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There have been two types o f  approaches regarding the e f f e c t  o f  the NA 

conversion on the  nuc lear  m t t e r  b inding.  They are  by means o f  ( i )  

the two-channel formal i sm, and ( i  i )  three-body forces.  They lead t o  

qual i t a t i v e l y  d i f f e r e n t  resu l  ts :  the  e f f e c t  has been found t o  be re-  

p u l s i v e  i n  the f o r m r  b u t  a t t r a c t i v e  i n  the l a t t e r .  The re la t i onsh ips  

between these two approaches i s  examined and an important  d i f f e r e n c e  

concerning the  t reatment o f  three-body c o r r e l a t i o n s  i s  emphasized. 

O e f e i t o  da conversão NA na i igação da matér ia  nuc lear  tem s ido  abor- 

dado de duas maneiras d i s t i n t a s ,  a saber, ( i )  o formalismo docanal du- 

plo,  e (i i) o formalismo das forças a t r ê s  corpos. Os resul tados ob- 

t i d o s  são qual i tat ivamente d i fe rentes ,  o e f e i t o  sendo repu l s i vo  no p r i -  

mei ro  caso e a t t r a t i v o  no segundo. Examina-se a re lação en t re  esses 

do is  formalismos e destaca-se uma importante d i fe rença com relação ao 

t ratamento da correlação de t r ê s  corpos. 

1. INTRODUCTION 

I n  recent years, there  has been a surge o f  i n t e r e s t  i n  t he  r o l e  p layed 

by the nucleon isobar A(1236) i n  var ious aspects o f  nuclear physics . 
One o f  such problems i s  concerned w i t h  t he  e f f e c t  o f  A on the  b ind ing 

o f  nuc lear  matter ,  and a number o f  papers on t h i s  e f f e c t  have appeared. 
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A11 the c a l c u l a t i o n s  so f a r  done can be c l a s s i f i e d  i n t o  two types, 

which we w i l l  r e f e r  t o  as i )  the two-channel formal ism (TCF)', and i i )  

the one-channel formal ism (OCF) w i  t h  three-body (3N) - forces '' 3 .  A l -  

though they both aim a t  est i rnat ing the e f f e c t  o f  A, the resu l ts  o f  these 

two types o f  approaches are  q u i t e  d i f f e r e n t .  The b i  n d i  n g  energy o f  

nuclear mat ter  i s  reduced i n  the TCF, whereas i t  has been found t o  i n -  

crease due t o  3N-forces. The purpose o f  t h i s  paper i s  t o  examine the 

r e l a t i o n s h i p  between the two types o f  approaches, and emphasize t h a t  

they s i g n i f i c a n t l y  d i f f e r  i n  the way three-body c o r r e l a t i o n s  are  t rea -  

ted. 

2. RELATION BETWEEN ONE - AND TWO-CHANNEL FORMALISMS 

Let us examine the r e l a t i o n  between the OCF and TCF and see how the 

same A- e f fec t  i s  t r ea ted  i n  the two approaches. Much o f  what we are 

going t o  do below i s  a s t ra igh t fo rward  a p p l i c a t i o n  o f  what was done fo r  

the AI conversion4.  The f o l l o w i n g  processes i n  the two-body s istem 

(a) NN -+ NN, (b) NN +-+ NA, (c)  NA -+ NA (1) 

can be descr ibed i n  the TCF by means o f  a two-cornponent wave func t i on  

where the s u f f  i xes  N and A r e f e r  t o  NN and NA channels, respect ive l  y . 
We ignore the AA-combination f o r  simpl i c i t y .  The Schrodinger equat ion 

takes the form 

where T and TA are  the k i n e t i c  energies i n  the NN and NA channels , 
N 

respect ive ly ,  and Arn (@ 300 M ~ V )  i s  the NA mass d i f f e rence .  The uni  t s  
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are  such t h a t  c = 6 = 1. The p o t e n t i a l s  vN, VNA and vAN, and vA cor-  

respond t o  the t r a n s i t i o n s  (a) ,  (b) and (c )  i n  Eq. 1) ,  respect ive ly .  

