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The effect of the resonant A (1236)-states in nuclear matter, is studied within the framework 
of the exp(S)-formalism [1, 2]. Treating the Schrödinger-Equation of the ground state of an 
A-particle fermion system with the help of the exp (<S)-formalism one obtains a system of A  coupled 
equations which all together are equivalent to the A  particle Schrödinger equation. Neglecting 
three- and more particle forces as well as more particle effects the ground state of the A -particle 
system is described by the coupled system of one particle and two-particle-equations. Considering 
the special conditions of nuclear matter the one particle equations turn out to be trivial while 
the two particle equations reduce to a generalized Bethe-Goldstone-equation. After decomposition 
of these equations into partial waves we obtain a computable set of coupled integro-differential 
equations. These equations are fully selfconsistently solved including all partial waves up to total 
spin J  — 2. Numerical calculation shows that the effects produced by Zl-Zl-partial waves are 
comparable to those produced by N -J -partial waves. Transitions from the N-N channels to N-/1 
or A-A channels are caused by nonrelativistic potentials obtained from the static limit of meson 
theory. The N-N-interaction is described by a Reid-potential which is modified in order to re­
produce the two particle dates (N-N phase shifts, deuteron).

I. Introduction

Nuclear m atter is a hypothetical system of an 
equal num ber of neutrons and protons filling the 
whole space with uniform density, which is 
fortunately  not realized by nature. The Coulomb 
force is assumed to be turned off. I t  seems meaning­
ful for the following reasons to get down to such 
a system.

F irst of all translational invariance, neglecting 
of Coulomb forces and the absence of a surface 
cause tremendous simplifications of nuclear m atter 
calculations compared to  the finite nucleus problem. 
As the one particle problem doesn’t  exist for 
nuclear m atter — we know, the one particle wave 
functions to be plane waves — we have the unique 
opportun ity  to study some two particle effects 
much more easily as this would be possible in the 
case of the finite nucleus.

N ext we m ay expect th a t nuclear m atter calcu­
lations can be helpful in deciding which two-body 
force is realistic. A two-body force th a t does 
produce a very unreasonable saturation curve or 
doesn’t  cause saturation a t all can be discarded. 
F inally  we note th a t the fact th a t nuclear m atter is 
a hypothetical system doesn’t  mean th a t nature 
d id n ’t  realize many-body-systems which are not 
describable by nuclear m atter methods.

All nuclear-m atter calculations done so far 
w ithin the framework of Bethe-Goldstone-Theorie
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[3, 4, 5], show a rem arkable effect. For various 
N-N-potentials the calculated saturation points lie 
on a narrow band in th e  energy-density plane th a t 
doesn’t  contain the “em pirical” point

(£o, (?o) =  (— 16MeV, 0.170fm -3) [6 ],

Derivation of a two particle equation for nuclear 
m atter from the exp ($)-theorie leads to  a generalized 
Bethe-Goldstone-equation. The result of a num eri­
cal calculation based on this two body equation 
consists in about 0.5 MeV more binding energy a t 
saturation  density th an  comparable calculations 
based on the Bethe-Goldstone equation. Num eri­
cally this calculation is about 1 0 0  times more 
extensive th an  th a t done by Kallio and Day [3J. 
Nevertheless we still miss about 4 MeV binding 
energy. So we come to  the  conclusion th a t processes 
including only two nucleons are not sufficient if we 
w ant to  obtain the correct saturation  point for 
nuclear m atter. R ecently people have tried to 
escape the saturation band following two completely 
different ways.

On the one hand one gives up the restriction of 
solving a tw o-particle equation. Instead one tries 
to  trea t th ree and four-particle effects by solving 
the corresponding equations. Following this way 
one has to  deal w ith two great problems. The 
numerical problem of solving a three- or four- 
particle equation is very hard.

The second problem is how to take three- and 
more-particle forces in to  consideration. W ithout 
serious approxim ations these forces cannot be

This work has been digitalized and published in 2013 by Verlag Zeitschrift 
für Naturforschung in cooperation with the Max Planck Society for the 
Advancement of Science under a Creative Commons Attribution-NoDerivs 
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal 
of the Creative Commons License condition “no derivative works”). This is 
to allow reuse in the area of future scientific usage.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der 
Creative Commons Lizenzbedingung „Keine Bearbeitung“) beabsichtigt, 
um eine Nachnutzung auch im Rahmen zukünftiger wissenschaftlicher 
Nutzungsformen zu ermöglichen.



862 W. Manzke • The Effect of the A (1 2 3 6 )-Resonance in Nuclear Matter

calculated nor is it possible to fit them  to reproduce 
some empirical dates.

On the  other hand one goes on dealing with two- 
particle equations bu t gives up the restriction of 
dealing with proton and neutron alone. Instead one 
tries to  take into account the excited nucleons the 
resonances explicitly. U nfortunately this way too 
is not w ithout problems. One problem is to be seen 
in the  description of the two-body-interaction. One 
can’t  calculate such potentials w ithout using free 
param eters. We get some certainty however from 
the advantage of being able to fit our potentials in 
order to  reproduce the  two particle dates. Moreover 
we are confronted w ith an enormous numerical 
problem. By taking into account all partial waves 
w ith to ta l spin up to  J  — 2 we get integro-differen- 
tial systems coupling up to eight partia l waves. So 
numerical calculations takes abou t tw enty tim es 
longer th an  calculating the ordinary nuclear m atter 
problem.

II. The exp(S)-formalism [1, 2, 7]

The exp($)-formalism gives the  possibility to 
describe correlations of any order to  the shell-model 
system atically w ithout making use of diagram atic 
methods. By restriction to  a definit order of the 
correlations one gets equations which are generalized 
Brueckner-Hartree-Fock-, generalized Bethe-Gold- 
stone-equations etc.

We know th a t the ground state of a nondegenerate 
A-nucleon-system | W )  can be created from a shell 
model determ inant | 0 )  b y :

|<f') =  e x p (S ) |® > , (2 .1 )
A A

|<p> =  n « » + |o>; s  =  (2 -2 )
»=1 n= 1

s” = w J 5 < 2 ' 3 )
V l . . . V n

• ( q i . . .  Qn | Sn | vi — Vn) a  aVl... aVn.

The operator Sn destroys n particles v\ . . .  vn in the 
Ferm i sea and creates n  particles qi . . .  gn above 
the Fermi sea. This means th a t exp($) develops 
| y7)  in form of w-particle-w-hole-excitations out of 
| 0 s). The occupation probabilities for these excita­
tions are determ ined by <£i . . .  qn \ S n | n  . . .  r n>. 
The fact th a t we just use the operator exp (S) for 
this development is justified by a proveable linked 
cluster theorem concerning the S n . This means th a t

only connected diagrams occur if one represents the 
contributions to  the binding energy by diagrams 
just as it is done in the  Brueckner-Goldstone theory. 
This is meaningful because in this form all contri­
butions to  the binding energy are proportional to the 
particle num ber A.  Demanding th a t | ¥*> is a 
solution of the Schrödinger-equation and normaliz­
ing < 0 1 — 1 one can derive equations for the 
correlation functions connected with the S n .

<a;i . . . x n \ S n \ n  . . .  r w>A

=  2  <*i I e i> ' '  * <*» I (2-4)
ei...6n

• <gl ...(?» I Än I Vi  . . .  Vn>A •

I t  is im portant th a t we are able to choose a shell 
model determ inant such th a t all contributions 
corresponding to  Si  vanish.

To get equations which describe the correlation 
functions we project the Schrödinger equation 
successively by:

< 0 \ ,  (2-5)

<0 |< a ( z i ) ,  (2 .6 )

(0\a^l a^a(x2)a(xi) etc. (2.7)

This leads to  a system of A  coupled equations which 
a lto g e th e r are equivalent to the Schrödinger 
equation. Particularly, we o b ta in :

( 0 \ H e * \ 0 y  =  E ,  (2.8) 

(0\a+l a(xi) H es \ 0y  (2.9) 
— < 0 \ H  es \ 0 y ( 0 \ a +Vla{xi) es \ 0y  =  0 ,  

<0 1 a+ a (x2) a{xi) H es \ 0 y  (2.10)
— ( 0 1H  es 10 y  < 0 1 a (xz) a (zi) es \ 0 y  =  0 ,

Equation (2.8) is nam ed “one-particle-” , (2.9) is 
nam ed ‘‘tw o-particle-equation’’.

Solving this system of coupled equations we get 
the ground state energy E and the correlation 
functions Wi .. .  Wn defined by

( 0  a+na ( x i ) ...  a(x„) \
=  : (x i  . . . x n \ Wn | v i . . .  vny (2.11)

closely related to  the functions 

<xi . . . x n\ s n\vi . . . vny
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(see Ref. [1, 2, 7] and Chapter IV). T reating  this 
system of equations one obtains finally 

E  =  T \
V

+  \  2  ( v v' I F %  I v O a  (2 -1 2 )
vv*

describing the groundstate energy 

<x\ | T  | vi> — E  ( x 1 1 vi>

+  2  v  I ^ 2 ^ 2  | v > a  (2 - 1 2 )
v

+  2  r  I V 1 2 Xt / 2 I VI  V2 > A  

+  ^23^3 | Vl w '>A  =  0 (2.13)
vv'

for the “one-particle” equations and

<*1 X 2 1 ( T X l +  T Xi) W 2 | VI  V2> A  — ^  O l  *2 I ^ 2  I VI V2> A 

+  < « 1  #2 | F i 2 ¥ / 2 I V l V2> A  

+  2 < * l ;r2 l '|2 T3^,3|nV2»'>A (2-14)
V

+  2  <*1  ^2 v  I F l S ^ S  I V l  V2 v ) a  

+  2  <*1  *2  V I F23 ^3  I V l V2 r > A
V

+  i  2  ^  ^2 V v' | F 34 ̂ 4  I Vl V2 V v'> A =  0
vv'

for the “tw o-particle” equations.
We see th a t the one particle equations as well as 

the  two particle equations are connected to “higher” 
correlations particularly  by W3 and .

We w ant to  restrict ourselves to  one- and two- 
particle effects. Thus we have to  neglect these 
higher correlations. Let us examine for example the 
m atrix  elem ent ( x \  v v' | V23'f/3 \ vi v v'> a  which couples 
the one-particle equation to  the three-particle 
equations.

We decom pose:

<a?i V v ' j F 2 3 ^ 3  I Vl V v ' ) a

=  s4v [ < * 1  x3 1 VW21 v 2 v 3> <*1 1 V i> ]

+  ( x i  X 2 x 3 I F 23 x f Z) I Vl V2 V3> A ,

<*1 X2 x 3 I X(32S) I Vl V2 V3>A

:= $4v [ < * 1  X2 I S 2 I Vl V2> <3:3 I V3>]

+  s f v [ < * 1  3:3 I $2 I Vl V3> ( x 2 I V2>]

+  ( x \  X 2 X 3 I S 3 I V l V2 V3> A

( s / v antisym m etrizes w ith respect to the v).
Now we see th a t neglecting th ird  order term s in 

th is case means neglecting %3. This term  is finite 
because th e  V23 W3 — as well as the  VW2-tevm m ust 
be finite, while neglecting the $ 3-term  alone would 
lead to  the  infinite F $ 2-terms.

III. Identical Particles

One can characterize a particle completely by 
specifying the kind of particle (a, b, c, . . .) and the 
quantum  mechanical sta te  (k\ ,  k 2, k 3, ...)  the 
particle occupies.

Definition. Two particles akl and bk2 are said 
to  be identical, if there exists no observable operator 
which distinguishes the  two particle s ta te  | a kl bki) 
from the tw o-particle s ta te  | bkl akg>.

Another way to  say th is is the following: Two 
particles akl and bk2 are identical particles if the 
particles are able to  exchange the particle states 
they  are described by completely. This exchanging 
can be caused only by an interaction. So a th ird  
way to  sta te  this definition is: Two particles akl 
and bkz are identical particles if there exists an 
interaction which puts particle a in th a t  quantum  
mechanical state, in which particle b was before 
and vice versa. Being able to  exchange their 
quantum  mechanical states two particles lose their 
individuality. Any fictive m arks used to  distinguish 
the particles are exchanged too and  become 
meaningless w ith  respect to  identifying the particles. 
Such particles have to  be viewed as identical 
particles in (perhaps) different quantum  mechanical 
states. A twro-particle system  consisting of two 
such fermions m ust therefore be antisym m etrized.

The interaction of resonances and nucleons is 
described by potentials having the form shown in 
Figure 1.

