2 -0.12500000 2 0 2 2 0 3 3 0.177878 12
2 1 2 1 0 3 3 0.360843 92 2 0 2 2 2 3 3 0.127 05580
2 1 2 1 2 3 3 0.072168 78 2 0 2 2 4 3 3 —0.304 933 92
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TABLE ITI (Continued)
aey, Ly A L XN v nmg om T aa, Ly A L A v n, m r
46 2 1 2 0 1 4 2 -0.10269798 52 2 0 2 2 2 3 3  0.14523688
2 1 2 0 3 4 2  0.10269798 2 1 2 0 1 4 2  0.05590170
2 1 2 2 1 2 4  0.30809394 2 1 2 1 0 3 3 —-0.16137431
2 1 2 2 3 2 4 —0.30809394 2 1 2 1 2 3 3 —0.03227486
2 2 2 0 0 3 3 —0.01976424 2 1 2 2 1 2 4 016770510
2 2 2 0 2 3 3 -0.01411731 2 2 2 0 2 3 3 001613743
2 2 2 0 4 3 3  0.0338155 2 2 2 1 1 2 4 —0.05590170
2 2 2 1 1 2 4  0.0269798 2 2 2 2 0 1 5 004841229
2 22 1 3 2 4 -0.1026979% 5 0 0 2 0 2 3 1 0.12909944
47 2 0 2 1 1 4 2 043571063 0 0 2 1 1 2 2 -044721360
2 0 2 1 3 4 2 -043571063 0 0 2 2 0 1 3  0.38729833
2 0 2 2 0 3 3 —0.25155765 2 0 2 0 2 5 1  0.06846532
2 0 2 2 2 3 3 —0.17968403 2 0 2 1 1 4 2 -0.16601958
2 0 2 2 4 3 3 043124168 2 0 2 1 3 4 2 -007115125
2 1 2 0 1 4 2  0.14523688 2 0 2 2 2 3 3  0.20539596
2 1 2 0 3 4 2 —0.14523688 2 1 2 0 1 4 2 005533986
2 1 2 2 1 2 4 —043571063 2 1 2 0 3 4 2 002371708
2 1 2 2 3 2 4 043571063 2 1 2 1 0 3 3 =0.15975241
2 2. 2 0 0 3 3  0.02795085 2 1 2 1 2 3 3 —0.11410887
2 2 2 0 2 3 3  0.01996489 2 1 2 2 1 2 4 023717082
2 2 2 0 4 3 3 —0.04791574 2 2 2 0 2 3 3  0.02282177
2 2 2 1 1 2 4 -0.14523688 2 2 2 1 1 2 4 -0.07905694
2 2 2 1 3 2 4  0.14523688 2 2 2 2 0 1 5 006846532
48 0 0 2 0 2 3 1  0.34503278 5 0 0 2 0 0 3 1 0.12909944
0 0 2 1 1 2 2 -0.83666003 0 0 2 1 1 2 2 -0.44721360
0 0 2 1 3 2 2 —0.35856858 0 0 2 2 2 1 3  0.38729833
0 0 2 2 2 1 3 -1.03509834 2 0 2 0 0 5 1  0.06846532
2 0 2 0 2 5 1  0.18298126 2 0 2 1 1 4 2 -0.23717082
2 0 2 1 1 4 2 —0.34862613 2 0 2 2 2 3 3  0.20539596
2 0 2 1 3 4 2 —0.28523956 2 1 2 0 1 4 2 007905694
2 0 2 2 0 3 3  0.38426065 2 1 2 1 0 3 3 -0.5975241
2 0 2 2 2 3 3 —0.11763081 2 1 2 1 2 3 3 -0.11410887
2 0 2 2 4 3 3  0.28231395 2 1 2 2 1 2 4 016601958
2 1 2 0 1 4 2  0.11620871 2 1 2 2 3 2 4 007115125
2 1 2 0 3 4 2  0.09507985 2 2 2 0 2 3 3  0.02282177
2 1 2 1 0 3 3  0.8539126 2 2 2 1 1 2 4 -0.05533986
2 1 2 1 2 3 3 —0.88005274 2 2 2 1 3 2 4 -0.02371708
2 1 2 1 4 3 3  0.06273643 2 2 2 2 2 1 5 006846532
2 12 2 1.2 4 031862613 55 2 0 2 o0 2 5 1 0.10825318
2 1 2 2 3 2 4  0.28523956
2 0 2 1 1 4 2 =0.15000000
2 2 2 0 0 3 3  0.04269563 2 o 2 1.3 4 3 029500000
2 2 2 0 2 3 3 —0.01307009 .
2 2 2 0 4 3 3  0.03136822 2 0 2 2.0 3 3 006495191
2 0 2 2 2 3 3  0.09278844
2 2 2 1 1 2 4 -0.11620871 2 o 5 5 4 5 3 oter01016
2 2 2 1 3 2 4 —0.09507985 .
L s aeeaise 2 1 2 0 1 4 2 0.05000000
2 1 2 0 3 4 2  0.07500000
51 2 0 2 0 0 5 1 —0.14523688 2 1 2 1 0 3 3 -0.01443376
2 0 2 1 1 4 2  0.50311529 2 1 2 1 2 3 3 -0.38146357
2 0 2 2 2 3 3 —0.43571063 2 1 2 1 4 3 3 =-0.03711537
2 1 2 0 1 4 2 —0.16770510 2 1 2 2 1 2 4  0.15000000
2 1 2 1 0 3 3 048412292 2 1 2 2 3 2 4 022500000
2 1 2 1 2 3 3  0.9682458 2 2 2 0 0 3 3  0.00721688
2 1 2 2 1 2 4 —0.50311529 2 2 2 0 2 3 3  0.01030983
2 2 2 0 2 3 3 —0.04841229 2 2 2 0 4 3 3  0.01855769
2 2 2 1 1 2 4  0.16770510 2 2 2 1 1 2 4 =0.05000000
2 2 2 2 0 1 5 —0.14523688 2 2 2 1 3 2 4 —0.07500000
52 2 0 2 0 0 5 1  0.04841229 2 22 2.2 1 5 0.10825318
2 0 2 1 1 4 2 —0.16770510 56 2 0 2 1 1 4 2  0.13778380
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TABLE III (Continued)