I f  the energy i s  w e l l  below the NA threshold,  one can reduce the above 

TCF t o  the OCF by e l i m i n a t i n g  $A. That i s ,  from ( 4 )  one obta ins  

which i s  pu t  i n t o  (3)  t o  y i e l d  the  Schrodinger equation i n  the OCF: 

where we now deal w i t h  a one-component wave func t i on  $N. The OCF po- 

t e n t i a l ,  V, i s  r e l a t e d  t o  VN e tc .  by 

which we w r i t e  as 

V = v  - v  G v  + V G v G v  - 
N N A A A  N A A A A A N  "' ' (8) 

where GA = (T* + Am - E)- '  . Even i f  the TCF p o t e n t i a l s  vN e tc .  are 

simple l o c a l  p o t e n t i a l s ,  V i n  the OCF i s  i n  general a complicated po- 

t e n t i a l ,  depending on the energy E. However, i f  E << Am2 300 MeV i t  

would no t  be very mis leading t o  replace G by (h)-'. A 

Next, l e t  us consider a system which cons is ts  o f  three o r  m r e  p a r t i -  

c l es .  The OCF p o t e n t i a l  V i s  r e l a t e d  t o  vN etc., i n  the TCF, by 

where e.g. viii) ac t s  on the  nucleon p a i r  ( i # j ) .  The two terms in  the  

c u r l y  brackets a re  two-body forces, w h i l e  the t h i r d  term represents a 

3N-force a c t i n g  on nucleons ( i , j , k )  . Note t h a t  we are  assuming o n l y  

two-body fo rces  i n  t he  TCF. The OFC p o t e n t i a l  which i s  equ iva lent  t o  

the  TCF p o t e n t i a l s  takes the re fo re  the  form 



Fig.1 - Correspondence between diagrams i n  the TCF and OCF. 

Table 1 - The Bxpectat ion value o f  <W> ( i n  M ~ V )  o f  the TPE 3N-force 

given by Eqs. (13 15) f o r  var ious  values o f  the c u t o f f s  c and d ( i n  

F) . The densi t y  o f  nuc lear  mat ter  has been taken t o  be p = . I70 F - ~  o r  

pF = 1.36 F- ' .  A p o s i t i v e  value o f  <W> means a repu ls ion .  Note t h a t  

the s ign  changes depending on d. 



Eqs.(9) and (10) are i l u s t r a t e d  i n  Fig.1, where a  dashed l i n e  corres- 

ponds t o  a  TCF po ten t i a l ,  w h i l e  a  wavy l i n e  

there  the correspondences 

I n  short ,  i f  one s t a r t s  w i t h  the 

e l iminates  the A-component, one i 

ces . 

Now, suppose t h a t  these few p a r t i  

t o  an OCF po ten t i a l .  

b) = ( B )  . 

TCF w i t h  two-body forces o n l y ,  

s  l ed  t o  the OCF w i t h  many-body 

Note 

(11) 

and 

f o r -  

c les  are imbedded i n  i n f i n i  t e  nuclear 

matter. For s i m p l i c i t y ,  l e t  us f i r s t  assume t h a t  nuclear matter  i s  

represented by a  Fermi gas. Then, the intermediate s ta tes  such t h a t  

the nucleon momentum p i s  l ess  than the Fermi Gmentum p are suppres- 

sed because o f  the Pau l i  p r i n c i p l e .  Hence, the  con t r i bu t i ons  from ( a l )  

and (b) o f  Fig. 1  are  reduced. I n  fac t ,  i f  we take a  one-pion-exchange 

type force f o r  v ' s  which f l i p s  the nucleon isospin,  we f i n d  t h a t  the 

diagram (b) has no con t r i bu t i on  t o  the b ind ing o f  nuclear matter .  I n  

the OCF, however, (A) and (B)  are note suppressed by the Pau l i  p r i n c i -  

p l e  e f f e c t .  This i s  because they are instantcuzeotls i n te rac t i ons ,  the 

intermediate s ta tes  conta in ing A having been e l iminated.  Note thateven 

i f  (b) i s  completely suppressed, (B) remains unchanged and does contri- 

bute t o  the b ind ing energy. I f  the two ca l cu la t i ons  i n  OCF andTCFare 

both c o r r e c t l y  done, they should agree i n  the end. What happens i s  t h a t  

<Paul i co r rec t i on  o f  (a2)> % <3N-force (B)> , (12) 

where < > stands f o r  the expectat ion value i n  nuclear matter .  I n  the 

approximation GA = (~m) - ' ,  Eq. (12) holds. exact ly .  