Consequently we have to  antisym m etrize the 
N -N *  system. Equivalent to  this is th a t the  corre-

(a) (b) (c) (d)

(e) (f) (g)
Fig. 1. The parts of the two body potential, needed to solve 
Eq. (7.15) (see Chapter VIII).
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sponding creation and destruction operators m ust 
anticom m ute.

+ -f- __ + +
d N *  a N  —  —  a N  a N *  j a y  * a N  =  —  a N  a N 9 ’ 

a,y* ciy =  — a ^  a y * .

k j
+  2  2  < i ' aQ2 ■■■aQnavn • • •« n — 7 ^

1 = 1  J i  i Q t . . . Q n  I ™ - )
V l . . . V n

• ( A i i Q2 . . .Qn \ R n t i\vi . . .Vn'>
+  • • • (4.8)

IV. The One- and Two-particle Equation

We are now prepared to  derive a one- and two- 
particle equation describing the  resonances explicit­
ly. We want to  restrict ourselves to  two particle 
effects. So we s ta rt w ith an H am iltonian containing 
only two particle forces.

H  =  Z { T f  +  H in(«)} +  i 2  V , i -  <4 1 >
i = l  i , j

Ti  is the kinetic energy operator of particle i, H in 
the so called intrinsic ham iltonian of particle i and 
Vij the interaction operator of particle i and j. The 
eigenvalues of H in are defined to  be the  resonance 
excitation energies.

Hin | »> = 0  if 11 )  is a nucleonic state, (4.2)

H i n \N*y  =  {M* -  M ) \ N * y
if |N* y  is a resonance state, (4.3)

M *  is the resonance mass, M  the  nucleon mass. Of 
course the following equation holds

<iVi* I in  I iV2*> =  ( M 2 *  -  M S )  Ö12 • (4.4)

We dem and a similar equation to  be true  with 
respect to the kinetic energy operator

<AT!* | T  | N 2*> =  ( N S  | T  | i V >  0,2 . (4.5)

The two particle interaction V a is given by a 
potential which in contrast to  the “usual” nuclear 
physics contains inelastic channels and so perm its 
transitions between different resonance states.

The “exact” ground sta te  wave function of a 
nondegenerate A nucleon system I’F )  is obtained by

|!F) =  exp(i?) | 0 }  (4.6)

from the shell model determ inant 10 ), with
A

R  =  ^ R n ,
n — 1

(4.7)

and

ff« =  2  < • • • < „ « >
61. ..Qr, 
V l . . . V n

1

|w !)2

k
I 2  (w!y2

l, j ,  ••• =1  A \ X . . . A „ l 
v \ . , . v  n

' ( A i *  • • • A n  | Rn,  n \ Vl ■ ■ • v n )  •

The amplitudes R nj  are n-particle-w-hole excitation 
am plitudes including j  resonances.

The creation and destruction operators obey 
anticom m utation rules whether or not they  belong 
to the same kind of resonances. Of course this leads 
straight forwardly to to tally  antisym m etrized 
wave functions.

I f  we characterize by d\ .. .  dn em pty  one- 
particle shell model states one m ay use the known 
formalism of the exp ($)-theory.

I*/7)  =  exp(S) |0 >; S  =  ^ S n ;

S r 2  at  ■■■a6navn •••<*»
1

Öl . . . ön 
P l . . . V n

( n \ )M2

(4.9)

(4.10)

<gl ... 0»| ^n,o|vi ... V»>

S n are amplitudes now corresponding to  w-particle 
and (not necessarily nucleonic) %-hole excitations.

We m ust be careful in doing this because the one 
particle states are qualitatively different in some 
respect from the old ones.

We define “reduced” wavefunctions by:

<1 . . .n |* f r# |v i...v » > A
< 0 1 ...a+na(n) . . .  a ( l )  | V )  .

The creation- and destruction operators are 
connected by:

a+(x) =  2 < a | z > a a+ ; a(x) =  ^ ( x \ ( x )  a^; 
a a

aa =  J dz <a | Xs)  a (x) ; 
a a+ =  f dx ( x  | a )  a + ( x ) ,

| a )  being some resonance- or nucleonic state. The 
Wn can be expressed by the  Si  just as is done in the 
“old” formalism.

<1 . . . n l ^ n l n  ...  r»>A (4.11)

all terms of the » , • , # , __
following structure ^ \ ] i * * * i ^



-j- S vx ■ • • s | vi . . .  vs)< ( |^  |> • • • <| S m |)]  a, ß, y,  <3 characterizes any one particle state.
s _j_ j  -}-••• -f- m  =  n  Demanding (&  | ¥*> =  1 and H  | ¥/ )  =  E  yPy  it is a 

+  < 1  . . .  w | n  . . .  vnya  simple m atter to  show t h a t :

+  < 1  . . . n | 5 » | n . . .  vn>A . (4.11) E = ^ < y \  f W \ \ v >
V

F or sim plicity we define: +  i 2 ^ v v' I v v>) a  • (4.15)
~ vv'

^'i ^ in(l ) - T i .  (4.12) C hapter I I  the following equation was called

The H am iltonian H  =  T  -f- V can be w ritten with ^-particle equation,
the help of creation and destruction operators: < 0 1 a* . . .  a+n a{n ) . . .  a ( l )  | ¥ / > (4.16)

H  =  2 < a |  T \ß>a0i+aß+ =  E  < 0 1 <  . . .  < ,  a(n ) . . .  a ( l )  | Wy  .

+  * T < a ^ |F |  y d > a« + «,+  « ,« „ ; (4.13) We know H = f + V  and define: f ,  :=  <*| f |x > .  
aß As an example we m anipulate the  kinetic energy 

______________ If_______________________________  term .

J  dz < 0 1 . . .  aXn a (n) ...  a (1) a+ (z) a  (x) | Wy .

«+(x)a(x) is “ shifted” now between a^n and a(n). Doing this leads to 

j d x f x <0 | a{n) . . .a ( l )a +( x)a (x )  | W}

=  ^  j d x T x (&  | <  a ( n ) . . .  a ( l)  <5(* — a*) . . . a ( l )  | (4.17)
i = l

+  J  dz < 0 1 . . .  oCn a+{x) a(x) a(n)  . . .c t( l)  l^ 7)  .

Using a+ (x) =  2  a a+ | a:) and defining
a

< 1  . . .  n v \ T n + 1  ^ „ + 1  | n  . . .  vn vy :=  J d r < v |x )  ^ X < 1  . . .  » * |  ^ + 1  | v i . . .  v» v> (4.18)

we finally g e t :

<0 | a+ . . .  a+na(n) . . .  a ( l )  f  |*F>
n

=  2  Ti  <1 . . .  n  | Wn | n  . . .  V,t>A +  2  O  • • • n v I Tn+1 Xf /n+ 1 I n  • •. Vn V>a (4.19)
i= 1 v

The potential energy term  has to be treated  the same way. Finally we get the  w-particle equation in the 
following form

— E  ̂< 1  . . .  n  I Wn I n  • • • vnyA +  2  V*i < 1 •' • n  I I Vl • • • r »>A
V= 1  /  i<?'s=n

+  2 <i . . .  n  r  I T n + 1 I n  • • • Vn v>A +  2  2  ^  w v I *+1 ^ » + 1  I V1 • • • v) a  (4.20)v i = 1 v
+  n v v '\ Vn+\,n+ZXI ' n+2, \vi . . .Vn w ' y A  =  0 .

vv'

Restricting to  n  =  1 we obtain  the one particle equation 

( T t -  E)  <11 !Pi I n >  +  2  < i» I iV P s 1 »1  »>A
V

+  2  <! v I ^ 2  I Vl V>a +  I  2  O  v I ^23^3 I Vl V v ')A =  0 . (4.21)
v vv'

We w ant to  restrict ourselves to  one and two particle effects. So we have to  neglect the three 
particle effects connected by F23  ̂ 3  to  the one particle equation.
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Doing th is and eliminating the macroscopic 
energy E  by Eq. (4.15) we obtain the  one particle 
equation :

<11 T W i |  vi> — 2 < 1  l ^ i l  v><v| T W i| n >
v

- f  2  O  V I ^2 $2 I V l  v ) a  +  2  V I ^ 2  I VI  r > A
>» V

—  2  O  | ^ i |  v '  | V W 2 | v i  v ' ) a  =  0 • (4.22)
vv'

N ext we engage in the two particle equation, i.e. 
n — 2. E quation  (4.20) reduces to.

( T ! +  T 2 -  E)  <12 \W 2 \ n  r2) A +  <121 V W 2 | n  v2)a
+  2  < 1 2  r  I ^ 3 ^ 3  | V i  V2 V ) A

V

-f  2 < 1 2 r  11^13^31 vi V2 v ) a  (4.23)
V

+  2  <12 V | ^23^3 I VI  V2 v } a
V

+  \  2  0 2  V r' | F34^/4 I V i  V2 v v ' } a  —  0 .
vv'

Again we have to  neglect the three- and four 
particle effects given by and x¥ \ .

Doing this and eliminating again the  m acro­
scopic energy E  by Eq. (4.15) th e  two-particle 
equation (4.23) gets the  following form

<1 2 1Q (T i +  T 2) S 21 vi  v2} A +  <121Q V W 2 \ Vl V2>A

— 2  { < 1 2  | | Vl ^2>A <V | T W i | Vl>

+  <121S 21 vi  v2>A * ( v  I f W i  I r 2>}

— 2  « 1 2  I $ 2 1 V v2>A ( v  v ’ I V W 21 V i  v ' } a  (4.24)
VV '

+  <121 S 21 Vl  />A  <V v' j V W 21 V r 2>A}

+  \  2  <121 S 2 1 v r ')A ( v  v' | V V 2 1 vi v 2 ) a  =  0 .
VV '

A
The operator Q is introduced for simplicity and is 

defined by: Q =  ( 1  -  ^ i ( l ) )  • ( 1  -  ^ ( 2 )).

Y. The One- and Two Particle Equations 
in Nuclear Matter

Nuclear m atte r is defined to  be an  infinit system. 
The uncorrelated ground sta te  is build up by an 
equal num ber of protons and neutrons. The to ta l 
momentum m ust be constant in tim e and we are 
allowed to  p u t it zero. Consequently each slater 
determ inant which occurs in any developm ent of 
this ground sta te  m ust have the same to ta l momen­
tum  zero. Translational invariance of such a system 
causes the uncorrelated one particle wave functions

866

to  be momentum eigenstates. The “exact” ^4-par- 
ticle state I*/7)  is described by the  exp($)-form alism  
by developing the uncorrelated ground sta te  de te r­
m inant | 0>  with help of w-particle %-hole excita­
tions.

I F )  =  exp(S) |0 >  , £  =  2 $ n -  (5.1)
n =  1

We know th a t the A -particle s ta te  | 0>  which is 
built up by | 0>  =  exp($ i) | 0>  as a p a rt of (5.1) 
can be described again by a determ inant. Con­
sequently we always can find a ground sta te  
determ inant | 0>  in (5.1) which makes one-particle 
one-hole excitations in (5.1) redundant. In  finite 
nuclei the determ ination of such a | 0 )  is äquivalent 
to the determ ination of the “best” shell model w ave 
function. There it is a hard problem. N ot so in 
nuclear m atter.

We know the one particle wave functions to  be 
plane waves and so are allowed from the beginning 
to  pu t the nucleonic part of S i  equal to  zero. The 
a ttribu te  “nucleonic” in this context means th a t 
the particle influenced by S i  rem ains a nucleon. 

Let us first consider the one particle equation.

< 1 1 T V ,  | n )  -  2  < 1 1 V i  | r >  < v |  T V i  | v i >

+  2  O H  J ,2 S 2 \ v i  v } a  +  2 0  v \ W z \  v i  *’) a
V V

— 2  O  | 'Pi  | v)  ( v  v'\ VW21 vi  r ' ) A =  0 . (5.2)
vv'

The terms of (5.2) simplify in the  following way. 

2 < H  ^  2 S 2 [ Vl r>A

=  2 < l v \ T 2 \0Lß><0Lß\S2 \vi  r>A (5.3)
vtxß

=  2  <11 <*> ( v  I T I Vs)  <a v IS 21 Vl v}a  ,
VOL v---------------------sy--------------------- '

2 < H  V xF 2 \ v i  v )a

=  2 < l v | a jS> <a/?| VW 2 \ Vl v ) a  (5.4)
vaß

=  2  <1 | n x> ( v i x v I V W 2 I Vl v )a  •
vx

Vix characterizes a one particle s ta te  with momen­
tum  v i . x  characterizes nucleonic — as well as 
resonance states. 2  means sum m ation over all

X

intrinsic excitation states of the  nucleon. 