aay, Ly AL A v n m r aey Ly AL A v n, mn T
56 2 0 2 1 3 4 2 —-0.137 78380 57 2 2 2 1 1 2 4 0.064 95191
2 0 2 2 0 3 3 -0.07954951 2 2 2 1 3 2 4 —0.064 951 91
202 2 2 3 3 -005682108 5 0 0 2 0 2 3 1 —0.15430335
2 0 2 2 4 3 3 0.136370 59
0 0o 2 1 1 2 2 0.374 165 74
2 1 2 0 1 4 2 0.04592793
0 0 2 1 3 2 2 0.160 356 75
2 1 2 0 3 4 2 —-0.045927 93
9 1 9 92 1 2 4 —0.137783 80 0 0 2 2 2 1 3 —-0.462 91005
: 2 0 2 0 2 5 1 -0.081831 71
2 1 2 2 3 2 4 0.137783 80
2 0 2 1 1 4 2 0.155 910 35
2 2 2 0 0 3 3 0.008 83883
2 0 2 1 3 4 2 0.12756301
2 2 2 0 2 3 3 0.00631345
2 0o 2 2 0 3 3 -0.171846 59
2 2 2 0 4 3 3 -0.015152 29
2 0o 2 2 2 3 3 0.052 606 10
2 2 2 1 1 2 4 —-0.045927 93
9 9 9 1 3 3 4 0.045 927 93 2 0 2 2 4 3 3 —0.126 254 64
: 2 1 2 0 1 4 2 -0.051 970 12
57 2 0 2 1 1 4 2 —-0.194 85572 2 1 2 0 3 4 2 -0.042 52100
2 0 2 1 3 4 2 0.194 85572 2 1 2 1 0 3 3 —-0.038 18813
2 0 2 2 0 3 3 0.112 500 00 2 1 2 1 2 3 3 0.393 57155
2 0 2 2 2 3 3 0.080 35714 2 1 2 1 4 3 3 —0.028 056 59
2 0 2 2 4 3 3 -0.,19285714 2 12 2 1 2 4 -0.155910 35
2 1 2 0 1 4 2 -0.064 95191 2 1 2 2 3 2 4 ~0.12756301
2 1 2 0 3 4 2 0.064 95191 2 2 2 0 0 3 3 -0.019094 07
2 1 2 2 1 2 4 0.194 85572 2 2 2 0 2 3 3 0.00584512
2 1 2 2 3 2 4 —0.194 85572 2 2 2 0 4 3 3 -0.014 028 29
2 2 2 0 0 3 3 -0.012 500 00 2 2 2 1 1 2 4 0.05197012
2 2 2 0 2 3 3 —0.008 928 57 2 2 2 1 3 2 4 0.042 52100
2 2 2 0 4 3 3 0.021428 57 2 2 2 2 2 1 5 -0.08183171
equations as
8
ad (d1272+q)/312
D -
d)(s (bsq, Ol)'-f dqu deZK(a,az)lpst(pzyqz’ a), a=1,2,...,8, (4.3)
(] loygag=al/B 1o -1
2
where
I1(=8)STT
tL?Ll “(p, (pzz + qzz - q2)1/2; (s - qz)l/Z) B 2p2+ o 22q22 -q (
K(a|ap) = PP P, ( 2 a——l )1’“"""2 4.4)
(a] o, E d(p2+q72-s) (p22+q22—q2)"1/2v q2°02* P, 2 Ct12Ba Dot LpAg?

