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Abstract

QUASIPARTICLE METHOD IN RELATIVISTIC MEAN-FIELD 

THEORIES OF NUCLEAR STRUCTURE

by

H siao -b a i Ai 

A d v ise r : D is tin g u ish ed  P ro fe s so r  C arl Shak in

In  re c e n t  y e a r s ,  in  o rd e r  to  u n d e rs ta n d  th e  su cc e ss  of D irac 

phenom enology, re la tiv is t ic  B ru e c k n e r-H a rtre e -F o c k  (RBHF) th e o ry  

h a s  b een  d ev elo p ed . T h is  th e o ry  is  a  re la tiv is tic  m an y -b o d y  th e o ry  of 

n u c le a r  s t r u c tu r e .  B ased  u p o n  th e  RBHF th e o ry , w hich  is 

c h a ra c te r iz e d  a s  h a v in g  no f re e  p a ra m e te rs  o th e r  th a n  th o se  

in tro d u c e d  in  f i t t in g  f re e -s p a c e  n u c leo n -n u c leo n  s c a tte r in g  d a ta , we 

c o n s tru c t  an  e ffec tiv e  in te ra c t io n . T h is  in te ra c tio n , w hen tr e a te d  in  

a re la tiv is t ic  H a rtre e -F o c k  a p p ro x im a tio n , re p ro d u c e s , r a th e r  

a c c u ra te ly , th e  nu c leo n  s e lf -e n e rg y  in  n u c le a r  m a tte r , M igdal 

p a ra m e te rs  o b ta in ed  v ia  re la tiv is tic  B ru e c k n e r-H a rtre e -F o c k  

ca lcu la tio n s , a n d  th e  s a tu ra tio n  c u rv e s  ca lcu la ted  w ith  th e  fu ll
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re la tiv is tic  B ru e c k n e r-H a rtre e -F o c k  th e o ry . T h is  e ffec tiv e  in te ra c tio n  

is  c o n s tru c te d  b y  a d d in g  a n u m b er of p se u d o p a rtic le s  to  th e  "m esons’1 

u se d  to  c o n s tru c t  o n e -b o so n -ex c h a n g e  (OBE) m odels of th e  n u c lea r 

fo rc e . T he  p se u d o p a rtic le s  have  re la tiv e ly  la rg e  m asses a n d  e i th e r  

r e a l  o r  im ag inary  coup ling  c o n s ta n ts . (F o r exam ple, ex ch an g e  of a 

p seu d o -s ig m a  w ith  an  im ag inary  coup ling  c o n s ta n t h a s  th e  e ffec t of 

re d u c in g  th e  sca la r a ttra c t io n  a r is in g  from  sigm a e x ch a n g e , while 

e x ch an g e  of a  pseudo-om ega  w ith  an  im ag inary  co u p lin g  c o n s ta n t h a s  

th e  e ffe c t of re d u c in g  th e  re p u ls io n  a r is in g  from  omega ex ch an g e . 

T h e  te rm s bey o n d  th e  B orn  te rm  in  th e  case  of p ion  ex ch an g e  a re  

w ell s im ula ted  b y  p seu d o -s ig m a  e x ch a n g e  w ith  a  re a l coup ling  

c o n s ta n t .)  T he  e ffec tiv e  in te ra c tio n  c o n s tru c te d  h e re  may be u se d  

fo r  ca lcu la tio n s  of th e  p ro p e r t ie s  of f in ite  n u c le i in  a re la tiv is tic  

H a rtre e -F o c k  app rox im ation .
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Chapter 1

1

General Survey

1 .1  In tro d u c tio n

One of th e  p rin c ip a l goals of th e o re tic a l n u c lea r p h y s ic s  is to  

u n d e rs ta n d  n u c lea r s t r u c tu r e  in  te rm s of th e  free  nuc leo n -n u cleo n  

in te ra c tio n . I t is g en e ra lly  be lieved  th a t  th e  following s te p s :

(a) D eterm ination  of th e  f re e -s p a c e  n u c leo n -n u c leo n  p o ten tia l,

(b ) C alculation of th e  b in d in g  e n e rg y  an d  s a tu ra tio n  d e n s ity  of 

in fin ite  n u c lea r m a tte r ,

(c) C alculation  of th e  b in d in g  e n e rg y , e n e rg y  le v e ls , d en sity  

d is tr ib u tio n , and  so fo r th ,  fo r  f in ite  nu c le i,

a re  su itab le  p ro c e d u re s  in  a system atic  ap p lica tion  of a m icroscopic 

m any -b o d y  th e o ry  in th e  s tu d y  of n u c le a r  s t r u c tu r e .

In  th is  w ork we will u se  th e  D irac eq u atio n  to  d e sc rib e  nucleon  

m otion. No one h as  y e t  p ro v id e d  a th e o re tic a l b a s is  fo r u s in g  th e  

D irac eq u a tio n  to  d e sc r ib e  th e  motion of la rg e  com posite o b jec ts  su ch  

as  th e  nu c leo n . In  th e  p a s t ,  th e  nuc leons w ere assum ed to  in te ra c t  

v ia  p o te n tia ls . Such m odels have  th e ir  lim ita tions, since  one does no t 

ex p la in  th e  o rig in  of th e  p o te n tia ls . A fte r  1935, in an  a ttem p t to 

u n d e rs ta n d  th e  n a tu re  of nucleon  in te ra c t io n s , one saw th e  

form ulation  of th e  meson th e o ry . T he meson th e o ry  is fo rm ulated  as
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a quan tum  field  th e o ry . S uch  a form ulation  is  e sp ec ia lly  su itab le  fo r 

p e r tu rb a tiv e  m ethods. H ow ever, since  p e r tu rb a t iv e  m ethods a re  n o t 

p a r tic u la r ly  su cc e ss fu l in  s tro n g  in te ra c tio n  p h y s ic s , re s e a rc h e r s  

have  u sed  e ffec tiv e  in te ra c tio n s  an d  phenom enological a p p ro a c h e s , in 

th e  c o n tex t of S c h ro e d in g e r th e o ry .

T he reac tio n  m atrix  form alism  of n u c lea r m an y -b o d y  th e o ry  (in  

s h o r t:  B ru e c k n e r  th e o ry )  h a s  b een  w idely u sed  since  1 9 5 8 .1“ 2 T h is  

th e o ry  ach ieved  some q u a n tita tiv e  su cc e ss  in  ex p la in in g  th e  g ro u n d  

s ta te  p ro p e r tie s  of n u c le a r  m a tte r  an d  c lo se d -sh e ll n u c le i. T he 

p rin c ip a l d iff icu lty  a p p e a re d  in  th e  a ttem p t to  re p ro d u c e  th e  em pirical 

v a lu es  of th e  b in d in g  e n e rg y  an d  th e  s a tu ra tio n  d e n s ity  

(s im ultaneously ) w ith in  conv en tio n al B ru e c k n e r  th e o ry , in  low est 

o rd e r  ca lcu la tio n s .

In  th e  1970!s one s ta r te d  to  u se  th e  D irac eq u a tio n  w ith  some 

e ffec tiv e  p o ten tia ls  to  solve some long s ta n d in g  p u zz les  in  th e  th e o ry  

of n u c lea r  s t r u c tu r e . 3 “ 5 ’ 9 ” 11 T he m odern  d e sc r ip tio n  of n u c lea r 

m a tte r  as a re la tiv is tic  system  h as  led  to  a good u n d e rs ta n d in g  of 

v a rio u s  n u c lea r p r o p e r t i e s .6 ”  8 ’ 12 ” 16 F u r th e r ,  th e  u se  of th e  

re la tiv is tic  im pulse approx im ation  h a s  been  q u ite  su c c e ss fu l in 

d e sc rib in g  n u c leo n -n u c le u s  s c a t t e r in g .29” 31 A n a tu ra l  e x ten s io n  of 

th e  re la tiv is tic  an a ly s is  lie s  in  th e  s tu d y  of th e  s t r u c tu r e  of fin ite  

nu c le i. 13“ 16 While i t  is  p o ssib le  to  d e sc r ib e  fin ite  n u c le i u s in g  e ith e r  

a m ean-fie ld  (D ira c -H a rtre e )  a p p ro a c h 15 o r a D ira c -H artre e -F o c k  

a n a ly s is 16 , su ch  ca lcu la tio n s  involve th e  in tro d u c tio n  of a num ber of 

f re e -p a ra m e te r  s . T he phenom enological th e o r ie s , su ch  as th e
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R ela tiv is tic  B ru e c k n e r-H a rtre e -F o c k  th e o ry  6,7 (in  s h o r t:  RBHF

th e o ry )  o r  th e  re la tiv is tic  im pulse ap p ro x im a tio n 2 9 -3 1 , a re  p a ram ete r 

f r e e . We would like  to  d e sc r ib e  th e  p ro p e r t ie s  of fin ite  n u c le i u s in g  

th e  p a ra m e te r- f re e  (phenom enological) a p p ro a c h . To th a t  en d  one 

m ight contem plate  th e  calcu la tion  of re la tiv is t ic  B ru e c k n e r  reac tio n  

m atrices fo r  a fin ite  sy stem . H ow ever, th a t  is a v e ry  d ifficu lt 

p rogram  an d  we do not a ttem p t su ch  ca lcu la tio n s .

I t  is o ften  th e  case th a t  one can o b ta in  an  e ffec tiv e  in te ra c tio n  to 

avoid  th e  d iff icu lt ca lcu la tions re q u ire d  in  a s tu d y  of fin ite  nu c le i. 

H is to rica lly , in o rd e r  to  acco u n t fo r  n u c le a r  s a tu ra tio n , e ffec tiv e  

in te ra c tio n s  a re  u su a lly  ta k e n  to  be e i th e r  d e n s ity  o r momentum 

d e p e n d e n t, o r  b o th . R ecen tly , a v e ry  simple e ffec tiv e  in te ra c tio n  

was p ro p o sed  b ased  upon  th e  re la tiv is tic  m ean-fie ld  model of 

W alecka8 (Q H D -I). T h is  model m ade u se  of re la tiv is tic  m eson th e o ry  

(a D ira c -H artre e  ap p ro ach ) in w hich th e  in te ra c tio n  was m ediated  by  

two ty p e s  of m esons ( a n e u tra l  sca la r  m eson an d  a n e u tra l  v e c to r  

meson ) to  d e sc r ib e  th e  p ro p e r tie s  of n u c le a r  m a tte r .

T hese  in itia l a tte m p ts , w hich re p ro d u c e d  th e  n u c le a r  p ro p e r tie s  a t 

s a tu ra tio n  d e n s ity  on ly , ra re ly  in c lu d ed  a s tu d y  of o th e r  p ro p e r tie s  

of n u c lea r  m a tte r , fo r in s ta n c e , th e  e ffec tiv e  in te ra c tio n  betw een 

n u c lea r q u a s ip a r tic le s . We a re  h e re  in te re s te d  in o b ta in in g  an 

e ffec tiv e  in te ra c tio n  w hich may be u se d  in a (D irac) H a rtree -F o ck  

approxim ation  fo r  th e  s tu d y  of f in ite  n u c le i. T h is  in te ra c tio n  should  

be " rea lis tic "  in th e  sen se  th a t  th e  m a trix  e lem ents of th e  e ffec tiv e  

in te ra c tio n  shou ld  re p ro d u c e  th e  m atrix  e lem en ts ca lcu la ted  w ith th e
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re a c tio n  m atrices  o b ta in e d  in  RBHF s tu d ie s  of n u c le a r  m a t te r . 6' 7 We 

r e q u ire ,  in  p a r t ic u la r ,  th a t  th e  s e lf -e n e rg y  of a  p a r tic le  in  n u c le a r  

m a tte r  be  re p ro d u c e d  c o r re c t ly . F u th e r , we a lso  re q u ire  th a t  c e r ta in  

m a trix  elem ents of th e  . q u a s ip a rtic le  in te ra c tio n  (M igdal p a ra m e te rs ) , 

n u c le a r  m a tte r  b in d in g  e n e rg y , an d  th e  s a tu ra tio n  d e n s ity  be g iven  

c o rre c t ly . As we will see , i t  is  fa ir ly  e a sy  to  re p ro d u c e  th e  

c o rre c tio n s  re q u ire d  to  go from  th e  H a rtre e -F o c k  r e s u l ts  fo r  th e  

nuc leon  s e lf -e n e rg y  to  th e  r e s u l ts  of th e  re la tiv is t ic  re a c tio n  m a trix  

ca lcu la tio n s . In  a d d itio n , th e  e ffec tiv e  in te ra c tio n  d e te rm in ed  from  

o u r  s tu d y  of th e  n u c leon  s e lf -e n e rg y  also  re p ro d u c e s , q u ite  w ell, th e  

M igdal p a ra m e te rs  an d  s a tu ra tio n  c u rv e s  of n u c le a r  m a tte r  o b ta in ed  

from  re a c tio n  m atrix  c a lc u la tio n s . 6 ’ 7 I t  is a lso  in te re s t in g  to  no te  th a t  

if one a d ju s ts  th e  s t r e n g th  of th e  p seu d o p a rtic le  co u p lin g s , so th a t  

th e  s a tu ra tio n  c u rv e s  of v a rio u s  b o so n -ex ch an g e  p o te n tia ls  y ie ld  th e  

g en e ra lly  accep ted  v a lu e s  fo r  th e  b in d in g  e n e rg y  an d  s a tu ra tio n  

d e n s ity  of n u c le a r  m a tte r , one o b ta in s  q u ite  re a so n ab le  v a lu es  fo r  th e  

in co m p ressib ility  p a ra m e te r . (T h ese  v a lu es  a re  q u ite  sim ilar to  th o se  

o b ta in ed  e a r lie r  u s in g  th e  fu ll RBHF a n a ly s is .)

In  C h a p te r  1 we p re s e n t  an  in tro d u c tio n  a n d  a g e n e ra l s u rv e y  of 

th e  One -B o so n -E x ch an g e  model an d  th e  re la tiv is t ic  m ean-fie ld  th e o ry  

of n u c lea r s t r u c tu r e .  In  C h a p te r  2 we rev iew  some d e fin itio n s  of th e  

nuc leon  s e lf -e n e rg y  in tro d u c e d  in  an  e a r lie r  w o rk 6’ 7 an d  some of th e  

c e n tra l eq u a tio n s  of th e  BRHF th e o ry . In  C h a p te r  3 we d e sc r ib e  o u r 

model fo r  th e  e ffec tiv e  in te ra c tio n . In  C h a p te r  4 we p re s e n t  th e  

r e s u l ts  of o u r ca lcu la tio n s  of th e  nuc leon  s e lf -e n e rg y  a n d  th e  r e s u l ts  

fo r  th e  Migdal p a ra m e te rs . In  C h ap te r  5 we p re s e n t  th e  r e s u l ts  of
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o u r  ca lcu la tio n s  of s a tu ra tio n  c u rv e s  u s in g  o u r  p seu d o p a rtic le  

m ethod . In  C h a p te r  6 we p re s e n t  a  fu lly  -  s e lf -c o n s is te n t

p se u d o p a r tic le  app ro x im atio n  a n d  th e  r e s u l ts  of o u r  ca lcu la tio n s . 

F in a lly , we p re s e n t  some conclusions a n d  su g g e s tio n s  fo r  ap p lica tio n s  

of th is  p se u d o p a rtic le  m ethod  in  C h ap te r  7.

1 .2  C onven tions

In th is  w ork  we u se  th e  conven tio n s  sp ec ified  in  th e  te x tb o o k s : 

R e la tiv is tic  Q uantum  M echanics b y  J .D . B jo rken  an d  S .D . D re ll17 an d  

R e la tiv is tic  N uclear P h y s ic s : T h eo ry  of S tr u c tu re  an d  S c a tte r in g  by  

L .S . C elenza an d  C .M . S h a k in .7

T he m etric  te n s o r  is

1 0 0 0 '

0 - 1 0 0  
0 0 - 1 0  
0 0 0 - 1 ,

C o n tra  v a r ia n t  c o o rd in a te :

= ( x ° ,  x 1 , x 2 , x 3 ) s  ( x ° ,  x ) ,
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C o v arian t co o rd in a te :

x = ( x0 , x l f  x 2 , x3 ) b ( Xq, - i  ) = V  x

F or a n y  two fo u r -v e c to r s ,  p  an d  q , we d en o te  th e  sca la r  p ro d u c t by

P»Q = PuqM = p°»q° -  p .q  ,

p 2 = p %  = p ? - ? 2 •

We may e x p an d  sp in o r  fie ld  o p e ra to rs  as

iKx) =
m

2 /  E(p)
u ( p ,s ) e - ip # x  a

+ v Cp,s)<

4p .s

1P*X u+
-4p ,s

w here

u ( p , s )  = /  E(p)+m 
V 2m

g»p
k E(p)+m

v ( p , s ) /  E(p)+m 
v  2m

-» -4 O’*!)
E(p)+m

H ere u ( p , s )  a n d  v ( p , s )  d en o te  p o s i t iv e -e n e rg y  an d  n e g a tiv e -e n e rg y  

sp in o r so lu tio n s  of th e  D irac  e q u a tio n , re sp e c tiv e ly ; m a n d  "p a re  th e
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mass and momentum of the fermion, and Xg is a Pauli spinor. The 

u (p ,s )  and v($,s) satisfy  the Dirac equation:

[ 7°E(p) -  7 *p -  m ]u (p ,s) = 0 ,

[ 7 °E(p) -  7 *p + m ]v(p,s)  = 0 .

The adjoint spinors

u(p, s)  = u+(p,s)  7 ° 

v(p, s )  = v+(p,s)  7 ° ,

satisfy

u ( p , s )  ( p  -  m ) = 0 ,

v ( p , s )  ( $  + m ) = 0 ,

where

\  /

H ere I is 2x2 u n it  m a trix  an d  th e  o a re  th e  2x2 P au li sp in  m atrices

a  = a 2 , a 3) ,
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F re q u e n tly  a p p e a rin g  com binations a re  

2

an d

5 . 0 1 2 3
7  = * r r r r  = i 5 .

In  th is  re p re s e n ta t io n , th e  com ponents of avv a re

w ith  i , j , k  = 1 , 2 , 3  in  cyclic  o rd e r  an d

/

0 5
/

0
\

I
i i

o '
\

0
/

/>U .  A/ __

' ”  '5 “
9

I 0
/

T he in n e r  p ro d u c t o f a  TS m a trix  w ith  an  o rd in a ry  fo u r -v e c to r  is 

o ften  d en o ted  by

V " '  A  = A 0 -  i - t  . 

p \  •  A  = EV  -  i* p  .



1 .3  O ne-B o so n -E x ch an g e  (QBE) Model

9

T he form ulation  of th e  tt m eson th e o ry  of n u c lea r fo rces  took 

p lace  ab o u t 50 y e a rs  ago . T h is  model developed  in to  th e  O ne-B oson- 

E xchange  P o ten tia l (OBEP) model in  th e  e a r ly  1960's. In  th is  m odel, 

a d e riv a tio n  of th e  n u c leo n -n u c leo n  p o ten tia l can be o b ta in ed  b y  

u s in g  a q u an tu m  fie ld  th e o ry  of m esons. T h e  p o te n tia l a c tin g  

be tw een  a p a ir  of nu c leo n s due  to  th e  ex ch an g e  of a m eson h as  a 

ra n g e  of th e  o rd e r  of th e  m eson Compton w av e len g th , w hich is 

in v e rs e ly  p ro p o rtio n a l to  th e  m eson m ass. V arious p o ten tia ls  

( a t tra c t iv e  o r  re p u ls iv e ) ,  s p in -o rb it  p o te n tia ls , te n so r  p o te n tia ls ,

e t c . ,  h av e  been  d e riv e d  by  co n sid e rin g  th e  ex ch an g e  of d if fe re n t 

ty p e s  of m eson fie ld s .

In  r e c e n t  y e a r s ,  th e  OBEP model h as  been  q u ite  su c c e ss fu l in  

ex p la in in g  tw o-body  d a t a .2 , 2 6 -  28 I t  w as rea lized  th a t  m ulti-m eson 

sy stem s o ften  have  s tro n g ly  c o rre la te d  re so n an c e  s ta te s  w hich b eh av e  

a s  a s in g le  boson . B esid es  th e  e x ch an g e  of one ir-m eson, w hich  

d e te rm in es  th e  lo n g -ra n g e  p a r t  of th e  tw o-nucleon  p o te n tia l, some of

th e se  m ulti-m eson re so n a n c e s  w ere  in tro d u c e d  to  d e sc r ib e  medium-

ra n g e  an d  s h o r t- r a n g e  b e h av io u r of th e  tw o-nucleon  p o te n tia l. For 

in s ta n c e : (1) th e  p-m eson may be th o u g h t of as a tw o-p ion

re so n a n c e , (2) w-meson is  a th re e -p io n  re so n a n c e , (3) th e  0-m eson, 

w hich h a s  th e  same q uan tum  n u m b ers  as  th e  w, is  a re so n an c e  in  th e  

KK sy stem ; (4) th e  o-m eson is  re g a rd e d  as a co n v en ien t 

p a ram ete riza tio n  of th e  e ffe c t of th e  tw o-p ion  system  in  th e  S -s ta te



10

(J= 0 ); (5) th e  Ti-meson h as  th e  q uan tum  n u m b ers  of th e  ir-m eson, 

e x cep t th a t  it  h a s  iso sp in  T=0. In fo rm ation  co n ce rn in g  m asses, 

coup ling  c o n s ta n ts , an d  o th e r  quan tum  nu m b ers  of th e se  m esons a re  

lis te d  in  T ab le  1 .1  - T ab le  1 .3  fo r  d if fe re n t OBE p o te n tia ls .

In  th e  OBEP m odel, th e  m asses an d  coup ling  c o n s ta n ts  a re  

de term in ed  b y  a d e ta iled  f it  to  th e  tw o-nucleon  d a ta . B ecause m ost of 

th e  re so n an ce  s ta te s  h av e  a fin ite  w idth  th e re  is  some u n c e r ta in ty  in 

th e  spec ifica tion  of th e  m a s s . 22 T he main d iffe ren c e  among v a rio u s  

m eso n -th eo re tic  tw o-nucleon  p o ten tia ls  lie s  in  th e  tre a tm e n t of th e  

tw o-p ion  system  an d  in th e  d e ta ils  of th e  me sonic coupling  a n d  th e  

c u t-o ff  fa c to rs .

A ccord ing  to  th e  OBE model, th e  tw o-nucleon  p o te n tia l can be 

d e sc r ib e d  as  a  su p e rp o s itio n  of B orn  te rm s o b ta in ed  from  th e  (s in g le ) 

ex ch an g e  of v a r io u s  m esons. T h u s , in  momentum sp ace , OBE 

p o ten tia ls  h av e  th e  follow ing s t ru c tu re

e 2 F2( t )
OBE *  L - --------- *----  •

a a

w here  mQ d en o tes  th e  m ass of th e  e x ch an g ed  m eson, g Q d en o tes  th e  

m eson -nucleon  coup ling  c o n s ta n t a n d  "q ("q1) is  th e  in itia l ( f in a l) - s ta te  

re la tiv e  th ree-m om entum  of th e  two in te ra c t in g  n u c leo n s ; t  is th e  

momentum t r a n s f e r

t  = (Eq , -  Eq ) 2 -  (q  -  q ) 2

Ui2 ->2 2
Ep -  p + mN
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w here  m ,T th e  n u c leon  m ass . C u t-o f f - fa c to rs , F , a re  in tro d u c e d  to  N o ’
avoid  d iv e rg e n c e s  a n d  to  im prove th e  asym pto tic  b eh av io u r .

F o r th e  HEA p o te n tia l sl t  an d  fo r  a s ca la r  m eson,

A2 -  m2 -
•2( t )  = ( ^ a  j   ̂ a = x ,  rj, a , 6 ,

w hile, fo r  a  v e c to r  m eson

A2 -  m2 x 2 ,  A2 -  m

w here  X = 1950 MeV, X = 1250 MeV.' v

F o r th e  HM2 p o te n tia l 19 we u se  an  E ikonal form  fa c to r  (See 

A ppen d ix  A)

F a  ( t )  =  F a ( t >  u  I q o  } ’ a  =  a ,  w ,  j r ,  p ,  6 , 77 .

F or th e  BMR2 p o te n tia l : 2 0

F2 (q)  = f  A? ~ mq  ) 2

j

2 -» ( A2 "  “ i ^ 2F? (q) = | — i— I
A2 + q 2 }

l  =  5T, p  ,

j = W, 77 ,
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w here  Xx = 1 GeV, X2 = 1 .3  GeV, X3 = 1 .5  GeV.

In  sp ite  of th e  obv ious su cc e ss  of th e  OBEP model in  c o rre la tin g  

a g re a t am ount of d a ta , one can a rg u e  th a t  an y  a ttem p t to  couple 

boson fie ld s to  p a r tic le s  as la rg e  as  th e  nuc leon  would d e s tro y  the  

su ccess  of th e  OBE model of th e  n u c le a r  fo rce . T h e re fo re , th e  OBEP 

model may n o t be  " c o r re c t" . R ecen tly  C.M . S hak in  , L .S . Celenza 

an d  V.M. B a n n u r32 , 33 h av e  show n th a t  a la rg e  num ber of m esons 

may be d e sc r ib e d  a s  nontopolog ical so lito n s . T h ey  a rg u e  how ever, 

th a t  th e  im p o rtan t "m eson-fie lds" u se d  in  n u c lea r  s t r u c tu r e  p h y s ics  

and  in  th e  OBEP model of th e  n u c le a r  fo rc e , w hich have  th e  same 

quan tum  n u m b ers  as  th e  o, ir, p ,  an d  w m esons, shou ld  no t be 

id en tified  w ith  p h y s ica l m esons. T he q u a n ta  of th e  fie ld s in th e  OBE 

model can be c o n sid e red  as n e v e r  going on m a ss-sh e ll. ( T hese  

m eson -fie ld s can be de fin ed  to  be "n o n -p ro p a g a tin g  m o d es" .)  The 

"exchange  of m esons" betw een  a p a ir  of in te ra c t in g  nuc leons is 

re la te d  to  flu c tu a tio n s  of th e  q u a rk  s e lf -e n e rg y  in th e  model of 

B a n n u r , C elenza and  S hak in .

1.4 M ean-Field T h eo ry  an d  th e  E lem entary  o-w Model

Walecka an d  S e ro t 's  QHD-1 ( i . e .  th e  o-w m odel) is a v e ry  simple 

fie ld  th e o re tic  m odel. I t is  fo rm ula ted  in te rm s of a m assive n e u tra l 

sca la r-m eso n  fie ld , o (x ) ,  coupled  to  th e  sca la r  d e n s ity  T ^(x)T jig.(x),
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a n d  a m assive n e u tra l  v ec to r-m eso n  fie ld  w^(x) coup led  to  th e  b a ry o n  

c u r r e n t  ’i'j|j ( x ) y v'i'^ .(x ). In  th e  s ta t ic  lim it th is  th e o ry  g iv es  r is e  to  a 

e ffe c tiv e  n u c leo n -n u c leo n  p o te n tia l of th e  form

V
2 ~ V  2 " V  

«u e e
8 t a t i c  4jr r  4t

T he re la tiv is tic  model of n u c le a r  m a tte r  may be re p re s e n te d  by  

th e  following L ag ran g ian  d e n s ity

0 ,  ,0  , T0 . TI . Ti
C  =  %  + ha  + L S  + La + Lw »

w h ere

=  7 n ( x ) (  -  BN )iAn ( x )  ,

L° = i  t  a ^  » (x )  &  , ( x )  -  m* a 2 (x )  ] ,
2

LS = -  7  ^  (x) + ~2 *1  x) .

La  = -  SCT7N(x)<r(x)^N(x) ,

Li  = 8j^(*)V^(x)^(x) ,

^ ( X )  =  3 A ( x )  -  a A ( x )
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T he  eq u a tio n s  of m otion a re  th e re fo re

( V i r (x) + ml  }V x) = gcA(x)^ N (x) » (1,1)

( 0  + mI  )a (x ) = -  gff7N(x )^N(x) , (1 .2 )

( -  mN )^ N(x) = gaa (x )^ N(x) -  g f c / w / x W ^ x )  # (1 .3 )

T he v ec to r-m eso n  fie ld  e q u a tio n , E q . ( l . l ) ,  is  a inhom ogeneous 

P roca  eq u atio n  w ith  th e  c o n se rv e d  nu c leo n  c u r r e n t ,  ^ ( x ^ ' V ^ x ) , as 

th e  so u rc e . E quation  (1 .2 )  is  a  K le in -G ordon  eq u a tio n  w ith  th e  

b a ry o n  sca la r  d e n s ity  a s  so u rc e . E qu a tio n  (1 .3 )  is th e  D irac eq u a tio n  

fo r  th e  nucleon  fie ld .

In  g e n e ra l, th e  so lu tio n s  fo r  th e  m eson fie ld s  o b ta in ed  from  th e  

eq u a tio n s  of m otion a re

cr(x) = -  gff J d3x ’ D ^ x-x’)^N(x’ )^N(x’ ) , (1 .4)

= gw J d*x’ VX-X’%(X,)̂ N(X,) * (1>5)

w here  D_ an d  D a re  th e  r e ta rd e d  G re en 's  fu n c tio n s  of th e  K lein- o u

G ordon eq u a tio n ,
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( □ + m* ) Da (x -x ’ ) = 6 ( x -x ’ ) , ( a  = a, u> )

Do ( x - x ’) = 0 fo r  x 0 _ x 'o  < 0 , (1 .6 )

T he coup ling  c o n s ta n ts  g Q an d  gy a re  la rg e , im ply ing  th e  need  

fo r  a s tro n g -c o u p lin g  th e o ry . We h av e  th u s  n o t m ade m uch p ro g re s s  

b y  sim ple w ritin g  down a  se t of fie ld  eq u a tio n s  su c h  a s  th o se  above. 

H ow ever, c o n s id e r a  un ifo rm  sy stem  of b a ry o n s  in  a  volum e V . To a 

good approx im ation  we m ay rep lace  th e  m eson fie ld  b y  a  c lass ica l fie ld  

an d  th e  so u rces  b y  th e i r  g ro u n d  s ta te  e x p ec ta tio n  v a lu e s . T h is  is  

th e  m ean-fie ld  a p p ro ach  to  th e  n u c le a r  m a tte r  p rob lem . We h ave

w here  ^  is th e  g ro u n d  s ta te  w ave fu n c tio n . In  th is  approx im ation  
S

th e  eq u a tio n  of m otion fo r  th e  n u c leon  fie ld  is  sim plified  a n d  may be 

re a d ily  so lv ed . F o r exam ple, in  th e  n u c le a r  m a tte r  p rob lem , th e  

g ro u n d  s ta te  is  e x p e c te d  to  be un iform  an d  iso tro p ic , a n d  hence  th e  

g ro u n d  s ta te  e x p ec ta tio n  v a lue  of th e  sp a tia l p a r t  of th e  v e c to r  fie ld

<Kx) — * a = < I ff(x) | >
O  0

(1 .7 )

an d

wM(x) — ► = < *g | wM(x) | > , ( 1 .8 )
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w(x) sh o u ld  v a n ish  b y  ro ta tio n a l in v a ria n c e , ‘ST(x) = 0; a„ a n d  w0 will 

b e  c o n s ta n ts , in d e p e n d e n t of space  a n d  tim e, fo r  un ifo rm  n u c le a r  

m a t te r .

T he v ec to r-m eso n  fie ld , E q . ( l . l ) ,  in  th is  case  re d u c e s  to

w0 = ~ f ~ < K  I ?n(x)7° V x) I K  >
mu

2 PBID.

a n d  th e  sca la r-m eso n  fie ld , E q . ( 1 .2 ) ,  becom es

a 0 = “  < *g I ^N(x )^N(x) I *g >
o

m2 S •
a

(1 .9 )

( 1 . 10)

Since th e  b a ry o n  c u r r e n t  is  c o n se rv e d , th e  b a ry o n  n u m b er a n d  th e

b a ry o n  d e n s ity  pg fo r  a  un ifo rm  sy stem  is  a  c o n s ta n t of th e

m otion. T he  ex p ec ta tio n  v a lue  of 'f+j^(x)4'j^.(x) in  a  un iform  g ro u n d

s ta te  is  g iven  b y  th e  n u c leo n  num b er d e n s ity , n g ( x ) .  T he  in te g ra l  
P 3  +
Id xY ^ ( x ) ’i '^ (x )  is  th e  n u m b er o p e ra to r , w hich y ie ld s  th e  to ta l

n u m b er of nu c leo n s in  th e  sy stem , w hen a c tin g  on ^ .
&

Now th e  D irac e q u a tio n  (1 .3 )  is  l in e a riz ed  w ith  th e  s u b s ti tu tio n  of 

E q .( 1 .9 )  an d  E q . ( l . lO ) :



( ^ dn -  %  •  eaao + * W °  )^N(x) = 0
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( 1 . 1 1 )

a n d  it  m ay be  so lved  e x a c tly ; a ll th e  e ig e n s ta te s  a n d  e ig en v a lu es  a re  

k now n. T h e  v a lu es  of pg a n d  pg a re  u ltim ate ly  g iven  in  te rm s  of gQ, 

g y , mQ a n d  m^. In  C h a p te r  6, we sh a ll p re s e n t  an  ap p lica tio n  of 

th is  sim ple m odel.

One may co n s id e r th e  OBE model as  only  p ro v id in g  a 

p a ra m e te riz a tio n  of th e  f r e e  n u c leo n -n u c leo n  in te ra c tio n . H ow ever, in  

th e  RBHF th e o ry , we ta k e  th e  OBE model se r io u s ly  a n d  h ave  

c a lcu la ted  m atrix  e lem ents of th e  re a c tio n  m atrix  w hich  do n o t e n te r  

in  th e  s tu d y  of n u c leo n -n u c leo n  s c a tte r in g . One may c o n jec tu re  th a t  

th e  L ag ran g ian  of th e  OBE model is  a  u se fu l e ffec tiv e  L ag ran g ian  

c o n ta in in g  fie ld s  w ith  th e  q u an tu m  n u m b ers  of th e  o, w, it, p, 6, e tc . 

m esons. ( T he  L ag ran g ian  s e rv e s  on ly  a s  a re m in d e r of th e  

s t r u c tu r e  of th e  coup ling  of th e  boson fie ld s to  th e  n u c leo n , since 

th e r e  is  no p o ss ib ility  of so lv in g  th e  s tro n g -c o u p lin g  dynam ics 

a s so c ia te d  w ith  su ch  a  L a g ra n g ia n . ) For a su ffic ien tly  la rg e  system  

we may u se  a  re la tiv is t ic  m ean -fie ld  approx im ation  an d  in c lu d e  th e  

e f fe c ts  of s h o r t- r a n g e  c o rre la tio n s  b y  th e  m ethod to  be d e sc r ib e d  in 

th is  w o rk .
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T ab le  1 .1

HM2 P o ten tia l

m eson

" T “

4-
0

+ +-
w

+ +-

4

Iso sp in  | Spin 
| P a rity

T  |
 + -------------

r

+ + '
1 I 1'

I
 + -------
1 I f\

+ +-

l_ _ _ _ _ _ _ _ _ _ _ _ L .