The Fermi gas model f o r  nuclear matter  i s  u n r e a l i s t i c .  There arestrong 

co r re la t i ons  between nucleons such t h a t  nucleons cannot be very c lose 

t o  each o ther ,  and t h i s  has t o  be taken i n t o  account i n  any r e a l i s t i c  



ca l cu la t i on .  I n  the  presence o f  nucleon-nucleon co r re la t i ons ,  the re- 

l a t i o n  between the two types o f  ca l cu la t i ons ,  i .e., the TCF and the 

OCF wi t h  3N-forces, becomes compl ica ted.  , O f  courses, i f both ca lcu la-  

t i o n s  are  done c o r r e c t l y ,  they should again g i ve  the same answer. I n  

prac t ice ,  however, they usua l l y  y i e l d  d i f f e rence  resu l t s .  This impl ies  

t h a t  two d i f f e r e n t  approximations have been used. The problem then i s  

t o  see where the d i f f e rence  comes from, and decide which approach i s  

p re ferab le .  

3. TWO-PION-EXCHANGE THREE-BODY FORCE 

The nature  o f  the d i f f e rence  between the TCF and OCF, i n  the presence 

o f  nucleon-nucleon co r re la t i ons ,  can be i l l u s t r a t e d  by means o f  the 

two-pion-exchange (TPE) 3N-force. Th i s 3N-force has been der i  ved a f  t e r  

e1 im ina t i ng  the A and a l s o  the  p ion  degrees o f  freedom3" and i t  cor-  

responds t o  the 3N-force which a r i ses  from diagram (b) o f  F ig .  1 when 

the dashed 1 i ne  represents the  p ion  exchange. I f we denote the TPE 3N- 

- force whi ch a r i  ses f rom the pion exchanges 1- 3 ++ 2 by W (1 , 2 ; 31, 
i t s  expecta t ion  value i n  the  Fermi gas model tu rns  ou t  t o  be6" 

Here, 

and 

The constants invo lved a re  the p ion  mass and nuc lear  mat ter  dens i ty  

p and Fermi momentum pF. For the  s t reng th  parameter CD o f  the poten- 



t i a l ,  l e t  us take the same value as those i n  previous c a l c ~ l a t i o n s ~ ' ~ ,  

namely C = 0.61 MeV. Note t h a t  we have not  considered the p i o n i c  form 
P 

f a c t o r  i n  the  above ~ ( l , 2 ; 3 )  f o r  s i m p l i c i t y .  I t s  i nc lus ion  does n o t  

a f f e c t  our concl usion. 

I n  d e r i v i n g  ( l3), nucleon-nucleon cor re la t ions  have n o t  been cons i dered. 

I n  order  t o  s imulate the e f f e c t  o f  the co r re la t i ons ,  l e t  us incorpora te  

the f o l l o w i n g  f a c t o r  i n  the  i n t e g r a l  o f  (13); 

where 0(X-c) = 1 (O) i f  x>c (x<c). Th is  f a c t o r  suppresses the i n t e -  

grand when any o f  the nucleon-nucleon d i  s  tances i s  very smal 1. The reason 

why we introduce two c u t o f f  d i  s  tances, c and d, wi 1 1  become c l e a r  below. 

