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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 Schrodinger-Equation of the ground state of an
A-particle fermion system with the help of the exp (S)-formalism one obtains a system of 4 coupled
equations which all together are equivalent to the 4 particle Schrodinger equation. Neglecting
three- and more particle forces as well as more particle effects the ground state of the 4-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 A-A-partial waves are
comparable to those produced by N-A-partial waves. Transitions from the N-N channels to N-4
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).

1. Introduction

Nuclear matter is a hypothetical system of an
equal number 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. It seems meaning-
ful for the following reasons to get down to such
a system.

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

Next we may expect that nuclear matter calcu-
lations can be helpful in deciding which two-body
force is realistic. A two-body force that does
produce a very unreasonable saturation curve or
doesn’t cause saturation at all can be discarded.
Finally we note that the fact that nuclear matter is
a hypothetical system doesn’t mean that nature
didn’t realize many-body-systems which are not
describable by nuclear matter methods.

All nuclear-matter calculations done so far
within the framework of Bethe-Goldstone-Theorie
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[3, 4, 5], show a remarkable effect. For various
N-N-potentials the calculated saturation points lie
on a narrow band in the energy-density plane that
doesn’t contain the “empirical” point

(0, 00) = (— 16 MeV, 0.170 fm~3) [6].

Derivation of a two particle equation for nuclear
matter {from the exp (S)-theorie leads to a generalized
Bethe-Goldstone-equation. The result of a numeri-
cal calculation based on this two body equation
consists in about 0.5 MeV more binding energy at
saturation density than comparable calculations
based on the Bethe-Goldstone equation. Numeri-
cally this calculation is about 100 times more
extensive than that done by Kallio and Day [3].
Nevertheless we still miss about 4 MeV binding
energy. So we come to the conclusion that processes
including only two nucleons are not sufficient if we
want to obtain the correct saturation point for
nuclear matter. Recently 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 two-particle equation. Instead one tries
to treat three and four-particle effects by solving
the corresponding equations. Following this way
one has to deal with 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 into consideration. Without
serious approximations these forces cannot be
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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 but gives up the restriction of
dealing with proton and neutron alone. Instead one
tries to take into account the excited nucleons the
resonances explicitly. Unfortunately this way too
is not without problems. One problem is to be seen
in the description of the two-body-interaction. One
can’t calculate such potentials without using free
parameters. 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 with an enormous numerical
problem. By taking into account all partial waves
with total spin up to J =2 we get integro-differen-
tial systems coupling up to eight partial waves. So
numerical calculations takes about twenty times
longer than calculating the ordinary nuclear matter
problem.

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

The exp(S)-formalism gives the possibility to
describe correlations of any order to the shell-model
systematically without making use of diagramatic
methods. By restriction to a definit order of the
correlations one gets equations which are generalized
Brueckner-Hartree-Fock-, generalized Bethe-Gold-
stone-equations ete.

We know that the ground state of a nondegenerate
A-nucleon-system |¥) can be created from a shell
model determinant | @) by:

|¥) = exp(8) | @), (2.1)
4
l®>:Hav+[O>§ S = ZSn, (2.2)
v=1 n=1
Sn = B N s (2.3)
" (7’”)2 01...0n = = '
“{o1-..0n|8a|?1...vn)rQ,, ... q,,.
The operator S, destroys n particles »; ... v, in the
Fermi sea and creates n particles o1 ... 0, above

the Fermi sea. This means that exp(S) develops
| ¥ in form of n-particle-n-hole-excitations out of
| @). The occupation probabilities for these excita-
tions are determined by <{p1...0n|Sa|v1... va).
The fact that we just use the operator exp(S) for
this development is justified by a proveable linked
cluster theorem concerning the S, . This means that
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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 number A. Demanding that |¥) is a
solution of the Schrédinger-equation and normaliz-
ing (@|¥)=1 one can derive equations for the
correlation functions connected with the S,.

@1 . Zn|Sn|v1...v004
= z <x1|91> <xn|9n> (2.4)
01...0n
-<gl...gn]Snlv1...vn>A.

It is important that we are able to choose a shell
model determinant such that all contributions
corresponding to S; vanish.

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

(D], (2.5)
<¢]a;’1a(x1) . (2.6)
(D|a; a;j,a(x2) a(x)) ete. 2.7

This leads to a system of 4 coupled equations which
alltogether are equivalent to the Schrédinger
equation. Particularly, we obtain:
(D|Hes|DPy)=E (2.8)
(D|a; a(x)) Hes| D> (2.9)
— <(I>]Hesl<15><¢|a a(z)es|P) =0,

(D|a}, a;,a(x2) a(xy) Hes| D) (2.10)
—((D|Hes[(15><(1§[a,la a(xs) a(zy) es| D)y =0,
Equation (2.8) is named ‘“one-particle-”, (2.9) is

named ‘‘two-particle-equation”.

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

(D|af,...af a(x1)...a(xa) | )

=@ k| Pal vy (2.11)

closely related to the functions

x1...Za|Sn|v1...¥ad>
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(see Ref.[1, 2, 7] and Chapter IV). Treating this
system of equations one obtains finally

E=3|T|v

-+ %Z(v v | VW2 vv)a (2.12)
describing the groundstate energy
(o1 | T|v1) — E (2a|v1)
+ > lxv| T2 Pa|miv)a (2.12)

+ 2 xrv| VieWa|vivada

+ %Z(zl vy’ | VazWs|v1 v )a =0 (2.13)
for the “‘one-particle’” equations and
12| (T, + Ty,) Vo | viveda— E (122 | Wa | v1v20a

+ (o @2| Vi2We|v1vada
+Z<x1 xzv‘ T3'1U3|‘Vl Y2V)A

+ > (xr @2 v| VisWs|vivav)a

+ D> <mrxav| VesWs|viv2v)a
v

(2.14)

+ %Z@lxzvv'|V34'1U4|1’11’21’V'>A =0
vy’

for the “two-particle’” equations.

We see that the one particle equations as well as
the two particle equations are connected to ‘‘higher”
correlations particularly by W3 and ¥j.

We want to restrict ourselves to one- and two-
particle effects. Thus we have to neglect these
higher correlations. Let us examine for example the
matrix element {x; » v’] VasWs | v1vv" )4 which couples
the one-particle equation to the three-particle
equations.

We decompose:

Cayvy' | VasWs|v1vv'a
= oy [{x1 23| V2| vavs) {x1|v1)]
+ {x1 22 23 l Vas xg_)g) | Y1V2V3)A ,
(rrawaas| y$ | vivevsya
= oy [{w1 2| Sz |v1v2) (23| v3)]
+ oy [{x1 23| S2 | v1 v3) (22| ¥2)]
+ (wy @2 23| S3|v1v2¥3)A

(<7, antisymmetrizes with respect to the »).

Now we see that neglecting third order terms in
this case means neglecting ys. This term is finite
because the Vez W3 — as well as the V¥s-term must
be finite, while neglecting the S3-term alone would
lead to the infinite V.Ss-terms.
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II1. Identical Particles

One can characterize a particle completely by
specifying the kind of particle (a, b, ¢, ...) and the
quantum mechanical state (ki, k2, k3, ...) the
particle occupies.

Definition. Two particles a,, and by, are said
to be identical, if there exists no observable operator
which distinguishes the two particle state |ay, by,>
from the two-particle state | by, ay,).

Another way to say this is the following: Two
particles a,, and by, 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 third
way to state this definition is: Two particles ay,
and by, are identical particles if there exists an
interaction which puts particle @ in that 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 marks used to distinguish
the particles are exchanged too and become
meaningless with respect to identifying the particles.
Such particles have to be viewed as identical
particles in (perhaps) different quantum mechanical
states. A two-particle system consisting of two
such fermions must therefore be antisymmetrized.

