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1) Introduction. 

From most of the talks we have hesrd during the last few 

days, it seems to be, in nuclear many body theories, a consensus to 

keep as "rule of the game" the one recalled by £. Day* ' in the first 

talk at this conference, namely the nucleus (or normal nuclear matter) 

is considered as a system of non relativistic point-like nucléons in

teracting via a two body potential. This implies the assumption that 

all degrees of freedom other than those of the nucléons are frozen 

but as acounterpart the potential ought to embody from the start ef

fects of these degrees of freedom. For large and intermediate inter-

nucleon distances (say r > 0.8 fm) they arise from mesons and nucle-

onic resonances (isobars). For shorter distances, there could be ad

ditionnai effects from subhadronic constituents like quarks, gluons, 

etc... Some results in this direction have been obtained recently 

from the MIT bag model ( ', but a quantitative scheme of the dynamics 

of quarks is not available yet. in any case, because of the confine

ment of quarks and gluons, it is easy to guess that any ultimate sub-

hadronic theory of nuclear forces should recover, at long range, the 

results predicted by the dynamics of nucléons and mesons. 

The purpose of this talk is to survey some recent progress 

in the construction of a realistic nucleon-nucleon interaction which 

takes into account as completely and as carefully as possible the 

degrees of freedom of mesons and of isobars i.e. the properties of 

'mesons and their interactions both amongst themselves and with the 

nucléons. Such a program is most conveniently realized in the frame

work of dispersion theory. Indeed, during the last few years, the 

dispersion theoretical approach has been successful in providing 

a good understanding of the two nucléon interaction, at least for 

long and medium ranges, and at the same time a good quantitative fit 

of the data. The fact is noteworthy since the whole scheme is based 

on properties as fundamental as unitarity, analyticity and crossing. 
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2) General and model independent properties of the NH interaction. 

Defining the nucleon-nucleon channel (direct or w channel), 

as s n 1 + pĵ  + n 2 + p 2» the unitarity condition in the crossed (nu

cléon antinucleon) t channel is : 

Im < pjpjlTjn^ > - £ < p 1p 2|T
+|B><o|T|n 1n 2 > (1) 

where the states |o> possess the same quantum numbers as |n,n2> and 

|p 1p 2> (i.e. jn>, |2n>, |3H>, ... , |KK> etc . . . ) . It expresses that 

the two nucléon interaction is mediated by the exchange of particles 

or systems of particles in the crossed channels. Knowing the imagina

ry part of the NN amplitude given by the unitarity condition (1), it 

is natural to exploit the analyticlty properties to write a disper

sion relation which related the imaginary part to the amplitude it

self and then crossing relations to pass from the NH amplitude to the 

NH amplitude. The procedure enables the computation of the nucleon-

nucleon scattering amplitude in terms of the NN + 2n, 3JI amplitudes, 

etc... which in turn can be obtained from the 1IN •*• IIN and nN -*• IUIN 
amplitudes etc ... by crossing properties and analytic continuation. 

More precisely, the scattering amplitude can be represented by the 

following dispersion relation : 

„2 . f p 2 (w,f) i / 
M(w,t) - -S-, + -i / -22 + - / 

t-p n JA2 t'-t n J02 

P 3 B(w,t') 

t'-t 
'4y' " v " '«hi 

+ etc ... (2) 

where w * (ni+p,)2 

* - (Pi"P 2)
2 

u • the pion mass 
_2 

g * pion nucléon coupling constant ( fa = 14.5) 
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and where the functions p, n(w,t'), P 3 n(w,t')/ etc ... correspond to 
the imaginary part of the amplitude with two pions, three pions, etc. 
in the intermediate state, as given by eq. (1). 

Equivalently, in configuration space, the interaction can 
be written as a series of terms : 

S» 0» 

J 2 P 2 n(w,f)^- r-df + ] P 3 n ( W f f ) e - r + / p„„(w,t') e _ d f + I p,„(w,f ) e _ dt' 

+ etc ... (3) 

The successive terms of eqs. (2) and (3) correspond to the 
one pion exchange (OPE) contribution, the two pion exchange (2nE) con
tribution etc... The whole dynamics of the problem is contained in the 
spectral function p 2 j I, p,.., etc... 

3) The long range (LR) and medium range (MR) forces. 
After the long range forces given by the OPE, the next lon

gest range forces are due to the two pion exchange (2nE). In the dy
namical calculations described here , the underlying belief is that 
most of the medium range forces are correctly given by the 2nE when 
the latter is properly determined. Also the hope is that the long and 
medium range forces if accurately known provide strong enough cons
traints to leave little freedom for a phenomenological determination 
of the short range part of the interaction. 