0 I 0

I
 ± _____

4-

4-

4-

4-

I
4-

4 -

j ±

1
C oupling  | 
C o n stan t |

( g 2/4 n ) |
f / g

r~ ... . 1 ~ .i
\

p ro p a g a to r  |

11

V ertex
form

F ac to r

5.G59G | 0 .0
1

A i(p ) 1

1I

10.0  | 0 .0
1

a2(p ) 1

11

^ w2(t)

14.2 | 0 .0
1

A i(p ) 1

1I

0 .5  | 6 .2
1

a2(p ) 1

11

F p2(t)

A  A  -t r?c 1U.Oi f U I A  A
u . u

1
A ✓__ \  1“ u p ; i

1I

■n 2 / jl v 
r 6

2 .0  |

. . . . . .  .1

0 .0
1

A i(p ) 1

1i

F 2( t)T) *

T he p ro p a g a to r  fo r  sca la r  m eson is  A i(p)

A i(P ) = ( t  - m .2 ) 1 ( i = o, it, 6, ti )

F o r v e c to r  m eson th e  p ro p a g a to r  is  A2(p ) ,

A2(P) = " gyv( t  - m .2 ) _1 ( j = w,p,tf ) ,

an d

FQ2(t)  = Ea 2( t , u | q 02) ( o =o,w,Tr ,p,6,n  ) .

See A p pend ix  A.
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T ab le  1 .2

HEA P o ten tia l

" T *
| Iso sp in  | Spin

m eson j | P a r ity

| T  I J*
 + -------------+ --------

0

4 ----------- +-

4 ------------ + -----
I 1 I o '

I I
4 --------1-----

p I i  I i '

I I
— + ------------- + -------

o '

4 -------- +-

 + +-------
<t> I o | i '

I
. X .

I
. X .

4-

4-

4-

4-

4-

I
4-

I
4-

- X

1
C oupling  | 
C o n stan t | f / g

i i 
1 1 
| p ro p a g a to r  |

V e rte x
form

( g 2/4iT) | 1 11
F a c to r

4.63 | 0 .0
I 1 
1 Ax(p ) |

1 1 ! |

F i2(t)

14.00 | 0 .0
1 1
1 M p )  1
1 1 i i

R M )

13.00 | 0 .0
l l
1 M p )  1
1 1 i i

R 2( t)

1.50  | 3 .5
i i
1 M p )  1
1 1 i i

F .M )

4 .74  | 0 .0
I i
1 M p )  1
1 1 i i

F ;2 ( t)  1

6.00 | 0 .0
i I 
1 Ax(p ) |

1 1 1 I

7.00 |

i

0 .0
I 1 
i  A2(p ) 1

1 1 1 1
T he p ro p a g a to rs  a re  th e  same as  T ab le  1 .1  and

,  A2 -  m2 v*

Fa ( t )  = (  ^ ’ a  = T)' ^  6

P^(t) ( X " ma )2f Av " ma 'i
-  I i 2 . + J I T F - —  J , « = P. ^

A; -
A.2 -

an d  X= 1950 MeV, X = 1250 Mev. ’ v
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T able  1 .3

BMR2 P o ten tia l

r
j Iso sp in  j Spin

m eson | j P a r ity
| T  | J 11

 1 ----------- +-------

w | 0
I

 + -------

,± .

0

- +  1-

I 1 I O'

I I 
-+----------- +—

p I 1 I l '
I I

— + -------------------------------+ —

- + ■

- + ■

I
-+■

I
- + •

-+■

- - L

1
C oupling  | 
C o n sta n t | f / g

l l 
1 1 

p ro p a g a to r  |
V ertex

form
( g 2/4TT)| 1 11

F a c to r

7.8749 | 0 .0
t 1
1 Ax(p) |

1 11

v«»
20 .0  | 0 .0

1 I 
1 Aa (p ) |

1 1 !

V(q)
14.60 | 0 .0

1 1 
1 Ax(p ) |

1 1 I |

Fj'Cq)

0 .95  | 6 .1
1 1 
1 A2(p ) |

1 1 1

F,s (q)

4.9973 | 0 .0
1 1 
1 Ax(p) |

i 1i

V(q)
3 .0  |

___ ____I

0 .0
i i 
1 Ax(p ) |

1 1 i i

F,-<q)

T h e  p ro p a g a to rs  a re  th e  same as T ab le  1 .1  an d

<q> = f Xi ~ ) 2
[ X \ + V  }

\ 2  2 A: -  m? N 2

F? (3 ) j = W, 6 , f) ,

w ith  Xx= 2 .0  GeV, X2= 1.3G eV , X3= 1 .5  GeV.
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C h a p t e r  2

A  B r ie f  R e v ie w  o f  R B H F  T h e o r y

2 .1  T he  B e th e -S a lp e te r  E qu a tio n  an d  th e  R eaction  M atrix

B ethe  an d  S a lp e te r  h av e  shown th a t  th e  re la tiv is tic  tw o-nucleon  

am plitude M can be r e p re s e n te d  as  th e  so lu tion  of a  c o v a rian t in te g ra l 

e q u a tio n 23 2<t, ( i n  s h o r t :  BSE ) d ep ic ted  in  F ig . 2 .1

H ere -iM is  th e  re la tiv is t ic  tw o-nuc leon  s c a tte r in g  am p litu d e , is  a 

Feynm an p ro p a g a to r  fo r  th e  in te rm e d ia te -s ta te  n u c leo n s ; th e  

in te ra c tio n  k e rn e l K is  th e  sum of all ir re d u c ib le  tw o -p a rtic le  

d iag ram s. (Of c o u rse , th is  m ust be  r e g a rd e d  as  an  o p e ra to r  

eq u atio n  in  th e  sp in  a n d  iso sp in  space  of th e  two n u c le o n s .)  I t  is 

obv iously  h o p e less  to  t r y  to  solve th e  BSE e x a c tly , s ince  th e  k e rn e l 

K can n o t be g iven  in  a  c lo sed  form .

M = K + KGpM 

F ig .2 .1

( 2 . 1 )
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N ote th a t  th e  BSE in v o lv es  a  fo u r-d im en sio n a l in te g ra tio n  o v e r th e  

in te rm ed ia te  n u c leon  four-m om en ta . In  R e f .24 one f in d s  a d iscu ss io n  

of p ro c e d u re s  w hich  m ay be u se d  to  re d u c e  th e  fo u r-d im en sio n a l BSE 

to  a tra c ta b le  th re e -d im e n sio n a l c o v a rian t e q u a tio n .

Born t e r m

F ig . 2 .2

T he  te c h n iq u e  in v o lv es  re p la c in g  E q .( 2 .1 )  b y  two e q u a tio n s ,

M = U + UgM , (2 .2 )

U = K + K (G f  - g )U . (2 .3 )

H ere  g is  p ro p a g a to r  th a t  h a s  th e  same r ig h t -h a n d  c u t a s  G p, an d  g 

co n ta in s  a d e lta  fu n c tio n , w h ich  re d u c e s  th e  fo u r-d im en sio n a l

eq u a tio n  to  a  th re e -d im e n s io n a l e q u a tio n . In  th e  p h y s ic a l e n e rg y

re g io n  Gp an d  g h av e  sim iliar c u t s t r u c tu r e  an d  th a t  le ad s  to  th e  

p o ss ib ility  th a t  (G p - g) is  "sm all" .
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T h e re  a re  m any p o ssib le  cho ices fo r  g a n d  fo r  each  choice one 

can  de term ine  a  re la tiv is t ic  q u a s i-p o te n tia l U. V arious q u a s i-p o te n tia ls  

have  b een  de term in ed  b y  f i t t in g  th e  tw o-nucleon  s c a tte r in g  d a ta  

u s in g  th e  OBE model of n u c le a r  fo rc e s . (See Section  1 .3 .)  T he 

d iscu ss io n  in R ef. 7 u se s  th e  approx im ation  d isc u sse d  in  R ef. 24, 

w here  E q .( 2 .2 )  is re p la ce d  by

H ere th e  " + " s ig n s  d en o te  m a trix  e lem ents ta k e n  be tw een  only 

p o s itiv e -e n e rg y  sp in o r s ta te s  of th e  D irac eq u atio n  w ith o u t 

in te ra c t io n , u (p , s ) , w here

e tc . In  th e  s tu d y  of n u c le a r  m a tte r  E q .( 2 .4 )  was g en era lized  to  th e  

form

(2 .4 )

(2 .5 )

A = u  + u g ++A . ( 2 .6 )

T he p ro p a g a to r  g ++ is  ta k e n  to  in c lu d e  d isp e rs iv e  e ffe c ts  an d  Pauli - 

p rin c ip le  re s tr ic t io n s .  V arious form s fo r  g ++ a re  d isc u sse d  in  R e f .24. 

We h av e  n eg lec ted  th e  e ffe c t of th e  medium in  m odifying th e  k e rn e l
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U. T he  so lu tion  & of E q .( 2 .6 )  is  th e  e ffec tiv e  in te ra c tio n  in  th e  

m edium . (& is  u su a lly  called  th e  re a c tio n  m a tr ix .)

We can  in tro d u ce  th e  m a trix  e lem en ts ,

< f ( P ,S i ) f ( q ,S 2 ) |M |f ( p 's '1) f ( q 's '2)>

(2 .7 )

an d  a c o rre sp o n d in g  re la tio n  fo r th e  q u a s i-p o te n tia l U. H ere f ( p , s )  is

th e  so lu tion  of E q .(2 .8 )  of th e  n e x t su b se c tio n . One may co n sid e r
A

th e  reac tio n  m atrix  M in  E q .( 2 .6 )  a s  th e  a p p ro p r ia te  genera liza tio n , 

fo r th e  RBHF th e o ry , of th e  n o n re la tiv is tic  B ru e c k n e r  reac tio n  

m a tr ix .

We no te  th a t ,  in  p r in c ip le , & can  be ca lcu la ted  in  th e  " la d d e r  

approx im ation  11. H ow ever, th e  coup ling  c o n s ta n ts  a re  v e ry  la rg e  an d  

a sy stem a tic  so lu tion  of a  s tro n g ly -c o u p le d  fie ld  th e o ry  is no t 

av a ilab le . T he  o n e -b o so n -ex ch an g e  model p ro v id e s  a scheme fo r 

c o n s tru c tin g  a re la tiv is tic  q u a s ip o ten tia l an d  s c a tte r in g  am plitude. 

T he k e rn e l of th e  BSE is app rox im ated  b y  th e  B orn  term  ( see 

F ig .2 .2  ) in  m ost ap p lica tio n s .

2 .2  T he R ela tiv is tic  N ucleon Wave F u n c tio n  in N uclear M atter

T he re la tiv is tic  nucleon  wave fu n c tio n  in  n u c le a r  m a tte r is  a 

p ro d u c t of a D irac sp in o r an d  iso sp in o r an d  a p lane  w ave
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T h e  sp in o r  f(f?, s ) s a tis f ie s  th e  D irac  eq u atio n

[y*p-m N- Z ( { f ( p ',s ) } ,p ) ] f ( p ,s ) = 0  . ( 2 . 8 )

H ere  I ( p )  is  th e  s e lf -e n e rg y  w hich  d ep en d s  on th e  sp in o r f ( p , s )  an d  

th e  d e n s ity  of th e  sy stem .

L. Celenza an d  C. S h ak in  h av e  s t r e s s e d  th a t  th e  nuc leon  m ass is 

d if f e re n t in  a  n u c le a r  en v iro n m en t th a n  in  v acu u m 7. T h e  equation  

g o v e rn in g  th e  m odification of th e  m ass from  th e  vacuum  m ass is

w h ere  X(p) is  ag a in  th e  s e lf -e n e rg y  of th e  nucleon  due  to  th e  

p re se n c e  of n u c le a r  m a tte r . If  we determ ine  th e  re la tio n  betw een  th e  

e n e rg y  an d  th e  mom entum , p° = >E ( p ) ,  we can  w rite  E q .(2 .9 )  as

m (p 2)=mN + i T r  X(p2,m (p 2) , k F ) , (2 .9 )

m (p)=m N + 4 T r X (p ,m (p ) ,k F ) . ( 2 . 10)

F o r exam ple, if  X(p) = A (p ) + Jf°B (p ) we would h a v e , fo r  p° > 0,



p B= E (p)= B (p) + [p 2+{mN + A (p)}2]* ,
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(2 . 11)

as  th e  d isp e rs io n  re la tio n  re la tin g  th e  q u a s i-p a r tic le  e n e rg y  an d  

momentum in  th e  n u c le a r  m a tte r . F u r th e r  we see th a t

m (p ) = mN + A (p ) . (2 . 12)

T he m odels to  be  d isc u sse d  h e re  a re  c h a ra c te r iz e d  as  h a v in g  la rg e  

n e g a tiv e  v a lu es  fo r  A (p ) , of th e  o rd e r  of -400 MeV, a n d  la rg e  

p o s itiv e  v a lu es  fo r  B (p ) of ab o u t 300 M eV .7

F or th e  above form  of I ( p )  we o b ta in ,

f(?,8) . / _ i *  JL &2bJL)
v /  mN E(p) 2m

P

E(p)+m

(2 .13)

%(P)  f (p)

2mN E(p)

p

v ?(p)

w here  EN (p ) = [p 2 + n ^ 8]* , E (p ) = [p 2 + m2(p ) ]* ,  an d  T (p ) = [p 2 + 

n»2(p ) ]^  + m ( p ) . We h av e  cho sen  th e  norm aliza tion , ( see  A ppend ix  

B )

f +( p ,S’ ) f ( p , s )  = m'N ss (2 .14)

fo r  th e  sp in o rs  f ( p , s ) .  T h e re fo re ,
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*+e (p )* B(p ) = 1 •s '*  '  s (2 .15)

Note th a t  if in ■+ we h a v e  f  (p", s ) -* u ( p ,  s ) ,  w h ere

u ( p , s )  =
%(p)+mN

2m,‘N % (p)+m N

(2.16)

is  th e  s ta n d a rd , p o s i t iv e -e n e rg y  so lu tio n  of th e  f r e e  D irac eq u atio n

norm alized su ch  th a t  u ( p ,  s )u (p ',  s ')  = 6 ,.s s

2 .3  T he E n e rg y  of R e la tiv is tic  N u c lea r M atte r

U sing  v a rio u s  ap p ro x im a tio n s , one o b ta in s  an  e x p re ss io n  fo r th e  

e n e rg y  of re la tiv is tic  n u c le a r  m a tte r  in  RBHF th e o ry ,

E = s + mN)f(P’8),(Vl»l>

+ i s  |  *  <  3 r V ) ( ~ V ) » i y  i * i > « v  I’ l>
2 s s  * ( 2 * ) 3 ( 2 x ) 3 VEN( p ) M EN( q ) ;  

x < f ( p , s ) f ( q , s ’ ) | M ( l - p 1 2 ) | f ( p , s ) f ( q , s ’ )> , (2 .17)
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o r

E '  5 ( T k ) ?(5’8)<W + "« + •
T* (2 .18 )

T he  s e lf -e n e rg y  £ (p ) is  a  4 x  4 D irac m atrix

2(p) = I J  7̂ t r V ) < p .« 5 .» ) l> '( i - p 1,>l5.f(3.»)>*'Vl«l) •8 ( 2 f )  z<»(q)
(2 .19 )

A
H ere M is a reac tio n  m a tr ix , w hich sa tis f ie s  th e  th re e -d im e n s io n a l 

BSE (2 .2 ) ,  an d  in c lu d e s  P a u li-P r in c ip le  r e s t r ic t io n s  a n d  d isp e rs iv e

__ A __ _ "pi •      _  i _________________________   x / f . r  . . . . .  n  ac n e t i s ,  ir12 i s  an  e A f i i a i ig e  o p e ra to r , (w e  s u p p re s s  r e ie re n c e  to  

iso sp in  fo r  s im p lic ity .)

2 .4  M atrix E lem ents of th e  S e lf-E n e rg y

It is  u se fu l to  in tro d u c e  v a rio u s  m atrix  e lem en ts  of th e  se lf-  

e n e rg y

2” s (p)=  I  *<kF- |q |>
S s ” J (2 * )3 ^ ( q ) '  F (2 .20)

X < u ( p ,s ’ ) f ( q , s ’ ’ |M (l-p 12) |u ( p , s ) f ( q , s ’ ’ )>,
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( 2 . 2 1 )
X < w ( p , y ) f ( q , s ” ) | M ( l - p12) | u (p  i ) f ( ^ , s ” )> ,

Ers(p)= x J v̂i }̂S S s ” J (2x ) 3 \ ( q ) J F

a  ( 2 . 2 2 )
X <w(p,s’ ) f ( q , s ” ) | M( l -p12) | w ( p , s ) f ( q , s ” )> .

In  th e se  e q u a tio n s  th e  sp in o r  w ( p ,s )  = v ( - p . - s ) .  Also u Q ^ s )  a n d  

v f p ,  s )  a re  th e  fre e  D irac s p in o rs . (See S ection  1 .2 .)  If  th e se  m a trix  

e lem en ts  a re  d e fin ed  in te rm s of a  d e n s i ty  m a trix  c h a ra c te r iz e d  b y  

th e  f re e  s p in o rs , u ( p , s ) ,  we h av e

C  (?)=Eo g ,u (2tt) E^(q) *

X < u ( p ,s ) u ( q ,s ’ ) |M (1-p ) |u ( p , s ) u ( q , s ’ )> , ^2 ‘23^

S g~ ,(p )=  < s ’ |a « p | s>£*"(p)

X < u (p ,s ’ ) u ( q , s ” ) |M ( l-p 12) |w ( p ,s ) u ( q ,s ” )> ,

an d

E r  < ? > =  1 1 - ^ T p T - )  • C k F - | q | )
s ,J (2x) E^(q) * (2 :25 )

x < w (p ,s )u (q , s ’ ) |M (1-P j2) |w (p ,s )u (q , s ’ )> ,
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e tc . Note th a t  I ++(p ) a n d  I  ( p ) , a re  in d e p e n d e n t of th e  sp in  in d ex  

s .

V arious f ig u re s  a n d  ta b le s  a p p e a r in g  in  R ef. 7 g ive th e  v a lu es  

o b ta in ed  fo r  I 0++( p ) ,E 0+ (p ) a n d  E0 (p )  fo r  d if fe re n t v a lu es  of th e  

Ferm i momentum, k p , a n d  fo r  two d if fe re n t in te ra c t io n s , HEA an d  

HM2. T he  H a rtre e -F o c k  r e s u l ts  fo r  Eo++( p ) ,  2o + (p ) a n d  I 0 ( p ) ,
A

o b ta in ed  b y  re p la c in g  M b y  U in  th e  above e q u a tio n s , can  also  fo u n d  

in  R e f .7.

2 .5  C alculation  of th e  S e lf-E n e rg y

L. C elenza an d  C. S h ak in  have  p re s e n te d  a  g e n e ra l form alism  fo r 

th e  s tu d y  of th e  s c a t te r in g  of a  re la tiv is t ic  nucleon  from  a sp in -z e ro  

t a r g e t . 7 ’ 2 * In  th e  c e n te r-o f-m a ss  of th e  n u c leo n -n u c leu s  sy stem , th e  

form  of th e  re la tiv is tic  o p tica l p o te n tia l fo r  th e  case of an  o ff-m ass- 

sh e ll nuc leon  is

< I ’ | e (5 ) |S >

= A + 7°B + C + —  7 . ( £ ’-  t )  -  —  7°7.(1?’4 )
2mN mN 2mN

iF  r o-> iG ^  iH L 1  + k ) j  + — -E»(k x k )    7  E»(k x k) ,
2m„ m„

(2 .26)
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w here  A, B , C, D , E, F , G a n d  H a re  e ig h t s c a la r  in v a r ia n ts  th a t  

sho u ld  be  d e te rm in ed . In  th e  case  of n u c le a r  m a tte r , w here  k  = k ',  

th e  n u m b er of fu n c tio n s  re q u ire d  to  sp ec ify  th e  s e lf -e n e rg y  is  th re e  

if th e  H am iltonian is  in v a r ia n t u n d e r  th e  time re v e r s a l  o p e ra tio n . 

T h u s , in  th e  case of n u c le a r  m a tte r , w h ere  N = Z, we have

£  . a J p )  = 6 .  ^  [ A(p) +7°B(p)+ 3** C(p) ] , (2 .27)Mrp,«pp ffljj

w h ere  a re  iso sp in  in d ic e s . U sing  th e  fo rm ulas l is te d  in

A ppend ix  9 (R e f .7 ) , we can  ca lcu la te  th e  s e lf -e n e rg y  I ( p )  fo r  th e

ex ch an g e  of a , u, p an d  t t  m esons. F o r th e  case  of th e  ex ch an g e  of

6, ti a n d  <f> m eson one can ca lcu la te  th e  s e lf -e n e rg y  £ (p ) u s in g

follow ing fo rm ulas:

6 -m eson

F  ( p - q )

L _  (p-q): 
_2 mS

) (  ^ +mN )
)  I  J a ’ a

N

Ac(p) ■fj _dg_
( 2j t )'

4
■)(

F  ( p - q )

i _  (p-q): 
_ 2

Bc(p) = f j
4

(2 *  r
• P m  f -\ a ) > 1 mj •)(

F (p-q)

l  _  i f irf l l  
_2 ms
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n - m e s o n

$ pv) Cp > = ( -1 )  J  p a _ )  r ■ F i(p "q) ) f

m2V

x -
8m

*1

-5— (2mJ -  2 (p .q)( l+  + 2jfc„ )

Ai PV)(p) = J  T ^ i - p V )  ( 4 - )  ( - F>(- > ,  1 — ~ £ - ( 2p*q-2m^) ,  
n J (2 jt)3 \ ( q y K m * n  x (P-q> '  8m2 N 9

mn

bJpv) (p) = J - ^ T - p W  (4) ( F' (P" 1) , ) -P-2P°f(P-Q)-mJ)
11 J (2jt) ^Ejj(q)' 1 (p -q ) } 8m® ^

m2n

_2
mn
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1 (b-d)si J l w  J h r l “ T r  J *

* ( v ^ = f fT  “  T)*  r (^ > ^  e ^ s > P
- y . .----------+ ( ° M  1 1 4 — 1 l - V - l - 1 ^  I *(D-<»)8d  . - / n r a  /  '  «« / ^  j
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• / w t «  w<t)% < w
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ee

= (d)^0

= ( d / g

= ( d A

w^»

(d )” ‘£*
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The Pseudoparticle Model

3 .1  M otivation

In  F ig . 3 .1 7 we can  see  th e  ro le  of c o rre la tio n s  in  th e  calcu la tion  

of ZD ( p ) . We can  a sk  if th e  H a rtre e -F o c k  r e s u l ts  fo r  Z0 (p ) fo r  

th e  p o te n tia l HEA can  b e  "shifted*1 to  th e  c u rv e s  w hich  in c lu d e  th e  

e ffe c ts  of c o rre la tio n s . T h e  re q u ire d  s h if ts  can  be  o b ta in ed  by  

a d d in g  a  s h o r t- r a n g e  in te ra c tio n  ( see  F ig . 3 .2  ) ,  th a t  is ,  an

in te ra c tio n  w hich  a r is e s  from  th e  e x ch an g e  of a  few  m assive 

p s e u d o p a r tic le s .

' HEA

<00

50-

>«*
2 0 8060402

-100

T he solid  lin e s : H a rtre e -F o c k  app rox im ation  (M = U ) ; th e  

d a sh ed  c u rv e s  in c lu d e  c o rre la tio n  e f fe c ts .  (a )k p = 1 .2  fm "*, 

(b ) k F=1.36 fm "1 , ( c ) k F=1.5 fm "1 , ( d ) k F=1.6 fm "1 .

Fig. 3 .1
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+ (ex ch an g e  te rm s)

O ur f i r s t  goal is  to  fin d  a Vg££= U + AU, w hich  w hen in s e r te d

in to  E q s .(2 .1 9 )  - (2 .2 2 ) ,  will re p ro d u c e  th e  r e s u l ts  o b ta in ed  w ith  th e  
A

re a c tio n  m a trix  M. I t  t u r n s  o u t th a t  th is  can  be  done b y  ad d in g  a 

few m assive p s e u d o p a r tic le s  w ith  a p p ro p r ia te  ( re a l  o r  im ag inary ) 

coup ling  c o n s ta n ts . In  o rd e r  to  u n d e rs ta n d  o u r  m odel, le t  u s  look a t 

th e  c o n tr ib u tio n  of sigm a e x ch an g e  to  c e r ta in  m a trix  e lem en ts  of th e  

p o te n tia l U:

<p;s; . P j s • |u++++d -  p 12) |p l S l ,p 2s 2>

=g2 8 i P i8 ! )  H u (P 2 s ’ )u (P 2s 2) ]

q -  + irj

[5 (P282)u (P is i ) ] [ 5 ( P js i )u (P2S2)]

( P r  P p 2-  + ir)

H ere we h av e  ag a in  s u p p re s s e d  re fe re n c e  to  iso sp in  a n d  to  th e  

v e r te x  c u t-o f f  (o r  form  fa c to rs )  u s e d  in  th e  o n e -b o so n -e x c h a n g e  

m odel. T h ese  fe a tu re s  a re  in c lu d ed  in  o u r  c a lcu la tio n s , h ow ever.
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We now  d e fin e d  th e  c o n tr ib u tio n  of p seu d o -s ig m a  e x ch a n g e  as  

fo llow s,

w h ere  th e  m inus s ig n  to  th e  r ig h t  of th e  e q u a ls  s ig n  can  be th o u g h t 

of a s  a r is in g  from  th e  u se  of an  im ag inary  co u p lin g  c o n s ta n t fo r  th e  

p s e u d o p a r tic le  of m ass Mfl. T he  e x ten s io n  of th e se  d e fin itio n s  to  th e  

e x c h a n g e  of omega "m esons" an d  p seu d o -o m eg a  "m esons" is 

s tr a ig h tfo rw a rd .

A g a in , w ith  re fe re n c e  to  th e  OBE p o te n tia l, we p u t

<p ; s ; , p ’ s ’ | ai£ +++u -  Pu H p j V ' W  

q2 -  M2 +

[ u tp ’ s ’ M p j S ^ n u t p j s p u G ^ S j ) ] '

cp,- p;>2 -  K  *

(3 .1 )

w h ere

(3 .2 )

H ere  th e  U. r e p r e s e n t  th e  B orn te rm s of OBE model (in c lu d in g  th e  

e x ch a n g e  te rm s)  an d
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V<2>ef£ = AU = Z AU. ,
i J

(3 .3 )

r e p r e s e n ts  th e  B orn  te rm s  a r is in g  from  th e  ex ch an g e  of 

p se u d o p a r tic le s . We sh a ll u se  th is  approx im ation  in  o u r c a lc u la tio n s .

U sing  th e  r e s u l ts  o f A p p en d ix  9 (R e f .7) a n d  th e  form ulas in  

S ection  2 .5 , we ca lcu la te  th e  follow ing q u a n titie s  in  th e  H a rtre e -F o c k  

ap p ro x im a tio n :

As an  exam ple, le t  u s  look a t  th e  c o n tr ib u tio n s  of omega an d  

pseudo-om ega e x ch an g e :

A (p ) = ZA.(p) + Z AA.(p) ̂ 1 J (3 .4 )

B (p )  = ZB (p ) + Z AB (p ) 
\> 1 Q J

(3 .5 )

C (p ) = ZC (p ) + Z AC (p ) 
1 i ■’

(3 .6 )

We th e n  ca lcu la te  th e  m a trix  e lem en ts of th e  se lf -e n e rg y

U p) 2̂
 B(p)  + - ^ r  C(p)  ] ,

e N bN

(3 .7 )

• > ¥  [ C(p)  -  A(p) ] ,  
N

(3 .8 )

an d

(3 .9 )

V p) = 4
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AAw(p) =
F * ( p - q )

(2ff) E ^ (q r  1^ 2 ( 1  - i E ^ a l T )
Mu

) (3 .11 )

We see  th a t  we a re  u s in g  th e  p o te n tia l, AU, to  re p la ce  th e  h ig h e r-  

o rd e r  te rm s in  th e  la d d e r  d iagram s (see  F ig .3 .3 )  of th e  th e o ry  w ith  

c o r re la tio n s .

u ( q , s ’ ) 

u ( q . s ’ ) q

mm   “

u
u ( p , s )

u
u ( p , s )

u ( q , s ’ )
u ( q , s ’ )

m m

AU AU

u ( p , s ) u ( p , s )

u ( q , s ’ )
u ( q , s ’ )

Q mm

AU AU

u ( p , s )  u ( p , s )

B o r n  Term

< w ^ y
t + •  • •

S eco n d  o r d e r  H i g h - o r d e r
L a d d e r  d i a g r a m s

F i g .  3 . 3

With re fe re n c e  to  th e  p o ten tia l HEA, i t  tu r n s  o u t th a t  we only  

n eed  in tro d u c e  th re e  p se u d o p a rtic le s  to  re p ro d u c e  v a rio u s  m atrix
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elem ents of th e  re a c tio n  m a trix . T h ese  a re  p seu d o -s ig m a , p se u d o ­

om ega a n d  p se u d o -d e lta  f ie ld s . One m igh t th in k  th a t  a  p seu d o -p io n  

w ould be re q u ire d , b u t ,  a s  may be seen  from  th e  f ig u re s  in  R e f .7, 

th e  ex ch an g e  of p io n s , b ey o n d  th e  B orn  te rm , g iv es  r is e  to  e ffe c ts  

th a t  can  be re a d ily  s im ulated  b y  sigm a e x ch a n g e . T h e re fo re , in  f i r s t  

ap p ro x im atio n , th e  ro le  of p seu d o p a rtic le  ex ch an g e  is  to  re d u c e  th e  

re p u ls io n  of th e  o m eg a-exchange  B orn  te rm , re d u c e  th e  a ttra c t io n  of 

th e  s ig m a-exchange  B o rn  te rm , an d  to  sim ulate th e  sigm a-like  

a ttra c t io n  o b ta in ed  from  h ig h e r -o r d e r  te rm s  in  th e  ex ch an g e  of p io n s . 

As we will see , th e  sim ulation  of c o rre la tio n  e ffe c ts  in  p ion  ex ch an g e  

will lead  to  th e  u se  of a n e g a tiv e  v a lue  fo r  6g20 in  E q .( 3 .2 ) .  T h is  

c o rre sp o n d s  to  th e  u se  of a re a l coup ling  c o n s ta n t fo r  th e  p se u d o ­

sigm a fie ld . We p u t

v ( 1 )  f f  = ueff
= U + U + U + U + U -  + U + u ,  o w p n o T) <t>

(3 .12)

a n d

V (2 )e «  * «
AU + AU + AU* o w o

(3 .13)

T h e re fo re , th e re  a re  s ix  p a ra m e te rs  (a t  each  d e n s ity ) :  (6 g 2Q) ,

(6 g 2w)» (^ S 2g) > , My an d  Mg. We fix  th e  v a lu es  of th e  m ass
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p a ra m e te rs  to  be Mo=1.0 GeV, Mu=1.0 GeV a n d  Mg=1.25 GeV, leav in g  

only  th re e  p a ra m e te rs  to  be  d e te rm in ed . We rem ark  th a t  th e  choice 

of fa ir ly  la rg e  m asses fo r  th e  p se u d o p a rtic le s  follows from  th e  

o b se rv a tio n  th a t  th e  ro le  of c o rre la tio n s  in  th e  ca lcu la tion  of I + + , fo r  

exam ple, is  to  sh if t  th e  m agn itude  of I ++ w ith o u t ch an g in g  th e  

momentum d e p e n d e n c e . 7 S uch  a sh if t  can  be o b ta in ed  from  a s h o r t-  

ra n g e  in te ra c t io n , th a t  is , an  in te ra c tio n  w hich  a r ie s  from  th e  

ex ch an g e  of a m assive p a r tic le . I t  is  obv ious th a t  th is  choice is  no t 

u n iq u e . F u r th e r  d iscu ss io n  of th is  m a tte r  can  be fo u n d  in Section 

3 .4 .

3 .2  T he  D eterm ination  of th e  C oupling  C o n sta n ts  of th e  

P se u d o p a rtic le s

O ur d iscu ss io n  is fa c ilita ted  by  m aking u se  of th e  f ig u re s  

a p p e a rin g  in  R e f .7, w hich  gave th e  c o n tr ib u tio n s  of th e  v a rio u s  

m esons in  th e  ca lcu la tion  of th e  s e lf -e n e rg y . F i r s t ,  we s tu d y  th e  

p o te n tia l HEA. We re p ro d u c e  some of th e  re le v a n t f ig u re s  in  th is  

w o rk . (See F ig s . 1 -8 .)  As a  sp ec ific  exam ple, le t  u s  co n sid e r th e  

re p u s io n  in  E++ o b ta in ed  from  « an d  <f> ex ch an g e  (as  show n in  F ig .2) 

fo r  th e  p o te n tia l HEA. T h e  solid  line  is th e  H a rtre e -F o c k  r e s u l t  an d  

th e  d a sh e d  line  in c lu d es  th e  e ffe c ts  of c o rre la tio n s . We w an t to  

choose th e  coup ling  c o n s ta n ts  of th e  p se u d o p a rtic le s  so th a t ,  in s te a d  

of th e  r e s u l ts  show n b y  th e  solid  lin e , we g e t th e  r e s u l ts  show n b y
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th e  d a sh ed  lin e s . We can  accom plish th is  b y  a d d in g  a pseudo-om ega 

to  th e  model to  a d ju s t  th e  c o n tr ib u tio n  of th e  u fie ld , so th a t  one 

o b ta in s  v a lu es  c o rre sp o n d in g  to  th e  d a sh e d  lin e s  r a th e r  th a n  th e  

solid  lin e s . T he  c o n tr ib u tio n s  of p a r tic le  p lu s  p seu d o p a rtic le  

e x ch a n g e  a re  d en o ted  b y  th e  b lack  d o ts . I t  can be seen  th a t ,  w ith  

th e  a p p ro p r ia te  choice o f coup ling  c o n s ta n t fo r  th e  p se u d o p a rtic le , 

th e  b lack  d o ts  can  be  m ade to  fa ll on th e  d a sh e d  c u rv e . T h is  can 

a lso  be done fo r th e  $ fie ld .

A t th is  p o in t we h av e  a d ju s te d  th e  w an d  <p co n trib u tio n s  by  

ad d in g  pseudo-om ega p a r tic le s  to  th e  m odel. With th e  coup ling  

c o n s ta n ts  fix ed  from  th e  s tu d y  of I + + , we can th e n  ca lcu la te  th e  

c o n tr ib u tio n s  of th e  p s e u d o p a r tic le s  to  X+ . With re fe re n c e  to  F ig .5, 

we n o te  th a t  th e  solid  lin e s  den o te  th e  H a rtre e -F o c k  re s u l ts  fo r  o, w 

a n d  0  e x ch a n g e . If we th e n  a d d  th e  c o n tr ib u tio n s  of pseudo-om ega 

e x ch a n g e  (w ith  th e  co u p lin g  c o n s ta n ts  fix ed  as  d isc u sse d  a b o v e ) , we 

o b ta in  th e  b lack  d o ts . Note th a t  th e  b lack  d o ts  fall on th e  c u rv e s  

w h ich  d e sc rib e  th e  e ffe c ts  of co rre la tio n s  (d a sh ed  l in e s ) .