2 < l |S /i|*>  < W \ V W 21 vi v' } a
vv'

=  2  I ^ 1 1 yi)  O’l v I ^ 21 Vl v}a ■ (5.5)
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Thus th e  one particle equation is of the following 
form.

<11 fWi | n> -  <11 'Pi | »i> <»i | TV11 n>
+  ^ / ]  | v l * /  v |  V V , \  VI V /A  ( 5 .6 )

vx

— 2 < l l ^ i l n ) < n »I F!F2 | r i v )A =  0 .
v

We define to  be a resonance with m omentum v i . 
Then we can eliminate the  nucleonic p a rt from the 
last tw'o term s and o b ta in :

< 1 1 f W i  | n >  — <11 Wi  | n >  < n  | T  | n >

+  2 < 1 k i J > < n J r | F ^ 2|i'H ')A  (5.7)
vA

—  2  <1 I S i  I V i> O i r  | F ^ 2  I VI  v } a  =  0 .
V

Neglecting the  resonances for the moment, Eq. (5.7) 
reduces to

< 11 T  | vi> — <11 n >  < n  | T  | n >  =  0 ,  (5.8)

which proves th a t the | v)  are momentum eigen­
states.

Using (5.8) and defining an energy denom inator
by

ei =  T  — < n  | T  | ri> — 2  v | 1 ^2  | vi v) a  (5.9)
V

one finally gets the following one-particle equation :

< 11 ex S i  I Vi> =  — 2  < 1 1 v i Ay <V1A V I V W z  I Vi v } A • 

vA (5.10)
The tw o-particle equation (4.24) is simplified in the 
case of nuclear m atter as follows:

A A
1. The operator Q in <121 Q ( T i  +  T 2)$ 21 v i v 2}a  

disappears because $ 2 projects out of the Fermi 
sea and T i  as well as T 2 is diagonal in the  one 
particle representation.

2. As th e  one particle states are momentum 
eigenstates, momentum conservation requires:

<V v '  | V W 2 I V V i ) a =  <V v '  I V W 2 I V v ')a  .

Taking th is into account the two particle equation 
obtains the  following fo rm :

<121 ( T i  +  T 2) S 2 1 vi V2~)a +  <121Q VW2 [ vi r 2>A
—  < 1 2 1S 2 1 v i  r 2>A < v i  I T I v { )

— <12 I aS2 I Vi V2) a <V2 I ^  (5.11)
~  2  K 1 2  I ^ 2  I n  V2>A <Vl  V I V W 2 I Vl  v ) a

+  <12 I S 2 I Vl V2) a <v V2 I V W 2 I V V2) a}

+  I  2  <121 ^ 2 1 v <v v' I ^ 2  I Vl r 2>A =  0 .

W e  d e f i n e  a  t w o - p a r t i c l e  e n e r g y  d e n o m i n a t o r  b y

e2 =  ^1  +  T 2 — <vi I T I ri>  — <r2 1 T  | r2>

— 2  < ^ i  v I VW2 1 vi v )a

—  ^ { V V 2 \ V W 2 I V V 2 ) A
V

a n d  a f t e r  a d d i n g  < 1 2 1 e 2 ¥ / i ( l ) ¥ / i (2 )  | v i v 2> a  t o  

E q .  ( 5 .1 1 )  E q .  ( 5 .1 1 )  a s s u m e s  t h e  f o l l o w i n g  f o r m :

< 1 2 1 e 2 S 2 1 v i  v 2> A  =  < 1 2 1 e 2 V i  (1 )  (2 )  | V l  v 2) a  

- ( 1 2 j Q V ^ 2 l v i v 2>A  ( 5 .1 2 )

—  i  2  < 1 2 1S 2 1 v  v ' } A  < v  v  I V W 2 1 v i  v 2} a  =  0  .
vv'

W e  s e e  t h a t  t h e  o n e -  a n d  t w o - p a r t i c l e  e q u a t i o n  

c o u p l e ,  b e c a u s e  W i  o c c u r s  i n  E q u a t i o n  ( 5 .1 2 ) .

L e t  u s  h a v e  a  l o o k  a t  t h i s  m e c h a n i s m  o f  c o u p l i n g .  

A c c o r d i n g  t o  t h e  d e f i n i t i o n s  w e  h a v e  m a d e  w e  c a n  

w r i t e :

< 1 2 | e 2 ^ i ( l ) F i ( 2 ) | n  v 2> a

=  ^ [ < l | f 1 ^ i | n > < 2 1 W i  I v 2> ]

+  ^ „ [ < l | ¥ ' i | n >  < 2 1 T 1 W 1 1 v 2> ]

—  « n  I T W 1 1 v i>  +  ( v 2 1 f W 1 1 V2~) ( 5 .1 3 )  

+  2  v  I ^ 2 1 v i  v ) A
v

+  2  <v  V2 I ^ 2  I v  V2) a }
V

+  ^ v [ < i \ W i \ v i y  <21  y 7! 1 v 2> ] .

D o i n g  t h e  a n t i s y m m e t r i z a t i o n  w i t h  r e s p e c t  t o  t h e  v  

e x p l i c i t l y ,  s o m e  t e r m s  c a n  b e  c o m p r i s e d  b y  t h e  u s e  

o f  t h e  o n e  p a r t i c l e  e q u a t i o n .

D e f i n i n g  “ o n e  h o l e  p o t e n t i a l s ”  r e s p e c t i v e l y  “ o n e  

h o l e  t r a n s i t i o n  p o t e n t i a l s ”  b y

U Pi : =  2  ( v i  v  I F ! ^ 2 1  Vi  r ) A » ( 5 .1 4 )
V

U vf  : =  2  ( v *  v  I V W 2 1 v i  v ) A  , ( 5 .1 5 )
V

w e  c a n  w r i t e  E q .  ( 5 .1 3 )  i n  t h e  f o l l o w i n g  f o r m :

< 1 2 | e 2 ^ 1 ( l ) ^ 1 ( 2 ) | n v 2> A ( 5 .1 6 )

=  —  < 1 2  I V l  V2>A  • ( U Vl +  U Vi)

-  2  « 1 2  i v i  r 2 > A  U rA +  < 1 2  | n  V $ ) A  U VA )
A

-  {<1 I n >  <21 S i I V2> -  <2 1 »,> <11 Si  I v2>} U„ 
+  {<11 r 2> <21 S 21 v{) -  <21 r 2> <11S, I n>} u „
-  2  K 1 1 vj1)  < 21 « 1 11>2> — <21 <11 S i I v2>} U,ä

A
+  2  « 1 1 ”2 > <21 Si I vi> -  <2 1 vi> < 1  [ S!  I n »  ü,ä .

A
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Using the one-particle equation, the $ i-term s of 
Eq. (5.16) can be eliminated in favour of one hole- 
transition potential terms.

The one particle equation

<1 1«1 S i |vi>

=  — 2 < 1  l^ i)  O i v\ V W z \vi v>A (5-17)
vA

can be w ritten as
A

< l|a>  < « |e i |/8 > <ß\S!\vi>  

=  - 2 <1 lvi> (5.18)

S \  concerns only resonance excitation. M omentum 
conservation has to be required. So we get:

2 <1 K >  I f - T „ - U n \riy

•< » ? |S i|» l>  +  U,f}  =  0 .  (5.19)

2  sums up linearly independent term s. So
A

Eq. (5.19) can finally be w ritten:

<v{ | S i | n >  =  -  U j K T j  -  T Vl -  U J  . (5.20)

I t  is a simple m atter to eliminate the -terms of 
(5.16) with the help of Equation (5.20). We obtain  
the two particle equation in the following form :

< 1 2 \e2y 2\ vi v 2) a  =  — <121 vi v 2) a  • (UWI +  UvJ

—  2  < 1 2 1 v i  V 9 > a  U va  ^1 —

2  <121 vi V9>a UVA Uv*
A\Ai

UV2
T  A n -  T V1 -  UV1

T a*2 — T  — U-*■ V2 V2
1

T  a -  T„ -  U.

(5.21)

( \ 2 \ Q V W 2 . 1 v i  v 2} a  — i  2  < 1 2 1S 21 V v'y <vv' I VW21 V i  v 2 ) a  ■

VI. Deduction of a Computable Integro-difTerential 
Equation-system from the Generalized 
Bethe-Goldstone Equation

The fact th a t  we are confronted w ith term s 
containing one-hole-transition-potentials, the  Urf  
makes the treatm ent of the two particle equation 
(5.21) very hard.

Fortunately  we are able to  proove th a t  such 
potentials are only possible if we are concerned 
with resonances having the same quantum  num bers 
as the nucleon. As we are restricting ourselves to 
the m ost im portant resonance, the  zl (1236)- 
resonance, we prove th a t an Z7 „^ü236) does no t occur. 
We have defined

U ^ : = 2 < v t v \ V W 2\ v , v } A . (6 .1 )
V

I v) is a m om entum -eigenstate and therefore 
characterized by the  mom entum  p,  the  isotopic 
spin (t t3) and the spin (s ms)

I v) =  I p ; t t 3 ; s mg') .

Concerning | v f}  the  same is true

\v?} =  IP i \ t Ait \ \ S i  mS(> .

We can prove to be zero by restricting our­
selves to the  isotopic-part of the  m atrix-elem ent

( v f  v I VW21 Vi v } a  ■ So we have to prove:

2 < t  \ 2 h  I VW2 [ \ t 3l \ \  h)> =  0 (6.2)

V as well as W2 are diagonal with respect to  the  
to ta l isotopic spin. For this it is useful to write:

2 <i ^ ^ 2 1 \h)> =  2 < l^ < ; ^ 3I T M }
tz T M ta

■ { T M I VW2\ T M ) ^ T M \ y 3i - ^ t 3y . (6.3)

From  this expression it is straightforward to show 
t h a t :

2 <f ^Ai; i h \  1 ^ 2 1 1 h l ; -2-h }  
t3

=  I ^ T < y i ^ | |  T } ( -  1)
f  |/2  T  +  1

2 T + 1
~r d3/2 1/2 öhi  =  0 . (6.4)

The two-particle-equation now gets the following 
fo rm :

<121 € 2 ^ 2 1 v \  v 2) a  =  —  < 1 2 1 v i  v 2) a  ' ( U n  +  U V2)

— ( \ 2 \ Q V W z \ v i  v 2> a  (6.5)

—  1 2  < 1 2 1 ^ 2 1 v v ' ) a ( v  v ’ \ V W 2 1 Vi  V2 > A  .
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We w ant to  prepare this equation for numerical 
calculation. To do this it is suitable to  introduce a 
new quantum  num ber n  which characterizes the 
one particle components the  two particle sta te  is 
made of.

We define:
n =  1 =  N -N-state,
n  =  2 =  N -J  (1236)-state,
n =  3 =  A  (1236)-zJ (1236)-state.

r\  and r 2 characterize one-particle space coordi­
nates. Then we write the tw o-particle-equation:

J
( n \ r  1 r 2 \e2W2\ 1 ; v\  r 2>A

=  — i n ; ri r211; n  v2> a • (UVI+  UV2)

— O ;  ri r 2 \QVxF2\ 1; n  v2) a (6-6)
— ( n ; r i  r 2 | S 2II V XJJ2 | 1 ; v\  v2) A •

The operator 77 is defined by

n  = I 1 ; V v ' ) a  <1 V v' I ;
vv'

k \  and k 2 characterize one-particle m om entum s and 
mi  and m 2 one-particle restmasses.

We define to ta l and relative space and momentum 
operators b y :

R  =  (mi ri +  m2 r 2)l{?m - f  m2) ; 
r  =  n  — r2 ,

K  =  fei +  k 2; (6-7)
Ac =  (wi! k 2 — w 2 fei)/(wi -f- ??i2) .

In  nuclear m atter the to ta l m om entum  of the 
correlated wave-function m ust be the same as for 
the plane wave. This means th a t the dependence 
of the  correlated wave function on R  and K  is just 
the same as th a t of the uncorrelated plane wave. 
Neglecting for the m om ent spin and isotopic spin 
the two particle equation can be w ritten  in the 
following form.

r \ e 2W2 \ 1 ; fco> <-R| K0>
=  — < n \ r I 1; fc0)<K| X0> {UVl +  UV2)

- < n ; r \ Q V ' F 2\l-,ko')<R\Ko'> (6.8)
— ( n \ r \  S 2II V xF2 11; &0> <K| K 0> .

