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The study of the properties of nuclear matter  within the variational or correlated 
wave function theory is at present of great interest (~). Vigorous efforts have been 
particularly addressed to a reliable numerical evaluation of the ground-state energy 
employing realistic nucleon-nucleon potentials (2-4). Thc correlatcd-basis functions (CBF) 
approach may provide an efficient method for an accurate treatment of that problem (5.e). 
A straightforward (, compromise program )~ has been described in detail in ref. (~) which 
takes appropriate accomlt of the crucial noncentral correlations due to the 8S--3D 
tensor force. However, the numerical applications (~.8) have been hitherto confined 
to potentials of the form 

6 

v6(12 ) = ~ v(~)(rr2)o~(12) , 

where o~ = 1, r  a~, "~1" "r (Ii" 62 "r "c2, S12,  $12'I;1" "~8, respectively. 
In  this letter we extend the CBF procedure described in ref. (6.s) to deal with 

potentials of the more general vs-class, 

8 
(1) vs(12) = ~2 v(~)(r~)o~(12) 

which include the spin-orbit components o7(12)~ L . S ,  os(12)= L'S%"~2.  We begin 
with a brief summary of the form~,lism needed. The trial ground-state wave function 
is of the form To=  F~bs, r being the normalized ground-state w~ve function of a 
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sys tem of A rmninterac t ing  fermions.  The corre la t ion  opera tor  F ( I  ... A) is considered 
to be symmet r i c  wi th  respect  to the par t ic le  labels and obeys the  c luster  p r o p e r t y  (s.9). 
The energy expec ta t ion  value  E o =  <To]HlTo>/<TolTo> is then  deve loped  in to  the  
series if) 

(2) Eo = EF + (AE)2 + (AE)~ + . . . .  

where E F is the  g round-s t a t e  energy of A non in te rac t ing  nucleons.  The two- and  three-  
b o d y  cont r ibu t ions  to the  fac tor  c luster  expnas ion (2) are 

(3) (AE)2 = ~ <ij lco2(12) l i j_ j i  ) 
i ,<j 

a n d  

(AE) 3 = ~ <ijklwa(123) l i jk - -  i k j  + jk i  - -  ]ik, § k i j  - -  kji> - -  
i< i<k  

- -  ~ <ilclF~(12) - -  llitc - -  ki> <ij]w2(12)li j - - j i >  . 
i j k  

The labels i, ], k indica te  normal ized  p lane-wave  orbi ta ls  occupied in the  F e r m i  sea. 
The effective po ten t ia l s  w~(12) and w~(123) appear ing  in eqs. (3) arc defined by  

(4) w2(12) = 1 [F2(12), [t(1) + t(2), Fe(12)] ] § F2(12 ) v(12)2~2(12) 

and 

wa(123) = �89 [F3(123 ), [t(3), Fs(123)]] § F3(123)v(12)F3(123 ) --w~(12) + c y c l .  

Equa t ions  (3) and  (4) involvc  the  corre la t ion  opera tors  F2(12) and F~(123) for the  two- 
and th ree -body  subsys tems.  In  accordance  wi th  the  prescr ip t ion  of ref. (s.s) we adop t  
the  expressions 

(5) j~2(12 ) = f(rl2) A_ [/T(r12) __](r1:)]p~(12)Pa(12)[1 - -Q(12) ]  

and 

Fa(123) = ](r~) f(r2~ ) f(r~3 ) + {/(r~3 ) ](r23 ) [/T(r~2) - -  f(r~)] P1~(12) P3(12) [1 - -  Q(12)3 + eyel .} .  

In  keeping wi th  the  no ta t ion  of ear l ier  work  we use the spin t r ip le t  (singlct) pro- 
jec tor  pa  (p1), the  isospin t r ip le t  (singlet) p ro jec tor  P~ (P~) and the tensor  p ro jec to r  
Q ( 1 2 ) = r - ( ~ ( S ' r l ~ ) 2 = ~ ( S 1 2 +  4P~). Choice (5) t akes  p roper  account  of the  most  im- 
p o r t a n t  spa t ia l  and tensor  correla t ions  present  in nuclear  m a t t e r  (7). 