T h e re fo re . we see  th a t  once we fix  th e  p seu d o p a rtic le  coup ling  

c o n s ta n ts  from  th e  s tu d y  of E no f u r th e r  p a ra m e te r m odifications 

a re  n eed ed  to  a d ju s t  th e  c o n tr ib u tio n s  to  E* . (A gain , th e  u se  of a 

s in g le  pseudo-om ega  p a r tic le  will a d ju s t  th e  summed co n trib u tio n  of 

th e  to an d  <fi f ie ld s  to  E+ .)  In  a sim ilar fash io n  we can  a d ju s t th e  

c o n tr ib u tio n s  of a , w , n a n d  6 ex ch an g e  to  E++ b y  a d d in g  th e  

a p p ro p r ia te  p s e u d o p a r tic le s . A gain , th e  coup ling  c o n s ta n ts  can  be 

d e te rm in ed  b y  s tu d y in g  th e  ro le  of co rre la tio n s  in  th e  calcu la tion  of
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Z I t  is  th e n  £ound th a t  th e  s itu a tio n  in  th e  case  of Z+ is 

s a tis fa c to ry  (see  F ig s . 5 a n d  6 ) .

We shou ld  no te  th a t  th e  o a n d  w fie ld s  b eh av e  q u ite  d if fe re n tly  in 

th e  calcu la tion  of Z . F o r exam ple, in  th e  H a rtre e  approx im ation , 

th e  co n trib u tio n  of th e  to fie ld  is  z e ro , w hile th e  co n tr ib u tio n  from  o 

ex ch an g e  is  la rg e . (T h e  c o n tr ib u tio n s  of th e  u fie ld  to  I + show n in  

th e  f ig u re s  comes from  th e  e x ch an g e  te rm s of th e  H a rtre e -F o c k  

a p p ro x im a tio n .)  T h e re fo re , w hile one m ight fix  th e  ( to ta l)  v a lue  of 

Z b y  a d d in g  only  one ty p e  of p se u d o p a r tic le , th a t  p ro c e d u re  would 

le ad  to  a  p o o r f i t  to  Z+ . On th e  o th e r  h a n d , th e  p ro c e d u re  we 

chose w orks q u ite  well.

In  sum m ary, we can  say  th a t  th e  coupling  c o n s ta n ts  of th e

p se u d o p a rtic le s  may be a d ju s te d  to  f i t  th e  c o n tr ib u tio n s  of th e
„++ ,  . .  ..............................................................................v a rio u s  m esons to  i  w m cn w ere  o o ta in e a  m  tn e  re a c tio n  m atrix

ca lcu la tio n s . I t  is  th e n  found  th a t  th e  c o rre sp o n d in g  r e s u l ts  fo r  Z+

a re  s a tis fa c to ry , w ith o u t th e  n e ed  fo r f u r th e r  m odification of th e

coup ling  c o n s ta n ts .

For o th e r  p o te n tia ls  we u se  th e  same m ethod to  d e term ine  th e  

coup ling  c o n s ta n ts  of th e  p se u d o p a r tic le s . T he r e s u l ts  fo r  th e  

p o te n tia l HM2 can be fo u n d  in  F ig s .9-16.
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We h av e  c a r r ie d  o u t o u r  ca lcu la tio n s  a t  a  n u m b er of d if f e re n t 

d e n s it ie s . I t  is  u se fu l to  p a ram ete riz e  th e  d e n s ity  d ep en d en ce  of th e  

v a rio u s  6 g 2. . L et i d en o te  e i th e r  p seu d o -s ig m a , p seu d o -o m eg a , o r  

p se u d o -d e lta  m esons. We c o n s id e r  v a lu es  of £ 1 .2 5 .

F or th e  p o te n tia l HEA:

(3 .14 )

( for values of p /p ^  £ 1.25 )

NM -1H ere k p  = 1.36 fm an d  p j^ j  is  th e  d e n s ity  of n u c le a r  m a tte r . 

T he  r e s u l ts  p re s e n te d  in  th e  follow ing d iscu ss io n  a re  fo r  th e  v a lu es

6g2o= -2 .81 , Mo=1.0 GeV, a x=0.357,

6g2w=14.2, Mu=1.0 GeV, a 2=-0.0735, (3 .15 )

6g2 6 =5.54, M g=l.25 GeV, a 3= 0 .00297.

In  T able 3 .1  we p re s e n t  th e  v a lu es  of fig. 2 (k ^ )  o b ta in ed  from
1  Jz1

E q .(3 .1 4 )  an d  from  th e  p a ra m e te rs  l is te d  abo v e.
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F or th e  p o te n tia l HM2:

pm  2 pm  3 pm
(3 .1 6 )

( for values of plp^  ̂ 1>2  ̂ ^

A gain k ^ ? ^  = 1 .36 fm ^ a n d  P j ^  is  th e  d e n s ity  of n u c le a r  m a tte r . 

T h e  re s u l ts  p re s e n te d  in  th e  follow ing a re  fo r  th e  v a lu es

6 g 2 = -1 .1 5 , M =1.0  GeV, o o

6g2u=6.52, Mw=1.0 GeV, (3 .1 7 )

bx= 3 .6753, b 2= -2 .7150, b 3= 0 .6724.

In  T ab le  3 .2  we p re s e n t  th e  v a lu es  of 6 g .2 (k 17) o b ta in ed  from1 X1

E q .(3 .1 6 )  a n d  from  th e  p a ra m e te rs  l is te d  ab o v e .

Note th a t  6 g 2Q is a  n e g a tiv e  n u m b er. With o u r  co n v en tio n s  th a t  

m eans th a t  th e  to ta l p seu d o -s ig m a  ex ch a n g e  g iv es  an  a t tra c t iv e  

c o n tr ib u tio n . T h e  re a so n  fo r  th is  will be  m ade c lea r  in  th e  n e x t

c h a p te r .  F u r th e r ,  6 g 2y a n d  a re  p o s itiv e  n u m b e rs , le ad in g  to

a t t r a c t iv e  c o n tr ib u tio n s  from  th e  e x ch an g e  of th e se  p se u d o p a r tic le s .

T h e re fo re  we see  th a t  all th e  p se u d o p a rtic le  ex ch a n g e s  lead  to

a t t r a c t iv e  c o n tr ib u tio n s  to  th e  m ean fie ld , I ++.



T ab le  3 .1

The coupling constants 8g20, 6g2y and 6g2g are given as a 

function of density (see text) for the potential HEA.

r -------------------- T -------------------------------- T --------------------------------- T ---------------------------------1

I I 4 | 4Figu(g) I |
(.----------------+ ------------------------ + ------------------------- + --------------------------I

( 1 / 4 )PNMI -3 .2 5  |
1

16.42 |
t

6.40
j

( V 2 ) Pnm I
1

-3 .0 6  j
1

1
15.48 j

|
6 .04

J

(3 /4 )p NMl
1

-2 .9 2  j
|

1
14.77 |

|
5 .76

I
pn m '

1
-2 .8 1  j

t

1
14.20 j

1
5.54

1

(5 /4 )Pnm I
1

-2 .7 2  |
1

13.73 | 5 .35
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T he  coup ling  c o n s ta n ts  5g2o> a n d  6 g 2^ a re  g iven  as  a

fu n c tio n  of d e n s ity  (see  te x t)  fo r  th e  p o te n tia l HM2.

| j  ( l /4 T r)6 g 2o ( p ) I  ( l / 4 i r ) 6 g 2u ( p ) |

I I  I I
h-------------- + -------------------------+ ----------------------- 4

( 1 / 4 ) P n m I - 1 .7 9  |
|

1 0 .1 7
|

< V 2 ) p n m I
1

- 1 .4 1  j
l

8 .0 0
|

< 3 /4 )0 N M l
|

1
- 1 .2 3  | 

1
6 .9 8

1
PNM*

1
- 1 .1 5  j 6 .5 2

|

( 5 / 4 ) P n m I

|
- 1 .1 2  | 6 .3 4

3 .4  A lte rn a tiv e  P a ram e te r C hoices

(1) If we m ake a n o th e r  choice of m ass p a ra m e te rs  fo r  th e

p se u d o p a rtic le s  , we fin d  o th e r  v a lu es  fo r  ( 6 g 2.) .  F o r in s ta n c e , fo r

th e  p o te n tia l HEA, we fix  th e  v a lu es  of th e  m ass p a ra m e te rs  to  be

= M = Mj. = 1 .5  GeV. We fo u n d  th a t  e i th e r  w o
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6g 2o=5.0 , a 1=1.703G ,

6g 2w=20.2 , a 2 =-1.59G8 , (3 .18 )

5g 2 6 = -6 .5 4 , a 3=0.5369 ,

o r

6g2o=1.81 , a 1=1.7764 ,

6g2w=26.8 , a 2= - l . 6624 , (3 .19)

6g2 6= -4 .4 9 , a 3=0.5563 ,

a re  s a tis fa c to ry  ch o ices. (See F ig . 17 .)

(2) F o r th e  p o te n tia l HEA, we fix  th e  v a lu es  of th e  m ass 

p a ra m e te rs  to  be M = M = 1  GeV, M- = 1 .25 GeV. We h ave  a lso
0  W 0

fo u n d  o th e r  s e ts  of 6 g . 2 an d  a. (see  T ab le  3 .3 ) .

F o r th e  ca lcu la tio n s  of th e  m a trix  elem ents of th e  s e lf -e n e rg y , 

h o w ev er, th e  u se  of th e s e  a lte rn a te  s e ts  y ie ld  r e s u l ts  w hich  d if fe r  

on ly  s lig h tly  from  th o se  g iv en  in  Section  3 .3 . (See F ig s . 18 -20 .) 

H ow ever, if  we c o n s id e r  o th e r  p ro p e r t ie s  of n u c lea r m a tte r , th e  

ra n g e  of choice fo r  th e  co u p lin g  c o n s ta n ts  of th e  p seu d o p a rtic le s  is 

lim ited . (See Section  4 .2 .3 . )
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T ab le  3 .3

T he  coup ling  c o n s ta n ts  s S 2a > an{* a n d  co n s ta n ts

a i ,  a 2 , a 3 in  E q .(3 .1 4 )  a re  g iv en  fo r  d if fe re n t 

ap p rox im ations u se d  in  th e  ca lcu la tion  of m a trix  elem ents 

c o rre sp o n d in g  to  th e  p o te n tia l HEA.
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The Nucleon Self-Energy and the Migdal Parameters

4 .1  T he N ucleon S e lf-E n e rg y

4 .1 .1  T he  C o n trib u tio n s  from  P seu d o p artic le  E xchange

In  F ig . l  we p re s e n t  th e  r e s u l ts  o b ta in ed  fo r  I „ ++( p ) ,  fo r  v a rio u s  

d e n s it ie s , fo r  th e  p o te n tia l HEA. T he  solid  lin es  a re  th e  H a r tre e -  

Fock r e s u l ts  an d  th e  d a sh e d  lin es  in c lu d e  th e  e ffe c ts  of c o r re la tio n 7. 

T he small d o ts  in  th e  low er p a r t  of th e  f ig u re  a re  b a se d  u p o n  th e  

u se  of Ve^ [ s e e  E q s. (3 .1 ) - (3 .1 6 ) ]  .

I t  is  u se fu l a t  th is  p o in t to  co n s id e r th e  c o n tr ib u tio n  of each  

m eson to  th e  calcu la tion  of I„ + + ( p ) .  In  F ig s .2 a n d  3 we show  th e  

c o n tr ib u tio n s  of w, <p, i t ,  o ,  an d  6 m esons. (T he  c o n tr ib u tio n  of th e  

T] m eson is  small an d  is  n o t show n h e r e .)  In  F ig s . 2 a n d  3 th e  solid  

lin es  a re  th e  H a rtre e -F o c k  c o n tr ib u tio n s  a t n u c le a r  m a tte r  d e n s it ie s . 

T h e re fo re , ad d in g  th e se  v a rio u s  c o n tr ib u tio n s  will y ie ld  th e  solid  

c u rv e  labeled  b y  b  in  F i g . l .  T h e  d a sh ed  lin es  in  F ig s .2 a n d  3 a re  

th e  c o n tr ib u tio n s  a r is in g  from  th e  ex ch an g e  of each  m eson be tw een  

c o rre la te d  w ave fu n c tio n s . 7 T he  v a rio u s  solid  c irc le s  in  F ig s .2 a n d  3 

a re  o b ta in ed  a s  follow s. T he a t tr a c t iv e  c o n tr ib u tio n  from  p s e u d o ­

omega e x ch a n g e , w ith  coup ling  6g2u/(4 ir)= 1 4 .2 0 (see  T ab le  3 .1 ) ,  is 

d iv id ed  in to  two p a r t s ,  one p a r t  [ (S g2^ )!= 1 2 .30] a sc r ib e d  to  c o rre c t  

th e  r e s u l t  of u ex ch an g e  an d  a n o th e r  p a r t  [ (6 g 2w/4 ir )2=1.90] a sc r ib e d



50

to  c o rre c t th e  r e s u l t  o f <t> ex ch an g e  - see  T ab le  4 .1 . With th is

choice we o b ta in  th e  r e s u l ts  show n in  F ig .2. (Of c o u rse , it  is  on ly

th e  summed r e s u l t  of b o th  th e se  c o rre c tio n s , th a t  is  re le v a n t to  th e  

c o n s tru c tio n  of F ig . 1. )

C oupling  c o n s ta n ts

T ab le  4 .1

an d  m eson m asses fo r
NM

th e

p se u d o p a rtic le s  fo r  th e  p o te n tia l HEA fo r  k p  = k p  = 1 .3 6  

fm * .(A  fa c to r  of m 2 /M 2 is  in c lu d ed  so th a t  th e  s t r e n g th s  

of th e  p o te n tia ls  a r is in g  from  p a r tic le  an d  p seu d o p a rtic le  

ex ch an g e  a t  zero  momentum t r a n s f e r  can  be  co m p ared .)

r i 
| p se u d o p a rtic le  |
| |

Mass
i i

(GeV)

| p seu d o -sig m a  | 1 . 0 0

| p seudo-om ega  | 1 . 0 0

j p s e u d o -d e lta  |

i i

1 .25

r 2 
£ £ _  
4 J T

" T "

I

I

14.20

±_
I

. J . .

4
1.00  I -2 .8 1  I 3 .78  I

I
12.30

✓ c_2\
U* J 2

I
1/c_2\ / _2\ j

IS-J llF j j

-6 .5 9 -0 .7 0  |

1 .90 8 .70  |

3 .27 |

I

Now co n s id e r th e  r e s u l ts  show n in  F ig .3. T he  solid  c irc les  fo r  

th e  6 ex ch an g e  c o n tr ib u tio n  re p ro d u c e  th e  r e s u l ts  of 6 ex ch an g e  in  

th e  p re se n c e  of c o rre la tio n s  (d a sh ed  l in e ) .  Now co n s id e r p se u d o ­

sigm a e x c h a n g e . From  T able  3 .1  we see th a t  (6 g 2o/4Tr)=-2.81 a t
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n u c le a r  m a tte r  d e n s it ie s . T he  n e g a tiv e  s ig n  h e re  m eans th a t  th e  

to ta l r e s u l t  fo r  p seu d o -s ig m a  ex ch an g e  is  a t t r a c t iv e . T h is  can  be 

u n d e rs to o d  from  T ab le  4 .1  a n d  F ig .3. As can  be  seen  from  F ig .3, 

p seu d o -sig m a ex ch an g e  is  r e q u ire d  to  p ro v id e  a ttra c t io n  to  g ive th e  

c o rre c t r e s u l t  fo r  c o rre la te d  pion  e x ch an g e  (d a sh e d  line) a n d  

re p u ls io n  to  y ie ld  th e  c o rre c t r e s u l t  fo r  c o rre la te d  sigma 

ex ch an g e  (d a sh ed  l in e .)  T h is  is  accom plished  b y  s e p a ra tin g  

(6 g 2a/4iT)= -2 .8 1  in to  two te rm s: [ (6 g 2a /4ir) i]=  3 .78  a n d

[ ( 6g2a /4Tr)2 ] = -6 .5 9  a s  in  T able  4 .1 . (Form ally  we can  co n sid e r a 

n eg a tiv e  v a lu e  fo r  6g 2 /(4 ir) a s  a r is in g  from  th e  ex ch an g e  of th e  

p seu d o p a rtic le  w ith  a  re a l  r a th e r  th a n  a  com plex coup ling  c o n s ta n t. 

We can avoid  con fusion  w ith  r e s p e c t  to  o u r  choice of s ig n s  b y  

r e fe r r in g  to  F ig s .2 a n d  3. T h e re  one can  see  w h e th e r  p seu d o p a rtic le  

ex ch an g e  y ie ld s  a  re p u ls iv e  o r  a t tra c t iv e  c o n tr ib u tio n .)

In  F ig .4 we e x h ib it  Z0+ ( p ) . A gain th e  solid  lin es  a re  th e  

H a rtre e -F o c k  r e s u l ts  a n d  d a sh e d  lin es  a re  th e  r e s u l ts  of th e  re a c tio n  

m atrix  calcu la tion  of R e f .7. T he  small c ro s se s , c irc le s  an d  d o ts  

r e p re s e n t  th e  H a rtre e -F o c k  r e s u l ts  b a se d  u p o n  th e  u se  of of

E q s . (3 .1 ) - ( 3 .1 6 ) .  A gain , in  F ig .5 a n d  F ig .6 , we show th e  

c o n trib u tio n s  of th e  in d iv id u a l m esons. As d is c u s se d  p re v io u s ly , we 

have  s e p a ra te d  p seudo-om ega  ex ch an g e  in to  c o n tr ib u tio n s  w hich  

c o rre c t th e  omega an d  p h i f ie ld s . S im ilarly , p seu d o -sig m a  ex ch an g e  

is  s e p a ra te d  in to  te rm s  w hich  c o r re c t  th e  sigm a an d  p ion  

c o n tr ib u tio n s . T h e  ca lcu la tion  is  made w ith  th e  coup ling  c o n s ta n ts  

u sed  p re v io u s ly  an d  l is te d  in  T ab le  4 .1 . I t  is  of in te r e s t  to  no te  

th a t  th e  se p a ra tio n  of th e  p seu d o p a rtic le  ex ch a n g e  e ffe c ts  in to  w an d
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<t> ch an n e ls  an d  a a n d  ir c h an n e ls , w hich w as m ade in  th e  case  of I ++, 

also  w orks in  th e  case  of I  +(see  F ig s .5 a n d  6 ) .

In  F ig .7 we p re s e n t  r e s u l ts  fo r  E0 (p -) . T h e  small in accu rac ie s  

in  th e  f i t  o b ta in ed  to  th e  d a sh e d  c u rv e s  (see  th e  solid  c irc le s , open  

c irc le s , a n d  c ro s se s )  a re  n o t s ig n ific a n t since  I„ (p ) a p p e a rs  as  a 

c o rre c tio n  to  a la rg e  denom inato r (of th e  o rd e r  of 2000 MeV) in  th e  

e ffec tiv e  p o te n tia l, U0^ ,  w hich  we d efine  below . In  F ig . 8  we show 

th e  c o n tr ib u tio n  of th e  v a r io u s  m esons. A gain , th e  solid  lin es  a re  

th e  r e s u l ts  o b ta in ed  u s in g  th e  H a rtre e -F o c k  approx im ation  an d  th e  

d a sh ed  lin e s  a re  th e  r e s u l ts  in c lu d in g  c o rre la tio n  e f f e c ts . 7 T he  

tr ia n g le s , s q u a re s , c ro s s e s ,  solid  c irc les  a n d  open  c irc les  a re  th e  

r e s u l t  fo r  m eson p lu s  p seu d o -m eso n  e x ch an g e  fo r o, w, i t ,  $ an d  6 

f ie ld s . H e re , u n lik e  th e  r e s u l ts  o b ta in ed  fo r  I ++ a n d  I  +, we see 

th a t  th e  in d iv id u a l m esonic c o n tr ib u tio n s  (d a sh ed  lin e s )  a re  n o t v e ry  

well re p ro d u c e d  b y  th e  p se u d o p a rtic le  m odel. H ow ever, th is  is n o t 

p a r tic u la r ly  im p o rtan t s in ce  th e  summed c o n tr ib u tio n s  re p ro d u c e  I 

r a th e r  well (see  F ig .7 ) .

F o r th e  p o te n tia l HM2, we h av e  a  sim ilar d iscu ss io n  an d  sim ilar 

r e s u l t s ,  e x c e p t th a t  we u se  only  tw o p se u d o p a rtic le s : p seu d o -sig m a  

an d  pseudo-om ega  . A t th e  d e n s ity  of n u c le a r  m a tte r , th e  a ttra c t iv e  

co n trib u tio n  from  pseu d o -o m eg a  e x ch a n g e , w ith  coup ling  c o n s ta n t 

6g2 u/(4 ir) = 6 .52(see  T ab le  3 .2 ) ,  is  d iv id ed  in to  two p a r t s ,  one p a r t  

[ (6 g 2w/4ir) x= 5 .63] a s c r ib e d  to  c o rre c t th e  r e s u l t  of « ex ch an g e  an d  

a n o th e r  p a r t  [ (6 g 2w/4 ir )2=0.89] a sc r ib e d  to  c o rre c t  th e  r e s u l t  of p 

ex ch an g e  - see T ab le  4 .2 . We s e p a ra te  (6 g 2 o/4ir) = - l .  15 in to  two
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te rm s: (6 g 2 o/4ir) != 4 .34 to  p ro v id e  a ttra c t io n  to  g ive th e  c o rre c t

r e s u l t  fo r  c o r re la te d  p ion  ex ch an g e  (d a sh e d  lin e ) an d  

(6 g 2 0 /4 if )2 = -5 .49  to  p ro v id e  re p u ls io n  to  y ie ld  th e  c o rre c t r e s u l t  fo r  

c o rre la te d  sigm a e x ch an g e  (d a sh ed  lin e ) - s e e  T ab le  4 .2  a n d  

F ig s .10-11.

T ab le  4 .2

C oupling  c o n s ta n ts  an d  m eson m asses fo r  th e

p se u d o p a rtic le s  fo r  th e  p o te n tia l HM2 fo r  k p  = k p  = 1 .3 6  
•1

NM _
U  L t J l l  l i d l  1 U X  J k - p  “  A j

fm A.(A  fa c to r  of m 2 /M 2 is  in c lu d ed  so th a t  th e  s t r e n g th s  

of th e  p o te n tia ls  a r is in g  from  p a rtic le  a n d  p seu d o p a rtic le  

ex ch an g e  a t  ze ro  momentum t r a n s f e r  can  be  co m p ared .)

p seu d o p a rtic le

p seu d o -sig m a

pseudo-om ega
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4 .1 .2  T he E ffec tive  P o ten tia l

We saw , in  R e f .7, th a t  if  one re d u c e d  th e  D irac eq u a tio n  to  an  

eq u iv a len t S c h ro e d in g e r form , th e  e ffe c tiv e  p o te n tia l h a s  th e  

s t r u c tu r e
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E (p)E (p) (4 .1 )

+ J O l [ E++(p) -  E (p )]

fo r  |p |< k p . More p re c ise ly , th e  q u a s ip a rtic le  e n e rg y  in  n u c lea r

Z+ ( p ) , an d  Z (p ) d if fe r  from  Z0 ++( p ) ,  Io + ( p ) , an d  Z0 (p ) in

b e in g  d e fin ed  in  te rm s of th e  c o r re c t  d e n s ity  m a trix  fo r  th e  system ,

th a t  is ,  th e  d e n s ity  m a trix  e x p re s s e d  in  te rm s of th e  sp in o rs  f ( q , s )

—  see  E q .( 2 .1 3 ) .  Note th a t  if  Z++( p ) ,  I + ( p ) ,  an d  Z (p ) a re

e r r o r  in  th e  calcu la tion  of U g ^C p ), a n d  we u se  th a t  approx im ation  

h e re .

We now p ro ceed  to  p re s e n t  r e s u l ts  fo r  Ue^ (" p ) , ca lcu la ted  u s in g  

th e  re la tiv is t ic  B ru e c k n e r-H a r tre e -F o c k  (RBHF) th e o ry , 7 an d  com pare 

th e se  r e s u l ts  w ith  o u r  ca lcu la tio n s  u s in g  V_Pr of E q s. (3 .1 )  - (3 .16 ) .

T h is  com parison is  m ade in  F ig s .21-25. As can be  seen  from  th e se

sim plic ity  of th e  model u se d  to  sp ec ify  Some of th e  small

d isag reem en t w ith  th e  re a c tio n  m a trix  calcu la tion  (so lid  lin es) is  due 

to  th e  fa c t th a t  w hile we h av e  ca lcu la ted  u s in g  th e

m a tte r  is e (p )  = ( p 2+ m2*T) T he q u a n titie s , Z (p ) ,

re p la c e d  b y  Z0 ( p ) ,  Z0 ( p ) ,  an d  Z0 ( p ) ,  one m akes on ly  a  small

f ig u re s ,  th e  f i t  is  rem ark ab ly  a c c u ra te  fo r  |p ] ^ 2  fm \  g iven  th e

ap p ro x im atio n , Z+ +=Z0 + + , th e  re a c tio n  m a trix  ca lcu la tio n s , show n as

solid  lin e s , do n o t in c lu d e  th a t  ap p ro x im atio n .
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4 .2  T he  M igdal P a ram e te rs

4 .2 .1  T h e  D efin ition  of th e  M igdal P a ram e te rs

As d is c u s se d  in  R e f s .7 a n d  25, we may e x tr a c t  th e  L andau-M igdal 

p a ra m e te rs  of th e  in te ra c tio n  in  th e  re la tiv is tic  th e o ry  b y  co n sid e rin g  

th e  fo rw a rd -s c a t te r in g  am plitude fo r  tw o p a r tic le s  of momentum p \  

an d  p 2 a t  th e  Ferm i s u r fa c e , th a t  is  Ip 'll = |p"2 | = k p (s e e  F ig .4 .1 .)  

T he  s c a tte r in g  am plitude  d ep en d s  on 8 , th e  ang le  be tw een  p “x a n d  p"2 . 

(N ote th a t  8 is  n o t th e  s c a t te r in g  a n g le .)

D irec t a n d  e x ch an g e  in te ra c tio n  fo r  th e  fo rw a rd  s c a tte r in g  

of two p a r tic le s  a t  th e  Ferm i su rfa c e  ( | p i |= |P 2 l= k p ) .

F ig  .4 .1

T h is  am plitude may be w r it te n , w ith  E ^ (p )  = ( p 2 + m 2^ ) l ,  as  

¥ p l ) T l  J

(4 .2 )

w here



56

f +( P , s ) f ( p , s )  = EN (p ) /m N . (4 .3 )

T he  calcu la tion  of th is  am plitude  is  d is c u s se d  in  d e ta il in  R e f .7, 

w here  an  ex p an sio n  of th e  { ( p ,  s ) in  te rm s  of th e  sp in o rs  u ( p ,  s) an d  

w ( p ,s )  is  u se d ,

f ( p ,s ) =    T7T~ fu (p ,s)+ a(p )$ ] < s ’ |<7e p |s> w (p ,s ’ ) l ,
[1+a ( p ) ]  ̂ s ’ '  (4 .4 )

A t th is  p o in t we c o n s id e r only  th e  le ad in g  te rm , 7 , 2 5  

g ^ C P i ,P 2)= (—  ^ ( P 1 s ; ) u ( p 2 s ') |M ( l - p 1 2 ) |u ( p 1 s 1 )u (p 2 s 2)> , (4 .5 )

w hich a p p e a rs  in  an  ex p an s io n  in  th e  sm all p a ra m e te r a ( p ) .

We may w rite  th e  s c a t te r in g  am plitude  a s  follows:

S ( P j , p2)= f ( P j , p2 ) + f ’ (p r , p2 J r jo r j+ tg C P j,p 2 )+ g(px , p2 ) t 1* r2^  #<r2

+ r | —(h (Pi ( PX .P 2 Si 2 (P) * (4 ,6 )
F

w h ere  we h av e  in tro d u c e d  th e  te n s o r  o p e ra to r  S x 2 ( p ) . H ere  

3 (a  * p )(a  .p )
S i*<p)=  --— ----------------------- , (4 .7 )

an d

P = (P i - P 2) /2  , (4 .8 )

Note th a t  f , f ' ,  g , g 1, h ,  a n d  h ' a re  fu n c tio n s  of 0. T h ese  fu n c tio n s  

may be e x p an d ed  in  te rm s of L e g en d re  polynom ials:

f ( k F ,cos0 ) = | f 1(k p )P 1(cos0) , (4 .9 )

f ' (k F , co s 0 ) = l f  ̂ (k p J P ^ c o s O ), (4 .10 )
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g (k F ,c o s 0 )= |g 1(k F )P 1(cos0) , (4 .11 )

g '( k F , co s0 )= Ig ,1(k F )P 1(c o s0 ) , (4 .12)

h ( k F ,cos0)=Zh1(k F )P 1(cos0) , (4 .13)

h , (k F ,cos0)= Z h,1(k F )P 1(c o s 0 ) . (4 .14)

A c tu a lly , fo r  a s h o r t- r a n g e  fo rc e , on ly  th e  f i r s t  few te rm s of th e se  

e x p an s io n s  will be  s ig n if ic a n t. U sing  th e  fu n c tio n s  g iv en  above an d  

e x p an s io n s  of th e se  fu n c tio n s  in  L e g en d re  fu n c tio n s , we g e t 

f 0 , f i , . . . ;  f ' 0, f ' i , . . . ;  g 0 , g i , . . . ;  g 'o .g ’x , . . .  ,e tc .  . We th e n  u se  

th e  follow ing n o ta tio n  to  d e fine  v a rio u s  M igdal p a ra m e te rs . In  th e  

n o n -re la tiv is t ic  c a se , th e  d e n s ity  of s ta te s  a t  Ferm i su rfa c e  is

■ - ^ £ s -  , <«•»>
# •  i l

a n d  th e  M igdal p a ra m e te rs  a re

, (4 .16)

F ' ^ R = , (4 .17)

G1NR = N 0NV R - . (4-18)

G ' ® R  = N 0NRg ,1N R ‘ , (4 .19)

(1 = 0 , 1 , 2 , . . . . )  .

In  th e  re la tiv is t ic  c ase , th e  d e n s ity  of s ta te s  a t  th e  Ferm i su rfa ce  is
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nq = 2k^ F> , k V  .  s v ' 2 . ( 4 -20)
9T n

a n d  th e  M igdal p a ra m e te rs  a re

F) = N . , (4 .21)

F 'j = N 0 f 'j  , (4 .22 )

Gj = N 0 g j , (4 .23)

= No g \  , (4 .24)

(1 = 0 , 1 , 2 , . . . . )  , 

a *  ^  ^
w h ere  f^, f j ,  g^, g ^  a re  d e te rm in ed  b y  th e  f ( p , s )  an d  E q .(4 .2 G ).

(See Section  6 .5 .)

4 .2 .2  T he  C alcu lation  of th e  Migdal P a ram e te rs

We could  fix  th e  p a ra m e te rs  of b y  re q u ir in g  th a t  th e  Migdal

p a ra m e te rs  ca lcu la ted  from  th e  am plitude

^ f (p1,P2) = ( - ^ - ) il<lI(P lS ;)J (P2s p | vef. f ( 1-p 12) |a (J iS i )u (3 2S2)>

^  F (4 .25)

a re  re a so n a b ly  close to  th o se  o b ta in ed  from  ?^®(p ,p  ) .  H ow ever,
1 2

we will h e re  ca lcu la te  th e  Migdal p a ra m e te rs  u s in g  th e  e ffec tiv e  

in te ra c tio n  sp ec ified  in  th e  p re v io u s  c h a p te r .  Of c o u rse , th e  a c tu a l 

M igdal p a ra m e te rs  of th e  re la tiv is tic  BHF th e o ry  a re  to  be o b ta in ed
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u s in g  E q .( 4 .2 ) .  As d isc u sse d  in  R e f .7, th e  u se  of th e  f ( p , s ) ,  

r a th e r  th a n  th e  u ( p , s ) ,  m akes fo r  m ajor ch an g es  in  th e  Migdal 

p a ra m e te r F 0. T h e re fo re , ideally  one shou ld  calcu la te  th e  Migdal 

p a ra m e te rs  fo r  th e  am plitude

of E q .( 4 .2 ) .  We will do th a t  in  Section  4 .2 .4 .

U sing  th e  F ie rz  tra n sfo rm a tio n  te ch n iq u e  (see  A ppend ix  C) an d  

some ru le s  th a t  we developed  (see  A ppend ix  D) to  t r e a t  th e  ex ch an g e  

te rm s , fo r  each  v a lue  of th e  iso sp in  we can  e x p re s s  th e  o n -sh e ll 

n u c leo n -n u c leo n  (n u c le o n -n u c leu s) s c a tte r in g  am plitude in  te rm s of 

five  in d e p en d e n t am plitudes:

,)> » 
(4 .26)

an d  com pare th e  r e s u l ts  w ith  th o se  p a ra m e te rs  o b ta in ed  fo r  y (p  (p )
1 2

|p i P2)= Mg [ 3E(l)]a , a [ K 2 ) ]

T h e n , fo r  a o n e -b o so n -ex c h a n g e  p o te n tia l, we o b ta in  th e  fu n c tio n s  in  

E q . (4 .6 ) .