LyAN?Y
ng=L,~A+1-2+1, n,=A+r+1,

%% may be easily read off from (2.11), and is tabulated numerically in Table III for @=1,2,...,5;
@,=1,2,...,8. We need not list values of I'y%, for @=6, 7, 8, since K(6] o) =V3K(5|a,), K(7| a,)
=3V3K(5|@,), and K(8| @,)=3VTK (5| o), in agreement with the results stated in (4.2). The five indepen-
dent Faddeev equations may be taken to be (4.3), with @=1,2,...,5, with (4.2) used to relate $'”(p, g, a),
(¢=6,17,8) to ¥(p, g, 5).

Equation (3.15) gives the components of the bound-state wave function in terms of the homogeneous solu-
tion zp(s‘Z:EB) (p,q,0a), (@=1,2,...,8) of (4.3). Table IV gives the numerical values of B4(S|S;) and C(T|T}),
and Table V gives values of A" (LIL| Ly, £,(=£)) for 0 <L, I<2, £=0, 2. The wave-function components
for which £=1 for L, I>2 are negligible for realistic nucleon-nucleon interactions.®

TABLE IV. Numerical values for the spin particle- V. EXPANSION OF THE BOUND-STATE
exchange coefficients B,4(S|S}) in (3.15). The isospin WAVE FUNCTION IN DERRICK-BLATT
particle-exchange coefficients Co(T'|T}) are obtained by BASIS STATES
letting S— 7T, S{—7T%, $—7.
s\s; 0 1 Derrick and Blatt® have derived a general classi-
fication of trinucleon states based on the proper-
0 $ zlw/§ ties of the rotation and symmetric groups of de-
1 ivs - gree 3.

The spin-isospin states in their scheme, with
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3

TABLE V. Numerical values ofA""T(Ll£IL313£3(=£)) in (3.15) for 0< (L, 1, £) <2, £# 1, for the case of nucleon-nu-

cleon interactions in the 1S, and 38, — 3D, states.