A
The two particle energy denom inator e2 was defined:

2 =  T \  +  f 2 — T  — T  — Uv — Uv, .«2

Pacing attention to  to tal m om entum  conservation 
this can be w ritten explicitly — after decomposition 
into radial and angular m omentum parts

a l i d 2 1 1(1+1)
e2 A M -------------------—

2 m r d r2 2  rn

*o2
—  — —  —  V  

2m
U„

Consequently the term s of (6 .8 ) due to  the to tal 
momentum separate totally. Before we continue to 
trea t the two particle equation it is necessary to  
write the two-particle states in different way. We 
do this by the following replacem ent:

( n \ r  | -> <n(t \  t2)t; r(l’ s’) j  mj \ .

The particular meaning is the following: 

ti — isotopic spin of particle i, 
t =  to tal isotopic spin of the tw o-particle-state, 
r =  relativ distance,
V -  relative angular momentum,
s’ =  to tal spin of the two-particle system,
j  --- to tal angular momentum,
mj =  projection of to ta l angular momentum,

and
1 1 ; &0> -> 1 1 ( i  i )  t ; h0 h0 s w s> .

The particular meaning is the following: 

h0 — relative momentum, 
ho — angle of relative momentum, 
s =  to tal spin of the  two particle system, 
m s =  projection of the  to ta l spin.

Now the two-particle equation has the  following fo rm :

<rc; ( h t 2) t \ r (V  s') jrrij \e2W2 \ I (% %) t ■, h0 h0 s ms}

t
— <n; (h t2) t ; r (I' s') j  mj  | 1(% %) t-,h0h0s ms> (UPl +  UV2)

A

— <n ; ( h t 2) t \ r ( l ' s ' ) j m } \ QVW2 \ \ ( \ \ ) t - h 0 h0 s m sy
t

— <n; (h t2) t ; r (I' s’) j mj  | S 2n V xP 2 1 1 ( |  I) t; h0 h0 s ms> .
t

(6.9)
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By inserting the “u n it” operator

2  J dr' r'2 11 (H ) *; r' (Js) j ™i> <1 (H ) r' (l s) 1 mJ I 
i

in (6.9) a t the positions indicated by j ,  using 

<n (h h ) t \ r  (V 8) j  m} \ 1 (£$)*; ho s w«>
=  l s' 2  <7 mi \l '  & m> ms)  4 i1' jv {h0 r) Y™* (A0) ,

m

m ultiplying with F ™1 (Ao) and integrating over Ao. one gets:

<n; («1 t2) t ; r ( l '  s ' ) j m } \ e2W2 | l  t; r{l s) j  nij} ■ ji{h0r)

=  - h ( h 0r)(UVl+ U V2)ön, 1öir  ̂ (6.10)
— J d r ' r '2 <>; { h t 2) t - , r ( l ' s ' ) jm } \Q V W 2 \ 1 t \r '  (Is) j  mj} ji {h0 r)

t
— J d r' r '2 <rc; (h t2) t\ r(l' s') j  mj \ S 2n V W 2 11 ( \ \ )  t \ r' (I s) j  my>^(A0 r ) .

t t t
The next steps to do are the following ones: F irst we know th a t S\  is equal to  zero. Consequently

A A
symbolically W2 =  1 +  S 2. For convenience we define P  : =  1 — Q. Then we insert the above mentioned 
“u n it” operator a t the positions indicated by f and m ultiply with r. N ext we define relative-wave func­
tions by:

mM ! Ä f ! j ( Ä  o, r) :=  {r • (m( t3 f4) t ; r(l2 S 2) j  mj \ W2 \n ( h  t2)t; r (h  S i) j  m})  ■ jh (h0 r)} 

and characterize the  F-m atrix  elements by

™Jn V £ S $ f ')(r)  :=  <m(h h ) t \ r ( h  S 2) j  m} | V | n (h  t2)t; r (h  S i) j  mj} .

Last we insert the following momentum “u n it” operators:

—— -  y  f t 2 dk dh I n {h t2) t ; h h s  ms> <n (h  t2) t ; h  h s ms I .
(2 tt ) 3 Z

This is necessary because the Pauli projection operators are diagonal only in m om entum  space. Proceeding 
in this way the two particle equation assumes the following form :

r • e2 • -  • "’J U g 5 , r t (*o, r) =  -  r  • <*, r) • ( £ /„ +  Un ) W
r  h S i

mtiti

•” ’X Ä S,)(Äo.»-)+ 2  - K ~ j d v '  jh ' -d h M r -r '  (6.11)
l i S i m s' 
mhU

A
* (n(t-i t2) t ; r( l '  s') j  mj | n(t\  t2)t] h i t s ’ w5'> • P n (h, K)

* <» (h h)  t ; * h s’ m ;  I n (h t2) t ; /  (V s') j  m,)  * " X S J X ! ,  (r) • m,[ (*o, r)

~  2  2  J  d r ' J  ^  r • r ' * <n(^i t2) t \ r (V  s') j  vnj \ W2 1 m(t3 t^)t\  r (h Si) j w;>
h S i  hS2ni S i  (2TI)

Wit  3^4 wtbt%

* <m (#3 4̂ ) r(/i /Si) j  m,j \ vi(t3 t$) t\h h S 1 mSl)  -/7(A. Ä") * dm,i  dta 1 <3<4i

* <m(/3 t4) t ; h h Sl ms ,| m ((3 (4) «; r ' (/, S i ) m ,>  * " X Ä ’S I : ) M  ' ’’(*0 , 0

+  2  ^  J (l ?', J ^  r • r' * (n( t \  t2) t;r(V s') j  mj \ n( t\  t2) t ; h  h s' m s'y • /7(A, if)
liSim,' (2tt) 
mtiti



* i < W  <n(ti t2) t ; h h s '  ms' | n (h  t2) t ; r' (V s') j  mj )  * n^VjS!)£S!)ir ')
m j t i  \ ( t 3 U) ( h S i ) / t i\

i u (H)tf*) \nQ,r) .
A

P n (h, K)  is defined by
A A

P n (h , K)  := ( n ( t \ t 2) t - , h h s m s \ P \ n  (t\ t2) t ; h h s  m s)  .

17(h, K)  is defined by

TI(h, K)  :=  (n( t \  t2) t ; h h s ms | 77 | n(t\ t2) t ; h h s m s)  .

A
The fact th a t P n (h, K)  as well as IJ(h, K)  depend on the to ta l mom entum  K  is justified by the angle 

averaging m ethod discussed in Chapter V II c. Using

<n(t\  t2) t; r(l s) j  rrij [ n(t\  t2) t ; h h s  ws)  =  <j nij | I s mj — m s ; ms> • 4jr • i l j i(h r) • Y f lJ~m’(h)

the “plane wave” term s in (6.11) can be expanded. Integrating h and summing up the spin projections we 
get the following two particle equation :

r  • «S v U!h ‘<M’’ ------ rj,(* o -r> -(  £7„ +  t/„ )  »„, t du- -  2  * 2 V Ä s ! >  (r) ■ U«,•«£'*■> (A„, r)
r hSi

m t a U

+  9‘-2- J ** dh r ji-(A r) • P* (A, K) • i n  ■ 2  j r' dr' * (A r') (r') ■ U { fö $ s‘>(»0 , O
hSimUt\

1 J ’- 'd ’-' *.<*'■'>
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2 ti2

. ( r ' \  . M’jJ l  |(<5<«)(Z2S2) (T r\
WW (htt)(l2S2)V ) 1 U(H)(*S)

ilSl izSz
Wtstß

+  9  2 S h 2d h r - j v {hr) I7(h, K) ■ ■ 2  J r '  d r ' j v (h r') * $ )  ( / )
Zi.S’i
Vl tzt i

■ ” ’i U i Ä S,>(Ao, r') S.,  i db i dui  . (6.12)

Some definitions help to  simplify this equation w ith respect to  the numerical calculation. F irst we 
define a T -m atrix  by:

” W < i i f ■’ <*. *o) —  4 j* ■ 2  Jy d r ' k  ß  n  * “ ' X S S ’m  ■ ß «- r"> <6 1 3 >
IzS^wtsti

and a P -m atrix  by:

, K ,r ) - .=  -  J i » d * r - « . ( A r ) - ^ ( i , X ) * * ^ f W £ )*', (ft.Ao)

+  A “ 2  f h2 M  r) * n ( h ,  K ) " 1'T((f l ))(<i'; f ‘) (A, A„) (6.14)
Zjl hSl

~ ^ \ r - ä h r -  j f  (A r) * n ( h ,  * ) * X ,»«W*', <A. A„) <5„,,  dh i dhi  .
£ 1Z

I f  we use units such th a t Ä2/2 m =  1 and remember th a t
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we get the following two particle equation:

d 2 l ' ( l '+  1 ) 
d r2 r2

Z>o2 +  UV1 +  UV2 -  A M U(i|)(/g)S ){ho, r) (6.15)

m j t I i(<3<4)(/iS i ) ,__ "V n j t \ , ( h h ) ( l ' s') injiy 1 1  »
Z, m \t$t\)(J\ Si) \ ) 1 U (Ji-)(/*)

ll SlIHts ̂ 4

=  r  • M h  r) • (£ /„  +  p „ )  <5». i du- +  K,  r ) .

I t  is easy to see th a t (6.15) is a system of coupled inhomogenous integro differential equations.

VII. Equation for the One-hole Potential,
the Defect Parameter x  and the Modified Pauli 
Operator for Numerical Calculation

a) The One-hole Potential
In Chapter V we have defined the one hole 

potential by:

u vi :=  2 < vi H vxf * \ Vi v>a • (7-1)
V

Using the ideas and conventions of Chapter VI it is 
a simple m atter to see th a t ( n v  \ VWz | viv> can be 
written in the following form :

<(vi v | YWz | vi v>

=  2  (2 / +  1 ) \<J * 0  m8 1 j  ms)  \ 
ii

. i)(lg) (T, V  \

(7.2)

The next step we have to do is to follow an idea 
of Brueckner and Gammel [8 ].

Particle vi as well as particle v may be protons 
( +  ) or neutrons ( —), their spins may be “up” (a) 
or “down” (ß ). Suppose particle v to be a proton 
i t’s spin being up. Coupling the one-particle spins 
and isotopic spins to total spins and isotopic spins 
(7.1) assumes the following form:

(7.3)
1 , T =  1, T z =  1) |n r >

+  l O  iv
+  i  <n  v 

+  £ O i v 
+  h (v iv  
+  l ( v i v  
+  l ( v i v

+  l< v iv
+  i  <»’i v

V V 2 (5 = 1 , ms =  0, T  =  1, T z =  1) | vi v> 
VW2(s =  0, ms =  0, T =  1, Tz =  1) | vi v> 
VW2 {s =  1, ms =  1, T  =  1, T 2 =  0) | vi v> 
VW2 [s =  1, ms =  1, T  =  0, T z =  0) | v\ v> 
VxP 2{ s = \ ,  ms =  0, T =  1, T2 =  0 ) |n v >  
F ^ 2(s =  0 ,wis =  0 , T =  1 , T2 =  0 )|viv> 
VW2(s =  l ,m s =  0, T  =  0, T z =  0)|viv> 
VW2 (-S =  o, ms =  0 , T  =  0 , T z =  0)\vi  v>}- 

exchange terms.

If  we now take into account th a t
1 . the one-hole-potential depends on ms only by 

the Clebsch-Gordan-coefficients,
2 . the exchange-terms just contribute a factor two, 

according to the Pauli-principle.
3. VW2 is independent from T z and
4. vi must not be a proton with spin “up”

we g e t: 

V {k\) =
2 T +  1

k  T s j l m ,

-  I
k  T s j l

(k\  k I VW2 (.5? ms T) I ky k}A

(2T +  l ) ( 2 j + l )  ){ls)
rn i i ) 8 i>(*o.*o).

(7.4)
Only antisymmetric terms are summed up in (7.4). 
The one hole potential is presented to be a function 
of | ki  | . All other quantum numbers are summed 
over. The reason for this is, th a t the one-hole 
potential is only used to compute the one-hole- 
energies of the energy-denominator, and the one 
hole-energies depend on \k\\  only. The seeming 
discrepancy that U(k\) is a function depending 
on | #ci | , whereas the T-matrix depends on the 
relative momentum ho, is resolved as follows: The 
T-matrix is computed with respect to an uncorre­
lated two particles ta te  | viv2>. Because of the Pauli 
projection operators the T-matrix depends on the 
relativ momentum ho as well as on the total 
momentum K q . Therefore we identify:

‘W H iSif*»,*») =  ‘W U JjiJ jf ii.is .o o e # );
# =  <£ (&i> *2 ) •

The one-hole-potential becomes

(2T  4 - 1 ) ( 2  7 -f 1 ) (7.5)
k T s j l  "

(2 T +  l) ( 2 j +  1 )
=  2 

T s j l

1 k  f

j h 2dh
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* j sin ft dft • 1JiT(! !$g) (k\ , k, cos ft) f d<p

1 (2 T + 1 )(2 ? + 1 )
- —-  > ----------- ------------ h2 dh

n 2 Tsji 8  ^

* j  sin ft dft • " f t ü j g g f a  , k, cos f t ) .
o

If  the one-hole-potential is known, it is a simple 
m atter to compute the potential- and binding 
energy per particle. We present the result without 
proof.