As a simple exam ple, le t  u s  co n s id e r th e  s c a t te r in g  am plitude  fo r  

th e  fo rw a rd  s c a tte r in g  of two q u a s i-p a r tic le s  a t  th e  Ferm i s u rfa c e , 

w hich  a r is e s  from  th e  e x ch a n g e  of a  w m eson ( |"pi j = | p 2 |= k p ) . T he  

fu lly  o n -sh e ll am plitude is

w here  in  Mon we h a v e 'p '2 1= "p 'S  = "p2 1 = !S2 2 = k 2p = m2^.. F o r th e  

w e x ch an g e  in te ra c tio n , we fin d

^  ,„ on ^  x gy ( o )
(pi ' p2 lMa'/3’a/?lpi P2) “ “ 2

w

w ith

t  = (P i"  P 2 ) 2 = -2 k p 2( l  - x ) , (4 .29)

w here  F 2 w(0) an d  F 2w( t)  a re  c u t-o ff  fa c to rs . (See S ection  1 .3  an d  

T ab les  1 .1 - 1 .3 .)  U sing  th e  ru le s  dev e lo p ed  in  A p p en d ix  C to  

r e a r ra n g e  th e  in d ices  of th e  ex ch an g e  te rm , we h ave

[^ 1 ) 3a ’a [V 2 ) V / o f o (1 ) \ / ? T(2)



{ Z ) ^ £ { - l ) * * 0J ' t [ { Z ) \ f ' VU l )  L] X g- |  -  

(8 )3^ y ( T ) 3^ p/ ^ [ ( 8 ) 9H p<p[ (T )sM  -■■ !  - T  "
3 o ) 8/ V  t 

- X. ° - l  -
<- <- n (!•) j ll  V

T ) / ] ( J L j - i  J - )  +
k( » ) J / V  (o ) ^ 3

(g )1 ^ . ( T) ^ / . £ / [ ( g ) I ] » ,» [ ( l ) I ] _ L ^  8 +

(3 )X̂ < K i ) ^ / ‘^ [ ( m ] ” <0 [ ( i ) l ]  * J* j  =
( » ) 8A  1

( 8d ‘ l d [ ^ ‘*W| zd ‘ Td)

IBq* os ‘0 soo=x ' ( . a 3i z ) / n .ui+T=wg  ‘ ( ^ q z j / ^ S - ^ V  9IT-™ 9AV

(iS fO

^ ^ [ ( z A f ' ^ d ) / ]  4  - ( z ) ^ ^ j ( i f ,vi  = 6/‘® [ ( s A ] ” ,6/[ ( D r/ ' ]

P U B

19
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- « T 7 7  •(J

(4 .32)

U sing  th e  ru le s  dev e lo p ed  in  A ppen d ix  D, we h av e

^ c / p i s i  ^ / 3 ^ p 2 s 2 ^ p i  , p 2 l Ma / ? a ’ / ? ’ I p i ’ p 2^wu a ’ ^p i s i ^ u /? ’ ^ P 2 S 2^

= V x )  + f W( x ) V ^ 2  + [ BW(x )  + gW( x ) V W ^ 2

+ Vx) + hw(x > ? i , ? j ] s n ( P) '

(4 .33 )

k*kF

w here

f w<x)
w y X 10’ 
v * mu

A F ( t )v  ,  „  k~ v

B -  x '  N N 'W

. A F i t )  A ,F ,( t ) ,  „  ,  k„ ,  .
f ’ (x )  = \  - 2 - 2 ---------- ±  — ^ — f ( - l - ) * - ( - E ) a x) ,

B -  x 4 B, -  x N N ^V  *

eu<*> -  K ,™  = < i (̂ )2<1-x))
W
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U sing  th e  same p ro c e d u re s  we can  de te rm in e  th e  fu n c tio n s  f ( x ) ,  

f ' ( x )> g ( x )> g*(x ) j  ©tc. fo r  th e  e x ch a n g e  of o th e r  m esons.

a e x c h a n g e :

Let A =g2 V (2k 2) a n d  B =l+m 2 / ( 2 k  2) . T h en  o o .r o o i?

f f , 1 V  ( t ) , 1 V  (tVf E \ 2 fkFx2 ^
y x )  = 7 ------------+ 7  I -C— ) x l ---------2-----  >

°  8 B -  x  8 B -  x  M  mN N m la  a  o

1 V £ ( t )  1 V i ( t ) /  E 2 kp n

V £ (t)
V (<■

E _ )2 +1+ 2 (_ E )2mN 3 V ( 1 - x ) )

an d

g ’0 (x )= g 0 ( x )

p e x c h a n g e :

L et A =g2 / ( 2 k  2) ,  B =l+m 2 / ( 2 k  2) a n d  2a=(f / g  ) .  U sing  th e  p p r  p p r  P P
G ordon decom position (se e  A p p en d ix  E ) , we fin d

,  A F ( t ) .
V  *> = -  f  ■J U l  rV

l* i+ o J ( - f - ) 2- ( r E )2 x]'| L i  2 mjj )



A F ( t )

V

gp(x) = * ^ i f a r 2+± & *

V 3 m,N

g J ,M  = -  i  gp (x ) ,

&k
a ,  = 1 + 3a + 3 a 2 + ,

N

akr
a ,  = - | - 3 a  - 3 a 2 + i ( - j X ) 2 ( i - x ) ,

N

a 3 = - ^ - y  2

, 4 = _ I _ a _ a 2 _ i (
ak

m(£ ) 2 ( l - x )
‘N

ti ex ch an g e  (p se u d o v e c to r  c o u p lin g ) :

L et Air=g2 ir/ ( 2 k p 2) a n d  B ^ l + m ^ / ^ k - p 2) . T h en

7T
N

f J l )

V  x

f * (x) = -  3 f ir<x >
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gfl-(x) = f * (x)

an d

6i<x) = -  i  gjr(x)

0 e x c h a n g e :

Let A^=g2 ^ / ( 2 k p 2) a n d  B^=l+m^2 /(2k -p2) . T h en

i AwfliilU) f i l M <°> , A ^ l ^ w  i? o K  9 \
f * ( x )  — h p - f ----------- 7  **  )  ( ( - § - )  - < / > * )  •

9  B^“ x B^ -  x M  mN N

i AjlFJU) , k A ^ h  1? 9 K  o \  f i ( x )  --------- i  —  f (_ E _ )2_ ^ >2xj
9  2 B^- x 4 B x- x   ̂ N N

r  r

, A xF?(t) / . kF ,  v

r) ex ch an g e  (p se u d o v e c to r  c o u p lin g ) :

L et A =g2 /(2 k .p 2) a n d  B =l+m 2 / ( 2 k  2) .  T h en
T1 T1 r  T| T| r

f  (x ) _ 1  _2t 
ry J 8

A F ‘ ( t )  k

V ( ;p ) 2( l -x )  
N

f - ( x )  = y * >
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V x) = "  3f »7(x)

an d

•  ~  ? V  *>

6 e x c h a n g e :

L et A fi=g2 6 / ( 2 k F 2) a n d  B 6 =l+m6 2 / ( 2 k F 2;

A c F j( t ) r kp  v
V x) = 1 - ° — f2^  (1- x )J ’6  8 B e -  x  V mN '

g M ( ° )  .
f i ( x ) = - - ^ i  i V x > ■

“ 5

g , ( x )  = f r ( x )

. T h en

-  -  t  V * >
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U sing  f ( p , s )  an d  th e  ru le s  developed  in  A p pend ices C -E , fo r  th e

ex ch an g e  of v a rio u s  m esons, we can  d e term ine  th e  fu n c tio n s  T (x ) , 
^

£ '( x ) , g ( x ) ,  g ’( x ) ,  e t c . -  see Section  6 .5 .

4 .2 .3  N um erical R esu lts

T he  M igdal p a ra m e te rs  fo r  th e  am plitude gt^®(p (p ) w ere  g iven
1 2

in  R e f .7 fo r  th e  in te ra c tio n s  HEA an d  HM2. O ur ca lcu la tiona l re s u l ts

a re  lis te d  in  T ab le  1 - T ab le  22. We will f i r s t  com pare th e  Migdal

p a ra m e te rs  o b ta in ed  fo r  th e  am plitudes 3^®(p ,p ) an d
1 2

yN® (p ) . In  T ab le  1 (fo r  th e  p o te n tia l HEA) a n d  T able  7 (fo r
6 11 1 2

th e  p o te n tia l HM2) we p re s e n t  r e s u l ts  fo r  th e  M igdal p a ram e te rs

ca lcu la ted  fo r  v a r io u s  v a lu es  of k p . T he f i r s t  lin e  p re s e n ts  th e

re s u l ts  of th e  H a rtre e -F o c k  approx im ation  fo r  th e  in te ra c tio n

V ^ e f f=U. T he  second  line  g iv es  th e  r e s u l t  fo r  ^=AU an d  th e

th i r d  line  is  th e  r e s u l t  fo r  Ve^=U+AU. T h e  fo u r th  line  g ives th e

v a lu es  of th e  M igdal p a ra m e te rs  o b ta in ed  from  y^®(p ,p  ) . 7 ' 25 I t  is
1 2

to  be s t r e s s e d  th a t ,  w ith  a few e x ce p tio n s , th e  in te ra c tio n  V 

w hich m akes fo r  a  good f i t  to  I„ (p)» Eo ( p ) ,  I 0 ( p ) ,  an d  

Ue ff ( p ) , lead s  to  q u ite  re a so n ab le  v a lu es  fo r  th e  M igdal p a ra m e te rs .

Some f u r th e r  d e ta ils  of o u r  ca lcu la tio n s  a re  p re s e n te d  in  T ab le  2

- T ab le  6  ( fo r  th e  p o te n tia l HEA) an d  in  T ab le  8  - T ab le  10 (fo r th e

p o te n tia l HM2). T he  f i r s t  sev en  row s p re s e n t  th e  H a rtree -F o ck

r e s u l ts  fo r  V ^ U  , V »„=U , V ««=U . e tc . T h e  r e s u l t  fo r  V „„=U is e ff  n e ff  it e ff o e ff
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th e n  g iven  in  th e  e ig h th  row . (We n o te  th a t  th e re  is a  g re a t  deal of

cance lla tion  am ong th e  v a rio u s  c o n tr ib u tio n s  to  each  M igdal

p a ra m e te r .)  In  th e  n e x t  th re e  row s we h av e  th e  co n trib u tio n s  from  

Ve ff=AUo ’ ^ e f f =Â w an t* Vef f=AU6 • T he  sum of th e se  c o n tr ib u tio n s , 

th a t  is ,  th e  r e s u l t  fo r  Ve££=AU , is  g iv en  as  AU. F inally , th e  r e s u l t  

fo r  Ve££=U+AU is  g iv en . T h a t r e s u l t  is  th e n  to  be  com pared to  th e  

r e s u l t  of re a c tio n  m a trix  ca lcu la tio n s . T h e  la s t  row  g ives th e  

p e rc e n ta g e  e r r o r  in  th is  com parsion . On th e  w hole, g iven  th e  la rg e  

am ount of cance lla tion  in  th e se  sum s, th e  r e s u l t  o b ta in ed  is q u ite  

good.

In  T ab les  11-12 we p re s e n t  th e  r e s u l ts  of th e  v a rio u s

ap p ro x im atio n s , w hich we m entioned  in  Section  3 .3 , fo r th e  p o ten tia l

HEA fo r  kp= 1.36 fm T h ese  can  be  com pared  to  th e  r e s u l ts  of th e  

re a c tio n  m a trix  ca lcu la tio n s . We see  th a t  on ly  A pproxim ation  1 an d  

A pproxim ation  2 g ive q u ite  rea so n ab le  v a lu e s . T h is  is w hy we s ta te d  

in  S ections 3 .1  an d  3 .4 : " th e  choice fo r  th e  co u p lin g  c o n s ta n ts  of th e  

p se u d o p a rtic le s  is  n o t u n iq u e " , b u t  " th e  ra n g e  of choice is  lim ited".

4 .2 .4  C o n sid era tio n  of a  R e la tiv is tic  S y s tem .

We now tu r n  to  th e  com parion of y  (p  ?p ) a n d  jF(p (p ) of
6 t  I  1 2 1 2

E q s .(4 .6 )  a n d  (4 .2 ) .  T he  M igdal p a ra m e te rs  o b ta in ed  from  th e

am plitude y (^  ) h av e  a lre a d y  b een  g iv en  in  R e f .7. We may
1 2
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calcu la te  3fe f f ( P 1 .P 2) u s in g  E q .(2 .1 3 )  fo r  f ( p , s )  an d  E q .(2 .1 2 )  

fo r  m ( p ) .

When u s in g  E q .( 2 .1 3 ) ,  we can  u su a lly  n e g lec t th e  r a th e r  w eak 

momentum d ep en d en ce  of m (p ) ;  ho w ev er, we h av e  k e p t th e  d e n s ity  

d ep en d en ce  of th is  q u a n tity  in  o u r  ca lcu la tio n . F o r th e  calcu la tion  of 

th e  M igdal p a ra m e te rs , we h av e  to  u se  th e  fo rm ulas in  Section  6 .5 . 

We shou ld  a lso  u se  m =m (kp) in  E q .( 2 .1 2 ) ,  s ince  we a re  d ea lin g  w ith  

p a r tic le s  a t  th e  Ferm i s u r fa c e . As we h av e  seen  in  R e f .7, th e  r e s u l t  

fo r  F„ is  p a r tic u la r ly  se n s itiv e  to  th e  d e ta ils  of th e  ca lcu la tio n , since  

th is  q u a n tity  goes th ro u g h  ze ro  a t  some d e n s ity  s lig h tly  above th a t  

of n u c le a r  m a tte r .

In  T ab le  13 (fo r  th e  p o te n tia l H EA ), a n d  T ab le  19 (fo r  th e  

p o te n tia l HM2) we p re s e n t  o u r  r e s u l ts  fo r  th e  M igdal p a ra m e te rs  of 

th e  RBHF m odel. We see  from  th e se  ta b le s  th a t  o u r  e ffec tiv e  

in te ra c tio n  does a good job in  re p ro d u c in g  th e  M igdal p a ra m e te rs  

o b ta in ed  from  th e  fu ll G -m atrix  a n a ly s is . As h a s  b een  n o ted  

p re v io u s ly , th e  re la tiv is t ic  th e o ry  g iv es  a  va lue  of F „£ -1 .0  a t  

kp=1.36fm  \  w hich  is  n e c e s sa ry  if  th e  sy stem  is to  h av e  a p o sitiv e  

co m p ressib ility  p a ra m e te r  a t  n u c le a r  d e n s it ie s .

In  T ab les  14-18 (fo r  th e  p o te n tia l HEA) a n d  T ab les  20-22 (fo r  th e  

p o te n tia l HM2), we p re s e n t  d e ta ils  of o u r  ca lcu la tio n . T h is  m ateria l 

is  sim ilar to  th a t  p re s e n te d  in  T ab le  2 e x c e p t th a t  we a re  now u s in g  

th e  sp in o rs  f ( p , s )  in s te a d  of th e  u ( p , s )  [see E q s. ( 4 .2 ) - ( 4 .2 0 ) ] . We 

a lso  p ro v id e , in  T able  4 .3 , th e  v a lu es  of A (k j.) an d  m (kj,)=m j1j+ A (kp) 

u se d  to  g e n e ra te  th e  n u m b ers  g iv en  in  T ab les  13-22.
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We s t r e s s  th a t  th e se  M igdal p a ra m e te rs  a re  n o t th o se  of th e  fu lly -  

s e lf -c o n s is te n t RBHF th e o ry . One can  fin d  th e  M igdal p a ra m e te rs  of 

th e  fu lly -s e lf - c o n s is te n t RBHF th e o ry , a s  g iv en  b y  o u r  p se u d o p a rtic le  

m odel, in  C h a p te r  6 .

T ab le  4 .3

V alues of A (k p ) a n d  m (k p ) u se d  to  ca lcu la te  th e  M igdal 

p a ra m e te rs  of T ab les  13-22 (k p = l. 36 fm . V alues of th e  

p a ra m e te rs  to  be u se d  a t  o th e r  d e n s itie s  fo r  th e  p o te n tia ls  

HEA an d  HM2 a re  a lso  show n.

k F (fm *)
l

A (MeV) |

!

I
m (fm *) |

!

I
[m(kF )/E (k F ) ] l / 2  1

1.60 -480 |
1

2.325 |
I

0 .908 |

1 .40
1

-365 j 
1

1
2.908 j

1
0.949 |

1 .36
1

-345 j
1

3 .010 j 0 .955 |

1 . 2 0 -255 | 3 .466 |
l

0 .972 |

1 . 0 0 -151 |
1l

1
3.993 |

1i

0 .985 |

i
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D y n a m ic s  o f  N u c le a r  S a tu r a t io n

5 .1  B ind ing  E nergy

We reca ll E q .( 4 .4 ) ,  w h e re  th e  q u a n tity  a (p )  w as g iven  b y

a (p ) =

mN r - ( P )
EN( P)

»° -  v ? > -  f t .  r -<?>
‘» (P) (5 .1 )

m,V  r~<p>
v<>

r~*\ ^  r  t'+sZE^jVP/--------- ^  I h  W /  ~  L  .  v - - “ /
Ejj(p)

In  te rm s of th e se  q u a n tit ie s  we could  calcu la te  th e  e n e rg y  of n u c lea r 

m a tte r  b y  u s in g  E q s. ( 2 .1 7 ) - ( 2 .1 9 ) .  In  th e  q u a s ip a r tic le  model we 

re p la ce  th e  reac tio n  m a tr ix , fa, a p p e a rin g  in E q s. ( 2 .1 7 ) - (2 .1 9 ) ,  w ith 

th e  p o te n tia l Ve^=U+AU. H ere U re p re s e n ts  th e  B o rn  te rm s of th e  

OBE model (in c lu d in g  e x c h a n g e )  a n d  AU re p r e s e n ts  th e  B o rn  term s 

a r is in g  from  th e  e x c h a n g e  of p se u d o p a rtic le s , a s  d e sc r ib e d  in  de ta il 

in  C h a p te r  3. T h e re fo re , we will be  u s in g  th e  ap p ro x im atio n ,

E (p )-X tJ ~ q . 3 ( r ~ ^  J < P . f ( q . s ’ ) | (U+AU)(l-p12) | p , f ( q , s ’ )>^(kF- | q | ) . 
s (. 2jt J “m' Q1

(5 .3 )
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To calcu la te  th e  b in d in g  e n e rg y  p e r  p a rtic le  we u se  th e  following 

e x p re ss io n :

gk in  . ? t_B = k in  po t 
A A A (5 .4 )

w h ere

gk in  _ 3 I “F  2
k»

fkp  ,  l  -  a  (p) .

J P dP  (  1~+ a 2 (p) % (P ) “  ) ’F "0 1 + 0  (5.5)

an d

gpot s  __3_
A = k3F u0

^ • d p p L . )  — L ^ 2( ( W ( ? ) ) r +tf) 
Jn \ ( $ ) J 2(1 + a2(£)]2lV ;

-2 a 2(p)X" (p) + ^ 1 ^ - e5(p ) |  • (5 .6)

w ith  p  = |p |  . T h ese  eq u a tio n s  follow from  in s e r t in g  E q .(4 .4 )  in to

E q .(2 .1 8 )  an d  a re  s lig h tly  more a c c u ra te  v e rs io n s  of E qs. (2 .4 .4 )  an d  

E q. (2 .4 .8 )  of R e f .7. T h en  we calcu la te  th e  b in d in g  e n e rg y , 

B .E . = (A m ^ -E )/A , u s in g  A ppend ix  9 of R ef. 7, th e  eq u a tio n s  in

S ection  2 .5 , an d  E q s. ( 5 .4 ) - ( 5 .6 ) . T h ese  ca lcu la tions a re  n o t fu lly

se lf -c o n s is te n t, b u t  r e p re s e n t  th e  f i r s t  i te ra tio n  of a s e lf -c o n s is te n t 

schem e. We re p o r t  fu lly  -  s e lf -c o n s is te n t ca lcu la tio n s  fo r  th e  

p seu d o p a rtic le  model in  C h a p te r  6.

5 .2  R esu lts  of C om putation fo r  th e  P o ten tia l HEA

T h e  m a trix  e lem ents of th e  s e lf -e n e rg y  an d  v a rio u s  s a tu ra tio n  

c u rv e s  w ere  ca lcu la ted  u s in g  th e  RBHF th e o ry  a n d  th e  r e s u l ts  w ere
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p re s e n te d  in  R e f .25. O ur r e s u l ts  a re  show n in  F ig s . 26-31. In

F ig . 26 th e  c u rv e  labelled  a* is th e  s a tu ra tio n  c u rv e  fo r  HEA,

calcu la ted  in  o u r  p seu d o p a rtic le  model u s in g  th e  p o te n tia l AU g iven  in

C h ap te r  3. We fin d  K = 211 MeV an d  k,-, = 1.21 fm * a t  th e
00 £•

sa tu ra tio n  p o in t. (T h is  va lue  of K is q u ite  close to  th a t  ca lcu la ted
oo

from  th e  value  of M igdal p a ra m e te r, F„, in  R e f .25. T h e re  it was

found  th a t  K = 175 MeV. H ere we ca lcu la ted  K d ire c tly  from  th e  
00 00

value  of th e  b in d in g  e n e rg y  p e r  p a r tic le , B .E ./A  , o b ta in ed  as a 

fu n c tio n  of n u c le a r  m a tte r  d e n s ity  , u s in g  th e  p seu d o p a rtic le  

m eth o d .)

T he p seu d o p a rtic le  coup ling  c o n s ta n ts  de te rm in ed  in  C h a p te r  3

w ere d e n s ity  d e p e n d e n t. If we fix  th e ir  v a lu es  to  th o se  fo u n d  fo r

kp= 1.36 fm * in  C h a p te r  3, we o b ta in  th e  sa tu ra tio n  c u rv e  labelled

a 1 in  F ig .27. Note th e  small in c re a se  in  th e  in co m p ress ib ility  an d  in

k p  re p o r te d  in  T ab le  23 fo r th is  d e n s ity - in d e p e n d e n t approx im ation

(A pproxim ation 2 ) . T he  v a lu es  ob ta in ed  fo r  th e  Ferm i momentum k p

an d  fo r  K a re  a lso  g iven  in  T ab le  23.
00

In  F ig .28 we p re s e n t  th e  s a tu ra tio n  c u rv e s  labelled  1, 2, 3, 4, 5, 

co rre sp o n d in g  to  th e  A pproxim ations 1, 2, 3, 4 , 5, p re s e n te d  in

T able 3 .3  fo r  th e  p o te n tia l HEA (d e n s ity -d e p e n d e n t ap p ro x im a tio n s). 

T hese  re s u l ts  a re  com pared to  th e  r e s u l ts  of re a c tio n  m atrix  

ca lcu la tio n s . (R e fs .7 ,2 5 .)  We see th a t  a ll th e se  ap p rox im ations y ield  

sim ilar sa tu ra tio n  c u rv e s . When c o n s id e rin g  th e  r e s u l ts  fo r  th e  

M igdal p a ra m e te rs  we a re  led  to  p r e f e r  A pproxim ation  1 o r  

A pproxim ation 2 of T ab le  3 .3 .
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P seu d o p artic le  co u p lin g  c o n s ta n ts  a n d  m odified

p seu d o p a rtic le  coup ling  c o n s ta n ts  fo r  th e  p o te n tia l HEA an d

HM2 fo r  k-p = k ^ NM = 1.3G fm "1 .F F

' T ‘
HEA I HM2

. j . ---------------------------- 1----------------------------- _j_.

w

- T -

| P seu d o - I M odified | P seu d o - | M odified
I I I I
| p a rtic le  | P seu d o - | p a r tic le  | P seu d o -
I I I I
| C oupling | p a r tic le  | C oupling  | p a rtic le
I I I I
| C o n sta n ts  | C oupling  | C o n s ta n ts  | C oupling
I I I I
| | C o n s ta n ts  | | C o n stan ts
I I I I

■+-------------------------+ -------------------------+ ------------------------- +-
6g2o/4 n | -2 .8 1  | -2 .8 1  | -1 .1 5  | -1 .15

I I I I
f i  c r 2  M i r  I 1 4  9  I 1 7  5  I g  5 2  ! 7  3 5I

6g26/4 n | 5 .54  j 5 .54  j 0 .00  | 0 .00

I I I I
_ _ _ _ _ _ _ _ _ _ _ _ X _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ X _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ X _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ X .

T h u s  f a r ,  o u r choice of h a s  b een  b a se d  upon  a f i t  to  m a trix

e lem en ts o b ta in ed  in  re a c tio n -m a tr ix  ca lcu la tio n s  (in  th e  RBHF 

th e o ry )  fo r  th e  p o ten tia l HEA. We now c o n s id e r an  a r b i t r a r y  ch an g e  

of AU su ch  th a t  th e  s a tu ra tio n  c u rv e s  a re  m ade to  p a ss  th ro u g h  th e  

re c ta n g le  in  F ig s . 26-27. T he re c ta n g le  d e n o te s  th e  re g io n  of 

g en e ra lly  accep ted  v a lu es  fo r  th e  s a tu ra tio n  d e n s ity  an d  b in d in g  

e n e rg y  of n u c le a r  m a tte r . In  C h a p te r  3, AU d e sc r ib e d  th e  e x ch an g e  

of a  p seu d o -s ig m a , pseudo-om ega  a n d  p s e u d o -d e lta  p a r tic le  in  th e
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case of th e  p o te n tia l HEA. T he coup ling  c o n s ta n t fo r  th e  p se u d o ­

omega p a rtic le  w as 6g2w/(4 ir)= 1 4 .2 . If we a rb i t r a r i ly  in c rease  

6gzw/(4 ir) to  17.5 (see  T ab le  5 .1 ) ,  we o b ta in  th e  c u rv e  labelled  b ' in  

F ig . 26, in  a  n o n -s e lf -c o n s is te n t ap p ro x im atio n . (See T ab le  23 -

A pproxim ation  3 .)  If we f u r th e r  n eg lec t th e  d e n s ity  d ep en d en ce  of 

th e  p seu d o p a rtic le  coup ling  c o n s ta n ts , an d  ag a in  u se  6g2w/(4 ir)= 1 7 .5, 

we o b ta in  th e  c u rv e  labelled  b ’ in  F ig . 27. (See T ab le  23 -

A pproxim ation 4 .)

5 .3  R esu lts  of C om putation fo r th e  P o ten tia l HM2

In  T able 5 .1  we a lso  sum m arize some fe a tu re s  of AU fo r th e  

p o te n tia l HM2. If we u se  th e  d e n s i ty -d e p e n d e n t p seu d o p a rtic le  

coup ling  c o n s ta n ts , we o b ta in  th e  sa tu ra tio n  c u rv e  a  in  mg.zs? —see 

T ab le  24 ( A pproxim ation  1 ) .  T he d e n s ity - in d e p e n d e n t r e s u l t  is 

labelled  a ' an d  is show n in  F ig .30 -se e  T ab le  24 (A pproxim ation  2 ). 

When we u se  th e  m odified p seu d o p a rtic le  coup ling  c o n s ta n ts  g iven  in  

T ab le  5 .1 , we o b ta in  th e  sa tu ra tio n  c u rv e s  lab e lled  b 1 of F ig s .29-30, 

c o rre sp o n d in g  to  d e n s ity -d e p e n d e n t an d  d e n s ity - in d e p e n d e n t c a se s , 

re sp e c tiv e ly . T h ese  c u rv e s  p a ss  th ro u g h  th e  re c ta n g le  in  F ig s .29-30.

We rem ark  th a t  fo r  th e  p o ten tia l HEA a n d  th e  p o te n tia l HM2, th e  

u se  of (e ith e r  m odified o r  unm odified) d e n s ity - in d e p e n d e n t coupling  

c o n s ta n ts  fo r  th e  p se u d o p a rtic le s  can  lead  to  a  la rg e r  va lue  of 

s a tu ra tio n  d e n s ity  an d  to  a la rg e r  va lue  of th e  inco m p ressib ility  

p a ra m e te r, K .
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5 .4  R esu lts  of C om putation  fo r  th e  P o ten tia l BMR2

We p re s e n t  a s e p a ra te  d iscu ss io n  of th e  p o te n tia l BMR2 in tro d u c e d  

in  R e f .20 (see  a lso  S ection  1 .3 ) ,  s ince  we h av e  n o t ca lcu la ted  th e  

RBHF re a c tio n  m a trices  in  th is  c a s e . We h av e  a d d ed  two

p se u d o p a rtic le s  o r  th re e  p se u d o p a rtic le s  (see  T ab le  5 .2 , Mq = = 1

GeV, Mg = 1.25 G eV .) to  th e  in te ra c t io n  BMR2 a n d  h av e  ca lcu la ted  

th e  s a tu ra tio n  c u rv e s  in  th e  re la tiv is t ic  H a rtre e -F o c k  app rox im ation . 

T he  r e s u l ts  of th a t  ca lcu la tion  a re  show n in  F ig .31. In  all th e se  

ca lcu la tion  we u se d  d e n s ity - in d e p e n d e n t p se u d o p a rtic le  coup ling  

c o n s ta n ts , i . e .  we h av e  u se d  th e  p se u d o p a rtic le  coup ling  c o n s ta n ts  

fo r  k p  = k j ? ^ =  1.36 fm T h ese  c o rre sp o n d  to  th e  "m odified case" 

fo r  th e  p o te n tia l HEA a n d  HM2. We fin d  th a t  in  a d d in g  two

p se u d o p a rtic le s  in  o rd e r  to  o b ta in  s a tu ra tio n  a t th e  c o rre c t e n e rg y

an d  d e n s ity  in  th e  H a rtre e -F o c k  a p p ro x im a tio n . th e  v a lue  of th e  

in co m p ressib ility  p a ra m e te r  is  la rg e  (K is  a ro u n d  450 MeV) b u t  i t  is
oo

s till  re a so n a b le . M uch la rg e r  v a lu es  of K can  be  fo u n d  in  th e
00

simple sigm a p lu s  om ega m odel, su ch  a s  th a t  d e sc r ib e d  in  R e f .8 an d  

in  Section  6 .3 . We re m a rk  th a t  th e  g e n e ra l t r e n d  o b ta in ed  in

p re v io u s  ca lcu la tions is seen  h e re :  An a ttem p t to  o b ta in  th e  c o rre c t

s a tu ra tio n  p ro p e r t ie s  w ith o u t ta k in g  in to  acco u n t th e  d e ta ils  of th e  

s a tu ra tio n  dynam ics as  d e sc r ib e d  in  RBHF re a c tio n -m a tr ix  calcu la tions 

le ad s  to  la rg e  v a lu es  of K-- —    —a — 1 1 —  --oo
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T ab le  5 .2

fiOP se u d o p a rtic le  co u p lin g  c o n s ta n ts  1 fo r  th e  p o te n tia l BMR2 

fo r  k p  = k p ^ ^  = 1 .36 fm Also g iv en  a re  th e  Ferm i

momentum, k p , a t  s a tu ra tio n  a n d  th e  in co m p ress ib ility  

p a ra m e te r , K , fo r  A pprox im ations 1 th ro u g h  7.

BMR2
" T "

h

B .E ./A

4-
A p p ro x . 1 j - 6 . 3 5

A p p ro x . 2 | - 5 . 5
I

A p p ro x . 3 1 -1 0 .4
I

A p p ro x . 4 1 -1 0 .5
I

A nnrox  - 5 I -10 fi
i

A p p ro x . 6 1 - 5 . 5
I

A p p ro x . 7 1 - 5 . 5

b )

K

- J - $ g2 | - M g 2 | - M g ?  I I I4 r  a  4 t  °ui 4x _ 1
| (fm A) | (MeV) | (MeV)
I I I

■ +--------------+-------------+-------------
14.40 0 .0 0  |

1
1.37 | -15 .19  j

I 1
448

14 .40b ) |
1

8 .5 4 b ) |
l

1.35
1 1 
| -15 .19  |
1 i

439

7 .25  |
1

8 .54  j 1 .30
1 1 
| -14 .95  j
1 i

443

7 .25  |
1

|
8 .54  |

1
1.30

1 1 
j -15 .22  j
1 i

441
1

7 .25  ji
1

ft 1— • —» ii 1.31
1 1 
1 -1ft 4Q Ii -*•“ • iI

/IQ1~XW X
1

14.54 j
1

8 .54  j
l

1.35
I I
| -15 .49  |
1 i

471

14.26 |
1

8 .54  | 1 .36
1 1 
| -1 4 .9 0  j 441

.  - L -

a ) .  M = M = lG eV , Mx = 1 .25 GeV. ’ o u ’ 6

b ) . T he s ig n  is  su c h  as  to  in c re a se  th e  a t tra c t io n  in  th e  

o ch an n e l.

c ) .  T he s ig n  is  su ch  a s  to  d e c rea se  th e  re p u ls io n  due 

to  u e x ch a n g e .

d ) . T he s ig n  is  su ch  as to  d e c re a se  th e  re p u ls io n  due 

to  6 e x ch a n g e .
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Chapter 6 

Fully-Self-C onsistent Pseudoparticle Model

Full s e lf -c o n s is te n c y  re q u ire s  th a t  th e  v a rio u s  m a trix  e lem ents of 

I ( p )  a re  ca lcu la ted  u s in g  th e  sp in o rs  £ (p ,  s) o b ta in ed  from  th e  se lf- 

c o n s is te n t so lu tion  of E q . ( 2 .8 ) .  T he eq u a tio n s  of A ppend ix  9 of 

R e f .7 w ere a p p ro p r ia te ly  m odified to  c a r ry  o u t th e  f u l l y - s e l f -  

c o n s is te n t c a lcu la tio n s . T h e  m odified e q u a tio n s  a n d  th e  r e s u l ts  of 

fu l ly -s e lf -c o n s is te n t ca lcu la tio n s  a re  re p o r te d  h e re .

6 .1  G reen 's  F unction

In s e r t in g  E q .(2 .2 7 )  in to  E q .( 2 .8 )  we fin d

[7 * p+mN+A(p) +/y°B (p) + ^  C ( p ) ] f ( p , s ) = 7 ° p ° f ( p , s )  ,
N N (6 .1 )

w here  A (p ) , B (p ) an d  C (p ) p a ram ete rize  th e  s e lf -e n e rg y . T he 

G reen 's  fu n c tio n  is

G (p°, p) = -----------------------------------— ( G  2^
/ - m N- A ( p ) - 7 ° B ( p ) -  - ^ C ( p ) + i f

K eeping  on ly  th e  p o s itiv e -e n e rg y  sp in o rs  we have
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o (p ° .p )  -  x  ( f ( p o-? ; sofl f : ? ' s) »(kF-i5i>E^p) v p -e (p  ,p ) - ie

♦ *<ia-v) <6-3>pu —c(p , p)+ic r ' »

w here  m (p) = [mN + A (p ) ] /[ l+ C (p ) /m N] , E (p ) = [ p 2 + m2(p) ]* , 

a n d  = B (p )  + [1+ C (p ) /m ^ ]E (p )  is  th e  pole p o s itio n . F or a  

ferm ion of sp in  1/2 th e  p ro p a g a to r  is

i ( g + S )f i ) =
'  ^ - m j j - E ( p ) + i c  p 2-m2+ i e  l + C ( p ) / m N ( 6 . 4 )

Now d u e  to  th e  e ffe c t of th e  n u c le a r  m edium , th e  nuc leon  in  n u c lea r 

m a tte r  is  n o t on m a ss -sh e ll. In  a g e n e ra l Feynm an d iag ram , we u se  

th e  following rep lacem en t

--------------1-------------------- > —2 x i - £ —  6 ( p ° —B ( p ) - [ 1 +  ^ - ] E ( p ) U . ( p )  ,
/ - m N- E ( p ) + i e   ̂ “ N '  T ( 6 . 5 )

an d

M p )  = I  f ( p , s ) f ( p , s )  ( 6 . 6 )
+ s

We o b ta in  a s e t  of new  form ulas (see  th e  n e x t sec tion ) w hich a re

u sed  to  p e rfo rm  th e  re la tiv is t ic  calcu la tion  of th e  nucleon  s e lf -e n e rg y

in  th e  H a rtre e -F o c k  ap p rox im ation . T h e  new  form ulas co n ta in  a 

fa c to r  of l / ( l+ C (p ) /m j^ )  a n d  d ep en d  upon  th e  p a ra m e te rs  p 10 an d  I n .

Note th e  d e fin itio n

p = ( p ° , 3 )  = [ E ( p )  , p  ] = (  P°~  B ( p )  - , P )  ( 6 . 7 )
v l + C ( p ) / m N '  '



6 .2  R e la tiv is tic  C alcu lation  of th e  N ucleon S e lf-E n e rg y
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In  th is  sec tio n  we p re s e n t  th e  calcu la tion  of th e  n u c leon  se lf- 

e n e rg y , E (p ), o b ta in ed  b y  u s in g  f ( p , s )  in  th e  n u c le a r-m a tte r  d e n s ity  

m a trix  fo r  th e  c o n tr ib u tio n s  of th e  c , w, tt, p, ,<f>, 5 a n d  r\ f ie ld s . 

All th e se  new  e q u a tio n s  a re  m odified v e rs io n s  of th e  eq u a tio n s  of 

A ppend ix  9 of R e f .7.

We re c a ll S ection  2 .5  a n d  E q .( 2 .2 7 ) .  In  th e  case  of n u c lea r 

m a tte r , w here  N = Z, we n eed  to  e v a lu a te  th e  Feynm an d iagram s 

shown in  F ig .6 .1 .

a '

( | —»

q*
r

p - q

4  f ( p , s )

F ig . 6 .1

A ccord ing  to  th e  a rg u m e n t in  Section  6 .1 , we now ad d  a new 

Feynm an ru le  fo r  re la tiv is t ic  n u c le a r  p h y s ic s : w hen ca lcu la tin g  th e  

s c a t te r in g  am plitude  -iM , fo r  each  in te rn a l ferm ion lin e , we shou ld  

u se  a fa c to r  i(jrf-m+ie) * [ l+ C (p ) /m ^ ]  *. We o b ta in  th e  following 

fo rm ulas w hich  re p la ce  th o se  of A ppend ix  9 of R ef. 7 in  th e  

calcu la tion  of th e  s e lf -e n e rg y  I ( p ) .
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C o n trib u tio n  of o -f ie ld :

*£•«
ttljAip

(p )  = ( - 1 ) 6 M .
(2  ir)4 E(q)

F ' ( p - q )

(p —q) ‘ 

■ !