The main task is therefore to perform an accurate calcula
tion of the 2nE contribution. The actual formalism is quite intricate 
and can be found, for example, in Ref. 3). However, superficial argu
ments have led, in the past, to misleading statements in this matter. 
In order to settle the situation and to provide a simple insight into 
the method and the physical inputs, let me remind briefly the diffe
rent steps of the argument : the 2 n d term occuring in the unitarity 
condition (1) (the 2nEC) can be easily shown to be : 
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2 n(w,t) s f <p 1p 2|T
+|2n><2n|T|n 1n 2> 

2n 

* £ (2i+l) |f**2n(t)|*pJl(oo.ew) (4) 

i 

where £^M"*'2n

 a r e partial wave helicity amplitudes, in the NH-t-2ir chan

nel, t and w are (total energy) 2 and (momentum transfer)2. 

Since P 2_ has to be inserted into a dispersion integral with 

an unphysical region for the variable t (t > 4p 2), one can use the 
NN+2II 

analyt ic properties of f t to write the following dispersion re la 
t ion : 

SOii 2 0 

in rfW«(t, « * ] i i - i l i df • *] ^ — dt-
n J

i v i t ' ( t ' - t ) n J_K t ' ( f - t ) 

+ R £ ( t ) (5) 

where j*™-2" i s the phase of f*™+2n a n d w h e r e y ^ u n i t a r y condition 
* * mâj-ltr HIT 

has been used again to idei 

in the domain 4n2<t'<50|i2. 

has been used again to identify G ™ * 2 1 1 with the nn phase shifts 6 n n 

In the first term of Eg. (5), «!!n can be taken from theore-

tical models or from experimental studies (JlN-niHN, K, 4 decay, e e -*-nn, 

nucléon form factors etc..) for the low angular momentum (S and P 

waves) and are known to be negligible for the high angular momentum 

(0 or higher waves). 

In the second term of Eg. (5), t N
N * 2 n = tan - 1 (Im f™""2"/ 

Re f ™ * 2 n ) ana since t«<0, f^* 2" can be obtained from the Proissart-

Gribov formula, namely 
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.NN-t-2 n ( t < ) ' ± [ Q.( 2 s + t:;f 2- 2" 2
 1 / 2) a^»(.,f)d. 

nJ *\2(f-4m ) 1 / Z(t«-4 ) 1 / 2 / (m+p)! 

(6) 

where M (9,t') is the physical JM scattering amplitude since 
s > (m+M)1 and t'<0. For example 

bi Hl,B''IIN(B,t') = £ (2t + 1) sin* « f <s) P^tcos et.) (7) 

TTM 
where 6 ' are the nN phase shifts. 

The third term R.(t) of Eq. (5) represents the far away 
contributions of the right and left hand cuts. 

The set of equations (4) to (7) forms the bulk of the rela
tionships which, via analyticity properties, unitarity and crossing 
relations, connect the 2nE contribution with the pion-nucleon and 
pion-pion interactions. The pion-nucleon scattering is very accurate
ly known by various phase shift analyses' '. The S and P wave pion-
pion interaction has also been extensively studied in the last few 

(5) years * '. 

By using these analyses as inputs, one automatically inclu
des all the isobars (they are contained in Eq. (7) through the nN 
phase shifts) as well as the realistic S and P wave pion-pion reso
nances, and besides these, the smooth background of both pion-nucleon 
and pion-pion scattering is also taken into account. All those contri
butions are diagrammatically displayed in fig. (1). 

Note that in the OBE models, only the two first terms : 
|f™"*2111 and | f ^ N + 2 n | are kept in Eq. (4) and approximated respecti
vely by g 26(t*-m 2) and g 28(t'-m z). In our opinion, this approximation 
is not satisfactory and even among the proponents of the OBE models 
the importance of the uncorrelated two pion exchange seems now to be 
admitted'6*. 



It Is sometimes argued wrongly that (in contrast with expli
cit non covariant calculations of box diagrams including &-, isobars 
in the s-channel intermediate states or treatments by means of transi
tion potential NN+NA, NN--AA ...) the present approach is not mi
croscopic in that the NN+2n amplitude used is a "black box" extrapo
lated from experimental data on UN scattering. A quick but careful exa
mination of Eqs. (4) - (7) shows that i) the analytic continuation 
is not a mere extrapolation from t<0 to t>4„2(actually, the extrapo
lation refers only to the function R which is a smooth function and • 
which is probably set to zero in other contexts), ii) the degrees of 
freedom of the isobars as well as the mesons appear explicitly in there 
so that one is free to replace the related phase shifts by any "micros
copic" models one likes, so long as they fit the data, ill) there 
is no double counting. It should be emphasized that explicit calcula
tions show that none of the contributions of fig. (1) is really negli
gible and partial account of the sum might induce misleading conclu
sions. 

The same procedure could, in principle, be repeated for P 3_ 
and p._ with, however, formidable complications in general. In the case 
of P.JJ, the m meson exchange can be easily taken into account, and 
other specific processes can also be included as we will see later. 