L 1 & Ly ly A N v m n A L I £ Ly I3 A X 7v mn n A
00 0 0 0 0 0 0 0 0 1.000 000 00 0 2 2 2 2 2 20 4 0  0.00000000
2 2 2 2 2 4 0 =-0.22410536
1 1.0 0 0 0 0 1 0 0 —1.73205081
2 2 0 0 0 0 0 2 0 0 2.236067 98 1 1 2 2 2 0 01 0 4 —024549513
2 2 0 1 0 1 3 04907837
0o 2 2 2 0 0 0 o0 O 2 0.750 000 00 2 2 0 1 2 1 3 0.354 341 69
2 0 1 0 1 1 1 0.86602540 2 2 0 2 1 2 2  —0.51553977
2 0 2 0 2 2 0 0.250 000 00 2 2 0 2 3 2 2 —0.220%561
2 2 1 0 0 1 3 —0.16535946
112 2 0 0 0 1 0 2 0.82158384 2 2 1 0 2 1 3 -0.1181139
2 0 1 0 0 1 1 0.790 56942 2 2 1 11 2 2 1.03107953
2 0 1 0 2 1 1 0.158 11388 2 2 1 1 3 2 2  -0.04909903
2 0 2 0 1 2 0 0.27386128 2 2 1 2 0 3 1 -0.49607837
2 2 1 2 2 3 1 —0.35434169
2 2 2 0 1 2 2 -0.05728220
2 0 2 2 0 0 0 2 0 .2 0.750 000 00 2 2 2 0 3 2 2 —002454951
2 0 1 0 1 1 1 0.866 02540 5 2 2 1.0 3 1 016535946
2 0 2 0 0 2 0 0.250 000 00 5 2 2 12 3 1 011811390
2 2 2 2 1 4 0 —0.24549513
2 2 2 2 0 0 0 2 0 2 —0.89642146
2 0 1 0 1 1 1 —0.72456884
2 0 1 0 3 1 1 -0.31052950 2 0 2 2 2 0 0 2 0 4 —0.22410536
2 0 2 0 0 2 0 0.00000000 2 2 0 11 1 3 0.543 426 63
2 0 2 0 2 2 0 -0.29880715 2 2 0 1 3 1 3 0.23289713
2 2 0 2 0 2 2  0.0000000
0 2 2 0 2 0 0 0 0 2 0.250 000 00 2.2 .0 22 2 2 -0.67231609
0 2 0 1 1 1 1 -0.86602540 2.2 1 01 1 3 -01s114221
0 2 0 2 2 2 0 0.750 000 00 2 2 103 1 3 -0.07763238
2 2 1 1 0 2 2  0.52291252
2 2 1 1 2 2 2  0.37350894
112 0 2 0 0 1 0 2 0.27386128 2 2 1 2 1 3 1 -0.77632375
0 2 0 1 0 1 1 —0.79056942 2 2 2 00 2 2  0.00000000
0 2 0 1 2 1 1 —0.15811388 2 2 2 0 2 2 2 —0.07470179
0 2 0 2 1 2 0 0.82158384 2 2 2 1 1 3 1  0.25877458
2 2 2 2 0 4 0 -0.22410536
2 02 0 2 0 0 2 0 2 0.250 000 00
0 2 0 1 1 1 1 -086602540 2 2 2 2 2 0 02 0 4 026785714
0 2 0 20 2 0  0.75000000 2 2 0 11 1 3 -0.51033640
2 2 0 1 3 1 3 —041754796
2 2 2 0 2 0 0 2 0 2 —0.29880715 2 2 0 2 0 2 2 0.562 500 00
6 2 0 1 1 1 1 0.724 568 84 2 2 0 2 2 2 2 -0,17219388
6o 2 o0 1 3 1 1 0.310 52950 2 2 0 2 4 2 2 0.41326531
6o 2 0 2 0 2 0 0.000000 00 2 2 1 01 1 3 0.17011213
0 2 0 2 2 2 0 -0.89642146 2 2 1 03 1 3 0.13918265
2 2 1 1 0 2 2  0.12500000
0 2 2 2 2 0 0 0 0 4 —0.22410536 2 2 1 1 2 2 2 -1.28826531
2 2 o0 1 1 1 3 0.776 32375 2 2 1 1 4 2 2  0.09183673
2 2 0 2 2 2 2 —0.67231609 2 2 1 2 1 3 1 0.51033640
2 2 1 0 1 1 3 —0.25877458 2 2 1 2 3 3 1 0.41754796
2 2 1 1 0 2 2 0.522 912 52 2 2 2 00 2 2  0.06250000
2 2 1 1 2 2 2 0.373 508 94 2 2 2 0 2 2 2 -0.01913265
2 2 1 2 1 3 1 —0.54342663 2 2 2 0 4 2 2  0.4591837
2 2 1 2 3 3 1 —0.23289713 2 2 2 11 3 1 -0.17011213
2 2 2 0 2 2 2 —0.07470179 2 2 2 1 3 3 1 -0.13918265
2 2 2 1 1 3 1 0.18114221 2 2 2 2 0 4 0  0.00000000
2 2 2 1 3 3 1 0.077632 38 2 2 2 2 2 4 0 026785714
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7=7,=3, are: with isospin states 7, and 7, obtained by the re-
1 placements x, ,~ 17, ,, S—-7T, s—-1{, 8§~ 7, and
W35 mg =7 (Xam1 +Xaa) » ms -7, The superscripts Sym, A, +, and -

denote, respectively, complete symmetry, com-
plete antisymmetry, mixed symmetry with sym-
metry under P(1), and mixed symmetry with anti-
symmetry under P(1). For the mixed-symmetry