. f J k L )  , } f — i — 1 
>  2m aJ \ + C(r>y 

mN

F2 (p-q>

• (1
ih iz r )C(p )

mN

B_(p) = 4 f  j L f j £ _ U - 4 - U -
F2(p-q>

«/ ( o v~ ) V 
K 2 T )  E(q) m (M l2 1+ m'N

Cff(p )
F ' ( p - q )

t _ I M 2  
mi

2
1+ SLeI

mN
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C o n trib u tio n  of w -f ie ld :

V p) ■ 4J ̂  &  ("'■2 * ‘ E (q) mu

F„(P-Q>
-If— 1 ) 
n u a * i J

1 m2 '  “ N

V p> A

E(q) “a;(2a-) '

*£(p-q)

w

■ )(-
1+

C(p)

mN

cw( p )
■  4I (-{ 2 j r )  E (q )p 2 “w

F ' ( p - q )

(’4 1 (S-q)‘ 
.2

:)(-
m_N____

C(p)
m m

w N
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C o n trib u tio n  of p - f ie ld :

*„<■> ■ v J  ^ j r h V )  (- -{H  ( V 7 L )
a^a  (2* } E(q) mp 1 -  ± 2 = f -

mp

1 +

Here

i o ^  i. /■ f P . r J J _____ k

mN

<U*> = X.+ ^  kf/( ^ - ) =  7 ,r  a [ / i  -  / ]
nN?  2m„ 17 e p  2mN 2mN

w i t h  a=  f p l 2 g p  n o t e  t h a t  t h e  q u a n t i t y

w h e re  b  = q -  p ,  c a n  b e  w r i t t e n  a s

X (b) = (2  -  - # - )  + a  p i M !  -  _ 3 j _ ]
i*i > fn it» tn '

2 (  3 b i  x  tf b 2 _  2 ( q . b )  a  \I «  2 0  2 ~  2 ~  J ̂ 2m^ 2mNm mN m

r\/0 r t/^ \
H e r e  q = E ( q ) .

  ̂ /  UWtm„ N
P

x  f 2_  3 a ( p - q ) . q  + 3 a ' ( g - g ) J '

mNm 2mJ '  •

r
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V P) =
F ^tp-q)

■)(— S — )
n  C (£ l )

m'N

/  _  2  / ~  <v / v 2 \ v  / / - > 2  - K v 2  * v \  2  / * ^q«P , f  3a + 2a (p»q-q f (p  -  p .q )^  a ( p - q ) “ (p»q)
m p2 '  mN m '   ̂ p2 2 m p 2

C o n trib u tio n  of -it -f ie ld :

5£!£V)(P) = (-3 )£

^(m2+m^)- 2 ( p * q ) ( l+ ^  ) + 2pffi + £  (m^-m2))
m m
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E(q) “ir 1 -  1+ m
m! N

(
_rvO /^  ~\ ~0 /~2 22p (p *q )-2p  m +q (m -mN)J

8m*m

-J A-fi) (4) (4 w ) (-̂ r)
_2 mv
“ if N

1 r    ( m j - s 2)(p -q )  ^
— ( 2 (p .q  -m ) -  — ^ -------------  J

C o n tr ib u t io n  o f  0 - f i e l d :

^ ' “<P) = V j  (%>«•<»❖ ° )Tr (“A * * - ) ) V i S °
a^a 1 1 ( 2 * } E(q) \  K 2m

, F2 (p -q )  N , ________ , 'j

(p -q) ' 1 +

  1
Q ifii

m m
<P

N

= 4 [  _dfl f— ) f - ^ - 1  f V P~q) 1 f  I )
“ ( 9 . r \ 3  ̂ '  m2 *  ̂ r  /  v n r ~ \  )

yp>
<*> E(<?) V "

\

C lfil
mN

V p)
f ! ( p - q )4 f  _ d 3 _ r _ s _ )  f J E j  f  F > ( 0 )  +  V " '  1 f — 1— )J (2jt)3  ̂ ^ tn.2 ^   ̂ _  (p-q)2r   ̂ 1+ CT&I j

 ̂ m2 '  mN
E(q) >
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C (p) = 4 [ _da— [ JseJj  C------- ^ - - p: q..)— ) r— ! ! * _

*  j  (2jr) W ) ? *  V  4 ( 1  -  1 1 + C(£)

C o n trib u tio n  of 6 -f ie ld :

*„<P> J ^ r h ^ )  $ • )  ^ r )
o>a T T E(q) m6 1 -  2m 1+
^  mj mN *

E(q) 6 [1 -  ? ' - j 1+ m2 mMN

2 mMme N

C j ! ( P )  = .  a  f  - f i t — r _ _ a - S _ )  f j L )  [ F < ( g ^ )  1 f _ J ? N — )
2 J C2r t 3  ̂ g (^   ̂ H  _  (p -q)2 ^  1+ C (£ i '

2 mMme N
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C o n trib u tio n  of ti -f ie ld :

= ("1 )5
aTaTl E (q) mf}

F^(p-q)

( p - q ) 2 ) H z r )
In­

in.
C(p)

mN

x —̂ -f(m 2+m ^)-2(p*q) (1+  -^-)+2jpto+ — (m^-m2 ))  
8mN «  *m m
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6 .3  R e la tiv is tic  D ynam ics of N uclear S a tu ra tio n

U pon in s e r t in g

f(P
/ % ( p) « (p ) 

^  E(p)

-¥ •* <7»P

c (p )

(2 .13 )

in to  E q .( 2 .1 8 ) ,  we see th a t  E q .(5 .5 )  an d  E q .(5 .6 )  can be  w ritten  a s :

%in  _ Fki

w ith  p  = |p |  and

p2dp (£ (p )  -  mN  (mN -  m))

E(p)
( 6 . 8 )

^pot 3 1  p V d p f - S -  a ( P )+ b (p )+  )
2 kp Jn (6 .9 )

*F ° 0  E (p) E(p)

If we follow th e  same p ro c e d u re s  as th o se  d e sc rib e d  in  Section 5 .1  

an d  u se  th e  fo rm ulas lis te d  in  Section 6 .2 , we can p erfo rm  a fu lly- 

s e lf -c o n s is te n t calcu la tion  of I ( p ) .  T h is  calcu lation  is shown in 

F ig .6 .2 .

p-q

f(p.»)

f i t s ’)

f(p.B)

fCq.e’)

p-q
f(p.s)

-

“ Up.s)

p - q

‘ f(p..)
Second order

Born Term
High-order 

Ladder diagrams

F i g . 6 . 2
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If  we com pare th is  f ig u re  w ith  F ig .3 .3 , we see th a t  we sh o u ld  change 

th e  sp in o r  u ( p , s )  to  f ( p , s ) .  A n o th e r im p o rtan t d iffe ren ce  in  th e  

s e lf -c o n s is te n t calcu la tion  is  th a t  we m u st now solve th e  following 

e q u a tio n :

m = m ^ + A(m) . (6 .10)

T h is  is  an  in te g ra l  eq u a tio n  w hich  may be so lved  b y  ite ra tio n . 

E quation  (6 .1 0 ) , w hich h a s  th e  schem atic  form

Ladder
Approxim ation

F ig .  6 .3

m ust be so lved  a t  each  n u c le a r  d e n s ity  in  a s e lf -c o n s is te n t m anner to  

o b ta in  A ( p ) .

A(m)

An il lu s tra tiv e  exam ple ( a -to model)

As a simple exam ple le t  u s  co n s id e r W alecka's o-w model an d  only  

u se  th e  R ela tiv is tic  H a r tre e  A pproxim ation  (R H A ). We th e n  only  

ca lcu la te  th e  f i r s t  te rm  in  F ig .6 .1 . In  th a t  approx im ation  th e re  a re  

on ly  tw o te rm s to  c o n sid e r: th e  a c o n tr ib u tio n  to  A (p ) an d  th e  «

c o n trib u tio n  to  B (p ) .  We o b ta in



•where

J S U L  [ a y  4  + a 2 (A) +....................... ... . 1 /2  ■■ ) ,
s x 2 K 2 V F 2 [k|,+m (A) ] +kp ] ;

(6 .13 )

2kf,
=  — ; (k„ = Fermi momentum ) . (6 .14)

a  37T *

We use  th e  following d e n s ity - in d e p e n d e n t coup ling  c o n s ta n ts :

c s =e 0 (mV m2o)= 267,1 ’ (G 15)

C =g (mz. T/m 2 )= 195.9 , (6 .16)v  &wv N w' ’ v '

to  ev a lu a te  A (p ) an d  m [A (p )] . We th e n  i n s e r t ^  in to  E q s .(6 .8 )  and

(6 .9 ) to  o b ta in  th e  s a tu ra tio n  c u rv e s . T he r e s u l t s ,  in c lu d in g

com parison betw een  n o n -s e lf -c o n s is te n t an d  fu lly  -  s e lf -c o n s is te n t 

ca lcu la tions a re  lis te d  in  T able  25.

F or each  ite ra tio n  we u se  th e  ab so lu te  v a lu e  I A , , - A. . Io u tp u t in p u t
to  sp ec ify  th e  acc u ra cy  of th e  so lu tio n . T he  r e s u l ts  r e p o r te d  in

T ab le  25 show  th e  e ffe c t of m odify ing  th e  re q u ire d  ite ra tio n

a c c u ra c y . From T ab le  25 we see th a t  th e  r e s u l t s  o b ta in ed  b y  u s in g

m any ite ra tio n s  a re  v e ry  close to  th e  r e s u l t  of W alecka (R e f .8 ) .
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6 .4  R ela tiv is tic  D ynam ics of N uclear S a tu ra tio n : N um erical R esu lts

F or th e  p o te n tia ls  HEA, HM2 a n d  BMR2, we solve E q .(6 .1 0 )  b y  

i te ra tio n . C hoosing an  i te ra tio n  a cc u ra c y  fo r  each  n u c lea r d e n s ity , 

we e v a lu a te  A (p ) , B ( p ) ,  C (p ) an d  th e  s e lf -c o n s is te n t va lue  of

m [A (p ), C ( p ) ] .  T h e n , in s e r t in g  th e se  v a lu es  in to  E qs. ( 6 .8 ) - ( 6 .9 ) ,  

we calcu la te  v a rio u s  s a tu ra tio n  c u rv e s . T he  r e s u l ts  a re  show n in  

F ig s .26-27 an d  F ig s .29-32. F ig s .33-35 e x h ib it th e  r e s u l ts  of u s in g  

d if fe re n t ite ra tio n  a c c u ra c y  sp ec ific a tio n s . (A lso see T ab les  26 -28 .)

R esu lts  fo r  th e  p o te n tia l HEA

In  F ig . 26, th e  c u rv e  labelled  a is  th e  fu lly -se lf -c o n s is te n t 

s a tu ra tio n  c u rv e  fo r  th e  p o ten tia l HEA calcu la ted  in  o u r 

p seu d o p a rtic le  model u s in g  th e  p o ten tia l AU as  g iven  in  C h ap te r  3. 

V alues of th e  in co m p ress ib ility  p a ram e te r o b ta in ed  in  th e se  

ca lcu la tio n s  a re  g iven  u n d e r  th e  h ead in g  A pproxim ation  1 in  T ab le

23. T h ese  v a lu es  a re  q u ite  close to  th e  v a lue  ca lcu la ted  from  th e  

v a lu e  of th e  Migdal p a ra m e te r , F 0, in  R e f .25. T h e re  it was found  

th a t  K = 175 MeV. H ere  we ca lcu la ted  K =177 MeV d ire c tly  from  th e
oo oo

b in d in g  e n e rg y  c u rv e s :

» '  Pb  a \  F  • <e i 7 )
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If  we fix  th e  v a lu es  of th e  coup ling  c o n s ta n ts  to  th o se  fo u n d  fo r  

k p  = 1.36 fm 1 in  C h a p te r  3, we o b ta in  th e  s a tu ra tio n  c u rv e  labelled  

a  in  F ig .27. When we a rb i t r a r i ly  in c re a se  6g2w/(4 ir) to  1 7 .5 (see  

S ec tion  5 .2 ) ,  we o b ta in  th e  fu lly  s e lf -c o n s is te n t c u rv e s  labelled  b  in 

F ig s . 26-27. (See T ab le  23 - -  A pprox im ations 3 -4 .)

R e su lts  fo r  th e  P o ten tia l HM2

F o r th e  p o te n tia l HM2, we o b ta in  th e  fu lly  se lf  - co n s is te n t

s a tu ra tio n  c u rv e s  lab e lled  a an d  b  in  F ig s . 29-30. T he  va lu es  

o b ta in ed  fo r  th e  Ferm i m omentum, k,-,, an d  fo r  K , a re  g iven  in  T ableJ  00

24. In  F ig . 32, th e  c u rv e s  labelled  D an d  N den o te  th e  se lf-

c o n s is te n t r e s u l ts  fo r  th e  b in d in g  e n e rg y  p e r  n u c leon  fo r th e  

p o te n tia l, v'e^  = U + AU, in tro d u c e d  in  C h a p te r  3. T he  p o te n tia l is 

an  e ffe c tiv e  in te ra c tio n  sim ula ting  th e  G -m atrix  r e s u l ts  fo r  th e

in te ra c tio n  HM2. H ere  we u se  th e  m odified p se u d o p a rtic le  coupling  

c o n s ta n ts  6g2 = -1 .1 5 , 6g2 = 6 .9 8 , fo r  = k j* ™  = 1 .36 fm "1 . (A10 (a) r  r  0

= 1 GeV, My = 1 G eV ). C u rv e  N d en o tes  th e  r e s u l ts  fo r  d e n s i ty - 

in d e p e n d e n t p se u d o p a rtic le  coup ling  c o n s ta n ts  w hile c u rv e  D d en o tes  

th e  r e s u l ts  fo r  d e n s ity -d e p e n d e n t p se u d o p a rtic le  coup ling  c o n s ta n ts . 

T h e  d e n s ity  d ep en d en ce  u s e d  is  th a t  g iven  in  E q s. (3 .1 6 ) - (3 .1 7 ) .

R e su lts  fo r  th e  p o te n tia l BMR2
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For th e  same A pprox im ations 1-7 (see  S ection  5 .4 ) ,  th e  r e s u l t s  of 

th e  fu lly - s e lf -c o n s is te n t ca lcu la tio n s  a re  l is te d  in  T ab le  6 .1 . (A lso see  

F ig .3 1 .)

T ab le  6 .1

P seu d o p artic le  co u p lin g  c o n s ta n ts  fo r  th e  p o te n tia l BMR2 fo r

k p  = = 1 .36  fm Also g iv en  a re  th e  f u l ly - s e l f -

c o n s is te n t r e s u l ts :  th e  Ferm i m om entum , k p , a t  s a tu ra tio n

an d  th e  in co m p ress ib ility  p a ra m e te r , K , fo r  A pproxim ations
00

1 th ro u g h  7.

BMR2
' T * " r '  T ‘

I - n r S g i  i ~^—6 e7 ii n  v  | 4 X | - 0

- + -

W I 4 1  * 0  _1
, I (fm X)
I I

■+-----------------h------------

| B .E ./A  |

I I
I (MeV) |
I I

' +  + -

Koo

(MeV)

A p p ro x .1 1
1

- 6 .35 14.40 0 .0 0 1.39 | -15 .33  |
1 i

493
1

A p p ro x . 2 1
1

- 5 .50 14.40 8 .5 4 1.39
1 1 
j -15 .97  j
j j

483
1

A p p ro x . 3 1 -10 .40 7.25 8 .5 4 1.33 | -1 5 .5 8  |
j j

467

A p p ro x . 4 j
1

-10 .50 7 .25 8 .54 1.33 | -1 5 .3 0  |
j j

467
1

A p p ro x . 5 1
1

-10 .60 7 .25 8 .54 1.34 | -15 .87  |
1 i

517
1

A p p ro x . 6 1
1

-5 .5 0 14.54 8 .54 1.39
1 1 
j -15 .97  j
| j

493
1

A p p ro x . 7 1 -5 .5 0 14.26 8 .54 1.39 | -15 .33  | 493

. - L . . 0..



6 .5  C alculation  of th e  M igdal P a ram e te rs  of th e  F u lly -S e lf -C o n s is te n t 

RBHF T h e o ry

F or v a rio u s  p o te n tia ls , if  one d e te rm in es  th e  se lf -c o n s is te n t 

so lu tion  of E q .( 6 .1 0 ) ,  1 in[A (kp), C ( k p ) ] , we can  o b ta in  th e  Migdal 

p a ra m e te rs  of th e  fu l ly -s e lf -c o n s is te n t RBHF th e o ry .

As a sim ple exam ple le t  u s  co n s id e r th e  s c a tte r in g  am plitude fo r  

fo rw ard  s c a t te r in g  of two q u a s i-p a r tic le s  a t  th e  Ferm i su rfa c e , w hich 

a r is e s  from  th e  ex ch an g e  of a  w m eson. T h e  fu lly  o n -sh e ll am plitude 

is

w h ere  in  Mon we h av e  “p 2 x = '^ 22 = k 2p  = m2^.. We h ave

= V * )  + fw(x )V ^ 2  + [ *w(x) + ®W(x)7 1*7 2 ]V ? 2

+  r f " [  V x )  +  K i x ) * i 9*2 ] s i 2 ( p }  • (6 .19)

w here
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eu<*> - g;<s> = 7  Y t ~ ( U •
D . t~" X  IDCJ

U sing  th e  same p ro c e d u re s  we can  d e term ine  th e  fu n c tio n s  f ( x ) ,  
/■— ^  ^
f ' ( x ) , g ( x ) ,  g '( x ) ,  e tc .  fo r  th e  e x ch an g e  of o th e r  m esons.

o e x c h a n g e :

Let A =g2 / ( 2 k  2) a n d  B =l+m 2/ ( 2 k  2) . T h en  
o  o  r  o  o  J?

V  x V  x ” m ma

f;<*> = 7 -2-£— + t - f< 4 -> H fr *) -a  B -  x B -  x '  m m Ja  o

e„<*> * = T
W ‘>

* c -
((4-)v m

■2+i + 1 ( ^ ) 2 3 E ID
( l - x ) j

p e x c h a n g e :

Let A =g2 / ( 2 k r ,2) ,  B =l+m 2/(2k ,-,2) an d  2a=(f / g  ) .  U sing  th e  p p r  p p r  p p
G ordon decom position (see  A ppen d ix  E ) , we fin d



a ’ = a(m/mN) , 2a = (fp /g p )

n e x ch a n g e  (p se u d o v e c to r  c o u p lin g ) :

Let Aii=g2ij/ ( 2 k F 2) a n d  B ^ l + m ^ / ^ k j . 2) . T h en
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f,(x) = f;(x)

an d

2 ; ( x > = -  i

0 e x c h a n g e :

Let A^=g2^ /( 2 k p 2) a n d  B^=l+m^2/ ( 2 k p 2) . T h en

V x) - T
A i P j ( t )  A f 2, ( 0 )  , A , F l ( t )

. ( J

, A ^ t t )  i A ^ k t ) ,  F „ kF v
f U x )  = i - £ * --------i - ± 4 _ ( < - S - )  »_<;*> 2x) ,

'r * B / -  X R  —  y  '  m m9 K6 -  x '  m m

A , F l ( t )
g ^ U >  = g ^ (x )  = i  - ^ 4 —  ( l + | ( ^ ) 2 < l - x ) )  .

^ ni

Ti ex ch an g e  (p se u d o v e c to r  c o u p lin g ) :

Let A =g2 / ( 2 k  2) a n d  B =l+m 2/ ( 2 k  2) .  T h en  
ti ti b  n  T) h

Vx) O nB -  x  m

? • (» )  = f , ( x )
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e v ( x )  = "  i V  x )

a n d

^ ( x )  = “ F » 7 ( x )

6 e x c h a n g e :

Let A g=g26/ ( 2 k F 2) a n d  B fi=l+m62/ ( 2 k F 2) . T h en

z  f . 3 A5FI ( t ) ^ i r kF x 2 ri A
’ = » t t I ‘s -0 J ■D ^ -  X In

g jF j(O ) j -
= - - A - r - - i u w  •

ms

g6 (x) = f*(*>

«*<*> = - i V x)  •

6 .6  M igdal P a ra m e te rs  o f th e  F u lly - Self - C o n sis te n t RBHF T h e o ry : 

N um erical R esu lts

F or th e  am plitude  (p x ,P 2) , we h av e  ev a lu a te d  th e  Migdal

p a ra m e te rs  of th e  fu lly -s e lf - c o n s is te n t  RBHF th e o r y . Use th e  

fo rm ulas in  S ection  6 .2 , we sum  all th e  c o n tr ib u tio n s  of th e  m esons of
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th e  OBEP, fin d  th e  s e lf -c o n s is te n t so lu tion  of E q .( 6 .1 0 ) ,  

m [ A ( k p ) ,C ( k p ) ] , th e n  we u se  th e  fo rm ulas in  Section  6 .5  to  fin d  th e  

fu n c tio n s  f j ,  f 'j ,  g^, g 'p  e t c . .  In  T ab le  29 (fo r  th e  p o te n tia l HEA), 

a n d  in  T ab le  30 (fo r th e  p o te n tia l HM2), we p re s e n t  d e ta ils  of o u r  

calcu la tion  an d  th e  com parison w ith  th e  sem i-se lf-co n s is ten t 

ca lcu la tions (see  Section  4 .2 .4 )  a n d  w ith  th e  G -m atrix  r e s u l ts ,  fo r  

v a r io u s  n u c le a r  d e n s it ie s .



C h a p te r  7
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Sum m ary a n d  O utlook

In  th is  w ork we have  shown how, u s in g  a simple calcu lational 

schem e, we could f it th e  Migdal p a ra m e te rs  an d  v a rio u s  m atrix  

elem ents of th e  nucleon  s e lf -e n e rg y , E (p ), w hich h ad  been  ca lcu la ted  

in th e  re la tiv is t ic -B ru e c k n e r-H a r tre e -F o c k  (RBHF) th e o ry . From th e  

te x t  we see th a t  it was q u ite  sim ple to  f it th e  nucleon  se lf -e n e rg y  

an d  Migdal p a ra m e te rs , w hich had  b een  ca lcu la ted  fo r two ’’rea lis tic "  

n u c leo n -n u cleo n  in te ra c tio n s  (HEA an d  HM2) in a  r a th e r  com plicated 

reac tio n  m atrix  calcu la tion  fo r  ( re la tiv is tic )  n u c le a r  m a tte r . (T hese  

p o ten tia ls  d iffe r  m ainly in th e  s t r e n g th  of th e  te n so r  fo rce . For 

exam ple, th e  p o ten tia l HM2 h as  s tro n g  te n so r  coup ling  of th e  rh o  

meson to  th e  nucleon  an d  th e re fo re  a weak n u c leo n -n u c leo n  te n so r  

fo rc e .)  F or exam ple, co n s id e r a o n e -b o so n -ex c h a n g e  p o ten tia l w hich 

in c lu d es  a d e sc rip tio n  of th e  ex ch an g e  of o, w, t t ,  p, T ) ,  0, an d  6 

"m esons". One can ca lcu la te  th e  B orn  te rm s fo r  th e  exchange  of 

th e se  m esons and  ad d  th e  B orn te rm s fo r  th e  ex ch an g e  of a p seu d o ­

sigma and  a p seudo-om ega p a rtic le  w ith  a la rg e  m ass, w ith  e ith e r  a 

re a l o r  im ag inary  coup ling  c o n s ta n t. T h e  e sse n tia l p o in t is th a t  th e  

ex ch an g e  of th e  p a r tic le s  an d  p se u d o p a rtic le s  of o u r  simple model can 

be tre a te d  in th e  B orn ap p ro x im a tio n , an d  th e  reac tio n  m atrices of 

th e  fu ll th e o ry  can be well ap p ro x im a ted . As may be seen  in  th is  

w ork , th e  p seu d o p a rtic le  m ethod w orks q u ite  well in  re p ro d u c in g  th e  

reac tio n  m atrices of th e  RBHF th e o ry  fo r d e n s itie s  of (1 /4 ) P t o
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a b o u t ( 5 /4 ) P j ^ ,  w h e r e p ^ j  is  th e  d e n s ity  of n u c le a r  m a tte r . (T h is  

d e ta iled  f i t  r e q u ire s  th a t  th e  p seu d o p a rtic le  coup ling  c o n s ta n ts  h ave  

some re la tiv e ly  w eak d e n s ity  d e p e n d e n c e .)  In  th is  w ork  we also  

p re s e n t  th e  n u c le a r  m a tte r  s a tu ra tio n  c u rv e s  fo r  th e  p o te n tia ls  HEA, 

HM2 an d  BMR2 u s in g  o u r  p se u d o p a rtic le  model. T h is  sim ple model 

re p ro d u c e s  th e  sa tu ra tio n  c u rv e s  ca lcu la ted  w ith  th e  fu ll re la tiv is t ic  

B ru e c k n e r-H a rtre e -F o c k  th e o ry  q u ite  w ell. W ithin th e  c o n tex t of th e  

p se u d o p a rtic le  approx im ation  to  th e  fu ll RBHF th e o ry , we o b ta in ed  

q u ite  rea so n ab le  v a lu es  fo r  th e  in co m p ress ib ility  p a ra m e te r . T he 

v a lu es  a re  q u ite  sim ilar to  th o se  o b ta in ed  e a r lie r  u s in g  th e  fu ll RBHF 

a n a ly s is .

We h av e  to  s t r e s s  th a t ,  a lth o u g h  th e  re la tiv is tic  model of n u c lea r  

p h y s ic s  h a s  ach iev ed  a num ber of su c c e sse s , m uch w ork  rem ains to  

be done . I t  w ould be u se fu l to  e x te n d  th e  RBHF th e o ry  to  p ro v id e  a 

(p a ra m e te r -f re e )  model of fin ite  n u c le i. F u r th e r ,  th e  c o n s tru c tio n  of 

th e  re la tiv is tic  op tica l p o ten tia l a t low e n e rg ie s  rem ains an 

o u ts ta n d in g  p rob lem . T h e  u se  of re la tiv is t ic  w ave fu n c tio n s  to  s tu d y  

n u c le a r  sp ec tro sc o p y  an d  in e la s tic  s c a t te r in g  shou ld  a lso  rece iv e  

s ig n ific a n t a t te n tio n .

T he goal of th is  w ork  w as to  o b ta in  a simple e ffec tiv e  in te ra c tio n  

w hich  could  be u se d  fo r re la tiv is tic -H a r tre e -F o c k  ca lcu la tions of fin ite  

n u c le i. T h a t is , we w ished  to  avoid  th e  d iff icu lt p roblem  of 

ca lcu la tin g  re a c tio n  m a trices  fo r  f in ite  nu c le i. F or ca lcu la tions in 

f in ite  n u c le i i t  is m uch e a s ie r  to  u se  d e n s ity - in d e p e n d e n t 

ap p ro x im a tio n s . T h e re fo re , th e  m ost d ire c tly  re le v a n t model would
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be g iven  b y  th e  solid c u rv e s  of F ig s .26 an d  30, fo r  th e  p o ten tia ls  

HEA an d  HM2, re sp e c tiv e ly , o r  c u rv e  N of F ig .32 (HM 2). If one 

w ishes to  u se  a model w hich re p ro d u c e s  g en era lly  accep ted  va lu es  of 

b in d in g  e n e rg y  an d  s a tu ra tio n  d e n s ity , th e  re le v a n t models a re  

re p re s e n te d  by  c u rv e  b of F ig .26 an d  c u rv e  N of F ig .32. Of c o u rse , 

o u r m ethods may be u se d  to c o n s tru c t p seu d o p a rtic le  approx im ations 

fo r  o th e r  b o so n -ex ch an g e-m o d els  of th e  n u c lea r fo rce .

O ur g ro u p  h as  b e g u n  to  te s t  th e  p seu d o p a rtic le  model of the  

n u c le a r  in te ra c tio n  in fin ite  sy stem s. We have  ca lcu la ted  the  

p ro p e r tie s  of f in ite  nuc lei: 12C, le O and  “ “Ca in a re la tiv is tic

H a rtre e -F o c k  approx im ation  u s in g  th e  q u as ip o ten tia ls  c o n s tru c te d  in 

th is  w ork . T he  s tu d y  of f in ite  nuc lei is d if fe re n t from  th e  s tu d y  of 

n u c lea r m a tte r . T he w ave fu n c tio n  is n o t a p lane  w ave, an d  we m ust 

u se  th e  g en era l form of th e  re la tiv is tic  op tica l p o ten tia l fo r th e  case 

of an o ff-m ass-sh e ll nucleon  [E q .(2 .2 6 ) ] .  We m ust a lso  co n sid e r 

s ta te s  c h a ra c te r iz e d  b y  a n g u la r  momentum. F o r 12C, ie O an d  <*°Ca, 

fo r th e  p o te n tia l HM2, we did n o t ad d  any  new a d ju stab le  p a ra m e te rs . 

We d id  no t change  th e  form  fa c to rs  and  we d id  no t make an y  change 

in  th e  q u as ip o ten tia ls  c o n s tru c te d  in  th is  w ork . We th e n  o b ta ined  

q u ite  good r e s u l ts  fo r  th e  b in d in g  e n e rg y , s in g le -p a r tic le  e n e rg y  

lev els  and  th e  ch a rg e  d e n s ity  d is tr ib u tio n . T he u se  of th e  

q u a s ip o ten tia ls  c o n s tru c te d  in th is  w ork to  calcu la te  th e  p ro p e r tie s  of 

fin ite  nuc lei in a re la tiv is tic  H a rtree -F o ck  approx im ation  is s till u n d e r  

s tu d y  a t th e  C en te r fo r N uclear T h eo ry  of B rooklyn College. We 

hope to  re p o r t  on re s u l ts  of num erical calcu la tions in  th e  n e a r 

f u tu r e .
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T he B rooklyn  College g ro u p  b e liev es  th a t  th e  nuc leon  is  well 

r e p re s e n te d  as  a nontopolog ical so liton  an d  th e  m otion of th e  r e s t  

fram e of th is  soliton  is  d e sc rib e d  b y  a fo u r-co m p o n en t D irac sp in o r. 

In  n u c lea r m a tte r  th is  sp in o r is  to  be d e te rm in ed  b y  so lv ing  

E q .( 2 .8 ) .  In  E q .(2 .8 )  th e re  is a s tro n g  sca la r  f ie ld , A (p ) ,  a r is in g  

from  meson ex ch an g e . T h is  fie ld  ch an g es  th e  m ass p a ra m e te r in  th e  

sp in o r from  th e  f re e -s p a c e  v a lu e . T h a t is th e  e sse n tia l fe a tu re  

u n d e rly in g  th e  su c c e ss  of th e  re la tiv is tic  th e o rie s  of n u c lea r 

s t r u c tu r e .

In  re c e n t y e a r s ,  th e  B rooklyn  g ro u p  h as  d eveloped  a un ified  

ap p ro ach  to  h a d ro n  an d  n u c le a r  s t r u c tu r e  b a se d  upon  th e  

reco g n iza tio n  th a t th e  s c a la r  field  u sed  in  d e te rm in in g  h ad ro n  

s t r u c tu r e  in "co v a rian t so liton  dynam ics" may be re la te d  to  th e  sca la r 

fie ld s  u sed  in th e  d e sc r ip tio n  of n u c le a r  s t r u c tu r e .

T he d e sc rip tio n  of n u c le a r  s t r u c tu r e  via  th e  u se  of e ffec tiv e  

L ag ran g ian s  h as  been  ex trem ely  su c c e ss fu l. E ffec tive  L ag ran g ian s  

d e sc r ib in g  q u a rk s  coup led  to  a sca la r  fie ld  (w hich is  c o n s id e re d  to  be 

an  o rd e r  p a ra m e te r of a g luon c o n d en sa te  in  a zero-m om entum  mode) 

h av e  been  of u se  in  d e sc r ib in g  h a d ro n  s t r u c tu r e .  We e x p ec t fu r th e r  

su ccess  fo r  th is  a p p ro a ch  an d  we believe  th a t  a new  an d  more 

fundam en ta l th e o ry  will em erge w hich will r e p re s e n t  a u n ifica tio n  of 

n u c lea r an d  h a d ro n  p h y s ic s .
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T ab le  1

M igdal p a ra m e te rs  fo r th e  p o ten tia l HEA ca lcu la ted  fo r  th e  case

w h ere  th e  nucleon  sp in o r  is u (’p . s )  w ith  fp |=  k p (s e e  t e x t ) .  T he

f i r s t  line  is ca lcu la ted  w ith  = AU and  th e  th ir d  line  g ives the

r e s u l t s  o b ta in ed  fo r  V = U + AU. T h e  fo u r th  line  is  th e  r e s u l t  ofe ff

a re a c tio n  m atrix  ca lcu la tio n . ( Note th a t  th e  M igdal p a ram e te rs  

g iven  h e re  a re  no t th o se  of th e  re la tiv is tic  BHF th e o r y .)

k p (fm 1)
'  T  ‘

F„ F x F'o F' i Go G i G'o G'x

3.132
-5 .462
-2 .330
-2 .095

-1 .532
0.335

-1 .197
-1 .251

2.928 
3.455 
0.527 
0.551

0.182
0.308
0.490
0.539

0.829
-0 .443
0.386
0.365

0.477
0.062
0.539
0.511

-0 .348
1.425’
1.077
1.178

0.024
0.282
0.306
0.246

1.900
-4 .507
-2.G07
-2 .439

-0 .897
0.169

-0 .728
-0 .841

-2 .180
3.052
0.827
0.897

0.212
0.164
0.376
0.475

0.838
-0 .365
0.473
0.362

0.343
0.039
0.382
0.349

-0.206
1.306
1.100
1.097

0.052
0.148
0.200
0.190

2.546
-5 .090
-2 .544
-2 .266

-1 .232
0.256

-0 .976
-1 .069

-2.611
3.323
0.712
0.694

0.211
0.243
0.454
0.534

0.839
-0.413
0.426
0.370

0.427
0.051
0.478
0.441

-0.291
1.394
1.144
1.140

0.047
0.220
0.267
0.231

3.824
-5 .543
-2 .259
-2 .046

-1 .608
0.356

-1 .252
-1 .302

-30011
3.478
0.477
0.517

0.172
0.324
0.496
0.538

0.824
-0 .449
0.375
0.363

0 .490
0.064
0.554
0.526

-0 .360
1.428
1.068
1.187

0.016
0.298
0.314
0.249

4.076
-5 .903
-1 .827
-1 .756

-2 .016  
0.461 

-1 .555  
-1 .592

-3 .339
3.555
0.216
0.361

0.091
0.402
0.493
0.529

0.790
-0 .472
0.318
0.348

0.536
0.074
0.610
0.583

-0 .418
1.432
1.005
1.235

-0.037
0.377
0.340
0.255
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Table 2

V arious c o n tr ib u tio n s  to  th e  M igdal P a ra m e te rs  fo r  th e  p o te n tia l HEA. 