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

Consequently we have to antisymmetrize the
N-N* system. Equivalent to this is that the corre-

N A A A N A

N A

(b) (c) (d)

(e) (f) (9)

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 must
anticommute.

ay+ay = — AN ay+; AyeAy = — Ay ake;

AN+ af\- = — a} AN+ .

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 start with an Hamiltonian containing
only two particle forces.

A
H=3{Ti+Hu()}+ 12 Vy. (4.1)
i=1 i

%]

T; is the kinetic energy operator of particle ¢, Hip
the so called intrinsic hamiltonian of particle 7 and
V;; the interaction operator of particle ¢ and j. The
eigenvalues of Hiy are defined to be the resonance
excitation energies.

Hin |ty =0 if | ) is a nucleonic state,
Hyn | N*y = (M* — M)|N*)
if | N*) is a resonance state, (4.3)

(4.2)

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

(N1* |Hin | No*) = (Ma* — M1*) b12.  (4.4)

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

(N | T| No*y = (Ni* | T | Mi*y bz (45)

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

The “exact” ground state wave function of a
nondegenerate A nucleon system |#) is obtained by

|¥) = exp(R)| D) (4.6)
from the shell model determinant | @), with
A
R=>R,, (4.7)
n=1
and
P Z - + 1
R = al ...al a, ...a,
- M (n))?
<Ql ~--inRn,0 Y1 l’n>

W. Manzke -
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L 1
+ + +
+Z Z By Ggg - Bgp By -+ By —— 0
1=1 A1%ps...0n (n)
Y1..:¥n
-<Ali()2...gn|Rn,1|v1 ‘Pn\
4+ - (4.8)
& 1
+
+ Z aye...a4a,, ...a, =
i, =1 A A (n!)
Vi...Vn

'<A1i...Anl|Rn,n|‘l«'1...'Vn>.

The amplitudes R, ; are n-particle-n-hole excitation
amplitudes including j resonances.

The creation and destruction operators obey
anticommutation rules whether or not they belong
to the same kind of resonances. Of course this leads
straight forwardly to totally antisymmetrized
wavefunctions.

If we characterize by 61...0, empty one-
particle shell model states one may use the known
formalism of the exp (S)-theory.

A
| P> =exp(8)|P>; 8 =2 Su; (4.9)
n=1
= 7 + A
Sy _ol.z..ana"‘ ..aia, ...a, )2 (4.10)

S, are amplitudes now corresponding to n-particle
and (not necessarily nucleonic) n-hole excitations.
We must 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...7L|'}7"|‘V1...‘Vn>A
={D|a},...a}.an)...a(l)|F>.

The creation-
connected by:

at(z) = 3 (alwy agt; a(@) =3 (@|o) aas

and destruction operators are

ay = [dz{a|z)a(®);
ayt = [de(z|a)at(z),
|«) being some resonance- or nucleonic state. The
¥, can be expressed by the S; just as is done in the
“old” formalism.
A.oon|Palvr...va0a
=2 Z szdv[<lsi‘><|si|> <ISm|>]

all terms of the . .
following structure t+9+-+m=n

(4.11)
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+ Spp sy [{1...8|v1... v - | 8m D] «, B, y. O characterizes any one particle state.
s+j+--+m=n Demanding (®|¥)=1and H|V)=E|P)itisa
+{don|vr.vada simple matter to show that:
+ < ...n|Sa|v1...vnda (4.11) E =3 | TP v
For simplicity we define: + 1>V |VP:|vv')a. (4.15)
Lot ity = Ly () In Chapter IT the following equation was called
The Hamiltonian H — 7' 4 V can be written with  ?-particle equation.
the help of creation and destruction operators: (D|a;,...a} a(n). n|¥) (4.16)
H = a|T|B> ax*ag* :E<(p]a”. .t a(n). 1)|®>.
af

L 1S <aB| V]y 8y agt agtasay; (4.13) We know H=T+V an.d define: Tz.:= <x| T|x).
F; As an example we manipulate the kinetic energy

s
i term.

[de T2({D|a;,...a},a(n)...a(l)a*(x)a(z)|¥>.
a*(x) a(z) is “shifted”” now between a;, and a(n). Doing this leads to
fde T, (D|a;,...a},a(n)...a(l)a* z) | ¥
ijde,,.«p] weaham)...a(l)d(x —z)...a(l) | ¥ (4.17)
) +J.dxTz(dila,Tl..‘ajnaJr(x)a(x)a(n)...a(l)]‘I’).
Using a* (x Zaoﬁ {a|x) and defining
Aony| Pona Wana v v )= [dap|ad Tol...nz| Pnsr [91... 709D (4.18)
we finally get:
(D|a,...a

Vn

(n)...a(1) T|¥>

I
u'[v]g a

Ticl...n|Pa|v1.covada+ 2 ...ny| Tasa Poa|71... 9294 (4.19)

i=1

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

(z Ti— E)<1n|’1’n|v1 vn>A+ Z Vi,-<1...n|‘lfn|v1...v,,>A
i=1

1<j=n

—{—Z(l...nvli’n+1¥7n+1l'vl v,,v)A—J[—ZZ(l nv|Vi'n+1‘F,,+1[v1...vnv>A (4.20)

=1

+%Z<1...nvv’| Va1, ne2 Pz |[v1... v v Da=0.
Restricting to n = 1 we obtain the one particle equation
(Tl — E) <1]1.P1[1’1> - z<lv| Tg’f’g]vl YoA
—}—Z(lv[ VYI2|V11’>A—{—-12~Z<1‘V1"| Vzall’alvlvv'>A:0. (4.21)

We want to restrict ourselves to one and two particle effects. So we have to neglect the three
particle effects connected by Ve3¥Ws to the one particle equation.
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Doing this and eliminating the macroscopic
energy E by Eq. (4.15) we obtain the one particle
equation:

A TP v) — > AP w) | TP v
+Z(lv[T282|v1v>A—{—Z(lv]l"f’g]vl IOIN
— 2<1 [Pi|vy<v o' [ VW2 mv'ya=0. (4.22)

Next we engage in the two particle equation, i.e.
n=2. Equation (4.20) reduces to.

(T1+ T2 — E) (12| W2 |v1ve)a + 12| VW2 |v1v2)a
+ > 12y| T3Ws|vivav)a

+ z<12v l V]g'fpalid V2 V)A
+ > 12y | VagWs|v1v2v)a

+%Z<12vv'|V34’1U4|v1vzvv’>A:O.

(4.23)

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

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

<12|5(T1 + T2) Sa|v1va)a + <12|é'rsrf2 EXON
— Z {12 82| v1v2)a (¥ T¥:| vy
v + (12| Sa|v1 v2)a % <v| T¥1|v2)}
—Z{<12|S2]W2>A<w'| VWa|viv'ra (4.24)
’ + 12| 8o |v1 v DAy |VWa|vv2)a}
+ %Z<12!S2|v”'>A<V”Il VW3 |v1v2pa=0.

4
The operator  is introduced for simplicity and is

defined by: 6 =(1—=%(1) -1 —P1(2).

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

Nuclear matter is defined to be an infinit system.
The uncorrelated ground state is build up by an
equal number of protons and neutrons. The total
momentum must be constant in time and we are
allowed to put it zero. Consequently each slater
determinant which occurs in any development of
this ground state must have the same total momen-
tum zero. Translational invariance of such a system
causes the uncorrelated one particle wave functions

W. Manzke - The Effect of the 4 (1236)-Resonance in Nuclear Matter

to be momentum eigenstates. The “exact” A-par-
ticle state |¥) is described by the exp (S)-formalism
by developing the uncorrelated ground state deter-
minant |@) with help of n-particle n-hole excita-
tions.

|¥) = exp(8) | D).