Expl ic i t  expressions for the effective po ten t ia l s  (4) of the  class v s based  on ansa tz  (5) 
have  been given in ref. (5,7). Wr i t i n g  the  spin-orbi t  components ,  s = 7, 8, of porch-  
t im (1) as 

(6) v~(12) = v~s(r12 ) p~ L .  S + v~s(rl2) P~ L .  S 

( ' )  J . W .  CLARK a n d  M. L.  ]=tISTIG : in  The Nuclear Jlany-Body Problem, ed i t ed  b y  F. Cs an d  
C, CIOFI I)EGLI ATTI, r e1 .  2 (Bologna ,  1973). 
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the associated two-body effective potent ial  is 

(7) w~s(12) = __{[fT(r12)__/(ri2)j2 VLs(r12)p, P +  1 8 + 

r V + + ~ [2/T(r:~ ) +/(r:~)] [/T(r:~) - - / (  1~)] ~(ri~)/ ' ,  S~ + 

+/(rl~)/T(rl~) V+'s(r~) P~ L" S + l~(rl~) r~(r~)P~ t .  S . 

In  deriving relat ion (7) we have exploited the operator identi t ies (lo) Q L ' S Q = - - Q  
and Q L . S  + L ' S Q  = L ' S - - 3 Q  + 2P 3. We note tha t  the even-state port ion of the  
spin-orbit  force contributes to the diagonal mat r ix  elements <i~lw~S(12)]i~--ji}. The 
odd-state  par t  can only contribute to the exact ground-state energy value through the 
per turbat ion corrections to the expectat ion value. An explicit  expression for the effec- 
t ive three-body potent ia l  (4) corresponding to the spin-orbit  interact ion (6) and correla- 
t ion operators (5) may also be derived by  elementary algebraic manipulations.  The 
result is available but  ra ther  lengthy and will be given in a more detai led publication. 

To improve upon our description of the nuclear mat ter  ground-state  we next  apply  
per turbat ion theory,  formulated in terms of a basis of dynamical ly  correlated states 
arriving at 

(9) E a = E 0 + (BE) ~2~ + ... 

for the exact gromld-state energy (7). In  two-body cluster approximation the second- 
order per turbat ion correction (BE) (2) is given by  (zs) 

(lO) 
l~<q i<J  

�9 l<ijiw2(12)[pq--qp> + 21 (% + e~-- e~-- ej) <ij[F~(12) - -  l[pq--qp>12. 

Here, p, q(i, j) denote part icle (hole) orbitals  and the quant i ty  % represents the singIe- 
particle (hole) energies 

2 2 

( l l )  s, = 2m + E <ialw2(12)] i a - a i )  �9 
i 

For  a numerical s tudy of the spin-orbit effects we select the Hamada-Johns ton  (H J) 
potent ia l  (11) s tr ipped of the quadratic L.S-component .  Fur ther ,  we employ the 
, opt imal  >> correlation functions ](r) and IT(r) which have been determined by  a con- 
strained Euler-Lagrange procedure for the HJ  potent ial  sans spin-orbit  components (7). 
To calculate the per turbat ion  correction we follow MacKenzie 's  procedure (12) which 
has been already employed in earlier works (6.s). We use a par t ia l -wave decomposi- 
t ion of the effective two-body potent ial  t runcated  at the D-state  level together with 
the angle-averaging approximation.  A free spectrum has been adopted for single-par- 
ticle states and an effective mass approximation for hole states, 

As a first step we have repeated the calculations of the quantities (AE)2 and (SE)~ 2>, 
performed by  Ki3~TEN et al. (6,7) for the HJ  potent ia l  v s. Our results are collected in 