T he f i r s t  sev en  row s g iv e  th e  c o n tr ib u tio n  of th e  B orn  te rm s fo r  

each  of th e  m esons in d ic a te d . T h e  c o n tr ib u tio n s  from  p seu d o p a rtic le  

ex ch an g e  (AUq , AUw a n d  AUg) a re  g iv en  as  well a s  th e i r  sum (AU). 

T he  to ta l is  th e  r e s u l t  fo r  = U + AU a n d  is  com pared  to  re a c tio n

m a trix  r e s u l ts  of re fe re n c e  7. H ere  k p  = 1 .36 fm ’ 1 .

1 1 
1 1 
1 1

Fo Fx F'o F'x Go Gx G'o G'x

! 1 
U' T1 1 0.068 -0 .0 5 0 0 .068 -0 .050 -0 .023 0.017 -0 .023 0.017

1 1 
u' 11 1 1.234 -0 .266 -0 .411 0.089 -0 .411 0.089 0.137 -0 .030

1 1 
1 Uc 1 -9 .211 0.732 1.773 0.732 1.773 0.732 1.773 0.732

1 1 
1 u 6 1 1.928 0.326 -3 .693 -0 .109 1.928 0.326 -0 .643 -0 .109

1 1 
u' w 1 7.558 -1 .261 -1 .352 -0 .588 -1 .537 -0 .536 -1 .537 -0 .536

1 1 
U P 1

0.347 -0 .818 0.922 0.194 -0 .634 -0 .076 0.212 0.025

i

u * 1
1.208 -0 .195 -0 .235 -0 .086 -0 .267 -0 .075 -0 .267 -0 .075

1 1 
| U (Sum ) j 3.132 -1 .532 -2 .928 0.182 0.829 0.477 -0 .348 0.024

1 AUo | -1 .312 0.056 0.354 0.056 0.354 0.056 0.354 0.056

3
<

-2 .749 0.444 0.531 0.197 0.604 0.171 0.604 0.171

1 a u 6 | -1 .401 -0 .165 2.570 0.055 -1 .401 -0 .165 0.467 0.055

1 1 
1 AU j -5 .462 0 .335 3.455 0.308 -0 .443 0.062 1.425 0.282

| V m =u +a u |1 e ff 11 i
-2 .330 -1 .197 0.527 0 .490 0.386 0.539 1.077 0.306

1 1 
| G m atrix  | 
| r e s u l ts  j
j E r ro r  (%) j
i i

-2 .095

11.22

-1 .251

4 .32

0.551

4 .36

0.539

9 .09

0.365

5 .75

0.511

5 .48

1.178

8.57

0.246

24.39
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Same a s  T ab le  2, e x c e p t th a t  kp, = 1 .00 f m 1 .

1 1 
1 1 
1 1

Fo F i F'o F 'i G„ G i G'o G \

1 u ,  11 1
0.035 -0 .030 0.035 -0 .030 -0 .012 0.010 -0.012 0.010

1 1 
u1 ir 'i I

0.869 -0 .304 -0 .289 0.102 -0 .289 0.102 0.096 -0 .034

1 1 
1 Uo 1I i

-6 .769 0.415 1.598 0.415 1.598 0.415 1.598 0.415

1 1 
1 u 6 |
l i

1.581 0.152 -2 .851 -0 .051 1.581 0.152 -0 .527 -0 .051

1 1 
u' w 1i i

5.319 -0 .580 -1 .232 -0 .304 -1 .323 -0 .265 -1 .323 -0 .265

1 1 

u p 11 i
0.013 -0 .463 0.767 0.122 -0 .509 -0 .036 0.170 0.012

1 1
u * 11 i

0.852 -0 .087 -0 .208 -0 .042 -0 .208 -0 .035 -0 .208 -0 .035

1 1 
| U (Sum ) | 1.900 -0 .897 -2 .180 0.212 0.838 0.343 -0 .206 0.052

1 AUo |
i t

-1 .092 0.030 0.323 0.030 0.323 0 .030 0.323 0.030

1 1 
AUwI |

-2 .162 0.221 0.526 0.107 0.565 0.091 0.565 0.091

1 | 
1 |

-1 .253 -0 .082 2.203 0.027 -1 .253 -0 .082 0.418 0.027

1 1 
1 AU | -4 .507 0.169 3.052 0.164 -0 .365 0.039 1.306 0.148

| V ™=U+AU| 1 e ff  1i i
-2 .607 -0 .728 0.872 0.376 0.473 0.382 1.100 0 .200

1 1 
| G m a trix  | 
| r e s u l ts  j

-2 .439 -0 .841 0.897 0.475 0.362 0.349 1.097 0.190

j E r ro r  (% )j
I ..... . .1

6 .89 13.44 2.79 20.84 30.66 9.46 0.27 5 .50
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Same a s  T ab le  2, e x c e p t th a t  k p  = 1 .20  f m 1 .

1 1 
1 1 
1 1

F 0 F x F'o F 'i Go Gx G'o G'x
r  1

u T|1 I
0.054 -0 .041 0.054 -0 .041 -0 .018 0.014 -0 .018 0.014

1 1 
u1 TT 11 I

1.081 -0 .292 -0 .360 0.098 -0 .360 0.098 0.120 -0 .033

1 1 
1 Uo 1| I

-8 .139 0.591 1.718 0.591 1.718 0.591 1.718 0.591

1 1 
1 u 6 | 1.791 0.243 -3 .335 -0 .081 1.791 0.243 -0.597 -0.081

1 1 
u' w 'i i

6.542 -0 .927 -1 .319 -0 .457 -1 .459 -0 .408 -1 .459 -0 .408

1 1 
u p

0.171 -0 .665 0.858 0.166 -0 .583 -0 .056 0.195 0.019

u * 1■ i
1.046 -0 .141 -0 .227 -0 .065 -0 .250 -0 .055 -0 .250 -0 .055

1 1 
| U (Sum ) | 2.546 -1 .232 -2 .611 0.211 0.839 0.427 -0.291 0.047

1 AUo |
I i

-1 .229 0 .044 0.346 0 .044 0.346 0.044 0.346 0.044

1 1
AU | ' w 'i i

-2 .505 0.339 0.539 0.157 0.597 0.134 0.597 0.134

1 a u 6 |
1 I

-1 .356 -0 .127 2.438 0.042 -1 .356 -0 .127 0.451 0.042

1 1 
1 AU I -5 .090 0.256 3.323 0.243 -0 .413 0.051 1.394 0.220

1 Ve ff=U+AU|
i i

-2 .544 -0 .976 0.712 0.454 0.426 0.478 1.144 0.267

1 1 
| G m a trix  | 
| r e s u l ts  j

-2 .266 -1 .069 0.694 0.534 0.370 0.441 1.140 0.231

| E r ro r  (% )|
i i

12.27 8 .7 0 2.59 14.98 15.14 8 .39 0 .35 15.58
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Same as T ab le 2,  e x c e p t th a t  k^, = 1 40 fm 1

1 ' 
1 F 0 Fi F'o F'x G 0 G i G'o G'x

1 u' T) 0.073 -0 .052 0.073 -0 .052 -0 .024 0.016 -0 .024 0.016

1 U, 1.270 -0 .257 -0 .423 0.086 -0 .423 0.086 0.141 -0 .029

1 Uo -9 .474 0.767 1.783 0.767 1.783 0.767 1.783 0.767

1 U6 1.958 0.350 -3 .779 -0 .117 1.958 0.350 -0 .653 -0 .117

1 u1 w 7.815 -1 .352 -1 .356 -0 .621 -1 .553 -0 .569 -1 .553 -0 .569

1 u P
0.393 -0 .854 0.937 0.200 -0 .646 -0 .081 0.215 0.027

u 0 1.249 -0 .210 -0 .236 -0 .091 -0 .271 -0 .079 -0 .271 -0 .079

| U (Sum ) 3.824 -1 .6 0 8 -3 .001 0.172 0 .824 0 .490 -0 .360 0.016

| AUo -1 .329 0.060 0.355 0.060 0.355 0.060 0.355 0.060

| AU 1 w -2 .806 0.472 0.526 0.206 0 .604 0 .180 0.604 0.180

1 AU, 0 -1 .408 -0 .176 2.597 0.058 -1 .408 -0 .176 0.469 0.058

| AU -5.543 0.356 3.478 0.324 -0 .449 0.064 1.428 0.298

| V „o=U+AU ' ef£ -2 .259 -1 .252 0.477 0.496 0.375 0.554 1.068 0.314

| G m atrix
| r e s u l ts
j E r ro r  (%) 
I . . .

-2 .046

10.41

-1.302

3 .84

0.517

7.74

0.538

7.81

0.363

3 .31

0.526

5.32

1.187

10.03

0.249

26.10
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Same as T ab le 2, e x c e p t th a t  k ^  = 1 60 fm "1

1 1 
1 Fo Fa F ’0 F 'i Go Gx G'o G 'i

1 u T)
0.093 -0 .061 0.093 -0 .061 -0 .031 0 .020 -0 .031 0.020

1 U' IT 1.434 -0 .2 0 7 -0 .478 0.069 -0 .478 0.069 0.159 -0 .023

1 U 1 a -10 .754 0 .930 1.805 0 .930 1.805 0 .930 1.805 0.930

1 U 6 2.081 0.469 -4 .181 -0 .156 2.081 0.469 -0 .694 -0 .156

1 UW 9.131 -1 .8 5 0 -1 .350 -0 .785 -1 .606 -0 .7 3 8 -1 .606 -0 .738

1 u P
0.632 -1 .0 0 7 1.010 0.212 -0 .697 -0 .1 0 8 0.233 0.036

u 0 1.459 -0 .2 9 0 -0 .238 -0 .118 -0 .284 -0 .106 -0 .284 -0 .106

| U (Sum ) 4.076 -2 .016 -3 .339 0 .091 0.790 0.536 -0 .418 -0 .037

| AU 1 a -1 .408 0 .076 0.355 0 .076 0.355 0.076 0.355 0.076

| AU 1 u -3 .072 0.613 0 .498 0 .250 0.594 0.225 0.594 0.225

I a u 6 -1 .421 -0 .227 2.699 0 .076 -1 .421 -0 .227 0.474 0.076

| AU -5 .903 0.461 3.555 0.402 -0 .472 0 .074 1.423 0.377

1 Ve ff=U+AU -1 .827 -1 .555 0.216 0.493 0.318 0 .610 1.005 0.340

j G m a trix  
j r e s u l ts  
j E r ro r  (%)
I . .......................  I

-1 .756

4 .04

-1 .592

2.32

0.361

40.17

0.529

6.81

0 .348

8.62

0.583

4 .63

1.235

18.62

0.255

33.33
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T able  7

Migdal p a ra m e te rs  fo r  th e  p o te n tia l HM2 ca lcu la ted  fo r  th e  case

w here  th e  nucleon  sp in o r  is  u ( p , s )  w ith  |"p|= k p (s e e  t e x t ) .  T he

f i r s t  line  is ca lcu la ted  w ith  V ^  = AU an d  th e  th i r d  line  g ives th e

re s u lts  o b ta in ed  fo r V „» = U + AU. T he fo u r th  line  is  th e  r e s u l t  ofe ff
a reac tio n  m atrix  ca lcu la tio n . ( Note th a t  th e  M igdal p a ra m ete rs  

g iven  h e re  a re  not th o se  of th e  re la tiv is tic  BHF th e o r y .)

1

kp(fm  1) | Fo F x F'o F ' i Go G i G'o G 'i
|

1.36 | 0.362 -1 .853 -0 .174 0.693 -0.529 0.664 0.574 0.205
1 -2 .702 0.271 0.648 0.146 0.726 0.111 0.726 0.111
1 -2 .341 -1 .582 0.474 0.839 0.197 0.775 1.300 0.316
1
I

-2 .470 -1 .467 0.779 0.695 0.249 0.592 1.375 0.279
I

1.00 | -0 .390 -1 .038 0 .090 0.458 -0.149 0.433 0.542 0.134
1 -1 .969 0.121 0.545 0.069 0.579 0.051 0.579 0.051
1 -2 .359 -0 .917 0.635 0.527 0.430 0.484 1.121 0.185
1
i

-2 .816 -0 .925 1.114 0.532 0.336 0.401 1.265 0.198

1.20 | -0 .027 -1 .462 -0 .048 0.595 -347 0.565 0.567 0.180
1 -2 .376 0.196 0.609 0.109 0.666 0.081 0.666 0.081
1 -2 .403 -1 .266 0.561 0.704 0.319 0.646 1.233 0.261
1

. . . .  . . . . . . . . . .  j .  .
-2 .632 -1 .214 0.909 0.636 0.301 0.513 1.322 0.250
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T able  8

V arious c o n tr ib u tio n s  to  th e  M igdal P a ram e te rs  fo r  th e  p o te n tia l HM2.

T he  f i r s t  sev en  row s g ive  th e  co n trib u tio n  of th e  B orn  te rm s fo r

each  of th e  m esons in d ic a te d . T he c o n trib u tio n s  from  p seu d o p a rtic le

e x ch an g e  (AUq a n d  AU^) a re  g iven  as  well a s  th e i r  sum (AU). T he

to ta l is  th e  r e s u l t  fo r  Ve^  = U + AU a n d  is  com pared  to  reac tio n

m atrix  r e s u l ts  of re fe re n c e  7. H ere k „  = 1.36 f m 1 .F

r  i 
1 1 F 0 F i F'o F'x G 0 G i G'o G 'i

1 Un '1 |
0 .024 -0 .019 0.024 -0 .019 -0 .008 0.006 -0 .0 0 8 0.006

1 1 
u1 TT 11 I

1.461 -0 .407 -0 .487 0.136 -0 .487 0.136 0.162 -0 .045

1 1 
1 Uo 1 1 1

-9 .877 0.701 2.117 0.701 2.117 0.701 2.117 0.701

1 1 
1 u 6 1 
| |

0 .260 0.033 -0 .470 -0 .011 0 .260 0.033 -0 .087 -0 .011

1 1 
u w '| |

7 .460 -0 .966 -1 .587 -0 .479 -1 .811 -0 .387 -1 .811 -0 .387

1 1 
1 u p 11 i

1.033 -1 .195 0.228 0.366 -0 .600 0.176 0 .200 -0 .059

1 1 
j U (Sum ) j 0.362 -1 .853 -0 .174 0.693 -0529 0.664 0.574 0.205

1 AUo |
1 (

-0 .363 0 .013 0.107 0.013 0.107 0.013 0.107 0.013

1 1 
AUw| i

-2 .340 0 .258 0.541 0.134 0 .618 0 .098 0 .618 0.098

1 1 
1 AU | -2 .702 0.271 0.648 0.146 0.726 0.111 0.726 0.111

1 Ve ff=U+AU|
1 I

-2 .341 -1 .582 0.474 0.839 0.197 0.775 1.300 0.316

1 1 
| G m a trix  | 
| r e s u l ts  j

-2 .470 -1 .467 0.779 0.695 0.249 0.592 1.375 0.279

| E r ro r  (% )j
i i

5 .22 7 .84 39.26 20.70 20.90 30.90 5.45 13.30



T ab le  9

112

Same as T ab le  8, e x c e p t th a t  k p  = 1.00 fm 1 .

1 I 
1 1 
1 1

F 0 F x F'o F 1! G 0 Gx G'o G'x

u ,  1
0.012 -0 .010 0.012 -0 .0 1 0 -0 .004 0.003 -0 .004 0 .003

1 1 
u1 n 1 0.994 -0 .379 -0 .331 0.126 -0.331 0.126 0 .110 -0 .042

1 1 
1 U o 1 -7 .330 0 .390 1.850 0 .390 1.850 0.390 1.850 0 .390

1 1 
1 u f i  | 0.210 0 .015 -0 .366 -0 .0 0 5 0.210 0.015 -0 .070 -0 .005

1 1 
u1 w 1 5.347 -0 .438 -1 .374 -0 .236 -1 .477 -0.185 -1 .477 -0 .185

1 1 

u p 1
0.377 -0 .617 0 .299 0.192 -0.396 -0.083 0.132 -0 .0 2 8

i
j U (Sum ) |

1
n  o n o  1  n o n

- v . o a u  " i . u o o 0 .090 0 .458 -0 .149 u. 4 jo 0.542 0.134

1 AUo | -0 .277 0.006 0.086 0 .006 0.086 0.006 0.086 0.006

3

< -1.692 0 .115 0 .458 0.063 0.493 0.045 0.493 0.045

1 1 
1 AU | -1.969 0.121 0.545 0 .069 0.579 0.051 0.579 0.051

| V „„=U+AU | 
'  e ff  '

-2 .359 -0 .917 0 .635 0 .527 0.430 0.484 1.121 0.185

1 1 
| G m atrix  | 
j r e s u l ts  | 

j E r ro r  ( % ) j
I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I

-2 .816 -0 .925  

16.20 0 .86

1.114

43 .00

0.532

0 .94

0.336

28.00

0.401

20.70

I.2 6 5

I I .4 0

0 .198

6.57



T ab le  10

113

Same a s  T ab le  8, e x c e p t th a t  k p  = 1 .20  fm

1 ...... 1
1 1 
1 1

Fo F i F ’o F'x G 0 G 1 G'o G 'i

1 u ,  1
0.018 -0 .015 0.018 -0 .015 -0 .006 0.005 -0 .006 0.005

1 1 
u 11 ' 1.259 -0 .400 -0 .420 0.133 -0 .420 0.133 0.140 -0.045

1 1 
1 Uo > -8 .766  0 .562 2.022 0.562 2.022 0.562 2.022 0.562

1 1 
1 U 6 1 0 .240 0 .024 -0 .426 -0 .008 0.240 0.024 -0 .080 -0 .008

1 1
1 u  | « 6 .510 -0 .705 -1 .512 -0 .364 -1 .677 -0 .290 -1 .677 -0 .290

1 1 
° p 1

0.712 -0 .928 0.270 0.286 -0 .505 0.131 0.168 -0 .044

i
| U(Sum ) | -0 .027  -1 .462 -0 .048 0.595 -0 .347 0.565 0.567 A f onvs. iou

1 AUo | -0 .326  0 .009 0.100 0.009 0.100 0.009 0.100 0.009

1 1 
AUw -2 .050  0 .187 0.511 0.099 0.567 0.072 0.567 0.072

1 1 
1 AU | -2 .376  0.196 0.609 0.109 0.666 0.081 0.666 0.081

| V „,=U+AU| 1 e ff ' -2 .403 -1 .266 0.561 0.704 0.319 0.646 1.233 0.261

1 1 
| G m atrix  | 
| r e s u l ts  j 
| E r ro r  (%)j
I I

-2 .632 -1 .214  

8 .70  4 .28

0.909

38.30

0.636

10.70

0.301

5.98

0.513

25.90

1.322

6.72

0.250

4 .40
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T ab le  11

M igdal p a ra m e te rs  fo r  v a rio u s  app ro x im atio n s  (w hich  we d e sc r ib e d  

in  Section 3 .4 ) fo r  th e  p o ten tia l HEA ca lcu la ted  fo r  th e  case w here  

th e  nucleon  sp in o r  is u ( p , s ) , w ith kp= 1.36 fm T he f i r s t  line 

is a r e s u l t  of a re a c tio n  m atrix  ca lcu la tio n .

| HEA j

i 1 1 |

F 0 F i F'o F 'i Go G , G'o G \

r 1 
| G m a trix  |
1 1

-2 .095 -1 .251 0.551 0.539 0.365 0.511 1.178 0.246
1 I 
| a p p ro x . 1 1
l |

-2 .330 -1 .196 0.528 0.491 0.386 0.541 1.078 0.309
1 1 
| a p p ro x .2 |
1 |

-2 .303 -1 .225 0.667 0.486 0.273 0.523 1.082 0.305
1 1 
! a p p ro x . 3 1
l i

-2 .586 -0 .638 -0.152 0.388 1.334 0.674 1.014 0.322
1 1 
| a p p ro x . 4 1
1 i

-2 .319 -1 .170 -0 .268 0.478 1.083 0.617 1.067 0.301
1 1 
| a p p r o x .5 1
l i

-2 .319 -1 .166 -0 .635 0 .470 1.417 0.651 1.067 0.296
1 1 
| a p p ro x . 6 1
l i

-2 .319 -1 .162 0.601 0.501 0.277 0.537 1.060 0.315
1 1 
] a p p ro x . 7 1
; i

-2 .327 -1 .137 -0 .250 0.487 1.038 0.619 1.055 0.307
1 1 
i a p p ro x . 8 1 -2 .375 -0 .957 -0.762 0.522 1.351 0.688 0.994 0.331

L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ± _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ J
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T ab le  12

M igdal p a ra m e te rs  fo r  v a rio u s  ap p rox im ations (w hich we d e sc r ib e d

in  Section  3 .4 )  fo r  th e  p o te n tia l HEA ca lcu la ted  fo r  th e  case  w here
-1th e  nucleon  sp in o r is  f ( p , s ) ,  w ith  kp= 1.36 fm . T he f i r s t  line  is 

a re s u l t  of a re a c tio n  m a trix  ca lcu la tio n .

| HEA

h--------------
| G m atrix  

| a p p ro x .1 

| a p p r o x .2 

| a p p r o x .3 

| a p p ro x .4 

| a p p r o x .5 

| a p p r o x .6 

| a p p ro x .7 

| a p p ro x .8

-0 .904 -1 .992 0.634 0.358

-0 .909 -2 .133 0.701 0.243

-0.872 -2.172 0.831 0.236

-0 .958 -1 .947 -0 .408 0.275

-0 .787 -2 .216 0.002 0.220

-0 .723 -2 .273 -0 .318 0.205

-0 .963 -2.041 0.754 0.264

-0.844 -2 .138 0.008 0.237

-1 .043 -1 .825 -0.491 0.300

0.381 0.423 1.051 0.223

0.377 0.381 0.978 0.176

0.268 0.369 0.981 0.171

1.277 0.465 0.919 0.198

1.035 0.412 0.965 0.163

1.350 0.424 0.963 0.155

0.275 0.388 0.962 0.188

0.993 0.420 0.955 0.173

1.300 0.483 0.902 0.214

j
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T ab le  13

Migdal p a ra m e te rs  fo r  th e  p o ten tia l HEA ca lcu la ted  fo r  th e  case

w here  th e  n uc leon  sp in o r  is f ( p , s )  w ith  I p ^  k p (s e e  t e x t ) .  T he

f i r s t  line  is  ca lcu la ted  w ith V £j. = AU an d  th e  th ir d  line  g ives th e

re s u l ts  o b ta in ed  fo r V „„ = U + AU. T he fo u r th  line  is a  r e s u l t  of ae ff
reac tio n  m a trix  ca lcu la tio n . ( Note th a t  th e  M igdal p a ra m e te rs  g iven  

h e re  a re  no t th o se  of th e  re la tiv is tic  BHF th e o r y .)

k p (fm _1)

1.36

1 .00

1 .20

1.40

1.60

T

+  -

Fx F \ G, G i G \ G 'i

4 .440 -2,.861
-5 .349 0 .729
-0,.909 -2..132
-0 .904 -1..992

2..070 -1..094
-4..490 0..228
-2..420 -0..866
-2..236 -0,.971

3..161 -1..857
-5..040 0..443
-1..879 -1,.414
-1.,705 -1..424

4..816 -3..167
-5..410 0..814
-0..594 -2..353
-0..613 -2..187

7..376 -5,,392
-5..592 1..431

1..784 -3..961
1..865 -3..737

-2.,386 -0.,044
3..088 0.,288
0..702 0..244
0..634 0..358

.0  
*•> <.109 0.,178
2.,944 0. 165
0..885 0.,343
0.,900 0.,446

-2. 371 0. 104
3.,147 0.,237
0. 776 0. 341
0.,723 0. 450

-2. 360 -0. 092
3. 051 0. 296
0. 691 0. 204
0. 622 0. 319

-1. 868 -0. 467
2. 651 0. 317
0. 783 -0. 150
0. 690 -0. 036

0..783 0..266

1 o ,407 0.,116
0,.376 0..382
0..381 0..423

0.,817 0.,310
-0.,359 0. 045
0..458 0., 355
0..364 0.,336

0. 818 0. 323
-0..398 0..076
0. 420 0.,399
0. 376 0.,401

0.,771 0..241
-0.,407 0.,127
0. 364 0. 368
0. 382 0. 419

0. 669 0. 005
-0. 385 0.,206
0. 284 0. 211
0. 392 0. 298

-0..387 -0..055
1..364 0.,231
0 .977 0..176
1..051 0..223

-0..225 0.,041
1..296 0..140
1..071 0..181
1..074 0..188

-0.,312 0. 010
1,.365 0..196
1..053 0.,206
1..080 0.,222

-o..405 -0.,076
1..357 0.,236
0.,952 0. 160
1.,034 0.,219

-51018 -0.,244
1.,274 0.,239
0.,764 -0005
0..828 0..159
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T ab le  14

V arious c o n tr ib u tio n s  to  th e  M igdal P a ra m e te rs  fo r  th e  p o te n tia l HEA.

T h e  f i r s t  sev e n  row s g ive  th e  co n tr ib u tio n  of th e  B orn  te rm s fo r

each  of th e  m esons in d ic a te d . T he  c o n tr ib u tio n s  from  p seu d o p a rtic le

ex ch an g e  (AUq , AUy an d  AUg) a re  g iven  a s  w ell a s  th e i r  sum  (AU).

T he  to ta l is  th e  r e s u l t  fo r  -  U + AU an d  is  com pared  to  re a c tio n

m atrix  r e s u l t s  of re fe re n c e  7. H ere = 1.36 fmF

1 1 
1 1 
1 1

F 0 F i F ’o F 'i G 0 G 1 G’o G*x

u ,  1
0.062 -0 .045 0.062 -0 .045 -0 .021 0.015 -0 .021 0.015

1 1 
u1 11 1 1.109 -0 .239 -0 .370 0.080 -0 .370 0 .080 0.123 -0 .027

1 1 
1 Uc 1 -8 .194 0.602 1.673 0.602 1.673 0.602 1.673 0.602

1 1 
1 u 6 1 1.826 0.212 -3 .349 -0 .071 1.826 0.212 -0 .609 -0 .071

1 1 
u1 (0 ' 7 .836 -2 .147 -1 .073 -0 .637 -1 .488 -0 .519 -1 .488 -0 .519

1 1 
u p 1

0.544 -0 .902 0.856 0.125 -0 .579 -0 .052 0.193 0.017

i
u « 1

1.257 -0 .342 -0 .185 -0 .098 -0 .258 -0 .072 -0 .258 -0 .072

1 1 
| U (Sum ) j 4.440 -2 .861 -2 .386 -0 .044 0.783 0.266 -0 .387 -0 .055

1 AUq | -1 .161 0.036 0.336 0.036 0.336 0.036 0.336 0.036

3

<

-2 .860 0.779 0.420 0.223 0.585 0.166 0.585 0.166

1 AUg |
I |

-1 .328 -0 .086 2.332 0.029 -1 .328 -0 .086 0.443 0.029

t 1
1 AU j -5 .349 0.729 3.088 0.288 -0 .407 0.116 1.364 0.231

| V „f =U+AU | ' e ff  11 i
-0 .909 -2 .132 0.702 0.244 0.376 0.382 0.977 0.176

1 1 
| G m a trix  | 
| r e s u l ts  |
j E r ro r  (% )j
i i

-0 .904

0.55

-1 .992

7.03

0.634

10.73

0.358

31.84

0.381

1.31

0.423

9.69

1.051

7 .04

0.223

21.07



T able  15
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Same as  T ab le  14, e x c e p t th a t  k p  = 1 .00  fm

1 T  

1 1 
1 1

F0 F’o F'i G0 Gi G'0 G \

Un 1
0.035 -0.029 0.035 -0.029 -0.012 0.010 -0.012 0.010

1 1 
1 U
'  TT 1 0.855 -0.297 -0.285 0.099 -0.285 0.099 0.095 -0.033
1 1 
1 Uo 1 -6.638 0.397 1.584 0.397 1.584 0.397 1.584 0.397
1 1 
1 u 6 | 1.567 0.138 -2.806 -0.046 1.567 0.138 -0.522 -0.046
1 1 

u1 u 1
5.362 -0.704 -1.189 -0.317 -1.315 -0.264 -1.315 -0.264

1 1 
u p  1

0.029 -0.491 0.753 0.119 -0.500 -0.035 0.167 0.012
1 1 
1 U *  1

0.860 -0.108 -0.201 -0.045 -0.222 -0.035 -0.222 -0.035
1 1 
| U (Sum ) | 2.070 -1.094 -2.109 0.178 0.817 0.310 -0.225 0.041

1 AUo | -1.070 0.026 0.320 0.026 0.320 0.026 0.320 0.026
3

< -2.179 0.273 0.507 0.115 0.562 0.090 0.562 0.090

1 a u6 1 -1.241 -0.071 2.167 0.024 -1.241 -0.071 0.414 0.024
1 1 
1 AU 1i

-4.490 0.228 2.994 0.165 -0.359 0.045 1.296 0.140

| Ve ff=U+AU| -2.420 -0.866 0.885 0.343 0.458 0.355 1.071 0.181
1 1 
| G m atrix  | 
| r e s u l ts  1 

j E r ro r  (% )j
i i

-2.236

8.23

-0.971

10.81

0.900

1.67

0.446

23.09

0.364

25.82

0.336

5.65

1.074

0.28

0.188

3.72



T able  16
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Same a s  T ab le  14, e x c e p t th a t  k p  = 1 .20 fm

1 1 
1 1 
1 1

F 0 F* F ’0 F ’i G„ G i G'o G 'i

I u ,  1 0.051 -0 .039 0.051 -0 .039 -0 .017 0.013 -0 .017 0.013

1 1 
u' n 1 1.026 -0 .277 -0.342 0.092 -0 .342 0.092 0.114 -0 .031

1 1 
1 Uo 1 -7 .691 0.532 1.670 0.532 1.670 0.532 1.6.70 0.532

1 1 
1 U6 1 1.745 0.191 -3.182 -0 .064 1.745 0.191 -0 .582 -0 .064

1 1 
u' w ' 6.676 -1 .330 -1 .185 -0 .489 -1 .436 -0 .401 -1 .436 -0 .401

1 1 
u p 1

0.284 -0 .726 0.820 0.144 -0 .556 -0 .049 0.185 0.016

1 1 
u * 1

1.070 -0 .208 -0 .203 -0 .072 -0 .246 -0 .055 -0 .246 -0 .055

i
j U(Sum ) | 3.161 -1 .857 -2 .371 0.104 0.818 0.323 -0.312 0.010

1 AUo | -1 .159 0.034 0.337 0.034 0.337 0.034 0.337 0.034

1 1 
1 aijw | -2 .559 0.499 0.483 0.173 0.587 0.132 0.587 0.132

1 au6 1 -1 .322 -0 .090 2.327 0.030 -1 .322 -0 .090 0.441 0.030

1 1 
1 AU 1 -5 .040 0.443 3.147 0.237 -0 .398 0.076 1.365 0.196

1 Ve ff=U+AU| -1 .879 -1 .414 0.776 0.341 0 .420 0.399 1.053 0.206

1 1 
| G m atrix  | 
j r e s u l ts  j 
j E r ro r  (% )j
i i

-1 .705

10.21

-1 .424

0 .7 0

0.723

7.33

0.450

24.22

0.376

11.70

0.401

0 .50

1.080

2 .50

0.222

7 .20



T ab le  17

120

Same as T ab le  14, e x c e p t th a t  k p  = 1 .40  fm *.

1 1 
1 1
1 1

F 0 F i F'o F 'i Go Gx G'o G'x

1 1 
u n 0.064 -0 .0 4 6 0 .064 -0 .046 -0.021 0.015 -0 .021 0.015

1 1 
u1 n ' 1.121 -0 .227 -0 .3 7 4 0.076 -0.374 0.076 0 .125 -0 .025

1 1 
1 Uo 1 -8 .265 0 .613 1.665 0.613 1.665 0.613 1.665 0.613

1 1 
1 u fi | 1.838 0 .213 -3 .3 7 0 -0 .071 1.838 0.213 -0 .613 -0 .071

1 1 
u1 w 1 8.140 -2 .3 9 8 -1 .0 3 1 -0 .672 -1.495 -0 .548 -1 .495 -0 .5 4 8

1 1 
UP 1

0.612 -0 .939 0 .864 0.112 -0.582 -0 .051 0 .194 0.017

1 1 
1 U* 1 1.306 -0 .383 -0 .1 7 8 -0 .104 -0 .260 -0 .077 -0 .2 6 0 -0 .077

1 1 
| U (Sum) I 4.816 -3 .1 6 7 -2 .3 6 0 -0 .092 0.771 0.241 -0 .405 -0 .076

1 AU | 1 o 1 -1 .153 0.035 0 .334 0.035 0.334 0.035 0 .334 0.035

1 1 
• AU« 1 -2 .934 0 .861 0 .399 0 .234 0.582 0 .174 0.582 0.174

1 au6 | -1 .323 -0 .082 2.318 0.027 -1.323 -0 .082 0.441 0 .027

1 1 
1 AU | -5 .410 0.814 3.051 0.296 -0.407 0.127 1.357 0.236

| V „„=U+AU | 1 e ff 'I i
-0 .594 -2 .353 0.691 0.204 0.364 0 .368 0.952 0 .160

1 1 
| G m a trix  | 
| r e s u l ts  |
j E r ro r  (%)j
i i

-0 .613

3 .10

-2 .187

7 .59

0.622

11.09

0.319

31.05

0.382

4.71

0.419

12.17

1.034

7 .93

0 .219

26.94



T able  18

121

Same a s  T ab le  14, e x c e p t th a t  k p  = 1 .60 fm

1 1 
1 1
1 1

F 0 Fx F'o F'a Go Gi G'o G 'i

1 1 
u T1 0 .070 -0 .046 0.070 -0 .046 -0 .023 0.015 -0 .023 0.015

1 1 
u1 ir 1■ i

1.083 -0 .156 -0 .361 0.052 -0 .361 0.052 0.120 -0 .017

1 1 
1 Uc 1 -7 .933 0 .548 1.554 0.548 1.554 0.548 1.554 0.548

1 1 
1 u 6 | 1.816 0.156 -3.241 -0 .052 1.816 0.156 -0.605 -0.052

1 1 
u1 w ' 9.806 -4 .196 -0 .676 -0 .828 -1 .484 -0 .683 -1 .484 -0 .683

1 1 
d p 1

0.954 -1 .053 0.902 -0 .041 -0 .571 -0 .021 0.190 0.007

1 ! 
u * 1

1.580 -0 .681 -0 .117 -0 .136 -0 .262 -0 .098 -0.262 -0 .098

1 1 
j U (Sum ) j 7 .376 -5 .392 -1 .868 -0 .467 0 .669 0.005 -0 .510 -0 .244

1 AUo | -1 .022 0.023 0.310 0.023 0.310 0.023 0.310 0.023

1 1 
1 *Uu | -3 .326 1.433 0.245 0.286 0.549 0.208 0.549 0.208

1 au6 | -1 .244 -0 .025 2.096 0.008 -1 .244 -0 .025 0.415 0.008

1 1 
1 AU | -5 .592 1.431 2.651 0.317 -0 .385 0.206 1.274 0 .2 .3 9

| Ve ff=U+AU| 1.784 -3 .961 0.783 -0 .150 0.284 0.211 0.764 -0 .005

1 1 
| G m a trix  | 
j r e s u l ts  j 
j E r ro r  (% )j
i i

1.865

4 .34

-3 .737

5 .99

0.690

13.48

-0 .036

316.67

0.392

27.55

0.298

29.19

0.828

7.73

0.159
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T ab le  19

M igdal p a ra m e te rs  fo r  th e  p o te n tia l HM2 ca lcu la ted  fo r  th e  case

w here  th e  nucleon  sp in o r  is  f ( p , s )  w ith  |p |=  k p (s e e  t e x t ) .  T he

f i r s t  line  is  ca lcu la ted  w ith  V ££ = AU an d  th e  th i r d  line  g ives th e

re s u l ts  o b ta in ed  fo r V = U + AU. T he  fo u r th  line  is  a r e s u l t  of ae ff
reac tio n  m atrix  ca lcu la tio n . ( Note th a t  th e  M igdal p a ra m e te rs  g iven  

h e re  a re  not th o se  of th e  re la tiv is tic  BHF th e o r y .)