A

We know that the A-particle state [d~7> which is
built up by |®)=exp(S1)|P) as a part of (5.1)
can be described again by a determinant. Con-
sequently we always can find a ground state
determinant | @) in (5.1) which makes one-particle
one-hole excitations in (5.1) redundant. In finite
nuclei the determination of such a | @) is d&quivalent
to the determination of the “*best’ shell model wave
function. There it is a hard problem. Not so in
nuclear matter.

We know the one particle wave functions to be
plane waves and so are allowed from the beginning
to put the nucleonic part of S; equal to zero. The
attribute “‘nucleonic” in this context means that
the particle influenced by S; remains a nucleon.

Let us first consider the one particle equation.

A|TPi|ny — > AP
+z <1v|T2S2|v1v>A -J,-Z<11’|VW2’1’1’V>A
—Z(I]Y’llv><vv'|1"‘1”2[v1V'>A:0-

V) <V| Tgll ‘1’1>

(5.2)
The terms of (5.2) simplify in the following way.
z A vl TQSQ [ VIV)OA
=2 1y|To|apy{ap|Sa|nw)a  (53)
vaf
=> Ay | T|)<av|S2|v19)a,
v S—— —m—m

Z(lv'V‘flzlvl’lQA -
= Z(lv[ocﬂ) {a B| VW2 |v1v)a (5.4)
vaf

=Z<1 ]v1”> <v1"v|VSUz[v1v>A.

v1# characterizes a one particle state with momen-
tum v;. x characterizes nucleonic — as well as

resonance states. Z means summation over all
b4

intrinsic excitation states of the nucleon.
Z<1|WI‘1’> ' | VW2 |vv'a
=> A|Pr|v) nv| VW mvpa.  (

_Q(
Ot
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Thus the one particle equation is of the following
form.

A T¥: vy — <L WPh o) n | TP | v
+ 2 A m% (v | Vs |m1)a

—Z<1|Y’1]v1><v1v| VY/-g‘V1v>A=0.

(5.6)

We define »;4 to be a resonance with momentum »; .
Then we can eliminate the nucleonic part from the
last two terms and obtain:

A TP v — A1) | T v
-+ Z<1|v1"> <v1"v| Vl.{/2|111 YOA
vA

— D> 1| 81]v1) (miv| VWPa|vivpa =0.

(5.7)

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

A|T|v) = |v)> n|T|v)>=0,

which proves that the |») are momentum eigen-
states.

(5.8)

Using (5.8) and defining an energy denominator
by

a4 ~

€1 — T — <v1| T] 1/1> == Z <1!1 'Vl V'I’glvl ’V>A (59)

one finally gets the following one-particle equation:

a4
<1181S1|v1> = — Z(llrl/j) <1114 ’VI VT2|1/1‘V>A.
e (5.10)

The two-particle equation (4.24) is simplified in the
case of nuclear matter as follows:

4 4

1. The operator  in <12]Q(T1+T2)Sglv1v2>A
disappears because S projects out of the Fermi
sea and T as well as T is diagonal in the one
particle representation.

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

' | VW |voda = v o' | VW2 vy DA, .

Taking this into account the two particle equation
obtains the following form:

a4
<12|(T1 -+ Tz) Szl’vl o)A -+ <12|QVY’2]1!1 Vo)A
— <12|S2[71v2>A<v1|T|v1>
— <12I82|‘V1‘V2>A<‘V2| TI’V2>
—Z {<I2ISQ|V1VQ>A<V11!| V’I’g|v1v>A
T 12| Sa|v1veda (v wa| V2| v wada}
+ —;—Z<12182|vv'>A<vv'| V¥ |vivepa=0.

(5.11)
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We define a two-particle energy denominator by

é42= Ty 4+ T — <v1|TIv1> —<72]Tl‘112>
—z<v1v] VW |v1iv)a

—z<vvle¥’2|vvz>A

and after adding <l2|é42¥’1(1)SU1(2)]vlv2>A to
Eq. (5.11) Eq. (5.11) assumes the following form:

<12]§2 Sa|v1va)a = <12[32'P1(1) Y1(2)|v1v2)a

4
— (12|QV¥3|v1v2)a (5.12)
— %Z<12]Szlvv'>A<vv'[VY’2]v1 voda=0.

We see that the one- and two-particle equation
couple, because ¥; occurs in Equation (5.12).

Let us have a look at this mechanism of coupling.
According to the definitions we have made we can
write :

2|2 P1(1) Pa(2) | m1v)a
= o, [1| T1P1|v1) 2| W1 |v2)]
+ [ | Pr| v 2| T1 W1 | v2)]
— {(‘Vl] ™, | 1) + <‘Vz| TP, | v2y (5.13)
—+ Z(‘vl 1}[ V‘P2|v1 YyA

—f—z<vv2| VW |vvapal
-}-Jf,,[<1|':{/1|v1><2|'{11]v2>].

Doing the antisymmetrization with respect to the »
explicitly, some terms can be comprised by the use
of the one particle equation.

Defining “one hole potentials” respectively “one
hole transition potentials” by

U, 3:Z<”“’| VW |vivia,
U,,‘A :=Z<vf’v\ V'I’zlviv>A,

(5.14)

(5.15)

we can write Eq. (5.13) in the following form:

<12|é’2¥’1(1)¥’1(2)|1’1 va)a

= = <12'1’1 VoA (Un + Uvz)

— > {12 9] v2)a U,a + 12| w1 v§>4 U,a}
a

— {1]v1) 2| 81| v2) — <2|v1><1[S1]92)} U,

+ {12 <2| 82| v1) — <2|v2) <1]81|91)} U,

= 2 > <2 81|22y — 2wi> 1| S| 720} Upg

+ 2, {1 2| 81|m)> — <2|v> <[ S1]n)} Uyg .
a4

(5.16)
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Using the one-particle equation, the S;-terms of
Eq. (5.16) can be eliminated in favour of one hole-
transition potential terms.

The one particle equation

4
{1]e181|v1)
= — > |y O v| VP2 v v)a (5.17)
vA

can be written as

Al <aler| By <B| S| w1

=Sy U,a. (5.18)
a4

<12!§121P2] niveya = — 12[nv)a- (U, + U,)

—Z<12|vaz>A U,,fi(l —
yil

—>12|nv§HaU,a (1 =
a4

+ > 12|vvi>a U,a U 4

A142

a4
— <12|QV¥/2[1’1 Vo)A — 3 Z<12]Sz|vv'> vy’

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

The fact that we are confronted with terms
containing one-hole-transition-potentials, the U 4
makes the treatment of the two particle equation
(5.21) very hard.

Fortunately we are able to proove that such
potentials are only possible if we are concerned
with resonances having the same quantum numbers
as the nucleon. As we are restricting ourselves to
the most important resonance, the A (1236)-
resonance, we prove that an U,4(1236) does not occur.
We have defined

Ud:=2 v v|VWa|vimia. (6.1)

|v) is a momentum-eigenstate and therefore
characterized by the momentum p, the isotopic
spin ( t3) and the spin (s n)

[v> 2 | pstts;sms) .
Concerning |»;"> the same is true

AN A ’ 3.
v 2| pista, th; simy,

We can prove U ,4(1236) to be zero by restricting our-
selves to the isotopic-part of the matrix-element

S1 concerns only resonance excitation. Momentum
conservation has to be required. So we get:

2D o | — Ty — T, o]
a
'<vf|Sl|v1>—}— U,,;‘}ZO.