3 3
l o ^  +  W  oE b J N  =  7 ^  i r 2 +  • J U(k) k> dk .

b) The Deject-Parameter x
The defect-parameter x is defined b y :

* :  =  —  2 < n  H  ( ^ 2 —  l ) + ( ^ 2  —  l ) | n  r 2> A  • 
V1V2

(7.6)
This parameter is of interest because of the follow­
ing reason.

If  one writes down the potential energy with the 
help of diagrammatic methods as a sum over all 
connected diagrams and then arrange these dia­
grams with respect to the number of independent 
hole lines one is able to prove the following fact. 
A diagram B differing from a diagram A only by 
containing one more independent hole line yields a 
contribution to the potential energy which is reduced 
to th a t of diagram A by a factor x  [1 2 ]. Of course it 
is very im portant if one sums up such diagram 
classes th a t x is considerably smaller than one.

The same formalism and the same arguments as 
in the case of the one-hole-potential lead us from 
(7.6) to the following computable form:

x  =  —-- j ki2 d£i J &22 d&2 J sin ft dft
71 ' k F 0 0 0

(2 T + 1 )(2 ? +  1 )
* 2 ----------- 0 -----------2  471 <7-7)

T s j l  0  Vs’w t i h

* J dr { ^ U S fS ^ tÄ o .r )
-  rji{h0 r) diw dir <V} 2 .

Ju st as mentioned above in the case of the one-hole- 
potential the difficulty in Eq. (7.7) which occurs by 
integrating one-particle coordinates while the 
integrand depends on relative coordinates is solved. 
Using the same arguments as in the case of the one- 
hole-potentials the integrand can be interpreted as 
a function depending on one particle coordinates.

c) The Modified Pauli Projection Operators
The Bethe-Goldstone equation contains a pro­

jection operator which ensures th a t the ground state 
determinant | 0 }  does not occur as an intermediate 
state. The two particle equation (6.15) generalized 
by the exp (S)-formalism contains in addition a 
projection operator 77 which ensures th a t the 
operator $ 2 operates on occupied states.

A

Q n — 2 I Q1 Q2)  1 £ 2 1 •
Qies

qi and Q2 characterize empty one particle shell 
model states. £ 1  or may be nucleonic — as well as 
resonance states.

n  =  2 1vi V2> ( Vi V 2 1 •viv2

vi and V2 characterize occupied (nucleonic) one 
particle shell model states.

The numerical calculation is done to a great part 
in relative and center of mass coordinates. Thus the 
exact treatm ent of the projection operators would 
require an enormous amount of numerically work,

A
because Qn as well as JJ depend in a non trivial 
way as well on \K\  as on \h\ and <£(h, K). To 
compute these operators we use the angle averaging 
approximation, described before by many authors 
[9, 10], so th a t we content ourselves to present the 
results.

A
I. The operator Qn (n =  l); nucleon-nucleon- 

system.

1 ) Qi =  0 if k ^  y k r 2 -  I K 2 ,

2) Q' =  l if k > k F +  ± K ,

3) Q1 =  (h2 +  \ K 2 -  kF2)IK • h else.
A

II. The operator Qn (n =  2); resonance-nucleon- 
system.

A
1 ) Q2 =  0  if kF ^ ± K  +  h ,

2 ) Q2 =  l  if h > k F +  ± K ,

3) Q2 =  i  +  (h2 +  J K 2 -  kF2)/K • h else.
A

III. The operator Qn (n =  3) resonance-resonance- 
system.
A
Q3 — 1 in all cases.



874 W. Manzke • The Effect of the A (12 3 6 )-Resonance in Nuclear Matter

1) 7 7 =  1 if  k F ^ ± K  +  h ,

2) 77 =  0 if h >  J/l-F2 -  1 K 2 ,

3) 77 =  (kp2 — \ K 2 — h2)/K • h else.

VIII. Two Particle Potentials

The explicit form and a discussion of our poten­
tials is given by Niephaus in [1 1 ].

To compute the two-particle equation (6.15) we 
need two-particle interaction potentials which 
include the Zl (1236)-resonance explicitly. The 
graphs shown in Fig. 1 may characterize the 
necessary parts of the potentials. The total inter­
action potential we have to think of as a sum of all 
these contributions.

I t  is possible to describe the pure nucleon- 
nucleon-potential (a) by a phenomenological An­
satz. The free parameters are fitted in order to 
reproduce the experimental two particle results. 
The Reid-soft-core-potential is an example. All 
other potentials (b) — (g) which involve a t least one 
resonance in the entrance — and (or) final — 
channel can’t be constructed in a similar way. The 
necessary experimental data are not available. 
These potentials must be constructed from a more 
theoretical point of view.

The potentials we use are one-boson-exchange 
potentials. That means the interaction is caused by 
the exchange of n, q, co, ... mesons.

Of course it is not possible to use the Reid-soft- 
core-potential in its well known form to compute 
the two particle equation (6.15) which takes 
resonance-nucleon as well as resonance-resonance 
configurations into account explicitly. The phe­
nomenological Reid potential includes the reso- 
nance-effects. A calculation of Eq. (6.15) using the 
unmodified Reid-potential would cause double 
counting of resonance effects. We eliminate this 
problem of double counting the following way. The 
two-nucleon-scattering as well as the deuteron is 
calculated by taking the resonances into consider­
ation explicitly. The free parameters of the 
Reid-softcore-potential are refitted in order to 
reproduce the experimental two particle dates. 
This means that the resonances taken into 
consideration explicitly are eliminated from the 
Reid-potential.

IV. The operator 77: IX. Numerical Calculations

If  we have a look at Eq. (6.15) we see th a t the 
energy denominator depends not only on the 
relative momentum | ho | but via the one-hole- 
potential as well on the amount of the one particle 
momenta | 1 of the nucleons interacting in the 
Fermi sea. Moreover, the F -matrix is not deter­
mined by | Äo | alone but depends — via the Pauli- 
projection operators — on | Ko | as well. This is 
remarkable because the center of mass motion can 
be separated completely from the two-particle 
equation. This center of mass dependence which 
can be observed in the energy-denominator as 
well as in the Pauli projection operators is taken 
into account correctly .

We describe this briefly because our procedure 
does not employ approximations used normally. 
Moreover it leads to a one-hole-potential directly.

Although Eq. (6.15) must be solved in the relativ 
and center of mass system — otherwise it is 
impossible to separate the center of mass motion — 
the numerical calculation is started from one 
particle coordinates. We start from two nucleons 
in the Fermi sea with definite one particle momen­
tum ki and k2. These one particle momentums are 
transformed the relative and center of mass system 
and only when this is done Eq. (6.15) is solved. Thus 
the 6r-matrix-element we obtain as a result of our 
calculations is diagonal with respect to the one- 
particle momenta k± and k2. k\ and k2 are varied 
such th a t the whole Fermi sea is exhausted sym­
metrically. For symmetry reasons it suffices to 
vary the one-particle momenta on the surface of a 
semicircle. Figure 2 illustrates our procedure. 
|* i |  and | k21 are varied such that the interval 
[0 , k-p] is devided into five equal parts and the 
angle $ e [0 , 7i\ is devided into nine equal parts. 
As the Cr-matrix is symmetrical with respect to ki 
and k2 the semicircle is exhausted by k\ as well as 
by k2 . By rotation of the semicircle the whole

Fig. 2. Variation of the one particle momenta k \  and fco in 
the Fermi sea (see Chapter IX).
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Fermi sea is exhausted. This treatment of the 
intervals [0 , &f] and [0 , jr] turned out to be 
numerically stable.

After Eq. (6.15) is solved 105 times with respect 
to the different pairs (ki, k2), a one hole potential 
is used in a next iteration to calculate an improved 
energy denominator. This sequence of iterations is 
controlled by the one-hole-potential itself and is 
stopped if the one-hole-potential changes from one 
to the next iteration by less than one percent. The 
/'-m atrix  in (6.15) contains two terms which enclude 
the /7-projector explicitly and which are called 
$ 2 2-terms. The exact calculation of these terms 
which generalize the Bethe-Goldstone-equation is 
difficult for the following reasons. Calculation of 
the $ 22-terms requires the integration of the wave- 
function over the relative momentum | h | . As the 
center of mass momentum K  is given definitely 
by the two one-particle momenta kx and k2 we 
start from and the interaction potentials don’t  
change this total momentum, this integration has 
to be carried out with K  being a constant. Just this 
is the difficulty. If  we solve Eq. (6.15) selfconsis- 
tently as described above, neglecting the $ 22-terms 
in the first step, we get wave functions correspond­
ing to the 105 different pairs of one-particle 
momenta (ki, k2). However, these wave functions 
are not suitable for calculating the $ 22-terms 
because they correspond to different relative 
momenta | A | as well as to different center of mass 
momenta | K  | . Because we have been very interested 
in calculating Eq. (6.15) as accurate as possible we 
have solved this problem in the following way. The 
computed wave functions corresponding to one 
pair (ki, k2) are represented by a polynomial of 
degree six. The six coefficients which determine one 
partial wave function in space coordinates can be 
represented by a product polynomial of degree 
5 X  5 in relative and center of mass momentum 
space very nicely, after the wave functions have 
been calculated with respect to all pairs (ki, k2).

Altogether this procedure gives us an analytical 
form of each partial wave function. Knowing this 
analytical form it is a simple m atter to calculate 
the $ 22-terms correctly. Finally we have to do an 
iteration procedure to calculate the one-hole- 
potential selfconsistently by a calculation involving 
the $ 2 2-terms. Computing Eq. (6.15) the only 
approximation we have done is the angle-averaging 
approximation concerning the Pauli-projection

operators. To study the saturation properties we 
have calculated self consistently the binding energy 
as a function of seven different Fermi momenta 
out of [0.96 fm-1, 1.56 fm-1]. In doing so we 
studied the following four different cases:

C) Nuclear m atter calculation without any reso­
nances, neglecting the $ 22-terms.

D) Nuclear m atter calculation without any reso­
nances; $ 22-terms are involved.

A) Nuclear m atter calculation with resonances 
involved; neglecting the $ 2 2-terms.

B) Nuclear m atter calculation with resonances 
involved; $ 22-terms are involved.

We give all available values of these four cases in 
Tables 1 to 7.

The one-hole potential described in Chapter 7 can 
be represented by a polynomial of degree two.

U(k) =  X  +  Y - k 2 ,

k characterizes a one particle momentum | k | . The 
coefficients X  and Y  very strongly depend on the 
Fermi momentum kp. They can be represented by 
a polynominal of degree three. Together, we can 
write

U (k) =  di -f- a2 • &F +  03 &f2 +  «4 • &F3

-j- (bi -j- &2 ' &F +  6 3  • &f2 +  6 4  * &F3) ‘ k2 .

Table 8  contains the numerical values of the param ­
eters — corresponding to fully selfconsistent one- 
hole-potentials.

X. Conclusions, Discussion of the Results

Before we go on discussing which conclusions can 
be drawn from our numerical results, especially 
concerning the two body potentials, we summarize 
the main features of our paper.

The exp (S)-formalism, which allows the ground 
state description of a nondegenerate many-body - 
system, is modified in such a way, th a t the explicit 
treatment of the A (1236)-states becomes possible. 
This formalism which develops the exact ground 
state I y7) with respect to w-particle-n-hole excita­
tions of a shell-modell-determinant permits a 
description of resonances in formal analogy to 
excited one particle shell model states. By restric­
tion to two particle interactions and by description 
of these interactions with nonrelativistic potentials
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A 6 c D

Potential Energy -76.10 -17. i s -18.2 6 -1 8.7 ¥
Kinetic Energy 11.fi 11¥0 11, ¥6
Binding energy -S .+ 3 -S.83 -  6. ? 3 - 7 . 22
Kappa 0.161 0.17 S 0 .0 1 1 0.106
Resonance admixture ¥ . 9 0 ¥.¥7

Table 1. Results corresponding to the 
different sets of partial waves.