The ability of the OPE, of the above calculated 2nE and of 
o) exchange contributions (as part of the three pion exchange) to des
cribe the long and intermediate range forces can be checked by calcu
lating the low energy (up to 330 MeV) peripheral (J>2) NN phase shifts 
and by comparing them with the empirical ones * 7'. 

Although Hq. (5) looks rather simple, the procedure of sol-
( 8) 

ving it requires delicate technical methods. She first results' ' ob
tained in this problem seem to be invalidated by more recent ones ( 

which indicate that |f Q| and [fJ have larger values that it was 
thought. A typical result for the unitarized partial wave phase para
meters is displayed in Pig. (2). Effects of the changes on |f Q| and 
|f,[, when values of fief. (11) are used, are also shown. 



4) The Paris nucleon-nucleon potential 
All the previous results are obtained for the relativistic 

scattering amplitude. However, as we are interested not only in the 
nucleon-nucleon system per se but also in the prolongations in nuclear 
many body systems, we have to define an equivalent LB + MR potential 
due to the (n+2n+u) exchange. Again, the detailed derivation of such 
an equivalent potential is out of the scope of this report. It is gi
ven in Ref. (3). When compared with the phenomenological potentials 
like the Yale or Hamada-Johnston potentials, the agreement is satis
factory down to internucleon distances rv0.8 fm. Although in some 
cases (e.g. the isotriplet spin-spin component) the agreement extends 
to very small values of r, there is no compelling theoretical reason 
to believe the validity of this potential in the region r < 0.8 fm 
since the short range (SR) part of the interaction is related to the 
exchange of heavier systems or/and to the effects of subhadronic cons
tituents. At present, no reliable calculations of this SR part are 
available yet. Thus, one can take the viewpoint that the SR part 
should be determined phenomenologically, with the hope that our accu
rately determined LR + MR interaction will provid? strong constraints 
on this SR part, leaving us with only few degrees of freedom. Along 

f 12) this line, the Paris group proposed1 ' to describe the core with a 
very simple phenomenological model ; namely, the long and intermediate 
range (JI+2II+u>) potential is cut off rather sharply at internucleon 
distance r * .8 fm and the short range (r < .8 fm) is described sim
ply by a constant soft core. This introduces the minimum number (five) 
of adjustable parameters corresponding to the five components (central, 
spin-spin, tensor, spin-orbit and quadratic spin-orbit) of the poten
tial for each isospin state. On the other hand it was found that the 
central component of the theoretical LR + MR potential has a weak but 
significant energy dependence and that this energy dependence is, in 
a very good approximation, linear. As an energy dependence appears al
ready in the LR H- MR potential, one expects also an energy dependence 
in the SR part, indeed, fitting the data required an energy dependent 
core for the central potential, the energy dependence being again li
near and introducing therefore one additional parameter, the slope of 
the energy dependence. The proposed SR part is then determined by 
fitting all the known phase shifts (J < 6 up to 330 MeV) and the deu-
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teron parameters. Although the number of free parameters is small 
(six in total for each isospin state) the quality of the fit is very 
good. The xVdata are as good as the one given by the best phenomeno-
lcgical^potentials which contain many more free parameters. Some re
sults are shown in Fig. (3). 

The previous model (referred to, in the literature, as the 
Paris Nis potential) was purposely chosen in its simplest form to de
monstrate that, once the LR + MR forces are accurately determined, 
the SR forces can be described by a model with few parameters that 
does not affect the LR + MR part. This simple model in which a defi
nite separation between the theoretical and phenomenological parts is 
made, provides a clear physical insight in the problem. However, the 
explicit expression of the resulting potential is not very convenient 
for practical use in many body calculations : i) the energy dependence 
of the potential which, in the two body scattering case, can be trea
ted naturally may be ill-defined in many, body systems, ii) the theo
retical LR + MR potential presents itself as an integral representa
tion, iii) the presence of sharp cut off function may be trouble so
me in numerical works. 

In a subsequent work' ', the previous potential is parame
trized in a way which is convenient enough to facilitate its use in 
the many body calculations. An unique analytical expression for the 
complete potential was adopted, namely a discrete sum of Yukawa type 
terms which has the advantage that their forms are simple in both 
configuration and momentum spaces. Also the parametrization was cons
trained to make the potential finite at r»0. Concerning the energy 
dependence of the central potential, the linear energy dependence is 
transformed into a velocity dependence (p dependence). This poten
tial has been used in the calculation of the triton binding energy( 

1 3 3 
this gives Eg « - 7 MeV when only the S-, S ^ and Dĵ  are taken 
into account. Since the fit of the two nucléon system parameters 
appears to be very satisfactory, it is interesting, before using this 
potential for finite nuclei, to test it for the other extreme situa
tion presented by nuclear matter. The purpose was not, to perform the 
most sophisticated nuclear matter calculations but rather to check 
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whether the result obtained in the lowest order is sensible. There
fore, the binding energy was calculated in the lowest order Brueckner 
theory, this gives a miniEium E/A •>. - 10 MeV at the density kF=1.45fm~ 
with an average wound integral K «= 0.104 indicating the softness of 
the potential and probably a better convergence in many body calcula
tions. 