Z sums up linearly independent terms. So

(5.19)

a4
Eq. (5.19) can finally be written:

S|y =—-U,a/(T,a—T, —U,). (5.20)

It is a simple matter to eliminate the S;-terms of
(5.16) with the help of Equation (5.20). We obtain
the two particle equation in the following form:

U,
Ty - (5.21)
1 l 1
Ta—T,—-U, Ta-—T,—U,
VW2 |v1v2)a.
vi'v| V¥ |viv)a . So we have to prove:
2. <385 ts| VWPa| tsf; 1ts) = 0. (6.2)
ts

V as well as ¥y are diagonal with respect to the
total isotopic spin. For this it is useful to write:

D385 hta| VW dtais S ts) = > (313, 1| TM)
ta TMts

(TM| VW |TMy{TM|}tsi;3ts>. (6.3)

From this expression it is straightforward to show
that:

2, <3 th; ¥ts| V2| 3 ts's 1)
ts

1 1 |
=2 a7 11 TIVEIT (=1
2T +1

211 d3j21/2 0%, 13t = 0. (6.4)

The two-particle-equation now gets the following
form:
12| eWe | v2)a = — 12|71 90 (U, + Us)
— <12|(3VY’2|1’1 v2)A (6.5)
— %—Z(lZ[Szlvv’}A v’ | VW |vv2da .
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We want to prepare this equation for numerical
calculation. To do this it is suitable to introduce a
new quantum number n which characterizes the
one particle components the two particle state is
made of.

We define:
n = 1 = N-N-state,
n = 2 = N-A4(1236)-state,
n =3 = /A(1236)-4 (1236)-state.
r; and ro characterize one-particle space coordi-
nates. Then we write the two-particle-equation:
{n;ry ,-21512'{/2| Liviva)a
= —<{n;yryre|;viveda- (U, + U,
4
= <n; ry rngV'l’gl 1 371 112\/\‘\
s <n; ri r2]SZHV‘I’2| 1 sl v;z>A .
The operator /] is defined by
=1> |1y |;

(6.6)

k; and ks characterize one-particle momentums and
my and mg one-particle restmasses.

We define total and relative space and momentum
operators by:

R = (mq ry 4 ma re)/(m1 + me);
r=ry—rs,
K = k1 + kz;
k = (mq1 ko — ms k1)/(m1 + m2) .

In nuclear matter the total momentum of the
correlated wave-function must be the same as for
the plane wave. This means that the dependence
of the correlated wave function on R and K is just
the same as that of the uncorrelated plane wave.
Neglecting for the moment spin and isotopic spin
the two particle equation can be written in the
following form.

<n;r|é12'1’2|1;k0> <R|K0>
= —<n;r|1; ko) (R| Ko» (U,, + U,,)

(6.7)
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a
— (n;r|QV¥a|1; ko) (R| Ko>
— <n;r]S2HV‘Pg|1;k0> <RIK()>

(6.8)

4
The two particle energy denominator es was defined :

=T+ Ty—1T, - T, —U, —U,,.

Paying attention to total momentum conservation
this can be written explicitly — after decomposition
into radial and angular momentum parts

AM — 1 l d2 o1 Il+1)
62_ 2m r dr? T 2m r2
ko
. o4
2m n = U

Consequently the terms of (6.8) due to the total
momentum separate totally. Before we continue to
treat the two particle equation it is necessary to
write the two-particle states in different way. We
do this by the following replacement:

{nsr| —n(trta) tyr(l's’) jmy) .

The particular meaning is the following:

t; = isotopic spin of particle i,

t = total isotopic spin of the two-particle-state,
r = relativ distance,

I’ = relative angular momentum,

s' = total spin of the two-particle system,

j = total angular momentum,

m; = projection of total angular momentum,

and
|15 ko) — [ 1(53) t5 o ho s ms) .

The particular meaning is the following:
ho = relative momentum,
ho = angle of relative momentum,

s = total spin of the two particle system,
ms = projection of the total spin.

Now the two-particle equation has the following form:

CHREGIAIIUED jmj|e2‘1’2| L(E 1) t; hohosms

—{n; (b ) by r (s 7m3|1 1t hohosmsy (U, + U,,)

(6.9)

R CHGIDIAUES) 7m;|QV'I’2|1 1t hohosms>

— s (trt) by r (U s") fmy| SolTVWa| 1(3 1)t ko hosms) .

t
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By inserting the “unit’’ operator
) g p

zjdr' rR LG R G (L) fmyy (LG 7 (Us) oy

n (6.9) at the positions indicated by %, using
(n(trte) tyr(ls)jmy| 1(3 )t ho hosms>
= O, 1éssz<ymj|lsmms\4nz jir(ho7) Y7 (ho) ,

multiplying with Y"“(ho) and integrating over kg, one gets:
(ns (tyta) tyr (U s") j my) ezll’z [1E D tsrls)jm) - filhor)
= —Jilkor)(U,, + U,,) 5n 100 , (6.10)
— fdr 2 in; (o)t r (U s') fmy | QVWa | L(E D)t (Ls) jmy) ji(hor)
)

— [dr 2 ln; (tuto) tyr (8" fmy| SelI VW [1(3 ) t57" (Ls) jmy) fu(hor) .
(O

The next steps to do are the following ones: First we know that S; is equal to zero. Consequently
4

4

symbolically ¥s = 1 -+ Sy. For convenience we define P:= 1 — @. Then we insert the above mentioned
“unit” operator at the positions indicated by } and multiply with 7. Next we define relative-wave func-
tions by:

””,:Uﬁff;;‘;ﬁffﬁ(ho, ) o= {7‘ ~{m(tgtg) t; 7‘(l2 Sz) 7 m; I W, In(tl ta)t; r(l Sl) ] 7nj> . jl; (h() T)}
and characterize the I'-matrix elements by
mity (st el (r) := (m(tata) t5 7 (l2 S2) fmy | V | m(tyta) t;7(1y S1) jmy> .

Last we insert the following momentum “‘unit” operators:

f*ij‘kzdkdh!n tito) t; hhsms) (n(tyta)t; khsms|

Mg

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

a 1 ity ((tit2)(U's") . r jitns(tit2)(1s")
reept MU (ko) = — 1 juhor) - (U,  + U,,) dn,1 00,10 —ZZS, "q}nV(z;zimlssl)( )
mliatl«t
. 1 5
UG (he. )+ Y 5oy [ [R2dhdhr -y (6.11)
o 11 S1ms” (2ﬂ)3

misls
i 4
x(n(tyte)t;r(l's')jmy| n(titz) t; hhs ms - Pr(h, K)
*(n(tyta)t5h iz s'ms' | nitta) o' () g % VG (1) - " TUE s (ho. 7)
*773 fdr fhzdhdhr rxdn(tyte) t;r(l's’) jmi| Wa | m(tsta) t; (1 S1)jmy)>

1181 12 SemS1 (2
mista wisls

x (m(tgta) t;r(ly S1) jmy| m(tsts)t; hhSymg) I (h, K) % Om,1 Ory1 Oty
“(mtsta) b hhsymg, | mitsts) 677 (1 S1) jmy> = "IV GSD () - TUESHES™ (Ro, 1)
1 . .
+ > @ far [R2dRdhr 7' s n(tite) t;r(l's') jmy| n(tyte) t; hhs’ms'> - 11 (R, K)

UL Syms
miats
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01 0nr-nltiba)t; hhs mg' | n(tyta)t;r (I's')jmy) & MiyBdsd (.
#0p,1 0pyy - {n(t1t2) t; S Mg |n( 1) b (Us") gmy) % "V iy aush (77)
ity ((tats) (LS ,
UGG (ho, 1) -

4
Pn(h, K) is defined by

4 ) 4 i

Pr(h, K):= (n(tita)t; hhsmgs| P|n(tits) t; hhsms) .
11 (h, K) is defined by

IH(h K):= <n(t1t2)t;hﬁsms]Hln(tltz)t;hizs71ls>.