Fermi m om entum : K F  =  0.96 fm-1 
Density: RHO =  0.06 fm-3
Average interparticle 
spacing: RM =  1.59 fm

Partial - Kappa

wave A B c D

"S. N - N 0.073 0.011 0.012 0.012

%  N - A 0.011 0.023

X A - A o.ooz 0.001

% A - A 0.005 0.00 S'

Binding
enerqy - M S - u s -7 . ( 8 ■ u s

Partial- 

wave

Kappa

A B c D

"7? N-N 0 .0 0 1 0.001 0.001 0 .001

"P. A - A 0 .0 0 0 0.000

SP, A - A 0 .0 0 0 o.ooo
\ 0 .0 0 0 o.oco

Binding
energy O M O M o.m o . H

P a r t i a 1 ■ 

wave

Kappa

A B c D

7Po N-N 0.001 0.001 0.001 0.001
Vo N-A 0.001 0.001
3Pc a -a 0 .0 0 0 o.ooo
?Fo 4  -A 0 .0 0 0 O.OOO
Binding
energy -1.1 G -110 '1.13 -113

Parti al ■ 

wave

Kappa

A B c D

*/> N-N 0.001 0003 0 .001 0 .0 0 1

N-A 0 .0 0 0 o.ooo

s?i N-A 0.003 o.ooz

^  N-A 0.001 0.001
7F A-A o.ooo 0.000

: : : ; : : 9l z 3 2 u . 3 7 ! 2 . ^ i 2 ^

P art ia l• 

wave

Kappa

A B c 0

% N-N 0 .0 0 0 0.000 0 .0 0 0 0.000

% A-A 0 .0 0 0 0.000

% A-A 0 .0 0 0 o.ooo
?62 A-A 0 .0 0 0 0.000

Binding
eneray -1.01 -1.01 -0.93 -0.13

Parti a l - 

wave

Kappa

A B c D

A'-// 0.020 0.021 0.013 \0.013
J£>, N-N f O S f 0.063 0.056\ 0.063

A-A 0.002 0.001

1D1 A -A 0.001 0.001
7 A  A-A 0 .0 1 2 0.013
*6, A-A 0.001 0.001
Binding
.enerv

1______
\1 mo?

Parti al- 

wave

Kappa

A B c 0

/y-/V 0.000 0.000 0.000 0.000
N-N 0.000 0.001 0.000 0.001
A-A 0.000 0.000

*/>, A-A 0.000 o.oco

?A 6-A 0.000 0.000
76, A-A o.oco O.oco

Binding \ /I 7 U- 
&ner.s* I ' 7 0.17 o.z?\o.i?

Parti al- 

wave

Kappa

A B c D

X  N-N o.ooo 0.000 0.000 0000
% fJ-A 0.000 0.000
%  N-A 0.000 0.000

f6; N-A 0.000 0.000

’ f t  A-A 0.000 0.000
%  A-A O.ooo 0.000
r A A-A 0.000 0.000

A -Ao.ooo 0.000
Bi ndi ng 
energy -0S3 -0.55 -o. 5 T -0.5S

Parti al- 

wave

Kappa

A B c D

*P2 N-N 0.001 0.001 0.001 0.001
?F2 N-N 0.001 0.001 0.001 o.ooi
ZP2 N-A 0.001 0.001
*f2 n -A 10.000 0.000
sPz N-A 0.002 0.002
>~f2 n -a 0.003 0.001
ei noi ng- 
.aiierqy - u s -1.01 -1.61 - 1 6 0

Parti al- 

wave

Kappa

A B c D

* 6  A M / 0.000 0.000 0.000 0.001
N-N 0.000 0.000 0.000 0.000

5£  N-A 0.000 0.000
% N-A 0 .000 O.ooo

N-A o.ooo 0 .0 0 0

% N-A 0.000 o.oco

Binding 
ener.fly.. -0.03 - 0 . o d \ ’o .o d \ - o .o 3
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A B c D

Potential Energy
- 20. o e - 2 0 . 6 3 - 2 2 . 2  £ - 2 2 . 8  V

Kinetic Energy 1 3 . 1 8 1 3 . 9 8 1 1 . 9 8 7 3 . 7 8

Binding energy - 6 . 1 1 - U 1 - 2 . 2 ? - 2 . 2 ?

Kappa 0 . 2  0 ^ 0 . 0 9 9 0 . 1 1

Resonance admixture

Table 2. Results corresponding to the 
different sets of partial waves.

Fermi momentum: K F  =  1.06 fm-1 
Density: RHO =  0.08 fm-3
Average interparticle 
spacing: RM =  1.44 fm

Parti al- Kappa

wave A B c D

" X  N - N 6.01 i o.ou o.ou 0.011

%  N -A 0,035 0.036

X  A - A 0.001 0.002

% A - A 0.00 k 0.006

Binding
er.erqy -8.28 -S.oi -9.81 -°J.S21

Parti al - Kappa

wave
A B c D

" P , N - N 0.002 0.00I 0.002 0.002

" R a -a 0.000 0.000

s /?  A - A 0.000 o.oco

* f, a - a o.coo 0.000

Bi ndi ng 
energy 0 .0 7 0 ( 8 0 .? 1 0.92

Partial-
wave

Kappa

A B c 0

A/-/V 6 . 0 0 1 0 . 0 0 1 0 .0 0 1 0 .0 0 1

V 0 N - A 0 . 0 0 1 0 . 0 0 1

K A - A 0.000 o.ooo

?Fo A  - A o.coo o.coo
Binding
energy - 1 5 8 - 1 . S 8 - w - w

P a r t i a 1 ■ 

wave

Kappa

A B c D

//-A/ 0.00 S’o.oos 0.002 0.001

lP, N-A 0.000 0.000

N-A 0009 6.001

-F-, N-A 0.002 0002

7F,; A-A 0001 0.001

1.93 11 8 3

Partial - 

wave

Kappa

A B c D

%  N - N 0000 0.000 0.000 0.000

%  A - A o . c o o o .c o o

?P2 ä - A o . c o o o .o o o

y& z  A - A 0.000 0.000

Binding
enerav - 7 . S ? - I S ? - 1 . S S - i s s

Partial-

wave

Kappa

A B c D

//-// 0.021 0.022 0015 0.0 20
N-N 0.00? 0.0?2 0.0 S3 0.0?1
A - A 0.003 C.C02

J P ,  A  -Al 0.001 o . o o i

A - A 0.01 S 0.016
* 6 *  A - A 0.001 6.001
Binding
_ererv • 1 0 3 8 - m o ■11.11-11.18

Parti al- 

wave

Kappa

A B c D

/'r/V 0 .000 o.coo 0.000 o.ooo
^  /Y-/V0 .000 0.001 0 .0 0 0 0.001

V* A-A 0.000 o.coo
A)-A 0.000 o.coo

%  A-A 0.000 0.000

76 i A- A o.coo o.coo
Binding
eneray 0S 3  \0S3 \o.S3 OS 8

Parti al - 

wave

Kappa

A B c D

%  N - N 0 . 0 0 0 0 . 0 0 0 O.ooo 0 . 0 0 0

%  N - A 0 . 6 0 0 0.600

r A  N - A 0 . 0 0 0 O.OCO
%  N - A 0 . 0 0 0 6.000
• o ,  A - A 0 . 0 0 0 0 .0 0 0

%  A - A o.coo o.ooo
A - A 0 . 0 0 0 O.ooo

*&J. A  - A 0 . 0 0 0 0 .0 0 0

Binding
energy - 0 . 8 2 - 0 .8 2 -a e ? \-a s ?

Parti a l - 

wave

Kappa

A B c 0

N-N 0.001 0.001 0.00716.001
?r2 N-N 0.002 0.002 0.001\0.001
ZP2 N-A 0.002 0.002
?/> N - A 0 .C O 1 0.001
*Pz N-A 0.003 0.003
^  N-A 0.60 f 0.00 f
Binding I -p i j r -  
enerav !/./-> - 2 . 9 2  Y 2 . H 8 \ - 2 . H ?

Parti al- 
wave

Kaooa
A B c 0

X M - N O.coo 6.060 0.000 0,000

?a  N-N 0.000 o.ooo o.coo 0.000

J/5 N-A 0.000 0.000
^  N-A o.coo 0.000

^  N-A o.coo 0.000
%  N-A 6. COO 6.600

Binding
ennrav -6.16 -6.16 -0.16 -0.19
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A B c 0

Potential Energy -23.22 - 2 1 ZO -26.^1 -27.07
Kinetic Energy 76. ? ¥ 14.? H- 16.79-
Binding energy - 6 . H8 -7.06 -6 .6? -10.11
Kappa 0.22 Lf 0 .118 0.10? 0.120
Resonance admixture 6 .3 # 6.33

Table 3. Results corresponding to the 
different sets of partial waves.

Fermi momentum: K F  =  1.16fm _1 
Density: RHO =  0.11 fm-3
Average interparticle 
spacing: RM =  1.31 fm

Partial-

wave

Kappa

A B c 0

"S. N-N 0.020 0.020 0.016 0016
%  N-A 0.0?8 o .o n
X A- A 0.003 0.002
%A-A 0.00? 0.008

Binding
energy - m -3.33 -11. HS

Partial - 

wave

Kappa

A B c 0

*B,N-N 0.001 0.005 0.002 0.002
* K A - A 0.000 0.000
W A - A o.ooo 0.000

* Z A - A 0.000 0.000
Binding
energy 1.0 6 1.04 1 1 0 1 .1 0

Partial - 

wave

Kappa

A B c D

7Po N-N 0.002 0.002 0.001 0.001
*Po N-A 0.001 0.001
*PcA-A 0 .0 0 0 0 .000

?F„ A -4 0.001 0.001
B1nd1ng 
energy -2.0? ■2.06 -2.16 -2.16

P a rtia l« 
wave

Kappa

A B c 0

N - N 0.006 0.006 0.001 0.003
*6 N-A 0,000 o.ooo
*£, N-A 0.006 0-006

N-A o.oo. 0.0 OS
7F, 4 -4 o.ooi 0.007
Binding

en®rav 6.2? 6.20 SM3 | £ y j

Partial - 

wave

Kappa

A B c D

%  /V -// 0.000 0.000 0.000 m o
% A-A 0.000 0.000
% 6-A 0.000 0.000
762 A -A o.ooo 0.000
Binding
enerqy -2.12 -2.12 -2.25 -2.23

Parti al - 

wave

Kappa

A B c D

N-N 0.02s 0.02 S' 0.021 0.022
N-N 0.060 0.073 0.061 0.072

?5", 4-4 0.003 0 .00$

J0», A -A 0.001 0.001
7 A A-A 0.01? 0.013
*6<&-A 0.001 0.001
Bi ndi ng 
pnprv -12.13 -im -1258 -153?

P arti a 1 - 

wave

Kappa

A B c 0

//-/V 0.000 0.000 o.ooo 0.000
?5* /Y-/V 0,000 0.001 0.000 0.002

4-4 o.ooo 0.000
a -A 0.000 0.000

?P, A -A 0.000 0.000
76-, 4-4' 0.000 0.000
Bindingenerav 0 ,7 8 0.38 0. ?8 0 .8 ?

Partial- 

wave

Kappa

A s c D

X  N - N 0.000 0.000 0.000 0.000
%  N - A 0.000 0.000
%  N - A o.ooo 0.000
%  N -A 0.001 0.000

A - A 0.000 0.000
% A - A 0.000 0,000

i A - A 0.000 0.000
-6j A -it 0.000 0.000
Binding
energy -1.21 -121 -1 .10 - 1 3 0

Parti al- 

wave

Kappa

A B c D

SP2 /V-// 0001 0,001 0.002 0,001
*F2 N-N 0,001 0,002 0.001 0.001
ZP2 N-A 0.003 0.002
jF2 N-A 0.001 0.001
Sfi N-A O.OOH- 0.001

TF2 N-A 0,006 0,00 S'
Binding
enerav -151 -1.H6 -3.65 -M2

Parti al- 

wave

Kappa

A B c 0

yF2 N - N 0.000 0.000 o.ooo 0.000
N - N 0.000 O.ooo 0.000 0.000

5/5 N-A 0.000 0.000
N-A 0.000 0.000

N - A 0.000 0.000
%  N - A 0.000 0.000
Binding
anarat. -0.26 -026 -0.28 '0,25
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A B c D

Potential Energy - 2 C 0 ? - 2 6 9 9 • 10. t o - 3 7 3 #
Kinetic Energy 13. ? S 1 3 . 7 5 1% ? 5 1 1 ?  S ’

Binding energy - 6 . 3 2 - a s -70.25 - 7 1 S  6
Kappa 0 . 2 6 2 0 . 2 2 1 0 . 1 1 8 0 .1 3 7

Resonance admixture 8 . 6 ? 8.?0

Table 4. Results corresponding to the 
different sets of partial waves.