As mentionned earlier, the new results on the NN-+21I helicity 
amplitudes f Q and f, provide now better inputs for the determination 
of the LR + MR forces. The use of these new inputs along with a more 
refined parametrization of the core obtained by fitting not only the 
phase shifts but also directly the observables lead to a new version 
of the Paris potential from which preliminary results for nuclear 
natter in the LOBT give a minimum E/A « - 11.5 MeV at k_ « 1.5 fm~ 
with K = 0.09. 

» 
5) Some specific contributions of the 3n exchange 

The success of the previous works gives much support to the 
general method of probing into the form of the NN interaction by cal
culating first the one pion, then the 2 pion and so on exchange con
tributions to the scattering amplitude (or to the potential), hoping 
that a good approximation can be obtained by keeping only the first 
few terms. Along this line it is believed that the inclusion of the 
3n exchange terms will improve the situation. A study of the 3JI ex
change which is as complete as that of the 2n exchange seems to be 
rather remote. However, it is relatively easy to single out those 
parts of the 3n exchange which can be built up from the same ingre
dients as those used in the 2n exchange. 

A first class of diagrams is concerned with the socalled 
vertex correction to the OPE.(see Fig. 4). In the dispersion relations 
approach these diagrams have a branch point at t = 9y 2 and, conse
quently, contributes to the 3It exchange cut. This type of corrections 
to the OPE has been studied either in a field theoretic approach or in 
a dispersion theoretic approach . The effects of these correc
tions to the OPE, when the same S and P wave NN-»2n amplitudes as those 
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described previously are used as inputs have been calculated' ' ' 
and it is found that the triplet even tensor potential gets more re
pulsion and provides, in the energy region around 150 MeV, a better 3 fit of the D. phase shift. 

Another type of contributions to the 3n exchange to which 
the sarae treatment is cipplicable, are shown in Fig. 5. The methods 
required by the calculation of such contributions are very similar 
to those encountered above. For example, the absorptive part p 3 (w,t) 
which corresponds to the process of Fig. 5 a) is : 

p 3n ( W , t ) = ^ / (fc'V») 1^ G<Pl- k ) G< nl + k> P2n ( w' tk' îk> 

where P 2 n
{ w ' t k * "<Pi"P2~ k' 2' *k = -<Pi" n2" k' 2' i s * h a 2 n E absorptive 

part considered earlier (see Eq. 4)) but now with off mass shell in
coming nucléons and G(P) is the propagator of the intermediate nu
cléon with 4-momentum P. 

The very involved algebra has been carried out and prelimi-
nary numerical results ' show the effects are small for low energy 
and for peripheral partial waves but can be significant for larger 
energies ( > 450 MeV) and for low partial waves. In other words, the 
3JIE contribution seems to play a role only for rather short internu-
cleon distances (r < 0.8 fm). Interestingly enough, it is also found 
that the projection of this 3n exchange contribution on the J-l, 1=0 
crossed channel state (the a meson state) is important, reducing the 
usual empirical effective value of the u-nucléon coupling constant. 

In summary, since the Vancouver Conference on the NN inter
action (1977), the following progress has been achieved in the field : 
i) the results obtained by different groups'9 ' on the S and P wave 
NN+2n helicity amplitudes seem to converge despite all technical dif
ficulties, ii) some improvements have been achieved in the equiva
lent potential, iii) the determination of some specific 3n exchange, 
using the same ingredients as in the 2IIE case, is now in its numeri
cal stage' '. Preliminary results seem to show they give corrections 
at the more or less expected place (r < 0.3 fm). 
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The 211 exchange contributions : The first term refers to the exchange 
of two pions In S and P states (the NN+2H S and P wave amplitudes). 
The others refer to the exchange of two pions in D waves and above. 
Here, the nN scattering is approximated by the isobaric model. Heavy 
lines refer to isobars. 
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The (n+2ll+u) NN phase parameters shown in I the centrait spin-orbit and 
tensor combinations. The continuous lines Irefer to results obtained 
with values of |f0| «id |fjj given in Ref. B), the dotted lines with 
those of Kef. 11). Experimental points are!from Kef. 20). 





I 3 0 -



; 30 -









V Y V 
!,! 0 

' I ' 

A 
Fiq. 4 

"Vertex corrections" to the one pion exchange 
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Fiq. S 
Some specific 3n exchange contributions to the NN interaction 

considered in Réf. 19. 