I k p (fm *)

|---------------
I 1.36

i 1.00

I 1.20

T
F 0 F i P'* 0 F 11 Go G , G’0 G \  |

1.755 -2 .977 0.095 0.402 -0 .506 0.516 -0 .490
|

0 .0 7 5 |
-2 .773 0.577 0.527 0.181 0.700 0.102 0.700 0 .102 |
-1 .018 -2 .400 0.621 0.583 0.194 0.617 1.190 0 .177 |
-1.182 -2 .218 0.848 0.476 0.306 0.464 1.258 0 .214 |

-0 .183 -1 .210 0.122 0.419 -0 .145 0.410 0.530 0 .117 |
-1 .980 0.163 0.527 0.075 0.576 0.049 0.576 0 .049 |
-2 .163 -1 .047 0.649 0.494 0.429 0.459 1.105 0 .166 |
-2 .609 -1.051 1.114 0.502 0.344 0.382 1.245 0.190

0.628 -1 .997 0.066 0.463 -0 .337 0.495 0.528 0 .1 2 2 |
-2 .409 0.335 0.553 0.126 0.645 0.077 0.654 0 .077 |
-1.781 -1 .662 0.620 0.591 0.316 0.571 1.181 0.200
-2 .039 -1 .571 0.929 0.540 0.325 0.455 1.268 0.224
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T ab le  20

V arious c o n tr ib u tio n s  to  th e  M igdal P a ram e te rs  fo r  th e  p o te n tia l HM2.

T he  f i r s t  sev en  row s g iv e  th e  co n trib u tio n  of th e  B orn  te rm s fo r

each  of th e  m esons in d ic a te d . T h e  c o n trib u tio n s  from  p seu d o p a rtic le

ex ch an g e  (AU^ a n d  AUw) a re  g iv en  as  well a s  th e ir  sum  (AU). T he

to ta l is  th e  r e s u l t  fo r  = U + AU a n d  is  com pared to  re a c tio n

m a trix  r e s u l ts  of re fe re n c e  7. H ere = 1.36 fm "1 .F

1 — 1 
1 1 
1 1

Fo F i F'o F T! G 0 G i G'o G*x

u n 1
0.022 -0 .017 0.022 -0 .017 -0 .007 0.006 -0 .007 0.006

1 1 
u' It ' 1.312 -0 .365 -0 .437 0.122 -0 .437 0.122 0.146 -0 .041

1 1 
1 Uo 1 -8 .773 0.555 2.000 0.555 2.000 0.555 2.000 0.555

1 1 
1 u 6 1 0.247 0.018 -0 .427 -0 .006 0.247 0.018 -0.082 -0 .006

1 1
1 U 1 w■ i

7.791 -1=919 -1=250 -0 .581 -1 .753 -0 .375 -1.753 - A  I 'T KV • • V

1 1 
U P 1

1.157 -1 .248 0.187 0 .330 -0 .556 -0 .191 0.185 -0 .064

1 1 
j U (Sum ) j 1.755 -2 .977 0.095 0.402 -0 .506 0.516 0.490 0.075

1 AUo | -0 .320 0.007 0.102 0.007 0.102 0.007 0.102 0.007

1 1
AU 1 w -2 .453 0.571 0.425 0.175 0.598 0.095 0.598 0.095

1 1 
1 AU j -2 .773 0.577 0.527 0.181 0.700 0.102 0.700 0.102

| Ve ff=U+AU|
i I

-1 .018 -2 .400 0.621 0.583 0.194 0.617 1.190 0.177

1 1 
| G m a trix  | 
| r e s u l ts  j 
j E r ro r  (%) j
i i

-1 .182

13.90

-2 .218

8 .20

0 .848

26.83

0.476

22.54

0.306

36.60

0.464

33.00

1.258

5.41

0.214

17.30
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Same a s  T ab le  20, e x c e p t th a t  k^, = 1 .00  fm

i ■ ■ ■ .............. r
1 1
1 |

Fo F'o F ' x Go G x G'o G'x

u „ 1
0.012 -0 .010 0.012 -0 .010 -0 .0 0 4 0.003 -0 .004 0.003

1 1 
u1 n ’ 0 .977 -0 .373 -0 .326 0.124 -0 .326 0.124 0.109 -0 .041

1 1 
1 Uc 1 -7 .1 8 7 0.371 1.833 0.370 1.833 0.370 1.833 0 .370

1 1 
1 U6 1 0 .208 0.013 -0 .360 -0 .004 0 .208 0.013 -0 .069 -0 .004

1 1 
1 u' w ' 5.396 -0 .569 -1 .325 -0 .254 -1 .469 -0 .184 -1 .469 -0 .184

1 1 
1 UP 1

0.412 -0 .642 0.287 0.193 0 .389 0.082 0.130 -0 .027

1 1 
| U(Sum ) | -0 .183 -1 .210 0.122 0.419 -0 .146 0.410 0.530 0.117

1 AUo | -0 .271 0.005 0.086 0.005 0.086 0.005 0.086 0.005

1 1 
AU1 w ' -1 .7 0 8 0 .158 0.442 0.069 0 .490 0.044 0.049 0.044

1 1 
1 AU | -1 .9 8 0 0.163 0.527 0.075 0.576 0.049 0.576 0.049

1 Ve ff=U+AU| -2 .163 -1 .047 0.649 0.494 0 .429 0.459 1.105 0.166

1 1 
| G m atrix  | 
| r e s u l ts  |
j E rro r  (% ) j
i i

-2 .609

17.10

-1 .051

0 .38

1.114

41.70

0.502

1.59

0 .344

24.70

0.382

20.20

I.2 4 5

I I .2 0

0 .190

12.60
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Same as  T ab le  20, e x c e p t th a t  k p  = 1.20 f m * .

1 1 
1 1 
1 1

Fo F i F'o F'x G 0 G i G’o G'x
1 1 

u 0.017 -0 .014 0.017 -0 .014 -0.006 0.005 -0 .006 0.005

1 1 
u' ir 1 1.196 -0 .3 8 0 -0 .399 0.127 -0 .399 0.127 0.133 -0.042

1 1 
u1 o 1 -8 .278 0.496 1.967 0.496 1.967 0.496 1.967 0.496

1 1 
1 U6 1 0.234 0 .018 -0 .407 -0 .006 0.234 0.018 -0 .078 -0 .006

1 1 
u' 10 1 6.665 -1 .1 3 8 -1 .355 -0 .417 -1 .650 -0.285 -1 .650 -0 .285

1 1 
u p 1

0.795 -0 .9 7 8 0.242 0.279 -0 .484 0.133 0.161 -0 .045

i
j U(Sum ) | 0 .628 -1 .997 0 .066 0.465 -0 .337 0.493 0 .528 0.122

1 AU | 1 o 1 -0 .307 0 .007 0.096 0.007 0.096 0.007 0.096 0.007

1 1 
AU1 « 1 -2 .102 0.329 0.457 0.120 0.558 0.071 0.558 0.071

1 1 
1 A U  j1 i

-2 .409 0.335 0.553 0.126 0.654 0.077 0.654 0.077
! 1
| V n n = U  + A U  | ' e ff  ' -1 .781 -1 .662 0.620 0.591 0.316 0.571 1.181 0.200

1 1 
| G m atrix  | 
| r e s u l ts  j 

| E r ro r  (%) j
i I

-2 .039

12.70

-1 .571

5 .79

0.929

33.30

0.540

9.44

0.325

2.77

0.455

25.50

1.268

6.86

0.224

10.70
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T able  23

Ferm i m omentum, k p , a t  sa tu ra tio n  an d  th e  in co m p ressib ility  

p a ra m e te r , K^, ca lcu la ted  in th e  p seu d o p a rtic le  m ethod fo r  th e  

p o ten tia l HEA. T he  coupling  c o n s ta n ts  of th e  p seu d o p a rtic le s  a re  

chosen  to  be e i th e r  d e n s ity -d e p e n d e n t o r  d e n s ity  in d e p e n d e n t, a s

d isc u sse d  in th e  te x t . See F igs.

i
| HEA kp(fm  ■*)

| A pproxim ation 1 

| N o n -se lf-c o n s is ta n t 1.21

| S e lf-c o n s is ta n t 1.21

| A pproxim ation  2 

| N o n -se lf-c o n s is ta n t 1.30

| S e lf-c o n s is ta n t 1.32

| A pproxim ation  3 

| N o n -se lf-c o n s is ta n t 1.29

| S e lf-c o n s is ta n t 1.31

| A pproxim ation  4 

| N o n -se lf-c o n s is ta n t 1.41

| S e lf-c o n s is ta n t

i

1.45

T‘

■ + - ■ t -

211

177
i

- X .I
I

244

209

323

287

"f*

447

427

P seu d o p artic le

P a ram eters

d e n s ity  d ep en d en t 

(F ig .2 6 -c u rv e  a ’) 

(F ig .2 6 -c u rv e  a)

d e n s ity  in d e p en d e n t 

(F ig . 2 7 -cu rv e  a ')  

(F ig .2 7 -c u rv e  a)

modified p a ra m e te rs ; 
d e n s ity  d ep en d en t 
(F ig .2 6 -c u rv e  b ')

(F ig .2 6 -c u rv e  b )

m odified p a ra m e te rs ; 
d e n s ity  in d e p en d e n t 

(F ig .2 7 -c u rv e  b 1)

(F ig . 2 7 -cu rv e  b )
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T able  24

Ferm i momentum, k p , a t s a tu ra tio n  a n d  th e  in co m p ressib ility  

p a ra m e te r , K^, ca lcu la ted  in  th e  p seu d o p a rtic le  m ethod fo r  th e  

p o ten tia l HM2. T he coup ling  c o n s ta n ts  of th e  p seu d o p a rtic le s  a re  

chosen  to  be e i th e r  d e n s ity -d e p e n d e n t o r  d e n s ity  in d e p e n d e n t, as 

d isc u sse d  in th e  te x t .  See F ig s . 29-30.

i 1
| HM2 |

i ii I

1E

1 1 
| A pproxim ation 1 |

|1 1 
| N o n -se lf-c o n s is ta n t |

1
1.22

1 1 
| S e lf-co n s is tan t |
1 1 i |

1.19

1 1 
| A pproxim ation 2 |
| I! 1 
| N o n -se lf-c o n s is ta n t |

I
1.33

1 1 
| S e lf-co n s is tan t !
1 1I 1

1  7 7a. ■ ■

1 1 
| A pproxim ation 3 |

I
1 1 
| N o n -se lf-c o n s is ta n t |
1 1

1.28
1 1 
| S e lf-c o n s is ta n t |
1 1i 1

1.23

I 1
| A pproxim ation 4 |

1
1 1 
! N o n -se lf-c o n s is ta n t | 1.39

i S e lf-co n s is tan t |

1

1.37

T “

•4~

- + -

143

220

289

169

160

396

120

"T"

• I -

P seu d o p artic le
P a ram e te rs

d e n s ity  d e p en d e n t 

(F ig .2 9 -c u rv e  a ')  

(F ig .2 9 -c u rv e  a)

d e n s ity  in d e p en d e n t 

( F ig .30 -c u rv e  a ')  

(F ig .3 0 -c u rv e  a)

m odified p a ra m e te rs ; 
d e n s ity  d e p en d e n t 
(F ig .2 9 -c u rv e  b ')

(F ig .2 9 -c u rv e  b)

m odified p a ra m e te rs ; 
d e n s ity  in d e p en d e n t 

(F ig .3 0 -c u rv e  b ')

(F ig .3 0 -c u rv e  b )
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T ab le  25

Ferm i m omentum, k p , b in d in g  e n e rg y  p e r  p a r t ic le (B .E ./A )  a t

s a tu ra tio n  a n d  th e  in co m p ress ib ility  p a ra m e te r , K , ca lcu la ted  fo r
00

d if fe re n t  i te ra tio n  a c c u ra c y  fo r  th e  o - u m odel. T he  coup ling  

c o n s ta n ts  a n d  th e  i te ra tio n  a c c u ra c y  a re  ch osen  a s  d isc u sse d  in  

S ection  6 .3 . T h e  la s t  line  is  a  r e s u l t  of th e  case  w h ere  th e  nucleon  

sp in o r is  uCp”, s ) .

1 1 
| I te ra tio n  |

| A ccu racy  |

1 C 2
45T g<7

| 0 .01  | 6.5205

| 0 .001 | 6.5205

| 0.0003 | 6.5205

| 0.0001 | 6.5205

j none |

i i

6.5205

1 ]■? 2 
, 4 r r eu

' T ---------
I K B .E ./A  | K

-1 ,

4-
I
I

■ +  ■

4-
I

4-
I
Ix .

| (fm ) | (MeV) | (MeV)
■+ + +-

10.848 | 1 .43
I

• + -
10.848 1.42

10.848 | 1 .42
I

• + ---------------

-15.7601 1949.0

•15.758 544.4

10.843 | 1 .38
I

_ _ _ _ _ _ _ _ _ _ _ _ _ L _ _ _ _ _ _ _ _ _ _ _

I
- + -

I 
I

4- 
I 
I

■+"
j -15 .751 | 544.4
I I

•+-------------- +-

■15.7521 542.4
I

- + -

. x .

■14.6091 609.4
I

------------- X-----------------
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T ab le  26

Ferm i momentum, k p , b in d in g  e n e rg y  p e r  p a rtic le  (B .E ./A )  a t

s a tu ra tio n  an d  th e  in co m p ress ib ility  p a ra m e te r , K , ca lcu la ted  fo r
00

d if fe re n t i te ra tio n  a c c u ra cy  fo r  th e  p o te n tia l HEA, a re  lis te d  in 

( d . d . )  and  ( d . in d . )  colum ns, re sp e c tiv e ly . T he  coupling  

c o n s ta n ts  of th e  p se u d o p a rtic le s  a re  chosen  to  be e i th e r  d e n s ity -  

d e p e n d e n t ( d .d . ) o r  d e n s ity  in d e p e n d e n t ( d . i n d . ) : 6g2o/4ir = -2 .8 1 , 

6g2u/4n = 17.5 an d  6g2g/4n = 5 .5 4 , fo r  k p  = k p NM = 1.36 fm "1 . 

T h e  v a lu es  of th e se  coup ling  c o n s ta n ts  a t  o th e r  v a lu es  of th e  

d e n s ity  may be o b ta in ed  u s in g  E q s .3 .1 4 -3 .1 5 . T he f i r s t  column is 

th e  ite ra tio n  a cc u ra cy  (I .A . ) .  (See Section  6 .3 .)

I .A .

(fm 1)
 T--------------
d .d .  | d . in d .

0.011 1.31

4-
0.001 1.31

4-
0.00031 1.31

~1~I

4-

4-

4-

1.45

1.45

1.45

0 .0001 | 1.31 | 1.45
I I

- - - - - - - - - - - - - - - - X _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ L _ _ _ _ _ _ _ _ _ _ _

B .E ./A

(MeV)

d .d . d . in d .

-15.248

-15.269

-15.270

-15.270

-15.796

-15.766

■15.763

■15.763

K
oo

(MeV)

d .d .

480

304

290

d . in d .
• T '

4-

4-

4-

418

431

424

287 | 427
I

______ j .________
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T ab le  27

Ferm i momentum, k p , b in d in g  e n e rg y  p e r  p a r tic le  (B .E ./A )  a t  

s a tu ra tio n  an d  th e  in co m p ress ib ility  p a ra m e te r, K , ca lcu la ted  fo r
o o

d if fe re n t ite ra tio n  a c c u ra c y  fo r th e  p o ten tia l HM2, a re  lis te d  in 

( d . d . )  an d  ( d . i n d . )  colum ns, re sp e c tiv e ly . T he  coup ling  

c o n s ta n ts  of th e  p se u d o p a rtic le s  a re  chosen  to  be e i th e r  d e n s ity -  

d e p en d e n t ( d .d . ) o r  d e n s ity  in d e p e n d e n t ( d . in d .) : 6g2 /4ir = -1 .15

and  6g2 /4ir = G.98 fo r k _  = k NM 1.36 fm . T he  v a lu es  ofw F F
th e se  coup ling  c o n s ta n ts  a t o th e r  v a lu es  of th e  d e n s ity  may be

ob ta in ed  u s in g  E q s .3 .16 -3 .17 . T he f i r s t  column is th e  ite ra tio n

a c c u ra c y  (I . A . ) .  (See Section  6 .3 .)

I .A .

 T-----------
0 . 0 1 | 1.22

 1 -----------
0.001  1.21

| 0 .0003 | 1.21
I I
(.--------------- 1 ---------
| O.OOOlj 1.21
I I
L _ _ _ _ _ _ _ _ _ _ _ _ _ _ X _ _ _ _ _ _ _ _ _

' T"
I

'T-
I
I

■+■
I
I

I
I

■ + ■

I
I

. X

F  i 

-1) 1

B .E ./A  | 

(MeV) |

K
OO

(MeV)

d . in d .  j d .d .  | d . in d .  |
i

d .d .  | d . in d

1.37 |
1

-16.384 | -15.299 |
1 1

j

r ~ 
144 |

1
1

3703

1.35 |
1

-16.439 | -15.200 |
1 I

148 |

!

295

1.34 |
1

_

-16.444 | -15.204 |
1 1
1 |

174 |
1
j

280

1.34 |
1
i

1 1 
-16.446 | -15.205 |

1 1
i i

155 |
1

..............  !

271
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T ab le  28

Ferm i momentum, k p  b in d in g  e n e rg y  p e r  p a r t ic le (B .E ./A )  a t 

s a tu ra tio n  an d  th e  in co m p ress ib ility  p a ra m e te r , K , ca lcu la ted  fo r
CO

d if fe re n t ite ra tio n  acc u ra cy  fo r th e  p o te n tia l BMR2. T he  coup ling  

c o n s ta n ts  of th e  p se u d o p a rtic le s  a re  chosen  to  be d e n s ity  

in d e p e n d e n t: 6g2 /4u = -5 .50 ,  6g2 / 4 tt = 14.20 an d  6g2t /4ir = 8.54,0 U) 0
fo r  k-r, = k  = 1 .3 6  f m '1 .F F

Ite ra tio n

A ccuracy
k F

( f m '1)

| B .E ./A  

| (MeV)

I ..  "I
1 K„ 1

1 (MeV) |

0 .01 1.39 | -15.227
1I

| 496 |

0.001 1.39
1
j -15.201
1i

| 496 |

0.0003 1.31 | -15.199
!

| 490 |

0.0001 1.39 | -15.199
1i

| 483 |

i i
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T able  29

Migdal p a ra m e te rs  fo r th e  p o ten tia l HEA ca lcu la ted  fo r  th e  case 

w here  th e  nucleon  sp in o r  is f ( p , s )  w ith  |p |=  k p (s e e  t e x t ) .  T he 

f i r s t  line is a re s u lt  of a reac tio n  m atrix  ca lcu la tion ; th e  second  

line  g ives th e  r e s u l ts  o b ta in ed  fo r th e  se m i-se lf-c o n s is te n t case 

( s . s . c . ) .  (See C h a p te r  4 .)  T he th ird  line  is  ca lcu la ted  u s in g  th e  

fu lly -se lf -c o n s is te n t p seu d o p a rtic le  m ethod ( f . s . c . ) .

1
HEA |

1
F„ F x F'o F \ G 0 Gi G'o G 'j

1
11

1.36 fm 1

1
G M atrix |

S .S .C . 1
f . s . c .  I

-0 .904
-0.909
-0.814

-1 .992
-2.132
-2 .196

0.634
0.702
0.714

0.358
0.244
0.226

0.381
0.376
0.376

0.423
0.382
0.371

1.051
0.977
0.971

0.223
0.176
0.167

i
11

1.00 fm" 1

1
G M atrix |

S .S .C . I
f . s . c .  I

1

-2 .236
-2 .420
-1.933

-0.971
-0 .866
-0 .909

0.900
0.885
0.583

0.446
0.343
0.321

0.364
0.458
0.494

0.366
0.355
0.347

1.074
l!o71
0.943

0.188
0.181
0.164

1
11

1.20 fm" 1

1
G M atrix  |

S .S .C . I
f . s . c .  I

1

-1 .705
-1.879
-1 .588

-1.424
-1.414
-1 .463

0.723
0.776
0.625

0.450
0.341
0.323

0.376
0.420
0.440

0.401
0.399
0.393

1.080
1.053
0.983

0.222
0.206
0.194

1

1
1.40 fm" 1

1
G M atrix |

S .S .C . 1
f . s . c .  1

1

-0 .613
-0.594
-0.503

-2 .187
-2 .353
-2 .449

0.622
0.691
0.752

0.319
0.204
0.178

0.382
0.364
0.357

0.419
0.368
0.352

1.034
0.952
0.958

0.219
0.160
0.148
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T ab le  30

M igdal p a ra m e te rs  fo r  th e  p o te n tia l HM2 ca lcu la ted  fo r  th e  case 

w here  th e  nucleon  sp in o r  is  f ( p , s )  w ith  |p ]=  k p . (see  t e x t . )  T he 

f i r s t  line is  a re s u lt  of a re a c tio n  m atrix  ca lcu la tio n ; th e  second  

line  g ives th e  r e s u lts  o b ta in ed  fo r th e  se m i-se lf-c o n s is te n t case  

( s . s . c . ) .  (See C h a p te r  4 . )  T he th ird  line  is ca lcu la ted  u s in g  th e  

fu lly -se lf -c o n s is te n t p se u d o p a rtic le  m ethod ( f . s . c . ) .

HM2 |
1

F 0 F i F'o F \  G 0 G i G'o G \

1

!
1.36 fm "1

1
G M atrix  |

S . S . C .  1
f . s . c .  1

1

-1.182
-1 .018
-0.951

-2 .218
-2 .400
-2.441

0.848
0.621
0.630

0.476 0.306 
0.583 0.194 
0 .569 0.193

0.464
0.617
0.609

1.258
1.190
1.184

0.214
0.176
0.169

1
11

1.00 fm "1
1

G M atrix  j
S . S . C .  1
f . s . c .  I

1

-2 .609
-2 .163
-2 .790

-1.051
-1.047
-1.012

1.114
0.649
0.826

0.502 0.344 
0 .494 0.429 
0 .513 0.621

0.382
0.459
0.472

1.245
1.105
1.294

0 .190
0.166
0.179

1

!
1.20 fm "1

1
G M atrix  | 

s . s . c .  |
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1.181
1.242

0.224
0 .200
0.202



134

F ig u re  1

S e lf -e n e rg y  Z0++( "p ) v s .  | | / k p  fo r  th e  p o ten tia l
HEA.

100

5 0 -
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-100
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T h e  solid  lin e s  d en o te  th e  H a rtre e -F o c k  r e s u l ts  an d  th e  
d a sh e d  lin e s  in c lu d e  th e  e ffe c ts  of c o rre la tio n s . T he  d o ts  in  
th e  low er h a lf of th e  f ig u re  a re  th e  r e s u l ts  o b ta in ed  w ith  v  ^
of E q s . ( 3 .1 ) - ( 3 .3 ) ,  ( 3 .1 2 ) - ( 3 .1 5 ) .

(a) k p  = 1 .2  fm "1 , (b ) k p  = 1 .36 fm "1 , (c) k p  = 1 .5
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F ig u re  2

C o n trib u tio n  of w a n d  <f> e x ch an g e  to  th e  s e lf -e n e rg y
I  + + ( "?  ) fo r  th e  p o te n tia l HEA.0

200 - HEA kF - 1.36 fm

6 0 -

— 100-

♦ o

0.6 0.80.2 0.4

T h e  solid  lin es  e x h ib it  th e  r e s u l ts  a s  ca lcu la ted  in  th e  
H a rtre e -F o c k  ap p ro x im atio n . T he  d a sh e d  lin es  show th e  
c o n tr ib u tio n  in  th e  p re s e n c e  of c o rre la tio n s . T he  u p p e r  s e t  of 
b lack  d o ts  show s th e  r e s u l ts  of w ex ch an g e  a n d  a  p o rtio n  of 
th e  to ta l p seudo-om ega ex ch an g e  { (6 g 2w/4ir) 1=12.30} ca lcu la ted
in  th e  H a rtre e -F o c k  ap p ro x im atio n . T he  low er s e t  of b lack  
d o ts  show s th e  sim ilar r e s u l ts  fo r  <t> ex ch an g e  an d  a p o rtio n  of 
p seudo-om ega e x ch an g e  { (6 g 2 /4 ir )2=1.90  } - see  T able  4 .1 . [
N ote th a t  th e  to ta l p seudo-om ega  ex ch an g e  is  ca lcu la ted  w ith  
(6 g 2w/4Tr)=12.30+1.90 = 14.20 ] .
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F ig u re  3

C o n trib u tio n  of o , ir a n d  6 e x ch an g e  to  th e  s e lf -e n e rg y
2 ++( "p ) fo r  th e  p o te n tia l HEA.

0

H E A  kF = 1.36 fm*'

5 0 -

>
5

-50

€  -100- ♦♦ o
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T he solid lin es  e x h ib it th e  r e s u l ts  a s  ca lcu la ted  in th e  
H a rtre e -F o c k  ap p ro x im atio n . T h e  d a sh e d  lin e s  a re  th e  r e s u l ts  
in  th e  p re se n c e  of c o rre la tio n s . T h e  u p p e rm o st s e t  of b lack  
d o ts  a re  th e  r e s u l ts  fo r  d e lta  a n d  p se u d o -d e lta  
ex ch an g e  (6 g 2g/4ir = 5 .54) ca lcu la ted  in  th e  H a rtre e -F o c k
ap p rox im ation . T he low er s e t  of b lack  d o ts  r e p re s e n ts  sigma 
an d  p seu d o -s ig m a  ex ch a n g e  [ (6 g 2g/4ir) x= 3 .78  - see  T ab le  4 .1 ]
ca lcu la ted  in  th e  H a rtre e -F o c k  ap p ro x im atio n . In  th e  case of 
th e  p ion we ad d  a p o rtio n  of th e  p seu d o -sig m a  ex ch an g e  
[(5 g 2a/ 4 v ) 2= -6 .5 9  - see  T ab le  4 .1 ] w hich is  ta k e n  to  to  be
a t t r a c t iv e . T h e  to ta l r e s u l t  fo r  p seu d o -sig m a  ex ch an g e  
[6g2c /4ir= -2 .81  - see  T ab le  3 .1  ] is seen  to  be a t t r a c t iv e .
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F ig u re  4

S e lf-e n e rg y  E +~( "p ) v s .  | p  |/k _ , fo r  th e  p o ten tia l 
0 «F

HEA.

200

0.2 0.4 0.6 0.8
p A f

T he solid  c u rv e s  a re  th e  H a rtre e -F o c k  r e s u l ts  a n d  th e  

d a sh e d  lin es  in c lu d e  th e  e ffe c ts  of c o rre la tio n s . [See R e f .7 .]  

T he  small d o ts  a re  ca lcu la ted  w ith  V f^ of E qs.

( 3 . l ) - ( 3 . 3 ) ,( 3 .1 2 -3 .1 5 ) .

(a) k p  = 1 .2  fta"1 , (b ) k p  = 1 .36 f m '1 , ( c jk p  = 1 .5  fin"1 .
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f ig u r e  5

C o n trib u tio n  of o, w a n d  $ ex ch a n g e  to  th e  se lf -e n e rg y
I 0 +( ) fo r  th e  p o te n tia l HEA.
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T he so lid  lin es  d en o te  th e  H a rtre e -F o c k  r e s u l ts  an d  th e  
d a sh e d  lin e s  den o te  th e  r e s u l ts  of th e  RBHF th e o ry . T he 
d o ts  r e s u l t  from  a d d in g  p s e u d o -p a r t ic le  ex ch an g e  to  th e  
H a rtre e -F o c k  r e s u l t s .  [H ere (6 g 2 /4 ir ) i  = 12.30, (6 g 2w/4 ir)2 =
1.90 a n d  (fig2^ ! ! ) !  = 3 .78  - see  T ab le  3 .1 .]



F ig u re  6

C o n trib u tio n  of ir e x ch a n g e  to  th e  s e lf -e n e rg y  Z0 +( "p )
fo r  th e  p o te n tia l HEA.
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T he solid  lin e s  e x h ib it th e  r e s u l ts  a s  ca lcu la ted  in  th e  
H a rtre e -F o c k  ap p ro x im atio n . T h e  d a sh ed  lin es  ex h ib it th e  
r e s u l ts  a s  c a lcu la ted  in  RBHF th e o ry . P se u d o -v e c to r  coup ling  
is  u s e d . T h e  b lack  d o ts  a re  o b ta in ed  b y  ad d in g  a  p o rtio n  of 
pseudO -sigm a e x ch a n g e  w ith  (6 g 20/4 ir)2 = -6 .5 9 . (See T able
4 .1 . )  [H ere th e  n e g a tiv e  s ig n  fo r  (6 g 20/4ir) m eans th a t  th e
c o n tr ib u tio n  of th e  p seu d o -s ig m a  p a r tic le  h a s  th e  same s ig n  as 
th a t  o b ta in ed  fo r  sigm a e x c h a n g e . ]
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F ig u re  7

S e lf -e n e rg y  Z0 ( ) v s .  | "p l/k ^ , fo r  th e  p o ten tia l
HEA.
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T he c u rv e s  h av e  th e  same m eaning  as  th a t  d e sc r ib e d  in  
th e  cap tio n  of F ig . 1. R e su lts  ca lcu la ted  w ith  V ££ a re
re p re s e n te d  b y  th e  d o ts .
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F ig u re  8

C o n trib u tio n  of u, a , it, $ a n d  6 e x ch an g e  to  th e  s e lf­

e n e rg y  Z0 ( P  ) fo r  th e  p o te n tia l HEA.

400_ HEA kF s 1.36 fm’1
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T h e  u n b ro k e n  so lid  lin e s  a re  th e  H a rtre e -F o c k  r e s u l ts  an d  
th e  d a sh ed  lin es  in c lu d e  th e  e ffe c ts  of c o rre la tio n s6 . T he 
r e s u l t s  of ca lcu la tions of m eson p lu s  p seudo-m eson  ex ch an g e  
a re  show n as  tr ia n g le s  (s ig m a ), sq u a re  (om ega), c ro s se s  
( p io n ) , d o ts  (p h i)  a n d  c irc le s  ( d e l ta ) .
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F ig u re  9

S e lf -e n e rg y  E0++( 1? ) v s .  | | / k p  fo r  th e  p o te n tia l
HM2.
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T h e  solid  lin es  den o te  th e  H a rtre e -F o c k  r e s u l ts  a n d  th e  
d a sh e d  lin es  in c lu d e  th e  e ffe c ts  of c o rre la tio n s . T he  d o ts  in  
th e  low er h a lf of th e  f ig u re  a re  th e  r e s u l ts  o b ta in ed  w ith  V ££
of E q s . ( 3 .1 ) - ( 3 .3 ) ,  ( 3 .1 6 ) - ( 3 .17).

(a) k F = 1 .2  fm - 1 , (b ) k p  = 1 .36 fm "1, (c ) k p  = 1 .5

fm "1, (d ) k p  = 1 .6  f m '1 .
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F ig u re  10

C o n trib u tio n  of u a n d  p ex ch an g e  to  th e  s e lf -e n e rg y
I  ++( i> ) fo r  th e  p o te n tia l HM2.

0

HM2 = 1.36 fm*1
200

150

1 * 100

+ o

T he  solid lin es  e x h ib it  th e  r e s u l ts  as  ca lcu la ted  in  th e  
H a rtre e -F o c k  ap p ro x im atio n . T he  d a sh ed  lin es  show th e
co n trib u tio n  in  th e  p re se n c e  of c o rre la tio n s . T he u p p e r  s e t  of 
b lack  d o ts  show s th e  r e s u l ts  of w ex ch an g e  an d  a p o rtio n  of 
th e  to ta l p seudo-om ega  ex ch an g e  { (6 g 2w/4ir) x= 5.63} ca lcu la ted
in  th e  H a rtre e -F o c k  app rox im ation . T he  low er se t of b lack  
d o ts  show s th e  sim ilar r e s u l ts  fo r  p ex ch an g e  an d  a p o rtio n  of 
pseudo-om ega ex ch a n g e  { (6 g 2u/4Tr)2 = 0 .89  } - see T ab le  4 .2 .
[Note th a t  th e  to ta l pseudo-om ega ex ch an g e  is  ca lcu la ted  w ith
(6 g 2 /4 tt) = 5 .63 + 0 .8 9  = 6 .52 1. w



F ig u re  11

C o n trib u tio n  of o, tt e x ch an g e  to  th e  s e lf -e n e rg y  I  ++(p )
0

fo r  th e  p o te n tia l HM2.

50 _ HM2 kF = 1.36 fm"1
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T he solid lin es  e x h ib it  th e  r e s u l ts  as  ca lcu la ted  in  th e  
H a rtre e -F o c k  ap p ro x im atio n . T he  d a sh e d  lin es  a re  th e  r e s u l ts  
in  th e  p re se n c e  of c o rre la tio n s . T h e  b lack  d o ts  r e p re s e n t  
sigma a n d  p seu d o -sig m a  e x ch an g e  [ (6 g 2g/4ir) x= 4 .34  - see
T able  4 .2 ] ca lcu la ted  in  th e  H a rtre e -F o c k  ap p ro x im atio n . In  
th e  case  of th e  p ion  we a d d  a p o rtio n  of th e  p seu d o -sig m a  
ex ch an g e  [ (6 g 20/4 u ) 2 = -5 .4 9  - see  T ab le  4 .2 ] w hich is  ta k e n
to  be a t t r a c t iv e . T h e  to ta l r e s u l t  fo r  p seu d o -g ig m a ex ch an g e  
[6g2o/4n  = -1 .15  - see  T ab le  3 .2  ] is  seen  to  be  a t t r a c t iv e .
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F ig u re  12

S e lf-e n e rg y  Z0 +( l ?  ) v s .  | p  | / k p  fo r  th e  p o te n tia l
HM2.
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T h e  solid  c u rv e s  a re  th e  H a rtre e -F o c k  r e s u l ts  and  th e  
d a sh e d  lin es  in c lu d e  th e  e ffe c ts  of c o rre la tio n s . [See R e f .7 .]  
T h e  small d o ts  a re  ca lcu la ted  w ith  V of E qs.
( 3 . l ) - ( 3 . 3 ) ,( 3 .1 6 - 3 .1 7 ) .