Fermi momentum: K F  =  1.26 fm -1 
Density: RHO =  0.135 fm-3
Average interparticle 
spacing: RM =  1.21 fm

Partial 

wave

Kappa

A B c 0

"S. N-N 0.02S 0025 0.013 0.073

%  N-A 0.0S8 0.0S i

X  A-A 0.0 o s O.ooZ
%A-A 0.003 o.ooS
8 i ndi ng 
enerqy -71.20 -10.77 -1559-1351

Par t ia l -
wave

Kappa
A B c D

'’f t  N -N o . m 0,0 Of 0.003 0.0 01

"ft A -A 0.000 0.000

SP, A -A o.ooo 0.0DO

sf t A - A 0.000 0.000
Bi ndi ng 
energy 1 0 1 7.12 U 9 1 .6 5

Par t ia l -
wave

Kappa

A B c D
JPo N - N 0.001 0.002 O.OOZ 0.002

N - A 0.001 0.002
yP0 A - A 0.000 0.000
?r0 A -A 0.001 0.001
Bi nai ng enerqy -258 -2 .5 8 \-m -2.93

? a r 11 a 1 ■ 
wave

Kappa

B c 0
:R, /V-/V 0.008 0.002 o.ooz 0.00?

N - A 0.000 0.000
N-A \0.008 0,003

CF, N-A 0.0 01 0.009

A-Ä 0.001 0.001

Partial-

wave

Kappa

A B c D

%  N -N 0.000 0.000 0.000 o.ooo

%  A-A 0.000 0.000

%  4 - 4 0.000 0.000

76j. A-A 0.000 0.000
Bi ndi ng 
enerqv -3.22 ■3.22 ‘3 2 ? -32+

Parti a l - 

wave

Kappa

A B c 0

3X, N-N 0.030 o.ozo 0.025 0.02S
N-N 0.061 0.070 0.003 0.079
4 -A 0.009 0.003

r0, A-A 0.001 0.001
7 a  a -A 0.021 0.023
*61 A -A 0.001 0.001
Bindingsnerv -73.28-7m

Parti a l- 

wave

Kappa

A B c D

N-N 0.000 0.000 0.000 0.000
JS, N-N 0.000 o.ooi 0.000 0.002

V * t - L 0.000 0.000
0.000 0.000

?P , A-A O.ooo 0.000

?6 , A - A 0.000 0.000

B i n d i n g
e n e r c v 1 . 1 0 1.26 I;1 1 0 1 . 2 f  i

Parti al- 

wave

Kappa

A B c 0
%  N-N 0.000 o.ooo 0.000 0.000
% N-A 0.001 0,001
%  N-A 0.001 0.001
s6, n-a 0.001 0.001
7A A-A 0.000 o.ooo
%A - A 0.000 0.000
r ß  A-A 0.000 o.ooo
%  A -A 0.000 0.000
Binding
energy -172 -7.72 -7.8? -1.8?

Parti al- 

wave

Kappa

A B c D

N-N 0.001 0.001 0.002 o.ooz
*F2 N-N 0.001 0.002 0.002 0.001
zPi N-A 0.001 0.003
?/> N-A 0.001 0.001
*Px N-A o.oos 0.005
"Fi N-A 0.008 0.002
Binding
enerav - m -V 7 -S.1S\-S.11\

Par ti  a l - 
wave

Kappa
A B C | 0

X  N-N 0.000 0.000 0.000 Vooo
?J5 N-N 0.000 0.000 0.000 \o.ooo
'n  N-A 0.000 o.ooo

X  N-A O.ooo 0.000

N-A o.ooo 0.000
%  N-A 0.000 0.000
Binding
enerav -0.91 -0.90 -o.zeVo.zs
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A B c D

Potential Energy -28S6 -25.2? -S M ? -35:55"
Kinetic Energy 2 1 0 1 1 3 . 0 1 2 1 0 1 2 1 . 0 1

Binding energy - S . S £ - 6 . 2 1 - 1 1 .  6 5 - i 2 . t r

Kappa 0 . 1 2 1 0 , 3 1 % 0 . 1 3 2 0 . 1  W

Resonance admixture 1 0 . 7 1 1 0 , } ?

Table 5. Results corresponding to  the 
different sets of partial waves.

Fermi mom entum : K F  =  1.36 fm-1 
Density: RHO =  0.170 fm-3
Average interparticle 
spacing: RM =  1.12 fm

Parti al- 

wave

Kappa

A B c 0

"S .  N - N 0 .0 3 1 0.03 7 0.021 0.022
%  N - A o m QMS
X A - A 0.009 0.003
s 0 . A - A 0.010 0.011
Binding
energy • w - m - i s . a -15.62

Parttal-

wave

Kappa

A B c D

0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0

% A-A 0 .0 0 0 0 .000

%  A-A 0 .0 0 0 0 .000

r&z A-A 0 .0 0 0 O M

Binding
enerqy - H M - m - w - m

Parti al- 

wave

Kappa

A B c D

^  zv-// O M 0.0% <2030 0 .0 1 0

N -M 0.0(>? o m O M o m s

^  A-A 0 .0 0 9 O .o o l

A -A 0.001 0.001
A-A 0.02? 0.02?

%  A ~A 0.001 0.002
Binding
enerv -ms -11.01 - m - m i

Partial-

wave

Kappa

A B c D

JÄ N-N 0.000 0,000 0 .0 0 0 OjDOO
/V-// 0 .000 0.0OS 0 .0 0 0 0.009

V* A-A 0.0 00 0 .0 0 0

J/>, A-A 0-000 0 .0 0 0

%  A-A o .o o o 0 .000

A ~A 0 .0 0 0 0 .000

Binding
pnprav 1.43 m 1.43 1?0

Parti al- 

wave

Kappa

A B c D

X  N - N 0.000 0.000 0.0 GO 0.000

%  N - A 0.001 0.001

%  N - A 0.001 0.001
%  N -A 0.0 01 0,001

1P ,  A - A 0.000 0 .0 0 0

%  A - A 0 .0 0 0 0 .0 0 0

A -A 0 .0 0 0 0 .0 0 0

r 6 j  A -A 0 .0 0 0 0 .0 0 0

B1ndi ng 
energy -236 -236 - 2 X 0 -2.60

Parti al - 

wave

Kappa

A B c D

"7?/V-/V COOS’o m 0.00 f 0,009
-’ P . A - A 0.000 o m

A - A 0.001 0.00 7
SZ  A - A 0.001 0,001
Bi ndi ng 
energy 2 ,1 8 I 3 ° i  I H O 2 .9 1

Parti al- 

wave

Kappa

A 8 c 0

N -N 0.001 0.001 0.002 o.ool
*F2 N - N o.ooz 0.003 0.002 0.002
ZP2 N -A o.oos 0.009
*F, N - A 0,001 0 .0 0 1

s Pi N -A 0 .0 0 ? 0.00?

s'F2 N -Ü 0.011 0 .0 1
Binding
.enerqy - 6.V? - L I } - m - m \

Parti al- 

wave

Kappa

A B c D

J Po N - N 0.003 0.003 0.002 0 .0 0 2

TP0 N - A o.ool 0.002
*Po A - A 0 .0 0 0 0 .0 0 0

yFo A -A o.ool 0.001
Bi ndi ng 
energy -3.12 -3 ,11 -339 -3 3 H Partial-

wave

Kappa

A B c D

N - N 0.000 0.000 0.000 0.000

N - N o.ooo 0,000 0.000 0,000

! /5 N - Ü 0.000 0.000

N - A 0.000 O.QoO
SK  N - A 0.0 CO 0.000

%  N - A 0.000 0.000
Binding
e n e r a v -0.00 -O S 0} -O S ? '0.56

Partial

wave

Kappa

A B c D

*/> N-N 0.011 0.010 O.OOQ o m

lP, N-A 0.000 0.001
sh  N-A 0.011 0.012
SF, N-A 0.009 o .o o s

7F, A-d] O.Ool 0.001
Bi ndi ng 
enersY . 11.77 11.63 1 %  \ w
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A B c D

Potential Energy - i o . n -3 7 ' . O S - n o  2
K1netlc Energy 2 6 . 5 2 2  O S  2 2 0 . 5 2 2 6 . 5 1

Binding energy - 1 1 0 - y . 5 3 - 1 1 . 3 2 - 1 2 . 5 1

Kappa 0 . + 0 S - O . n r o . u o

Resonance admixture 7 3 .  7 5 * 1 3 . 2 9

Table 6. Results corresponding to the 
different sets of partial waves.

Fermi momentum: K F =  1.46 fm-1 
Density: RHO — 0.210 fm-3
Average interparticle 
spacing: RM =  1.04 fm

Partial*
wave

Kappa
A 3 c D

"S. N-N 0.012 0.012 0.026 O M
%  N-A o m 0.0?
X A - A 0.005 o m
% A - A 0.012 0 .011

Binding
energy - i m - W f • m e - m

Partial-

wave

Kappa

A B c 0

'’P iN -N o m O M 0.005 0.005
"P. A -A 0000 0.000

a - a 0.001 0.001
A -A 0.001 0.001

Binding
energy M 2 m 3 .W

Partial- 

wave

Kappa

A B c D

yPo A/-/V 0.005 0 .0 0 5 0.003 0.003
SP0 N -A 0.003 0.001

\ 0 .0 0 0 0.000

?Fo 4 -ä 0.002 0.0 01
Binding
energy -3.6'5 -\LH -3.36 -3.36

?artial• Kappa

wave A B c D

* ! '  N - N 0.01 f 0.0ft 0.005 o m

^  N - A 0.001 0,001
*2 , N -A 0.015 a o i7

N -A 0.006 0.0 07
7F , h -l) 0 .001 o.oci
Binding 1 5 .I0 \ 15 3 }\1 I0 2  \15 M

Partial-

wave

Kappa

A B C 1 D

\  N -N 0.001 0.001 0.000 0.000
%  A-A 0.0 00 0 .0 0 0

%  4 - 4 0.000 0,000
A -A 0 .0 0 0 0.000

Bi nding 
energy -5:88 -5.88 -5.25 -5.25

Parti a l- 

wave

Kappa

A B c D
\  N-N 0M 3 0.OY5 0.016 0.036
‘0, N-ti 0.071 0.082 0.062 0.070
%  A -A 0.005 0.00 f
7f>, A -A 0.001 0.001

a - a 0.026 0.011
0.001 0.002

Binding ensr v -15.3d -15.6? -16.71

Partial-

wave

Kappa

A B c 0

5& N-N 0.000 0.000 0.000 0.000

7S, N-N 0.000 0.003 0.000 0,005
A-A 0.000 0.000

0.00 0 O.ooo
?A A-A 0.000 0.000

% A - A O.ooo o.ooo
3i ndi ng 
enarflv. . 1.95 2.35 1.^5 2.27

Parti al- 

wave

Kappa

A B c 0
X  N -N 0.000 0.000 0.000 0.000
%  N -A 0.002 0.001
%  N -A 0.001 0.001
%  N-A 0.002 0.001
7A  A-A 0.000 m o

% A - A 0.000 0.000
A-A 0.000 0.000

% ä - A 0.000 0.000
Bi ndi ng 
energy -5.15 - m -3.51 -3.51

Partial - 

wave

Kappa

A B c 0

N -N 0.001 0.001 0,002 0.002
?F2 N -N 0 .0 0 1 0,001 0.002 0.002
ZP2 N-A 0.006 0.006
*Fj N -A 0.002 0.002
*Pi N-A 0.010 0.010
r F2 N-A o .o n 0,01?
ainding I _jdu. il 
enerav 1 ° . ~ T -8.28 ' i . i m 2 6 \

Parti al- 

wave

Kappa

A B c D

JF2 N -N 0,000 0,000 0,000 0000
7Pt  N -N 0,000 0.000 0.000 0.000

N -A 0.000 0.000

Y , N-Ü 0 .0 0 0 o.ooo
N -A 0 .0 0 0 0 .000

%  N -A 0,000 0,000

Bi nding 
a n p r ov -0 .85 *0,83 -0.20 -0.73
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A B c D

Potential Energy - n s s -32.0? - n  ?2 -V2.72
Kinetic Energy 30.28 10.28 10.28, 10.28
Binding energy -1.S? - 7 . 7 5 -11. ? S -11.2 H-
Kappa O .M l 0.988 0.7 i S 0.780
Resonance admixture 16. 7^ 1 6 . l t

Table 7. Results corresponding to the 
different sets of Partial waves.

