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1. Introduction 

For many years of the nuclear physics develooment it was 

considered that nucleons and mesons were point-like structure­

less elementary particles. In works of Heisenberg, Wigner, Ma­

jorana, Yukawa and others many of the nucleus properties were 

, explained proceeding from two-body forces only acting between 

point-like particles. However at present it is impossible to 

ignore the fact that nucleons are non-elementary and according 

to the quark model are composed of three quarks, and mesons -

of a quark-antiquark pair. The experimental data on the asymp­

totic behaviour of the deuteron electromagnetic form-factor[1] 

interpreted with the help of quark counting rulesr2 ,JJ were 

the first direct indication of :he possible display of quark 

structure in the atomic nuclei. 

On the other hand it turned out that by limiting oneself 

to two-nucleon potentials only it was impossible to simulta­

neously describe correctly the binding energy and charge form­

factor of light nuclei, particularly, the mean-square radius 

and the minimum position in the form -factors of the nuclei 

with A = J (JH, JHe) and A = 4 (4He). To improve this state 

a "true" three-body potential should be added to an ordinary 
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two-body Hamiltonian. Some aspects of introducing many­

body forces on the basis of the quark model are discussed by 

Robson [ 4 J. 

In the present work it is considered that nuclear forces 

in light nuclei arise mainly at the expense of coloured quark 

exchange at small distances between nucleons. As it is known, 

in the quantum chromodynamics (QCD) the colour group is a se­

cond rank group SU(J)c. Therefore it makes possible the exis-

tence of two types of exchange forces - ordinary two-body Pij 

and three-body P~}~. The obtained in the work ratio between 

the binding energies of light nuclei (see below formula (11)) 

does not contraaict the experimental data and testifies that 

the introduced in this way two- and three-body exchange forced 
I 

are realistic. 

2. Exchange Forces in QCD Perturbation Theory 

At present it is accepted to consider that the nucleon-

nucleon forces may be understood on the basis of quark-gluon 

processes proceeding from the QCD fundamental principles -

non-Abelian gauge theory of strong interactions. The strict 

application of quantum chromodynamics to the problem of nucle­

ar forces is not possible for the time being, since the prob­

lem of confinement, i.e. absence of free colour states is not 

solved yet. However the QCD simplified model allows to obtain 

a number of results which apparently may be more well-ground­

ed due to the further development of t he theory. 
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According to QCD, the observed hadrons, in particular 

nucleons are the group SU(J)c scalars or, as it is customary 

to say, nucleons are colourless. Since a gluon belongs to the 

group SU(J)c octet representation, the simplest diagram of one 

gluon exchange between two nucleons turns into zero (Fig. 1a). 

This may also be proved by a direct calculation of colour· 

factors in accord with QCD rules. Indeed (with the accuracy up 

to a multiplicative constant) for the ]'ig. 1a diagram we have: 

'-!,, Ed.~ r- srJ.rA' s~,, ( ~~>n• lo( ,,.'5' Ecr,. v ( ico.) oo' d/AI'' J".., V' f ap'v' = 

= ~ 01Jlf' (~ .. ), r' oso' (f...._) so' = 

= ~ ~ ~ p ~a.) 1 = 0 

( 1 ) 

Here ri., p 1 .. , / 
f 1

1 11 1 are the quark colour indices 

adopting values 1,2,J; ~~l(/Jr is the colour wave function 

of a colourless nucleon; J.a.. (a.:r:.S.1 , ... 8) are the Gell-Mann 3.X J 

matrices. Let's show that the Fig. 1b diagram with quark ex-

change between nucleons is already not equal to zero. Indeed 

for the diagram 1b we have: 

~ f.rAp~ ~c(' !f>P' .~ .. )n' ~·, 16 1 f.s,...v <~a.)rs' J°"r' Jvv' ia'J''"' = 

= 

i. r . g v IJJ' {fr..._)'($' s~ S' { ~.a.) o~I : 

i 

' 
i.-~.,_)'1'.r ~·~~).f}' = !!.. 

g j.O 

(2) 

Here at passing to the last line the following identity 

was used: 
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Without going into the analysis of other possible diagram~ 

of perturbation theory in the two-nucleon system, let's pass 
' to diagrams describing interactions of three nucleons. With ',;h1 

help of the Fig. 1b diagram, by adding to it one more nucleon 

which exchanges analogous quarks with two other nucleons (such 

a diaJ7am is convenient to draw on the cylinder surface) it is 

possible to describe a three-nucleon interaction by means 

of ordinary two-body potentials of the form v12 + v13 + V23 • 

A "true" three-body force between three nucleons, described by 

the v123-form potential may arise due to three-gluon vertex. 

Let's consider the system of three nucleons connected by the 

three-gluon vertex. The Fig. 2a diagram, in which there is no 

quark exchange between nucleons, is equal to zero. One can 

make sure of it by both direct calculation and reasoning, ana­

logous to the proof of the Fig. 1a diagram being equal to zero 

Substituting colour factors in the diagram 2a we have 

\ £c1p~ aj,,., of~' ~'P'~' EsJA" oJ'JA'!'vv' £J'p1v1Errcr Srr.!drt'4r't'r 
6 (4) 
X fa.6c (~o..)n 1 C~eho' (s;c.)vcr' = 

1 . . 
= ,.2. f .. ~c. ~p {~4.) ~p(ff«) j, {{.,) -= 0 

Here 5o. 'e is the structure constant of 

the group SU(J)c. 