4
The fact that P»(h, K) as well as II(h, K) depend on the total momentum K is justified by the angle
averaging method discussed in Chapter VIIc. Using
{n(tyta) t;r(ls)jmg| n(tyta)t; hhsmg = mj| lsm; — ms;ms) - 4m-iljy(hr)- Y;"f""‘(iz)

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

4 1 it .
(trta) (1 . , " y ty(tt2) (') ty ((tata) (11 S1)
r-e2 = " U(.';;)(ls)é )(ho’ r')=—rji(ho-7)- (U, + U,) 0n,1 00 ‘lz nojnv(t;rj)(hfsl)( ) - iU ‘3,;( A (o, 1)
S
7”1[3[14
'l 4
. T jtng(tit2)(1'8") ty ((tat) (L S ’
+ T o4 R2dkrjy(hr)- P (h,K)-47- Z fr dr’ % g1 (b 1') nfnv(t:l;t:)(lxix)( ') = Ui has) l)(hos r’)
1181
mista

lz [R2dh - MU S (b ) - T (h, K) % 47 -ZZ [rar g, (hr)
s L wists
1jty (3D (LS ’ jt tste)(l2S2 ’
: ’wVizszﬁust)( )'u}1UE“)(§s> )(hoﬂ‘)
1 . ’ ’ - ’ j 1tz
+ g [P Abr e (hr) - TI (R, K>-4n-lZS Jr ar g (') = "BV Gosh ()
mists

UGS (hos 1) 0,1 04y Oy - (6.12)
Some definitions help to simplify this equation with respect to the numerical calculation. First we
define a 7'-matrix by :

jtr(tats) (LS jt\y(tata) (11 S ity 1(tste)(12.S
mj Tz 37;581) 1) h ho l Sz j‘r dr’ 71 hr % mi szizigﬁzisﬁ( ) . wj U( sza)(gsz) 2)(h r ) (6.13)
2 S2wists

and a F-matrix by:

» 1
thF(tlt-.;)(gz)s)(ho’K, r) = — S fhz dhr-jl»(h ,.) P (h K)*"”T("tj)(géf)(h,ho)
> [h2dh "FUGEES (b, r) * T (b, K) VITGHGSD (B, o) (6.14)

2
271 1151

fh" dhr -y (hr) % IT (b, K)VSTEET (R, o) 0,1 0y,3 Oray -

If we use units such that #2/2m =1 and remember that

i 11 @ 1 10+1) ko?
©=—5nyar T e, g TAM =5~ U =T,

2
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we get the following two particle equation:

e vy
Eéf-— r?‘ff'f—l—ho +U,1+U —AM

- 2

1y Sy1mitats

=Sl jl(h() 7') : (va + Uvz) 6’”,1 6”’

U B (R 7) (6.15)

nity(tita)(l's") mjty ((tsts) (11 .S1)
mv(t;ti)(hsl)(’)' 1U(f;3(zsl) ! (h(), r)

te(tait2) (1 >
+ MR (ho, K, 1) .

It is easy to see that (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 Caleulation

a) The One-hole Potential

In Chapter V. we have defined the one hole
potential by:

U, :=> (nv| V2| v1a. (7.1)

Using the ideas and conventions of Chapter VI it is
a simple matter to see that (v1»| V¥2|v1v) can be
written in the following form:

<v1 vl I"Ilzl Y1 'V>
=> 21+ 1) |[<lsO0ms|jms) |2 (7.
lj

1jt(3:3)(As)
T E s (Ro s Ro)

no
~

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

Particle »; as well as particle » may be protons
(+) or neutrons (—), their spins may be “up” («)
or “down” (). Suppose particle » to be a proton
it’s spin being up. Coupling the one-particle spins
and isotopic spins to total spins and isotopic spins
(7.1) assumes the following form:

U, = (7.3)
> nv| VPe(s=1,m=1,T=1,T.=1) |n»)

v

+ 3| VWe(s=1,ms=0,T=1,T,=1)|n»>

-+ %<v1v| VWo(s=0,ms=0,T=1, Tz=1)|v1v>
+ 3| VW(s=1,ms=1,T=1,T,=0)|r1v>
+ 30| VWP2(s=1,ms=1,T=0,T,=0)|v1v)
43

+ 101v| VW2(s=0,ms=0,T=1,T,=0)|r1v)
+ 10y | VWau(s=1,my=0,T=0,T,=0)|v17)
1Oy | VWa(s=

—

+

(
(
(
(
nv|VWa(s=1,ms=0,T=1,T,=0)|v1%)
(
(
(

0,ms=0,T=0,T,=0)|v1)}-

exchange terms.

If we now take into account that

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. V¥, is independent from 7', and
4. »; must not be a proton with spin “up”

we get:

) 2T + 1
Uk)= > 1
kTsjlms

_ 5 BTENRIHD g

er k| VWPa(smsT) [k k) s

= B D0 (o, ko) -
kTsjl

(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, that 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 |ky|, whereas the T-matrix depends on the
relative momentum hg, is resolved as follows: The
T-matrix is computed with respect to an uncorre-
lated two particles tate [ v1v2). Because of the Pauli
projection operators the 7'-matrix depends on the
relativ. momentum hy as well as on the total
momentum K. Therefore we identify:

jt (3 — it DU 5
VTG HG (ho, ko) = YITED (0 (k1 k2, cos 9);
29 = { (kl ’ k2) .
The one-hole-potential becomes

(2T +1)(2j +1)

U) = > —————5 (7.5)
kTsjl
mT(z% 53 k1, k, cos 9)
_ s RTHHE+) 1 deh
Tsjl 2 (27‘[)3
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o2n

x [sin dd VTGRS (ks k, cos 9) | dg
0 0
1

2T +1)(2j+1) *r
Liﬂf, ;( 1+ )—fhzdh
0

T
% _fsin 9dd- ljl'ngi)("’(kl, k, cos D).
0

72 Tsjl
)(s)

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

3 kr
[U k) k2 dk.

3
N — — fp2 e ——
Eginl 10 ¥ T g J

b) The Defect- Parameter x
The defect-parameter » is defined by:

1
P 127\72(1’1112[ (Vo — 1)+ (Ws—1) [v1 Vo)A .
(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 that of diagram A by a factor x [12]. Of course it
is very important if one sums up such diagram
classes that 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:

3 kr 153 X
3 = 2 kl;gi (jkl? dky Jkgz dko JSln 9 dd

2T +1)(2) +1
b5 BIEVEHD o
Tsjl 8 U's"wtits

+ fdr (UG (o, )

- le (hO r) 61w 61!’ 638'}2 3

(1.7)

Just 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.
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c) The Modified Pauli Projection Operators

The Bethe-Goldstone equation contains a pro-
jection operator which ensures that the ground state
determinant | @) 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 /I which ensures that the
operator Sz operates on occupied states.

4
Q" = > | o102 <o102] .
Q102
o1 and g2 characterize empty one particle shell
model states. g1 or p2 may be nucleonic — as well as
resonance states.

H=ZI¢’1"2><VH’2| .
vyve
v1 and v 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 treatment of the projection operators would

require an enormous amount of numerically work,
4
because Q" as well as I 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 that we content ourselves to present the
results.

a4

I. The operator Q" (n=1);
system.

nucleon-nucleon-

a e
1) Q=0 if k<ke2— K2,
a
2) Q=1 if k>kr+ 1K,
a4
3) Q1= (k2 + K2 —ks?)/K-h else.

a4
II. The operator Q" (n=2); resonance-nucleon-
system.