1
Wi mg =T§'(X2n1 = X1"2) »

1
Wi mg =ﬁ(X2n2 = X171 states, we have
1 (5.1)
D § 1 -
Wi mg ﬁ(xmz +XaM1) 5 PRW*'=—3W* - E‘/?W »
Wsse mg = XsT1» PRW ™ =-3V3W*+3W ", .
(5.3)
W3/2 mg ==X3Nz» P(3)W+=—%W++%\/—§-W',
where
x1=x1ms=|(SS)8m§)1, $=0, s=8=3; PRW ™ =3V3W"+3W",
= = =1 Q1. .2
X2 = Xamg [(Ss)8ms), S=1, s=8=3; (5.2) with subscripts 8m s suppressed.
Xs =Xamg =|(S8)8mys),, S=1, s=3, 8=%; The trinucleon bound-state vector with

g=9,=7 =7,=4% may be represented as

, Zl)B> I"757'2“!./2 ’ z101/2 Sl/2)> +W1/2 1/2 l lpfym(zsllz» +W;/é 1/2 f ¢;/2(281/2)> - W;/Z 1/2 l Zib;/z 25‘,I./2)>
+ E (1m£ 2Ms I_Z_E [Wls},gnms ' d) (2 1/2 >+W1/2 mg ] ym 2Pl/z > +W1/2 mg ' zpmg( P1/2 > W1/2 mg , (»b:n& (2P1/2)>]

me.mg

+ 3 (Imezms | 3nW3, mg |ZP;.$(4P1/2) “W3iz mg l¢;§(4P1/2)>]

mg,mg

+ 2 <2m£%ms|% [W;/2m31¢;5(4D1/2)> W3/2m§|¢:n§(4D1/z)>]: (5.4)

me,mg

where the superscripts Sym, A, and + denote the same particle-exchange properties for the spacial states
as they do for the spin-isospin states.

The components of the spacial states are easily expressed in terms of the components of |y,) given by
(3.15):

l<pq(LL)001zpf/2(2sm)>=¢%1<[pq(LL)o, (02)z)22; (02)2219m) + ‘/—1<[P4(LL 0, (12)zl22; (12) 231 ¥a) »
L odd; ete.; (5.5)
K a(LLYIm, [, CPy) =t b | 357 pal LD, OD]EE; 093410 + ([ pa(LLIL, (1D (1D 33145},

L odd; etc. (5.6)

From the exchange properties of the spacial mixed-symmetry states, it follows that

WH9*) = (Pt | Pogd™y =(=59" = 3V8 97| =39" = 3V3897) =1(@*[9*) + 3@~ [97). (5.7)
Thus,
@ty =@ 1v7). (5.8)

The relation (5.8) is very useful for checking the consistency of the complicated numerical calculations
involved in the determination of |yg).°
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Correlated wave functions obtained by solving the Bethe-Goldstone equation with realistic
nuclear interactions are employed to calculate Coulomb shifts, isospin mixing, Coulomb en-
ergies, and coefficients of the isobaric mass formula in 1p-shell nuclei. Improved agree-
ment with experiment is obtained, particularly for the Coulomb shifts and isospin mixing
which are not sensitive to the size parameter. No evidence is found favoring a charge-depen-

dent component in the nuclear force.

I. INTRODUCTION

The concept of charge-independent nuclear
forces is very nearly as old as the discovery of
the neutron.™? It is very well established that any
charge-dependent component of the nuclear force
must be quite weak compared with the basic in-
teractions which bind atomic nuclei. A definitive
evaluation of this component is hampered by the
presence of the Coulomb interaction. Charge de-
pendent effects clearly exist in nuclei; can they
be precisely attributed to Coulomb forces?

To answer this question, one obviously requires
precise knowledge of nuclear wave functions.
Thus, the theoretical investigation of charge-de-
pendent effects in nuclei requires a twofold ap-
proach. First one tries to calculate charge-de-
pendent effects from known electromagnetic in-
teractions with a trial wave function, then one
must determine if any remaining discrepancies
are to be attributed to additional charge-dependent
interactions or an inadequate wave function.

The first nuclear p shell (4 <A < 16) provides a
wealth of charge-dependent data. The differences

in binding energy for a mirror pair,

-A(Z)=B.E.(Z,N)=B.E.(Z-1,N+1), (1.1)

have received extensive attention in the litera-
ture,*® and have proved useful in the investigation
of nuclear size. Likewise the alternation of sec-
ond differences,

AAZ)=A(Z)-A(Z-1), (1.2)

with odd-even Z has been useful in establishing
the pairing correlation.*®

More recently there has been considerable in-
terest in the isospin mass formula”

E(A; T, T,) =a+bTy+cTs®. (1.3a)
This formula relates the energies of isobaric ana-
log levels in neighboring isobars. It is valid so
long as the charge-dependent part of the interac-
tion between nucleons is strictly of a two-body
character and isospin mixing is negligible.
Sufficient data are now available on several mul-
tiplets, three of which (A="7, 9, 13) are in the
first p shell.>*° Usually an empirical fit to the