(a) k F = 1 .2  fin"1 , (b ) k F = 1.36 f m '1 , ( c ) k F = 1 .5  f m '1 '



F ig u re  13

C o n trib u tio n  of o a n d  u e x ch an g e  to  th e  s e lf -e n e rg y
I 0 +( p - ) fo r  th e  p o te n tia l HM2.
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T he solid  lin es  d en o te  th e  H a rtre e -F o c k  r e s u l ts  a n d  th e  
d a sh e d  lin es  d en o te  th e  r e s u l ts  of RBHF th e o ry . T he  d o ts  
r e s u l t  from  a d d in g  p s e u d o -p a r tic le  e x ch a n g e  to  th e  H a r tre e -  
Fock r e s u l t s .  [H ere (6 g 2w/4 n ) x= 5 .63  a n d  (5 g 20/4ir) x= 4 .34  -
see T ab le  3 .2 .]
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F ig u re  14

C o n trib u tio n  of n a n d  p ex ch an g e  to  th e  s e lf -e n e rg y
lo +( ~p ) fo r  th e  p o te n tia l HM2.

50

HM2 kp = 1.36 fm
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T h e  solid  lin es  e x h ib it  th e  r e s u l ts  a s  ca lcu la ted  in  th e  
H a rtre e -F o c k  ap p ro x im atio n . T he d a sh e d  lin es  e x h ib it th e  
r e s u l ts  as  c a lcu la ted  in  RBHF th e o ry . P se u d o -v e c to r  coupling  
is  u s e d . T h e  u p p e r  s e t of block d o ts  show s th e  r e s u l ts  of p 
ex ch an g e  an d  a p o rtio n  of th e  to ta l p seudo-om ega ex ch an g e  
[ (6 g 2u/4n ) 2= 0 .89] ca lcu la ted  in  th e  H a rtre e -F o c k
ap p ro x im atio n . T he  low er s e t of b lack  d o ts  show s th e  re s u lts  
fo r  it ex ch an g e  a n d  a p o rtio n  of pseudO -sigm a ex ch an g e  w ith 
(6 g 2o/4 ir )2= -5 .4 9 . See T ab le  4 .2 . [H ere th e  n eg a tiv e  s ig n  fo r
(6 g 20/4Tr) m eans th a t  th e  c o n tr ib u tio n  of th e  p seu d o -sig m a
p a rtic le  h a s  th e  same s ig n  as  th a t  o b ta in ed  fo r  sigma 
e x c h a n g e . ]
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F ig u re  15

S e lf -e n e rg y  Z0 " (  T  ) v s .  | "p | / k p  fo r  th e  p o te n tia l 
HM2.
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T he c u rv e s  h av e  th e  same m eaning as  th a t  d e sc r ib e d  in  
th e  cap tio n  of F ig . 9. R esu lts  ca lcu la ted  w ith  a re

r e p re s e n te d  b y  th e  d o ts .
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F ig u re  16

C o n trib u tio n  of «, o a n d  p ex ch an g e  to  th e  s e lf -e n e rg y
Z0 ( "p ) fo r  th e  p o te n tia l HM2.
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T h e  u n b ro k e n  so lid  lin e s  a re  th e  H a rtre e -F o c k  r e s u l ts  an d  
th e  d a sh e d  lin e s  in c lu d e  th e  e ffe c ts  of c o r re la tio n s 6. T he 
re s u l ts  of ca lcu la tio n s  of m eson p lu s  p seud o -m eso n  ex ch an g e  
a re  show n as  c irc le s  (s ig m a), c ro s se s  (om ega), d o ts  ( r h o ) .
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F ig u re  17

S e lf-e n e rg y  Z0++( F> ) v s .  | " p  | / k p  fo r  a n  a lte rn a tiv e
approx im ation  fo r  th e  p o te n tia l HEA.
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T he c u rv e s  h av e  th e  same m eaning  a s  th a t  d e sc r ib e d  in  
cap tion  of F ig . l .  T h e  r e s u l ts  of ca lcu la tio n s  of m eson p lu s  
p seud o -m eso n  e x ch an g e  a re  show n a s  d o ts  a n d  c ro s se s . T he 
b lack  d o ts  a re  o b ta in ed  b y  u s in g  th e  p se u d o p a rtic le  coup ling  
c o n s ta n ts  6g2a/(4 ir) = 5 .0 ,6g2u/(4Tr) = 2 0 .2 , 6g26/(4 ir) = -6 .5 4 ,

NM -1fo r k p  = k p  = 1 .36 fm w hile c ro s se s  a re  o b ta in ed  b y
u s in g  th e  p se u d o p a rtic le  coup ling  c o n s ta n ts  6g2o/(4Tr) = 1 .18 ,

6 g2w/(4 ir) = 26 .8 , 6g2fi/(4Ti) = -4 .4 9 , fo r  k p  = k p 1̂  = 1.36

fm * T he  m ass p a ra m e te rs  in  b o th  case  a re  M = M = Mr =a w 6
1 .5  GeV. (See S ection  3 .4  an d  E q s . 3 .1 8 -3 .1 9 .)
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F ig u re  18
+ + ^

S e lf-e n e rg y  Z0 ( p  ) v s .  | p  | / k p  fo r  an  a lte rn a tiv e
approx im ation  fo r  th e  p o te n tia l HEA.
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T he  c u rv e s  an d  th e  d o ts  h av e  th e  same m eaning  as  th a t  
d e sc rib e d  in  cap tion  of F i g . l .  T he  r e s u l ts  of ca lcu la tio n s  of 
meson p lu s  p seud o -m eso n  ex ch an g e  a re  shown a s  c ro s se s . 
H ere  we u se  th e  p se u d o p a rtic le  coup ling  c o n s ta n ts  (A p p ro x .3 
in  T ab le  3 .3 )  6g2o/(4 ir) = -3 .5 0 ,6g2w/(4 u )  = 1 6 .6 ,6g26/(4-n) =

2 .54 , fo r  k p  = k p NM = 1.36 fm "1 (MQ = Mw = 1 GeV, Mg =
1.25 GeV. (See S ection  3 .4 .)
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F ig u re  19
++

S e lf-e n e rg y  E0 ( P ) v s .  | p  | / k p  fo r  an  a lte rn a tiv e
app rox im ation  fo r  th e  p o te n tia l HEA.
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T he c u rv e s  an d  th e  d o ts  h av e  th e  same m eaning  as  th a t  
d e sc r ib e d  in  cap tion  of F ig . l .  T h e  r e s u l ts  of ca lcu la tions of 
m eson p lu s  p seudo-m eson  e x ch an g e  a re  show n as  c ro s se s . 
H ere  we u se  th e  p se u d o p a rtic le  coup ling  c o n s ta n ts  (A p p ro x .6 
in  T ab le  3 .3 )  6g2o/(4 ir) = -1 .81 , 5g2u/(4Tr) = 1 6 .2 ,6g26/(4-rr) =

5 .8 1 , fo r  k r  = k ^ NM = 1.36 f m '1 (M = M = 1  GeV, M- =I F  v o w ’ 6
1.25 GeV. (See S ection  3 .4 .)
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F ig u re  20

I /1 r
FS e lf-e n e rg y  Z0++( ~p ) v s .  | *p |/k ^ , fo r  an  a lte rn a tiv e

approx im ation  fo r  th e  p o te n tia l HEA.
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T he c u rv e s  an d  th e  d o ts  h av e  th e  same m eaning  a s  th a t  
d e sc rib e d  in  cap tio n  of F i g . l .  T he  r e s u l ts  of ca lcu la tio n s  of 
m eson p lu s  p seudo-m eson  e x ch an g e  a re  show n as  c ro s se s  H ere 
we u se  th e  p se u d o p a rtic le  co u p lin g  c o n s ta n ts  (A p p ro x .7 in  
T ab le  3 .3 )  6g2o/(4 ir) = -4 .3 0 , 6g2w/(4 ir) = 13 .2 , 6g26/(4 ir) =

3 .54 , fo r  k p  = k p 1™1 = 1 .36 fm "1 (Mo = My = 1 GeV, Mg =
1.25 GeV. (See S ection  3 .4 .)
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F ig u re  21

U eff( Ip ) v s - I P I to r  th e  p o te n tia l HEA. (H ere  p = 

pNM-)

-30

-40

-50

-60
CM
CM

-80

-90 0.5 2.0

p (fm -0

T h e  e ffec tiv e  p o te n tia l, Ue^ ( p ) , ca lcu la ted  u s in g  th e
re la tiv is t ic  BHF th e o ry  (so lid  lin e ) a n d  th e  v a lu es  of D j j ( p )
ca lcu la ted  u s in g  V0££ of E q s. ( 3 .1 ) - ( 3 .3 ) ,  (3 .1 2 ) - (3 .1 5 )  .
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Figure 22

U eff( 1? ) v s * I p" I fo r  th e  p o te n tia l HEA. (H ere  p = 5 /4

NM .)

-30

-40

-50

-60

-80

-90

0.5 2.0
p d m " 1)

T h e  e ffec tiv e  p o te n tia l, Ue^ ( p ) ,  ca lcu la ted  u s in g  th e
re la tiv is tic  BHF th e o ry  (so lid  lin e ) a n d  th e  v a lu e s  of (p )
ca lcu la ted  u s in g  of E q s . ( 3 .1 ) - ( 3 .3 ) ,  (3 .1 2 ) - (3 .1 5 )  .
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U eff( "P ) v s - I P" i f ° r  th e  p o te n tia l H E A .(H ere  p = 3 /4  

PNM-)
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T h e  e ffe c tiv e  p o te n tia l, U0^ ( p ) ,  ca lcu la ted  u s in g  th e
re la tiv is tic  BHF th e o ry  (so lid  lin e ) a n d  th e  v a lu es  of Ue^ ( p )
ca lcu la ted  u s in g  of E q s . ( 3 .1 ) - ( 3 .3 ) ,  ( 3 .1 2 ) - (3 .1 5 ) .
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F ig u re  24

U0££( "p ) v s .  | "p | fo r  th e  p o te n tia l H E A .(H ere  p = 1/2

NM )
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T h e  e ffec tiv e  p o te n tia l, Ug^ ( p ) , ca lcu la ted  u s in g  th e
re la tiv is t ic  BHF th e o ry  (so lid  lin e ) a n d  th e  v a lu es  of Ue££(p )
ca lcu la ted  u s in g  Ve££ of E q s. ( 3 .1 ) - ( 3 .3 ) ,  ( 3 .1 2 ) - ( 3 .1 5 ) .
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Figure 25

Ue f f ( Ip ) v s .  | ~ip | fo r  th e  p o te n tia l HEA. (H ere p = 1/4

NM•)

-1 0

-50

-60 0.5 1.0

T h e  e ffe c tiv e  p o te n tia l, Ue^ ( p ) , ca lcu la ted  u s in g  th e
re la tiv is t ic  BHF th e o ry  (so lid  lin e ) a n d  th e  v a lu es  of Ug^ ( p )
ca lcu la ted  u s in g  of E q s . ( 3 .1 ) - ( 3 .3 ) ,  (3 .1 2 ) - (3 .1 5 ) .
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Figure 26

B ind ing  e n e rg y  p e r  n u c leo n , E g /A  v s .  k g  fo r  th e  
p o ten tia l HEA (d e n s ity -d e p e n d e n t c a s e ) .

kF (ffrr1)

<
CD

UJ

HEA

T he c u rv e s  lab e lled  a ' a n d  a deno te  th e  H a rtre e -F o c k  
r e s u l ts  fo r  th e  p o te n tia l V ^  = U + 6U in tro d u c e d  in  Section
3 .3 . H ere c u rv e  a ' d en o tes  th e  non - s e lf -c o n s is te n t r e s u l t  an d  
a  d en o tes  th e  s e lf -c o n s is te n t r e s u l t .  T he c u rv e s  b ' a n d  b  a re  
o b ta in ed  b y  m odify ing  th e  coup ling  c o n s ta n t of th e  p seu d o ­
omega p a r tic le . H ere  c u rv e  b ' d en o tes  th e  non - se lf - c o n s is te n t 
r e s u l t  an d  c u rv e  b  d en o tes  th e  s e lf -c o n s is te n t r e s u l t .  (See 
Section 5 .2 , S ection  6 .4  a n d  T ab le  5 .1 . )  T he em pirical v a lues 
fo r  th e  d e n s ity  a n d  b in d in g  e n e rg y  lie w ith in  th e  re c ta n g le .
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Figure 27

B ind ing  e n e rg y  p e r  n u c leo n , E g /A , v s .  k g  fo r  th e
p o te n tia l HEA (d e n s ity - in d e p e n d e n t c a s e ) .
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T he same cap tio n  a s  F ig . 26 e x c e p t th a t  th e  d e n s ity  
dep en d en ce  of th e  co u p lin g  c o n s ta n ts  of th e  p seu d o p a rtic le s  
de te rm in ed  in  S ection  3 .3  [E qs. (3 .1 2 ) - (3 .1 5 ) ]  is  n eg lec ted .
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Figure 28

B in d in g  e n e rg y  p e r  nucleon  fo r d iffe re n t app rox im ations:
E g /A  v s . k p  fo r  th e  p o te n tia l HEA.

kF (frrr1)

>
a>
2

HEA

T he same cap tio n  as  c u rv e  a ' in  F ig .26 e x c e p t th a t  th e  
coeffic ien ts  a lt a 2, a 3 in  E q .3 .1 4  fo r d if f e re n t A pprox im ations
a re  lis te d  in T ab le  3 .3 . T he  c u rv e s  labelled  1, 2, 3, 4, an d  
5 den o te  th e  r e s u l ts  c o rre sp o d in g  th e  A pproxim ations 1, 2, 3, 
4, 5, p re s e n te d  in  T ab le  3 .3 . THe d a sh e d  line  labelled  G 
d en o tes  th e  s a tu ra tio n  c u rv e  ca lcu la ted  b y  u s in g  RBHF 
th e o ry . (See F ig .2 .24(a) in  R e f .7 .)
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Figure 29

B ind ing  e n e rg y  p e r  n u c leo n , E g /A , v s .  k p  fo r  th e
p o te n tia l HM2 (d e n s ity -d e p e n d e n t c a s e ) .
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T he same cap tio n  as  F ig .26, e x c e p t th a t  th e  p o te n tia l is 
HM2 a n d  th e  d e n s ity  d ep en d en ce  of th e  coup ling  c o n s ta n ts  of 
th e  p se u d o p a rtic ls  w as d e te rm in ed  b y  E q s . (3 .1 6 ) - (3 .1 7 ) .  
T he c u rv e s  b ’ a n d  b  ag a in  c o rre sp o n d  to  a  m odification of th e  
p seudo-om ega coup ling  c o n s ta n t. (See Section  5 .3 , Section  6 .4  
a n d  T able  5 .1 . )

k F (fm * 1)
1.0 1.2 1.4 1.6 1.8
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Figure 30

B in d in g  e n e rg y  p e r  n u c leo n , E g /A , v s .  k g  fo r
th e  p o te n tia l HM2 (d e n s ity - in d e p e n d e n t c a s e ) .
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T he same cap tio n  a s  F ig .29, e x c e p t th a t  we omit th e  
d e n s ity  d ep en d en ce  of th e  p se u d o p a rtic le  coup ling  c o n s ta n ts  
w h ich  w as d e te rm in ed  in  E q s . (3 .1 6 ) - (3 .1 7 )  .
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Figure 31

B inding  e n e rg y  p e r  n u c leon  fo r d if fe re n t ap p ro x im a tio n s :
E g /A  v s . k p  fo r th e  p o te n tia l BMR2.

1.0

>
0>
2
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uj
CD

T h e  same cap tio n  a s  c u rv e  a 1 in  F ig .26 e x c e p t th a t  th e  
p o te n tia l is  BRM2. T h e  c u rv e s  lab e lled  1, 2, a n d  4 deno te  
th e  re s u l ts  c o rre sp o d in g  th e  A pprox im ations 1, 2,  4,
p re s e n te d  in T ab le  5 .2 . We ta k e  ite ra tio n  a c c u ra c y  0.001 in 
th e  ca lcu la tio n . (See S ection  6 .3 .)



165

Figure 32

B in d in g  e n e rg y  p e r  n u c leo n , E g /A , v s . k p  fo r  th e
p o te n tia l HM2.

kF(fnr»)
A .. 1.0 1.2 1.4 1.6 1.8
O p ^ n  1----------- 1----------- r —

T h e  c u rv e s  lab e lled  D a n d  N den o te  th e  se lf-co n  s is ta n t  
r e s u l ts  fo r  th e  p o te n tia l, = U + 6U, in tro d u c e d  in  Section
3 .3 . H ere we u se  th e  m odified p seu d o p a rtic le  coup ling
c o n s ta n ts  fig2 /4n  = -1 .1 5 , , fig2 /4ir = 6 .9 8 , fo r  k,-, = k , ? ^ 1 =O 0) r  r

1.36 fm * (Mq = 1 GeV, = 1 G eV ). C u rv e  N d en o tes  th e
r e s u l ts  fo r  d e n s ity - in d e p e n d e n t p seu d o p a rtic le  coup ling  
c o n s ta n ts  w hile c u rv e  D d en o tes  th e  r e s u l ts  fo r  d e n s ity -  
d e p e n d e n t p seu d o p a rtic le  coup ling  c o n s ta n ts . (See 
E q s .3 .1 6 -3 .1 7 .)
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F ig u re  33

B ind ing  e n e rg y  p e r  nuc leon  fo r  d if fe re n t i te ra tio n
a c c u ra c y : E g /A  v s .  k p  fo r  th e  p o te n tia l HEA.

kF (fnrrO
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T he same cap tio n  as  c u rv e  b  in  F ig .26, ex ce p t th a t  th e  
solid  line  w as o b ta in ed  b y  u s in g  an  ite ra tio n  a c c u ra c y  of 
0 .0001, w hile th e  d a sh e d  line  w as o b ta in ed  b y  u s in g  an  
ite ra tio n  a c c u ra c y  of 0 .0 1 . (See S ections 6 .3 - 6 .4 .)  T he 
c u rv e s  a re  alm ost id e n tic a l.
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F ig u re  34

B in d in g  e n e rg y  p e r  nuc leon  fo r  d if fe re n t ite ra tio n
a c c u ra c y : E g /A  v s .  k g  fo r  th e  p o ten tia l HM2.

kF (frrr1)
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0>
2
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u j
CD

HM2
20

T he same cap tio n  as c u rv e  N in  F ig .32, ex ce p t th a t  th e  
solid line  w as o b ta in ed  b y  u s in g  an  ite ra tio n  acc u ra cy  of
0 .0001, w hile th e  d a sh e d  line  w as o b ta in ed  b y  u s in g  an 
i te ra tio n  a c c u ra cy  of 0 .0 1 . (See S ections 6 .3 - 6 .4 .)  The 
c u rv e s  a re  alm ost id en tica l.
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F ig u re  35

B ind ing  e n e rg y  p e r  n u c leon  of d if fe re n t ite ra tio n
acc u ra cy : Eg /A  v s .  k p  fo r  th e  p o te n tia l BMR2.

kF (frir1)
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T he same cap tio n  a s  in  F ig .31, e x c e p t th a t  h e re  we u se  
6g2u/4ir = 14.20 . T h e  solid  lin e  w as o b ta in ed  b y  u s in g  an
ite ra tio n  a c c u ra cy  of 0 .0001 , w hile th e  d a sh e d  line  was 
o b ta in ed  b y  u s in g  an  ite ra tio n  a cc u ra c y  of 0 .0 1 . (See S ections 
6 .3 - 6 .4 .)  T he c u rv e s  a re  alm ost id en tica l.
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Appendix A 

Eikonal Form Factor19

In  th is  A ppen d ix  we show how we to  u se  th e  e ikonal form  fa c to r  

in s e lf -c o n s is te n t c a lcu la tio n s .

F or th e  p o te n tia l HM2, we u se  th e  e ikonal form  fa c to r  

F .( t ,u |q Q 2) ,  w h ere  i = o, w, p , i t .  . .  .m esons. We h ave

F i ( t , u | q o ) = e x p [ 2 i { [ x ( t ) - x ( m i ) ] + [ x ( u ) - x ( 4 m N- s - m ? ) } ]  ,
(A . 1)

w here

‘  =  ( E q ' -  V 2 '  ’ )2 ’

(A. 2)

u  = <Eq ' -  Eq )2 -  (Q'+ Q)2 . (A . „

Eq = V  + . (A .4)

T he s ta r t in g  e n e r g y 19 s is

s = (Eq,+ Eq) 2 -  (q’ + q )2 , (A .5)

an d
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(-27

/ /

2fflN - y   k/ — j- a r c t a n /

y  (4mN -  y )
4mN -  y

ix(y)=-
( 0 <y < 4mN )

2mN -  y

y(4mN -  y )

l n [

S 4mN

(A .6)

( y < o )

In  th e  se lf -c o n s is te n t calcu la tion  th e  q u a n tity  in  in  th e

e x p re ss io n s  fo r  t ,  u , s  is  c h an g ed  to  th e  s e lf -c o n s is te n t m ass m 

d e term in ed  b y  th e  ite ra tio n  p ro c e ss , so th a t

t  ch an g es  to  t  , 

u  ch an g es  to  /u  , 

s ch an g es  to  s" .

We do n o t m odify i x ( y ) . T h is  p ro c e d u re  y ie ld s  th e  r e s u l ts  re p o r te d  

in  th e  te x t .
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A p p e n d ix  B 

A l t e r n a t i v e  N o rm a liz a tio n

In  th is  A ppen d ix  we p re s e n t  a n o th e r  d e fin itio n  of th e  re la tiv is t ic  

nuc leon  w ave fu n c tio n  in  n u c le a r  m a tte r  a n d  d is c u s s  th e  

c o rre sp o n d in g  n o rm aliza tio n .

R ecall E q . (2 .8 ) :

[ p -n y -£ (  { f ( p , s ) } , p ) ] f ( p , s )=0

Upon in s e r t in g  E q .( 2 .2 7 ) ,  we o b ta in

[ 7»p + m ] f ( p , s )  = 7 ° E f ( p , s ) ( B . l )

w here

m=
mN + A(p)

L

E = 5<s)
V  P  +  ■» n , „

in, 1 + C ( p )
'N mN

( B . 2 )

K eeping  in  m ind th e  form  of th e  f r e e  D irac  sp in o r , we can  w rite  a 

sp in o r f ( p , s )  a s  follows:

f ( p , s )  = /  E(p)  + £  

2 m
c (p)

(B .3 )
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w here

e = E ( p )  + in (B .4 )

We choose th e  norm alization

f +( p , s ' ) f ( p , s )  = 6 (B . 5)

fo r the  s p in o r  f ( p , s ) .  T h e re fo re , we can  w rite  th e  re la tiv is tic  

nucleon  w ave fu n c tio n  in  n u c le a r  m a tte r  a s

Note th a t  if m ■+ m^j we have  f ( p ,  s ) •+ u ( p , s ) ,  w hich  is  th e  

s ta n d a rd , p o s i t iv e -e n e rg y  so lu tio n  of th e  f r e e  D irac e q u a tio n . I t  is 

v e ry  co n v en ien t to  u se  th is  no rm alization  in  A ppend ix  D . When we 

calcu late  th e  fu lly  o n -s h e ll  am p litu d e , fo r  all th o se  r e s u l ts  o b ta in ed  

by  u s in g  th e  s p in o r  u ( p , s ) ,  one on ly  n e ed s  to  m ake th e  ch an g e  m ^ •* 

m an d  E ^ C p .m ^ ) ■* E (p ,m ) to  o b ta in  th e  r e s u l ts  of th e  fu lly  o n -sh e ll 

am plitude c o rre sp o n d in g  to  th e  sp in o r  f ( p ,  s ) .

(B .6 )

We also  h av e

*+s (p ) * s (p ) = 1 • (B . 7)
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Fierz Transformation

For n u c leo n -n u c leo n  s c a t te r in g , w hich a r is e s  from  th e  ex change  of 

m esonic fie ld s , we h av e  d ire c t  an d  ex ch an g e  te rm s . We can 

re a r ra n g e  th e  in d ices  of th e  ex ch an g e  term  b y  u s in g  th e  F ierz  

tra n sfo rm a tio n . T h e n , fo r  each  value  of th e  iso sp in  we can e x p re ss  

th e  o n -sh e ll n u c leo n -n u c leo n  s c a t te r in g  am plitude in  te rm s of five 

in d e p e n d e n t am plitudes:

t p l ,p 2 1 \ ’P ' a  f  l p r pJ >= (I ! 2 ) ) /J ’,0

+ V s ’ t > K < i ) ) a . 0 ( v <2, ) ^

*M A( s , t ) ( - y5( i ) V ‘( i ) ) a ,o (7 s ( 2 ) y 2 ) ) (3, /J

(4 .27 )

♦  ■

T he v a rio u s  ex ch an g e  te rm s  will c o n tr ib u te  to  th e  fu ll ra n g e  of 

am p litu d es, i . e .  we can  re a r ra n g e  th e  ind ices of th e  ex ch an g e  term  

so th a t  th e  labelling  c o rre sp o n d s  to  th a t  u se d  in  E q .( 4 .2 7 ) .  In  th is  

A ppend ix  we p ro v id e  v a rio u s  re la tio n s  n eed ed  in  p e rfo rm in g  th e  F ierz  

tran sfo rm a tio n  an d  show  how th e se  re la tio n s  may be d e riv e d .

As an  i l lu s tra tiv e  exam ple, le t u s  p u t
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= as(I(1))a’a(I(2))/?’0 

+ av('^(1))a,a ( V 2))/?’/?

+ aAP (1)^ (1)) a ' a h (2)V 2))/3'/3 ( C . l )

+ a P p ( 1 ) ) a ' a h ( 2 ) ) /? ’/J •

1 ). We b eg in  b y  m u tip ly in g  th e  b o th  s id es  of E q . ( C . l )  by  

[ I I ( l ) ] a a i [11(2)] pgi, an d  th e n  sum on a*, a , 3’, 3 to  de term ine  a g . 

We u se  th e  n o ta tio n  in  S ection  2 .1  a n d  th e  tra c e  theorem s an d  

id e n titie s  fo r  th e  Y m a trices :

V a ’ Ba ’ /9’ = > (C .2 )

T r l  = 4 , (C .3 )

T r  V 1 = 0 , (C .4 )

T r  V 5 = 0 , (C .5 )

T r ( ' y V )  = 0 , (C .6 )

T r ( W ' )  = 4 g ^  , (C .7 )

T r ( a ^ )  = 0 , (C .8 )

{ / ,  / >  = 2 g ^ I  , (C .9 )



T h en

175

i r ? ,  nr5} = o . ( c . i o )

L e f t s id e  -  ^  (V‘( l ) ) r a ( K l> ) a a , ( V 2 ) ) o , ^ 1 ( 2 ) ) w , 

a ' P ’

=a^ . ( 'yM(1))/3,a, ( V 2))a ’̂

= T r(V * n J = 4T rI = 16 ,

R igh t s id e  = ag T r [ I ( l ) ] T r [ I ( 2 ) ] = 16 a „  .

We see th a t

a s  = ! .

2 ) . We m u tip ly in g  b o th  s id e s  of E q . ( C . l )  b y  [ ^ ( l ) ] ^ ! * * ^ ) ] ^ ,  

a n d  th e n  sum  on a ',  a , P1, P , to  fin d

L e ft s id e  l - T r l ^ S ^ S j ]

- T r t n S g n S j ]

= -2  T r I  = -8  ,

I , . ,  . 1 ,R ight s id e  = avT r[7 1( l) 'y 1( l ) ) T r [ 7 1(2 )7 i (2 )]

= ayT r [ - I ] T r [ - I ]

= 16 a y  ,
We see th a t



a \7 = - ( 1 / 2 ) .

In  a sim ilar fash io n  we fin d  th a t  aT =0, aA= - l /2 ,  ap =

sum m arize th e  F ie rz  tra n s fo rm a tio n  a s  follow s:

! e t  r s = n ,  r T = o ^ ,  r A = u B) r p = y 5 ,

T hen

w h ere  th e  in d ices  i, j r u n  o v e r th e  se t S , V, T , A a n d  P .

a re  re la te d  to  g . 's  b y  th e  follow ing m atrix  
J

(  A
g s
A
cl .
WV
A ___ 1_
Sip
A 4

g A
A
£ p

i  i  f  - i

A -O -A -ft

12

4

1

0

-2

-1

-2

0
J_
2

0

-2

1

12

4

1

\ /  \  
g s

g v

grp

g A

/ > g P  ,

For iso sp in  in d ices  we p erfo rm  tra c e  o p e ra tio n s  to  fin d

" i ( r ( 1 , )a £ a T (T(2))/fyJT ,

w ith  n„ = 1 /2 , n x = 1 /2 , n 2 = 3 /2  an d  n„ = -1 /2 ,
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-1 . We

( C . l l )  

T he g .’s

(C. 12)

(C . 13) 

’ (C . 14)
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A ppen d ix  D

Calculation of the Fully-O n-Shell Amplitude

R ecall th e  fu lly  o n -sh e ll  am p litudes:

(4 .28)

In  A ppend ix  C, we h av e  a lre a d y  show n how to  u se  th e  F ierz  

tra n sfo rm a tio n  to  e x p re s s  th e  o n -sh e ll n u c leo n -n u c leo n  s c a tte r in g  

am plitude in  te rm s of fiv e  in d e p e n d e n t am p litu d es. In  th is  ap p en d ix  

we will show  how to  ca lcu la te  th e  five  q u a n titie s  n eed ed  to  o b ta in  th e  

fu n c tio n s  f C P i /p i ) ,  f ' ( P i , p 2) ,  g C P i/P a ) , g 'f lT i ,? * ) ,  h ( p ! , p 2) an d

I:

la ’ i ’ l I U  \  A  • 9  /  u  m j  \  IV • ua  a a  l ’ l /? 2 2

II:

( D . 2 )

III:

, (t , s ’ ) [ c P 'i  1) ] . u ( t  , s , )u „, ( 1 ,  s ’ ) [ a {  2 ) ] . , fla . ( l l s , ) Ia ’ l ’ l

(D .3 )
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IV:

V:

X Û * (^ ' S2) [ 'y5( 2 ) ] /3, /?U(^ ’S2) • ( D ’ 5 )

As an  i l lu s tra tiv e  exam ple le t u s  ca lcu la te  II I . U sing  th e  

p ro p e r t i t ie s  of th e  X m a trices  an d  P auli sp in  m atices ~o, we have  th e
_ _  2 / 2

following s ix  re la tio n s  [e = E + m , E = (i?2 + m2) ] :

D .  £  6 i i k ^  ffk ^  + ‘V 2  ̂  ̂ = 0

(D .6 )

2)

E k . ( l ) k .  ( 2 ) [5 .  .6 .  ,+ i6 . , c . a, ( l ) + i £ . .c . .  a  (2) i 1 i J J 1 j l  i j k  k i j  j \ tj rj

-  £ijk£i i A (1)V 2)]

= V^2 + ’ (W (V V ' (D .7 )



T h en ,
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a. •k. v a. *k. <L*k_ v a_*k.2e (-* " l  i -* l lU -^ 2 2 -» ‘V V i

X & a ^ Jt t  a j  a

01 fi P S1S! S2S2 (D. 12)

( V V < V * 2> + (V V < v V )m

2Efr, -> 1 /"> T* w~* t* \ 1 T* w~* t* \+ — |E ------ (a1.k 2) (a 2.k 2) ----------( t r ^ H a ^ )

: < v V (v V (W ) 6 , 8 „ „8 , 8 , a a /) p SjSj s 2s 2 .

We co n s id e r th e  c e n te r  of momentum sy stem , w ith  I*cen ^e r  = 0. T he 

re la tiv e  momentum is  "p = (ic i~ k ^ )/2  fo r  two q u a s i-p a r tic le s  a t  th e  

Ferm i su rfa c e . H ere  | k r | = |k 2 | = k p . Let 0 be  th e  an g le  betw een  

k x an d  k 2, an d  p u t  x  = cos0 . We have

I I I  =
m

2 -»2
2Ep , 2 p2 V P ■* 

-  kFX  ------------- 2 j  1 -
3e 3 3e

m2 3 3e 3c2 '  12
6 , 8 «, „6 , 6 , 

a a f i  fi B; Sl s ’ s 2

(D . 13)

w here  S 12(p ) is  th e  te n s o r  o p e ra to r :

S ^ - p H t ^ a p )

-♦2
P

V * 2 (D. 14)



N eglec ting  h ig h e r  o rd e r  te rm s , we fin d
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III = 2 2Ep2 _  ^  _  -Si
m

( es-
36 ) v * i

m

->2

3

2E
3c

r»2
)s12(p)

* (  2k2 ( l - x )

2 + “ V "m

r -  1 , -  2E ->

- M l *  — )k*(l -x )S  <p)
3m e

(D. 15)

j  , 5 (5 , 6 ,
a  F P  Sl Si S2S2 '

We m ake th e  approx im ation  E = m, e - 2m, so th a t

I I I  =\
2k

, ? 2 - 7 T (1- x ) s n <?)6m
■8 , 8 JS , 6 , a’a P’P s ’ s i s 2s 2

(D. 16)

In a  sim ilar fash ion  we can  show  th a t

I = 8 , 8 n , JS , 8 , a’a P’P s | s 1s ’s 2 (D . 17)
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I I  = E
2 2m m

V
(D. 18)

iv = - i t
k p ( l - x ) ^  ^  k p ( l-x )

3 m

'W  -»-n°r 3 m2 12 ( P ) 6 , 8 J8 , 8 , a ’a  /?’/? s ; 8 l s ’ s 2
(D . 19)

(D . 20)

V = 0

For th e  sp in o r f ( p , s ) ,  w hich  is th e  so lu tion  of E q .( 2 .8 ) ,  we can 

d e riv e  following five  re la tio n s :

7 a , < « , , )  [ i ( i ) , ( « , , . ; )  IK 2 )  , »s )

8 , 6 _, J8 , 8 ,
P P s i s i s2s 2 ' (D . 21)

■(
E2 kF*

m m 1 1 2  2 (D .22)

(D .23)

3m
(1+ — ) 4 ( l - * ) S I2 < P ) K . 0^ . / 5 ; 8f s ; s .

) 1 1 2 t«N/
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fa,(«1,s;)[15(i) /(x)]a,0fa(81,sI)7/J.($2,s;)tl5(2)7(i( 2 ) y ^ ( 8 2,s2)

q ~2o m ) ° \ a 2 g S 2 S l 2 ( p ) j 5a ' a ^ ’/ s ; s ^ s ’ s 2 (D .2 4)

f a ’ ( k r s i ) [ '7  ( 1 ) -, a ’ a f a ( k i , s i ) f / 3 ’ ( k 2 , S 2 ) l - ' y5 ( 2 ) -, / ? ’ / 3 V k 2 , S 2 )

= 0 . ( D . 25)
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G ordon D ecom position

When we s tu d y  th e  in te ra c tio n  a r is in g  from  th e  exch an g e  of a  p 

m eson, th e  following G ordon Decom position fo rm ulas a re  u se fu l. H ere 

th e  u ( q , s )  an d  f ( q , s )  a re  in it ia l- s ta te  s p in o rs , while th e  u ( p , s )  an d  

f ( p , s )  a re  f in a l-s ta te  s p in o rs . We have

u (p ,s )y \ i (q ,s )  = -L -  u(p,s)  ((p+q^+io^(p-q), )u(q, s ) .
2 m K V)

( E . l )

u(p,s)',/ i75u(q,s)= - i -  u(p,s) f( p-qJ^V+io^ (p+q)./)f,)u(q( s ).
2 m v v  5'

(E .2 )

f (p ,s )V if(q,s)= —  f (p ,s )  f(p+q)M+io;U/(p-q)I/] f ( q , s )  .
2 m

(E .3 )

f(p,s)V*7Bf(q ,s )  = —  f (p ,s )  f(p-q)#S B+i0*“'(p+q) Tl5] f ( q , s ) .
2 m v

(E .4 )
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