4
1)Q2=0 if kp =1K-+h,
a
2)@2=1 if h>kr+ iK,
a4
3) =1+ (h+iK>—ke)/K b else.

a4
III. The operator Q" (n=3) resonance-resonance-
system.

A4
@3 =1 in all cases.
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IV. The operator I7:
NII=1 if kp=1K+h,
2) =0 if h> ke —}K?2,
3) Il = (ky® — } K2 — h2)|K - h else.

VIII. Two Particle Potentials

The explicit form and a discussion of our poten-
tials is given by Niephaus in [11].

To compute the two-particle equation (6.15) we
need two-particle interaction potentials which
include the A (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.

It 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 at 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 z, 0, w, ... 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.
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IX. Numerical Calculations

If we have a look at Eq. (6.15) we see that the
energy denominator depends not only on the
relative momentum |h0| but via the one-hole-
potential as well on the amount of the one particle
momenta | k;| of the nucleons interacting in the
Fermi sea. Moreover, the F-matrix is not deter-
mined by | ho| alone but depends — via the Pauli-
projection operators — on |Ky| 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 k; and ks. 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 G-matrix-element we obtain as a result of our
calculations is diagonal with respect to the one-
particle momenta ki and k. ki and ks are varied
such that 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.
| k1| and | k2| are varied such that the interval
[0, k¥] is devided into five equal parts and the
angle ¢ € [0, 7] is devided into nine equal parts.
As the G-matrix is symmetrical with respect to k;
and ko the semicircle is exhausted by k; as well as
by ks. By rotation of the semicircle the whole

=

kz

9 C
A\

=
Ky

Fig. 2. Variation of the one particle momenta k; and ks in
the Fermi sea (see Chapter 1X).
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Fermi sea is exhausted. This treatment of the
intervals [0, k¢] and [0, z] turned out to be
numerically stable.

After Eq. (6.15) is solved 105 times with respect
to the different pairs (k;, 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
F-matrix in (6.15) contains two terms which enclude
the Il-projector explicitly and which are called
Seo2-terms. The exact calculation of these terms
which generalize the Bethe-Goldstone-equation is
difficult for the following reasons. Calculation of
the S22-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 k; and ks 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 Ss2-terms
in the first step, we get wave functions correspond-
ing to the 105 different pairs of one-particle
momenta (k;, k2). However, these wave functions
are not suitable for calculating the Ss2-terms
because they correspond to different relative
momenta |k| 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 (kyi, k) 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% 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).

Alltogether this procedure gives us an analytical
form of each partial wave function. Knowing this
analytical form it is a simple matter to calculate
the Ss2-terms correctly. Finally we have to do an
iteration procedure to calculate the one-hole-
potential selfconsistently by a calculation involving
the Ss2-terms. Computing Eq. (6.15) the only
approximation we have done is the angle-averaging
approximation concerning the Pauli-projection
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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 matter calculation without any reso-
nances, neglecting the S2-terms.

D) Nuclear matter calculation without any reso-
nances; Se2-terms are involved.

A) Nuclear matter calculation with resonances
involved ; neglecting the Ss2-terms.

B) Nuclear matter calculation with resonances
involved ; Se2-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.

Uk)=X+ Y &2,

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

U(k)=ay+ az- kr + ag kg? + ay - ky®
+ (b1 + b2 - kp + b3 - kp? + by - kr3) - k2.