(lo) ft. C. OWEN, R.  F. BISHOP a n d  J .  M. IRVINE: Nucl.  Phys. A, 277, 45 (1977). 
(t~) T.  I-IAMADA a n d  ft. D. JOHNSTON: 3[~ttCl. Phys., 34, 382 (1962). 
(~e) 5. J .  M~CKENZI~: Phys. ROY., 179, 1602 (1969). 
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t a b l e  I.  T h e  t w o -  a n d  t h r e e - b o d y  c l u s t e r  c o n t r i b u t i o n s  ( t he  l a t t e r  d a t a  are  t a k e n  f r o m  

ref. (e)), a n d  t h e  p e r t u r b a t i o n  c o r r e c t i o n  are  g ives  as  f u n c t i o n s  of t h e  F e r m i  w a v e  n u m b e r  

k F for  v a r i o u s  va lue s  of t he  h e a l i n g  d i s t a n c e  d. T h e  v a l u e s  of t h e  c o r r e c t i o n  t e r m s  ($E)~ ~) 

g i v e n  in ref.  (6.7), differ  f r o m  t h o s e  l i s t ed  in  t ab l e  I b e c a u s e  of a c o m p u t a t i o n a l  e r r o r  

d e t e c t e d  in  t h e  p r e v i o u s  w o r k .  ( K i i r t e n ' s  c o r r e c t e d  d a t a  fo r  t he  H J  p o t e n t i a l  v~ r e p o r t e d  

iu  ref.  (s), ag ree  n o w  w i t h  t h e  d a t a  of t ab l e  I w i t h i n  n u m e r i c a l  a c c u r a c y . )  

TABLE I.  -- Two- and three-body cluster contributions (AE)~ and (AE) 3 to the expectation 
value Eo, and approximation (10) to second-order perturbation correction (~E) (2), /or H J  

potential v s and various choices o] Fermi wave number k F and healing distance d (energies 
i n  ~IeV per particle). 

k F (fro -1) 1.3 1.4 1.5 1.6 1.7 1.8 

d = 2 . 2  f m  (AE)2 - - 2 7 . 1 4  - - 3 1 . 8 8  - - 3 6 . 7 9  - - 4 1 . 7 3  - - 4 6 . 7 7  - - 5 0 . 7 2  

(AE)3 1.36 2.13 3.36 5.29 8.27 12.77 

(~E)~ 2) - -  2.34 - -  2.87 - -  3.61 - -  4.63 - -  6.20 - -  8.81 

d = 2 . 5  f m  (AE)~ - - 2 7 . 4 8  - - 3 2 . 4 6  - - 3 7 . 7 4  - - 4 3 . 2 1  - - 4 8 . 8 7  - - 5 4 . 5 5  

(AE)3 1.0I 1.65 2.72 4.44 7.15 11.26 

(3E)~ 2~ - -  1.62 - -  1.86 - -  2.15 - -  2.57 ~ 3.21 - -  4.31 

d = 3 . 0  f m  (AE)2 - - 2 7 . 3 1  - - 3 2 . 2 9  - - 3 7 . 6 5  - - 4 3 . 4 6  - - 4 9 . 1 7  - - 5 5 . 2 4  

(AE)3 0.61 1.04 1.80 3.04 5.01 8.04 

(~E)(22) - -  1.33 - -  1.41 - -  1.49 - -  1.58 ~ 1.76 - -  2.15 

TABLE I I .  - Two- and three.body cluster co~tributions (AE)~ s and (AE)~ s to the expecta- 
tion value E o, second-order perturbation correction in two-body cluster approximation 
(~E)(22~Ls, and net energy change E~s= ( A E ) ~ S +  ( A E ) ~ S +  (~E)(2 ')zs induced by the s~in- 
orbit component o] H J  potential vs ]or various choices o /Fermi  wave number k F and healing 
distance d. ( E n e r g i e s  ia  ) i e V  pe r  par t ic le . )  

k s ( fm -1) 1.3 1.4 1.5 1.6 1.7 1.8 

d = 2 . 2  f m  (AE)~ s - - 0 . 2 4  - - 0 . 3 1  - - 0 . 3 8  - - 0 . 4 6  - - 0 . 5 6  - - 0 . 6 9  