Table 1 shows <~(1 ,2 ;3)>  f o r  var ious values o f  c  and d. The p o i n t  t o  

beemphasized i s  t h a t  f o r a  given v a l u e o f  c, the expecta t ion  value 

var ies  considerably as d var ies .  Th is  i s  due t o  the  f a c t o r  ( 3 ~ 0 2 0  -1) v 
i n  (13) which may change s ign  depending on the  conf i g u r a t i o n  o f  the 

th ree p a r t i c l e s ,  i n  p a r t i c u l a r ,  depending on the  r a t i o s  d/c.'The c a l -  

c u l a t i o n  w i t h  d=O corresponds t o  the Pau l i  co r rec t i on  o f  the diagram 

(a2) i n  the  TCF. The reason why the c o n t r i b u t i o n  i n  t h i s  case i s  re- 

p u l s i v e  i s  simple. The diagram (a2) g ives r i s e  t o  an a t t r a c t i o n  which 

i s  now suppressed by the Pau l i  principie. Hence, the Pau l i  co r rec t i on  

o f  the  TPE two-body fo rce  i s  repu ls ive .  I n  t h i s  case, the  c u t o f f  c  

takes care o f  the c o r r e l a t i o n  between the two nucleons i n  (a2), bu t  no 

three-body c o r r e l a t i o n s  i s  taken i n t o  account. Even i n  a  more sophis- 

t i c a t e d  ca l cu la t i on ,  i n  which ladder diagrams are summed by meansof the 

two-body Bethe-Goldstone equationl , three-body c o r r e l a t i o n  i s  no t  d i -  

r e c t l  y  taken care o f .  They en te r  o n l y  i n d i  r e c t l  y  through the background 

p o t e n t i a l  i n  which nucleons move. 

4. CONCLUDING REMARKS 

Although ou r  ana lys is  i s  admi t ted ly  very crude, i t  s t r o n g l y  suggests 

the  importance o f  handl ing three-body c o r r e l a t i o n s  c a r e f u l l y .  I n  a more 



soph i s t  

c i p l e  w 

- cal  l e d  

e f f e c t .  

c o r r e l a  

11 appear. I n  f a c t ,  Day and ~ o e s t e r '  .pointed ou t  t h a t  the. so- 

d ispers ion  e f f e c t s  i s  more important  than the Pau l i  p r i n c i p l e  

But t h i s  d ispers ion  e f f e c t  may a l s o  be s e n s i t i v e  t o  three-body 

ions. Then,would the  OCF w i t h  3N-forces be r e a l l y  s a t i s f a c t o -  

. . 
i ca ted  ca l cu la t i on ,  e f f e c t s  o the r  than t h a t  o f  the Pau l i  p r i n -  

'i 

ry?  We have t o  remember t h a t  the OCF i s  a f t e r  a1 l an approximate subs- 

t i t u t e  f o r  the  TCF. I t  i s  su re l y  b e t t e r  t o  t r e a t  the NA conversion ex- 

p l i c i t l y  i n  the many-body c a l c u l a t i o n  ra the r  than t o  e l i m i n a t e  it, as 

i n  the  OCF, before  doing the  rnany-body ca l cu la t i on .  Our content ion  i s  

tha t ,  i f  the  e f f e c t  o f  A i s  very s e n s i t i v e  t o  three-body c o r r e l a t i o n s  

as we have indicated,  the  many-body c a l c u l a t i o n  i n  the TCF s h o u l d  be 

done i n  such a  way t h a t  the  e f f e c t s  o f  A  and three-body c o r r e 1  a t  i o n s  

were s imul taneously taken care o f  i n  a  cons is ten t  manner. A  n a t u r a l  

avenue o f  approach woul d  be t o  solve the  three-body Be t h e  - Gol dstone 

equat ion i n  the TCF. l f  t h i s  cou ld  be done, i t  would be obv ious ly  bet- 

t e r  than any o f  the OCF and TCF c a l c u l a t i o n s  so f a r  done. 

Day and ~ o e s t e r '  summarized the resu l  t s  o f  nuclear mat ter  c a l c u l a t  ions 

done so f a r  i nc lud ing  t h e i r  own i n  TCF. They p l o t t e d  the sa tu ra t i on  

po in t s  i n  an energy-density plane, and showed t h a t a l l  the po in t s  so 

fa r  obtained l i e  i n  a  narrow band w h i l e  the empi r ica l  sa tu ra t i on  p o i n t  

i s  c l e a r l y  ou ts ide  o f  the band. I n  view o f  t h i s  grave s i t u a t i o n ,  i t  

appears h i g h l y  desi rab le  t o  do a  c a l c u l a t i o n  which incorporates e f f e c t s  

o f  A and three-body c o r r e l a t i o n  sirnultaneously. 
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