Fermi momentum: K F =  1.56 fm_1 
Density: RHO =  0.256 fm~3
Average interparticle 
spacing: RM =  0.98 fm

Partial-

wave

Kappa

A c C D

"S. N - N o.otäfrm 0.051  0 .011

%  N - A 101 °j0.012
X  A-A j 'ices 0.005
%  a - a  l a o n 0.01S
Eindir.g M r no 
energy 1 J f f l - m \ - w o

Parti al- 

w a v e

Kappa

A B c D

Pi U ~ N 0,001 0.00? O.OOi 0.0OS

r t A - A 0 .0 0 0 0 .0 0 0

sPi A-A \0.001 0.001
ß_A -A 0.001 o .o o l

Binding 
, energy ?.?6 m w i \ m

Parti a l 
wave

Kappa

A B c D
Jr0 N-N 0006 0Mt> 0.00? 0.00?

N-A o . m 0.00V
?£ 4 - 4 0.000 0 .0 0 0

?Fo A -A 0.001 0.001
Binding
energy - m -t.12 ’156 - 9 S 6

r
P a r t i a 1 ■ 

wave

Kappa

A B c D

*/> n -n O M 0.01} 0.0 OS o .o o s

^  A/-4 0.001 0 .0 0 1

^  /V-4 0.020 o m

^  yv-4 0.008 0.010
4 -4  000J 0 .0 0 1

Binding j™ ^  
ener«v 19.2? 1 1 .6 8 1 G 0

Parti al- 

wave

Kappa

A B c 0

\  N-N 0001 0.001 0.000 0 .0 0 0

%  4 - 4 0.000 0 .000

%  4 - 4 0 .0 0 0 0.000

7&z  A -  A 0.000 0 .0 0 1

Binding
enerov - m -7 .S 6 -7 .S 1 - 1 5 7

P a r t i a 1 - 
wave

Kappa

A B c D

n - n Ö052 0.052 0 . 0 f 3 0 M 2

N - N 0.0 O M o.o  n 0 .0 7 8

4 -4 0.006 O.OOS

?/), 4  -4 0.002 0 .001

Zl-4 0 0 3 ? 0 .036

’£ , 4 - 4 0 .001 o .o o i

Binding 
entry . .w - m

V—
- 

• ■ v .o s

Partial - 

wave

Kappa

A 6 c D

N -N 0.000 0.000 0 0 7 /

%  N -N 0.000 0 .0 % 0.000 £200<?

4 - 4 0.000 o .ooo

4 - 4 0.000 0.000
?A  A -A £ 0 0 0 0.000
?6 i  4  - 4 0.000 0.000
Binding
enprav 2 . ? 8 3.72 2.V5 2 . %

Partial - 

wave

Kappa

A B c 0
X  N - N o.ooo 0.000 Q .o o o \o .o o o

%  N - A 0 .0 0 1 0.002
%  N-A 0 .0 0 1 0.002

% N - A O.ooi 0 .0 0 1

A-A 0 .0 0 0 0.000
%  a - A 0 .0 0 0 0 .0 0 0

%  A-A 0 .0 0 0 0 .0 0 0

r 6 ,  A -A 0.000 o.ooo
Binding
energy - v o - m - u s - U l

Parti a l - 

wave

Kappa

A B c D

N -N 0.001 o.ooi 0.002 0 .002

*F2 N - N 0.00+ 0.00? 0.001 0.002
zPi N -A 0.008 0.008
?/> N - A 0.001 0.001

N -A 0.011 0.011
f F2 N -A 0.013 0.018
S i no i ng 
enerav - m o - m t -12.71 -77.931

Parti al - 

wave

Kappa

A B c D

^F, N - N 0 . 0 0 0 0 . 0 0 0 o.ooo 0 . 0 0 0

Ja N - N o.ooo O .ooi 0 . 0 0 0 0 . 0 0 0

2ß  N -A 0 . 0 0 0 0 . 0 0 0

5/j N - A 0 . 0 0 0 o.ooo
* ä  N - A o.ooo 0.000
%  N - A 0 . 0 0 0 o.ooo
Binding
p n o r a v -1 .1  (> -1.12 -1 .1 0 -1 .0 8
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Table 8.

ai a2 03 d\ bi b2 &3 64

A -  36.85 127.61 -  186.5 56.15 25.67 -  66.31 61.14 -  16.29
C -  58.80 172.69 -  206.4 49.64 12.21 -  31.27 31.41 ■ 6.86

it is possible to deduce a one- and a two particle 
equation concerning the ground state | Wy which 
contains the resonance-configurations explicitly.

Specializing to nuclear m atter the one-particle 
equation is trivial while the two-particle equation 
turns out to be a generalized Bethe-Goldstone- 
equation.

To solve the systems of integro-differential 
equations which represent the two-particle equation, 
the interactions containing resonances are described 
by potentials, which we have calculated using the 
static limit of the meson theory. The interactions 
involving only nucleons on the other hand are 
described with the help of the phenomenological 
Reid-potential. Of course the Reid potential was 
renormalized first in order to reproduce the 
experimental two particle dates (scattering phase- 
shifts; binding energy of the deuteron), although the 
resonances were treated explicitly. The numerical 
results, we want to discuss now are given in detail 
in the Tables 1 — 7.

A nuclear m atter calculation which takes only 
nucleonic-configurations into consideration shows 
saturation properties as represented in Figure 3. 
If  the resonance configurations are treated explicitly 
we get the saturation properties shown in Figure 3. 
Comparison shows th a t the explicit treatment of 
the resonances moves the equilibrium point con­
siderably — the density as well as the corresponding 
binding energy. Treating only nucleonic-configura­
tions we calculate a maximum binding energy per 
nucleon of 12 MeV and a corresponding density of
0 . 2 1  fm-3, while a calculation treating the resonances 
explicitly amounts to 7 MeV per nucleon at 0.117 
fm~3. The “experimental” equilibrium point is 
determined by 16 MeV per nucleon and 0.170 fm-3.

Although treating the resonances explicitly 
expands the configuration space considerably the 
calculated equilibrium point does not move towards 
the experimental point — as one might hope 
perhaps — but moves away considerably. Another 
effect worth mentioning is the fact that the explicit 
treatm ent of the resonances nearly doubles the 
value of the defect integral x, as shown in Fig. 5

E /a [MeV]

- 6

-7  -

- 8  -

- 9 -

- 1 0 -

-11 -

-12  -

-13

-14 -

-15 -

-16 -

resonances neglected 

S i  involved

+  ( empirical po in t)

0,96 1.06 1.16 1.26 1.36 1.46 1.56 

Fig. 3. Saturation properties in nuclear m atter.

E/a  [MeV]

KF
[fm"1]

resonances involved 
2

S 2 neglected  
resonances involved 
S? involved

resonances neglected

neglected
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and 6 . The defect integral x tells something about 
the energy contribution due to three-particle 
correlations compared to the energy contribution 
due to two-particle correlations, see Reference [12]. 
Because of x we should expect an energy contribu­
tion of 5 to 6  MeV due to three particle correlations 
instead of 2 to 3 MeV as estimated by some authors 
[6 , 13]. Strongly correlated to the magnitude of the 
defect integrals is the resonance admixture as 
shown in Figure 7.

A calculation done for the saturation density 
q =  0.117 fm - 3  produces a resonance admixture of 
nearly 8 %. I t is worth mentioning th a t the delta- 
delta-components of the ground state wavefunction 
contribution to this value is nearly the same as th a t 
of the nucleon delta components, to which Day 
and Coester did restrict [14],

Altogether we can say that the explicit trea t­
ment of the resonance in nuclear m atter shows 
significant effects. To draw conclusions concerning 
the two particle potentials we have used we have to 
ensure a t first that the calculated effects are not 
reduced due to an unreasonable application of many 
body theory nor to a faulty numerical calculation 
of the two particle equation. For the following 
reasons we believe the probability for this to be 
negligible. First of all doing the numerical calcula­
tion of the two particle equation we have used only 
controllable approximations. A look a t the extensive 
description of our numeric in Chapter 9 shows th a t 
we are sure to solve Eq. (6.15) indeed and not 
something else. Next our program is able to compute 
the known nuclear-matter (all resonance neglected) 
as a special case.

The results agree with earlier calculations, a hint 
that our program works correctly. At last our 
numerical results become credible by the fact that 
comparable calculations based on the Bethe- 
Goldstone equation produce similar results. Green 
and Niskanen [15] conclude th a t the explicit 
treatm ent of the A -resonance produces an equilib­
rium point q — 0.117 fm - 3  and E pot =  8 MeV. Day 
and Coester [14] calculate a binding energy E bin =  
5 MeV corresponding to a density q — 0.170 fm-3.

For the following reasons one should not deduce 
the remarkable resonance effects to a faulty 
description of the resonances by the many body 
theory. We have mentioned already th a t we treat 
the resonances like excited nucleon states. Our 
description of the resonances in nuclear m atter is 
consistent to that in the two particle system [16, 
17]. This is important, because the Reid-potential 
is fitted to reproduce the experimental data (scatter­
ing phase shifts, binding energy of the deuteron) of 
the two particle system.

There are two problems howrever, wdiich are 
typical for a many body calculation and which are 
worth thinking about. On the one hand one has to 
check if it is reasonable to neglect three- and more 
particle effects. On the other hand one has to think
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about the correct way to treat the important Pauli 
projection operators. Both problems don’t exist in 
the two-particle problem. Concerning the three- 
and more particle effects we already said something 
above. The contribution to the binding energy due 
to three- and four particle effects are not known yet. 
The estimates concerning these effects differ con­
siderably. Probable — hopefully — these effects 
are small. Moreover we don’t see a reason why three- 
and four particle effects should be more important 
if one treats the delta resonances explicitly. Thus 
we are convinced that our restriction to two- 
particle effects is justified. Concerning the correct 
treatm ent of the Pauli projection operators when 
resonances are involved we see a problem which is 
somewhat more complicated. If  two nucleons 
scatter in the Fermi sea there are only two possi­
bilities for the final state because of the Pauli 
principle. Either the nucleons scatter back to their 
original one particle states or they leave the Fermi 
sea. The Pauli principle therefore limits the possible 
interactions very strongly. The picture looks differ­
ent if a t least one of the nucleons changes it’s 
internal structure — becomes a resonance —caused 
by the interaction. The spin as well as the isospin 
quantum numbers of the resonances are different

U(k) [MeV]

from that of the nucleon. So the scattering of the 
delta is not restricted by the Pauli principle and it 
may scatter to a point in the fermi sea. The Pauli 
principle in this form favours the delta production. 
If  on the contrary one looks at the deltas as a 
resonant nucleon-pion state, the Pauli principle 
should forbid scattering in the Fermi sea with 
respect to the nucleon involved in the resonance 
state. In  this way the resonance production is not 
favoured. We treated the Pauli principle like Day 
and Coester [14].

Treating the Pauli principle in our way is con­
sistent with the concept of the delta as an excited 
nucleon. Treating the Pauli principle the other way 
one should consistently solve a three particle 
equation — two particles being nucleons and the 
third being a pion. We conclude th a t the remarkable 
effects we get by treating the delta resonances 
explicitly should not be traced to a faulty numerical 
calculation nor to an inadequate treatment of the 
deltas by many body theory. The question is now 
which shortcoming of our two body potentials may 
be responsible for the discrepancy between theory 
and experiment.
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The two-particle-potential we have used can be 
devided into two parts. The nucleon-nucleon 
interaction is described by a modified Reid- 
potential. The interactions which involve resonances 
are described by meson theoretical potentials.

To use the Reid potential in nuclear physics is 
meaningful only because this potential permits the 
reproduction of the experimental two particle data. 
Only the long range part of the Reid-potential is 
determined by the one pion exchange. The fact, that 
there exist lots of “phase shift equivalent” poten­
tials shows however that a potential is not uniquely 
determined by the experimental two particle dates. 
The remarkable shift of the saturation point caused 
by the explicit treatment of the resonances should 
be a hint th a t the two particle interaction is deter­
mined by a lot of competing effects which have to 
be studied carefully if one wants to describe the 
two particle interaction in a realistic way. The 
discrepancy between theory and experiment which 
is enlarged by our calculation should not cause the 
rejection of our resonance potentials but should 
intensify the demand for diminishing the pheno- 
menologically part of the two body interaction.

On the other hand we do not want to conceal that 
the theoretical description of the resonance poten­
tials should be improved. Calculating resonance 
potentials one is confronted to some critical points. 
For an overall discussion see Reference [11].

The remarkable effects concerning the saturation 
properties of nuclear m atter we calculated by 
treating the resonances explicitly show that it is 
very important for nuclear calculations to treat the 
baryonic degrees of freedom as precisely as possible.

A better understanding of the two particle inter­
action can result only from a mesonic treatment of 
the interaction. To extend this treatment will be 
the task for the near future. In  this context a 
nuclear m atter calculation proves to be a very 
sensible instrument for testing the two particle 
potentials.
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