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

X. Conelusions, Diseussion 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, that the explicit
treatment of the A(1236)-states becomes possible.
This formalism which develops the exact ground
state | ¥) with respect to n-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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Table 1. Results corresponding to the
A ] ¢ 0 different sets of partial waves.
Potential Energy -76.90 |-77 38 |-18.26 |-18.7%
Kinetic Energy 17.46 | 77.4€ | 77.46 | 77. %€
Einding energy =543 |-583 [-6.73 |-728 Fermi momentum: KF = 0.96 fm—1
Keppa 0767 (07725 |0.093 | 0706 Density: RHO = 0.06 fm—3
Average interparticl
Resonance admixture L 40 |44 7 sp‘:;!;iage; N wfi)[ = 1.59 fm
Partiald Rappa Partial- Kappa Partial- Kappa
wave A B C D wave A B C D wave A B (4 o}
S, N-N|ao3loo13|a01200.012]  PB N-N|0.000\0000)0.00010.000) "D, N-Nlpovo |0.000)0.000]0.000
Do N-A |0.037]0.029 3, 4-4 (0.000\0.000 S, -4 Looo|0.000
S, N-A 0002|0002 D, 4-4 (0000 \0000 D, N-010.000 9000
D, A-A |v.o0s10.005 G2 b4 |0.000 .00 56, N-410.000 |0.000
— — . A- \
i LeasTass 78 768)  [iniies Lrorlaor-osl-ons) |2 ld0d00 vor
%S, 4-410.000 |p.000
&
Partfal- Kappa ‘Partial‘ Kappa DZ A-A %9000 0,000
wave l wave 562 A-410.060 \0.000
A B C D A B (o D BT7ding [
"B N1 1000710001 0007 0007)  [T5, - 9020002110079 (0013]  lenersy® 053|053 -0 55]-055]
R A-A |0.000 0.000 3D, N-W 160540069 0.0560.0¢3
$F, -4 (0,000 10.000 5S, 4-010.002 0002 —— Kappa
SE Q- [0.000 0.0c0 *p, A-0 100070007 wave | [ g | ¢ | oo
TS 1042 1092 [0.94]0.44) D -0 007210073 *B N-N 10,207 10.007)0.0010.001
*6, 00100010007 35 N-N 10.00700.007)0.007) 0.001
Partial4 Kappa Bigg;ng 1'9?7 [‘7%&71‘&5“‘70-0%‘ ZB /V'ﬁ !ﬂ’ﬁﬂ7 0‘&07
wave R 5% T & " 3H N-4 10,000\0000
I's L |
?l% N-N\0.007\0.007 |0.007 |0.001 {Partiﬂ- Kappa _Pl N-4 12.0020.002
D = 2
56 N-A 0.007\0.007 wave A 8 c 0 Fdflvgd 0.00310.003
ewn ng- -
3% 0-410.00010.000 3D, N-N 10200 0000 0,000 |0.000 erar’ [7431-7¢7]747]-140]
’F, 4 -010.00010.000 35, N-N 1000010007 |0.00010.001
31‘”?_‘”9 776 -776 |<179|-7.19 35, 4-410.000{0.000 Partial- Kappa
energy 1 r L [ ‘ 301 A'A 2.00010.000 wive A 8 c 0
T o "D, 4-4 10.000| 0000 36 N-N |0.000|0.000\0.000 |0.001
ar alq appa kd
wve 3T T o *6, 4-410.000|0.000 *RN-N 0090 19.900 0.090|0.000
—— 2B N-A 0000
55 N-N (0003 o003 |oo02 jpo02 | [iniins (034|037 03037 f N-A 7009 0,600
*h N-4 10000 |0.000 H N-4 |0.000|0.000
5; o s ndee SR N-A |0.000 |0.000
qu N-4 ﬂﬁ? 0‘001 & N-A|0.000 |0.000)|
7, O-4\0.000\0.600 sin¢ing |.pral099]-0.09]-009]
Binding 2 9212.97]2.6012.60]
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Table 2. Results corresponding to the
A 8 ¢ D different sets of partial waves.
Potential Energy -20 09 .2059 _22'25 .22 8171-
Kinetic Energy 73.98 (7398 |73.98 |73.98
Binding energy -6.77 |-6.77 |-827 |-8.87 Fermi momentum: KF = 1.06 fm-!
Kappa 0.788 | 0204 | 0099 0.77 Density: RHO = 0.08 fm—3
Average interparticle
Resonance admixture 557 555 spacing: RM =144fm
Partiald Kappa Partial- Kappa Partial- Kappa
wave A B c D wave A B (& D wave A B C D
7S, N-N|oo7¢ 0016 0014 0.013] 1D N-N|2000los00(0.000l0.000| "D N-H|0.00010.000|0.000|0.000
D N-A10.029|0.036 3, A0 |0.000 (0,000 5 V-4 |0owo|s.000
S A-A 100020002 D, 4-4 |0.000 |0.000 0, N=410.000 0,000
5D, A-0 |0.098 |0.008 Gy -4 |0.000\0.000 56, N-410.600 0600
sy e2el-gos[-952[-952  [Bndiys [zs#las[assass] | Ldyeomiome
S: A4-A10000 |0.000
L%
Partial- Kappa Partial- Kappa Dz A-A 0.000 2.000
wave wave 562 A-010.002|q000
A B C D A B (5 D STTET ]
B N-N 0002 000200020002 135, W-Nlgo21l00220078]0.020]  lenersy” (-282 [-agzl-ﬂc"?i—aﬁl
B A-A 0000 |0.000 3D, N-N|0.057|0.072|0.059| 0.071
SE A-A10.0000.000 3, A4-0 10,0031 0.602 Partial- Kappa
SE A-A 0000|0000 3D, 4-0|0.007)0.001 wave A |8 | c | oo
— 7 3
g:\za;;g 1067101\9 Q?ZIOI;ZI ;D1 A4-0\0.075\0.016 @ N-N10.00710.007 10,007 | 0.007
6, 8-410.001\0001 5% N-N 10002 10.00210.007)0.007
partial] Ko sincing Lyzol-7130|-77771778) LR N-4 10.002|0.002
wave ?F) N-4 b0.00710.007
A B c D P —
B N-N\aoorl0.0010007]0.007]  [partiar- — Ee N-d |0.00310.003
52 N-A |0.001)0.007 wave A 8 ¢ o “5 N-4 |0.00%|0.00%
2B -4 |0.000|0.000 2D, NN (00000000 (0000 0.000]  lenezay® 1-295 24212481057
7R A -0 10.600\0.000 %S, N-N\0.000\0.001|0.000\0.001
2;2'{;;9 ]'7.53{‘25(?[%55‘"7-57\ 35, 4-410.000 |0.000 Partial- Kappa
3D, O-4 (0000 0.000 wave Al oo
— - D, 4-4 |0.000|0.000 *F N-N |0.000 0.000|0.000|0.000
artial+ appa o=
wave T T 3 6, 4-0100000.000 B =N (4.000 |0.000|0.000|0.000
Sindin 1 . -4 |0.000 |0
5P N-N|aoos|o0os (0002 |0.002|  [Saaeqs 2531059 053 |05 | gf ;//2 oZo /;;0
35 N-4 |dooo|ocoo s - :
R N-A |0.000 |0.000
wikiac 2 i S5 N-A 2000 (0000
S5 N-4 100020002 f : . :
%, 0-0|0.007|0.007 sinding |-974|-076 [-076-0.17]
s [#351433 393343
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Table 3. Results corresponding to the
- 2 ¢ D different sets of partial waves.
Potential Energy 23.22 \-23.80 |-26.47 |-2207
Kinetic Energy 76. 34 | 762 % (7624 |74.7¢%
Binding energy -6.48 |-7.0¢ -9.672 |-70.33 Fermi momentum: KF = 1.16 fm~1
Kappa 022%10.238 | 0.107 |0.720 Iiensity: lRHO = 0.11 fm—3
P int arti
Resonance admixture 5' 93 é 3.9 Sp:tiriillggei S %M = 1.31 fm
Partiald Kappa pPartial- Kappa Partial- Kappa
wave A B C D wave A B c b] wave A B C D
S, N-N12.02010.02010.076|0.07¢ 3D N-N[0.00010.0000.000\0000) "Dy N-N|acvo (6,000 |0.000|0000
0» N-A10.0480.04¢ 3p, A=A |0.000 \0.000 5, V-4 |g.000 0,000
S, A-4 0003|0002 "D, 8-410.000 10,000 S0, N-A10.000p.000
5D, A-A0.007\0.008 Ga 8-4 10,000 (0.000 56, N-41 0007|0000
s . 7 -
ARl ST ] ST 7 M il 7] FE P SY T B M jj g
SEA d 4
£
Partial- Kappa Partial- Kappa Dz A-A 0'000 aWﬂ
wave X ; - . wave : ; . ; 56; A -D\0.000 (0000
Bindin
7B - 12003 ooz 0o \osoz | |75, W-W|0028\00i€ 000t|o0z2|  lemersy 727 [221[-730] 730]
R -4 | 0.0000.000 3D, N-W |0.060(0073\0.0610.072
SP, A-A |0.000 0000 35, A-0100030.003 Partial- Kappa
SE A-A |0.000(0.000 *p, A-A 0007 0007 ave A B ¢ )
2;:3;;9 1106 Vag I7.70 |7'701 7D1 A‘A ﬂ:077z ﬂ07_9 :@ N'N 0007 ﬂ007 4002 0.002
6, 0-00007\0.007 56 N-N 10.00210.002|0.002\0.007
Partial] e— Binding 17779172 2470561133 7] :/3 gj 0.003 10.002
wave Fz -4 10.007\0.007
A B c D
Ly -
%8 N-N|0.002]0002|0001l0001]  [partiar- Eagps ,’;j m ZZZ Zj”:f
3o A wave 2 IN-d |4 90
fa N-4 \g.007(0.007 . A 8 ¢ D T e
2R, A-A4 |0.000\0.000 D, N-N 10000 \0.000 |0.000 |0.000 erav- I3 76 173 :
’f 4 -4 \0007)0.007 %S, N-N 10.00010.00210.000 0.002
3 =
ety [2orloos [arelang] (o OO R
— = D, 4-4 | 0.000\0.000 35 N-N | 2.000 |0.000 | 0.000|0.000
i e B R *6, A-4 |0.000\0.000 3B N-N [0.000 |0.000|0.000|0.000
indin = = A 00 A
35 NN 0006|0008 [0003\0003]  Biriins lo7810.38 1078 10.67] ;fx 2 Z;M iif;
4 » ] = A A
f N-4 10.000(0.000 SR N2\ |0.000|0000
A N-410.006 10008 5 1A gl
SE N-4 |0.002|0.003 2 —
7, 0-40007)0.007 sindine [.na¢lna¢laas]-a25]
Binding ¢ 241620154315 43|
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fP N-4 10.000 0.000

£ N-410.00810.009
wi N-4 10.003 |0.00%
R 4-410.001(0.001
P loge 847 74517 44]