(AE)~ s - -  0.39 - -  0.61 - -  0.92 - -  1.35 - -  1.92 - -  2.75 

(~E)~ 2)zs - -  2.64 - -  3.27 - -  3.93 - -  4.55 - -  5 .0 l  - -  5.41 

E~  ~ - - 3 . 2 7  - - 4 . 1 8  - - 5 . 2 3  - - 6 . 3 6  - - 7 . 4 9  - - 8 . 8 5  

AE zs d = 2 . 5 f m  ( )2 - - 0 . 2 1  - - 0 . 2 7  - - 0 . 3 3  - - 0 . 4 1  - - 0 . 4 9  - - 0 . 5 9  

(AE)~ s - - 0 . 3 5  - - 0 . 5 4  - - 0 . 8 1  - -  1.18 - -  1.70 - - 2 . 3 8  

(~E)~ 21Ls - -  2.60 - -  3.23 - -  3.91 - -  4.57 - -  5.10 - -  5.64 

E~ s - - 3 . 1 6  - - 4 . 0 4  - - 5 . 0 5  - - 6 . 1 5  - - 7 . 3 0  - - 8 . 6 1  

d =  3.0 fn~l  (AE)~ s - - 0 . 1 8  - - 0 . 2 3  - - 0 . 2 9  - - 0 . 3 5  - - 0 . 4 3  - - 0 . 5 1  

(AE)~ ~ - - 0 . 3 0  - - 0 . 4 7  - - 0 . 7 1  - - 1 . 0 3  - - 1 . 4 7  - - 2 . 0 5  

(~E)~ 2)L~ - - 2 . 5 8  - - 3 . 2 3  - - 3 . 9 2  - - 4 . 5 9  - - 5 . 1 9  - - 5 . 7 9  

E~ s - -  3.07 - -  3.93 - -  4.92 - -  5.98 - -  7.08 - -  8.35 
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The additional spin-orbit contributions to the various quantities (AE)~, etc. induced 
by the L . S  components (6) of the HJ potential v s are called (A:E)~ s . . . .  and are listed 
in table II.  The absolute value of the quant i ty  ~ = (AE) zs + (AE) a Ls + (~E)~2)Ls gives 
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F i g .  1. - E n e r g y  p e r  p a r t i c l e  a s  a f u n c t i o n  o f  F e r m i  w a v e  n u m b e r  k F a t  v a r i o u s  h e a l i n g  d i s t a n c e s ,  
f o r  t h e  t t J  p o t e n t i a l  v~. D a s h e d  c u r v e s :  t h r e e - b o d y  c l u s t e r  a p p r o x i m a t i o n  t o  e n e r g y  e x p e c t a t i o n  
v a l u e .  S o l i d  c u r v e s :  e n e r g y  e s t i m a t e  E e = E F + (AE)~  + (AE)8  + (~E)~  2) i n c l u d i n g  t w o - b o d y  c l u s t e r  
a p p r o x i m a t i o n  t o  s e c o n d - o r d e r  p e r t u r b a t i o n  c o r r e c t i o n ,  o d = 2 .2  f ro ,  [] d = 2 .5  f ro ,  A d ~ 3 .0  f ro .  

the net increase in nuclear binding energy due to the spin-orbit potential (6). We note 
that  the various contributions are insensitive to the choice of the separation distance d. 
The two- and three-body cluster contributions are rather small; the main gain in 
energy is essentially coming from the spin-orbit perturbation correction. 
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Figure 1 depicts our results for the energy expectation value in three-body cluster 
approximation E 0 ~ E  F + (AE)2 + (AE)3 and for the energy estimate Eo ~ E F  + (AE)2 + 
+ (AE)a§ (SE)~ 2~ based oil. the ~'s-model of the HJ potential. As expected from tile 
earlier studies of the v6-model we find that, except at the highest densities considered, 
the values of the quant i ty  Eo are ahnost independent of the separation distance d in 
contrast to the expectation value E 0. Tile estimate E G indicates saturation at too 
high a density, kF~  1.7 fm -I. However, once the repulsive effect due to the quadratic 
spin-orbit component of the nuclear force has been taken into account, t he  saturation 
density might shift to some extent, towards a more realistic density. 