€pnergy

enercy

Table 4. Results corresponding to the
A 8 ¢ 0 different sets of partial waves.
Potential Energy -2{07 _25?9{ -30 (0 _37 30
Kinetic Energy 79.25 |79.75 |79. 75 |79. 7S
Binding energy -6.32 'g- ?_9 -70 85 '77 56 Fermi momentum: KF = 1.26 fm-1
Kappa 0268 1028310778 (0737 Density: RHO = 0.135 fm—3
Average interparticl
Resonance admixture FEF | 870 sp‘;ili:lgg(i L ;(M = 1.21fm
Partiald Kappa Partial- Kappa Partial- Kenpa
wave A B c 1] wave A ] c o] wave A 8 [+ 0
S, N-N{0.028|00250019k0079] [P N-N |o.000lp.000|0000(0.000] D, N-N|2000 10000 |0.000 |0.000
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7
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wave . 5 . " ?Fg N'd &007 0:007
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R A-4 |0.000 |0.000 3D, N-N |0.000(0.000 10,000 0,000 news |-984]-477[-515]-5.77]
7 4 -4 l0.00710.007 2, N-N 00000003 0,000 |0.002
e 35, A-0 |00 \y oo -
E;ng1p9 -258|- 5-571_ -273 S, 4-4 10000 )¢ Partial Kappa
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Table 5. Results corresponding to the
A B ¢ D different sets of partial waves.
Potential Energy .ng‘é -222,;[ —3% 677 _35. 35‘
Kinetic Energy 2307 2507 (2507 |23.01
Binding energy -8.58 |-6.26 |-77.65 _723‘,‘. Fermi momentum: KF = 1.36 fm-1
Kappe 0.322 10.338 | 0.732 |0.14% Density: RHO = 0.170 fm~3
Resonance admixture 70 77 7 70: ? ? é?;iﬂzggi lnterpal‘thIEM = 1.12fm
Partiald Kappa Partial- Kapoa Partial- Kappa
wave A B c 0 wave A B (o D wave A B C D
S, N-N|00371003710.02210022) P N-Nlnooolo.0000.000l0000) D, N-H 9000 0.0000.000)0.000
0, N-4[0.07010.065 3D, A=A |4000 1,000 S V-4 l0.007)0.001
S, 4-A |0ooy 0.003 D, 4-4 |0.000 |0.600 5D, N-A10.007\0.001
D, A-4 |0.070|0.011 G, -4 (0000|0000 56, N-410.007(0.001
== , : M. A-
R ey ot R R T T A T e . j Gl
2 . A 4
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wave " " p " wave i 7 . i, 562 4 'A 0090 0,000
7B N-N 000510005 |000¥ 000%| %5, N-N [0036/0036 [0030)0030]  lenerss’ |-236 [236[2402.60]
"R A-4 (0.000 0.000 3D, N-N 1906 210.07910.066 10,028
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—— _ T
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£y -
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5% -2 |00z 0002 s T | o 1o R N-4 10071 1.07
2B A-4 10000 V.000 30, N-N |2000 0000 |po00|0000|  enesey® [-6431637[70%1698]
7F, 4 -4 10.00110.001 %S, N-N 000010005 |0.0000.00%
ndin 354 i .000.000 rtial- a
T {_3_72 [-3.77i—3,3‘ﬂ—3.3'7‘l 5 2_2 Zaso E ::v:m A kappa : D
e e D, 4-4 |0.00010.000 36 N-N |2000|0.002|0000|0.000
r 2
i B e e %6, 8-010.000)0.000 2R N-N [0.000]0.0000.000}0.000
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3B N-N|por1 powlosodlosey] it lnes (12 149 1770 gf x 2 e
? i 2 - v A%
A N-4 [0.000 10001 SR N2 0000 000
P N-4 1001110012 5 N4 looso l0ono
SE N-4 10.00%0.005 — :
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Table 6. Results corresponding to the
A 8 ¢ D different sets of partial waves.
Potential Energy -30 1742 _3205‘ .35)4/1/ -39'02
Kinetic Energy 26.52 (2652 |26.52 |26.52
Binding energy -390]|-%953 |77 32 -72 57 Fermi momentum: KF = 1.46 fm-!
Kappa 0385 o405 |0.747 | 0760 ]zensity:. . lRHo = 0.210 fm-3
£ te t
Resonance admixture |73.75 | 73.24 sp‘;fi:riize: erpare %M = 1.04 fm
Partial Kappa Partial- Kappa Partial- Kappa
wave A B c D wave A 8 c D wave A B (64 D
S, N-N1003810.038l0026]0026] B N-N 0007 [0007]0.000\0000] Dy N-N|0000|0.000]0.000] 0000
Do N-A10083]0.077 3D, 4-4 10000 (0.000 S N-A 0002|0007
S, Q-0 10005 0004 D, 4-4 0000|0000 5D, N-A10.007|0.001
5D, A-A1007210013 G, -4 (0000 |0.000 56, N-410002 4,002
— — . A-
it rodmplmsdled) il [Saslsgslsastses] |2 - j A
2 =i g A
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wave R 5 . ; wave X . z . 56, 4-4|0.000 0,000
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& »
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r 4 appa
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Table 7. Results corresponding to the
A 8 ¢ D different sets of Partial waves.
Potential Energy -37.85 |-32. 07 |-47. 7?2 -42.72
Kinetic Energy 3028 (3028 3028 (3028
Binding energy =1.57 |-173 |-71.45 |11 g[f Fermi momentum: KF = 1.56 fm1
Kappa 0%¢2 10488 | 0765 10780 Density: RHO = 0.256 fm-3
; ] Average interparticle
Resonance admixture 78,74+ l75.ZLf" spacing: RM = 0.98 fm
Partielq Kappa Partial- Kappa Partial- kappa
wave A 8 [ 4] wWave A B c D wave A B C D
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A — 36.85
C — 58.80

127.61
172.69

— 186.5
— 206.4

56.15
49.64

25.67
12.21

— 66.31
— 31.27

61.14
31.41

— 16.29
— 6.86

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

Specializing to nuclear matter 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 matter 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 that 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
0.21 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
treatment of the resonances nearly doubles the
value of the defect integral », as shown in Fig. 5

E/a MeV]

resonances involved
S% neglected
resonances involved
s§ involved

resonances neglected

SZ neglected

=12 1
resonances neglected
~18 SZ involved

-14 B
_15 4
-16 1 + ( empirical point)

KF
[m']
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Fig. 3. Saturation properties in nuclear matter.

E/p MeV]

9.
8.

6“
5 4
4

Ly KF

146 156 (tm']

096 106 116 126 136

Fig. 4. Loss of binding energy due to resonances.
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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 » 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.

’/-‘
161
12 A
8_
44
KF‘
096 106 16 126 136 146 156  Lfm]
Fig. 5. Defect integrals (resonances neglected).
"
0201 S§ involved
015 - S§ neglected
0.101
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KF
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Fig. 6. Defect integrals (resonances included).
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Fig. 7. Resonance admixture.
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A calculation done for the saturation density
0=0.117 fm~3 produces a resonance admixture of
nearly 8%,. It is worth mentioning that the delta-
delta-components of the ground state wavefunction
contribution to this value is nearly the same as that
of the nucleon delta components, to which Day
and Coester did restrict [14].

Alltogether we can say that the explicit treat-
ment of the resonance in nuclear matter shows
significant effects. To draw conclusions concerning
the two particle potentials we have used we have to
ensure at 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 at the extensive
description of our numeric in Chapter 9 shows that
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 that the explicit
treatment of the A-resonance produces an equilib-
rium point 9 =0.117 fm=3 and Epot =8 MeV. Day
and Coester [14] calculate a binding energy Epin=
5 MeV corresponding to a density ¢ =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 that we treat
the resonances like excited nucleon states. Our
description of the resonances in nuclear matter 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 however, which 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
treatment 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 at 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]

KF=1.16 fm'

-501

W

KF =1.26 fm’

KF=136 fm'
_60.
KF =146 fm’'

-704

-804

0O 02 04 06 08 10 12 k [fm']

Fig. 8. One particle potentials (resonances included).
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Fig. 9. One particle potentials (resonances neglected).

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 that 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 that 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.
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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 matter 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 matter calculation proves to be a very
sensible instrument for testing the two particle
potentials.
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