But the diagram 2b with a subsequent quark exchange bet-
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! ween three nucleons is different from zero. Indeed 

! ing the colour factors in the diagram 2b we have: 

snbstitut-

i 

f3 Eot.~i OotJ.• ~,f>'e,,_'{J'1'l£1'vS,f'J""' lS'f•~' Evcp .ft't' J,p1t(j'r;'f' x 

X Sa8c. (" 0.\r~' C~€)rv' U•.c.)0'5' = 

= /6 i 
9 

f 0 

Here we have made use of the identity 

(5) 

f a..Q.c ( f<a..).L,1.' (~g),, I (f<c.)n' = i.i (do(~ I s~o('lb"f I - Oo(p' Spit' JJ.~ ·) 
Thus the Fig. 2b diagram leads to a true three-body 

v123-type potential. 

~e didn't discuss the contribution of many other diagrams. 

But the exa.~ples discussed showed that, according to QCD, in­

teractions of exchange character are possible between colour­

less hadrons. 

Certainly in the perturbation theory Jtj.c.her oruers there 

are non-zero diagrams which do not contain quark exc.i:lange. 

Such diagrams, le~ding to the yan der Waals forces at the ex­

pense of colour polarization in the intermediate states, have 

been evaluated in the work [Gj and apparently they are smaller 

as compared with exchange forces. In the next section the ex­

change forces are introduced f o~ the general group reasons 

without application of perturbation theory. 
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3. Two-Quark and Three-Quark Exchange Forces 

In the presen~ section the discussion of exchange forces 

in QCD is carried on with the help of a method which is the 

generalizat ion of the Dirac method who was the first to intro­

duce spin exchange forces in atomic physics [ 7). 

According to quantum chromodynamics quarks (see e.g. re­

view [5]) have a colour which is the source (charge) of a 

strong interaction between quarks carried by gluon fields. The 

quark and gluon fields exactly satisfy the inner SU(3)c symmet­

ry called colour symmetry. Since group SU(3)c is a second rank 

one, its irreducible representations are characterized by two 

Casimir operators - a quadratic and a cubic. Therefore the 

group allows exchange interactions of two types only - two-

and three-body. Fro1.1 the SU(3)c • invariance 

it f ollows that the quark system energy operator, which is i~ 

the singlet colour state, should have the form 
JJ "' f: a. ~. Pij. + g 6 ~·j#(. 

'<.J i.<i<J:.. (6) 

where Pii and PiJK are the p~rmutation operators of two and 

three quarks respectively. 

Remind that nucleon is a colourless three-quark combina-

tion, the colour wave function of which is described by the 

Young diagram of the form [13]. The colourless combination of 

six quarks has the Young diagram [2~ ) • Likewise diagrams [33] 

and [43] correspond to 9- and 12-quark colourless states. Gene-
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rally an arbitrary colourless nucleus with the number of nuc­

leons equal to A, consisting of 3A quarks is described by the 

Young diagram having 3 lines and A columns 

m:---~ m---tJ 
~ 

A times 
The matrix elements of two- and three-body permutation opera-

tors for the states with the Young diagram [A3J are equal to 

(see Appendix) ·. 

< [,Al] I L: PL· I [A11):: ~A (A-:.,) . . ~ 2 
~<) 

(7) 

z[N·JI "E Pij~I [A\]>=i- 1~CAi-9A~10) 
i.::j '"" 

(8) 

Using (6), (7) and (8) it is easy to extract energies of mul-

ti-quark colourless states through parameter a and b: 

f3"i-'= -3a...'t'~ 

E 6q, :: - 3<l.- '1€ 

E9i--' = - ili, 

E11"v ~ {)a. - lo 1. 

(9) 

The binding energy of light nuclei - deuteron, 3He and 4He 

may be obtained from here by means of subtracting the binding 

energy of thrce-qiark comb~nations corresponding to colour­

less nuc l eons: 
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E ( 2+1) = E~ii- -}.f3~ .- 3ct. - ,g 

E Cs He) -:: E" '!.- - 3 f 31-- = gt>.. - iSg ( 10) 

, 

E C" He) = f iii - 4 f }~ = it~ -1'/g 

Excluding the two constants ~ and ~ from these three equation~ 

we shall obtain the relation between binding energies of deu­

teron, 3He and 4He: 

E ("He) ~ '-f E (3He.) - b E (2-H) c1n 

The relation (11) is valid in the limits of exact spin-isospi~ 

SU(4)-symmetry of Wigner when it is ignored by spin and iso­

spin (i.e. electromagnetic) interactions. Therefore when com­

paring the relation (11) with experimental data the mean valuet 

of the binding energy of 3He and tritium 3H should be 

substituted for E(3He): 

E ( 3He)~ ~ [ E (3H~)+-E(1H)]-= ~(f,i-.2-f8,o/,)H,& =t,2.M>~ 
and for E( 2H) - the mean value of the binding energy of deute· 

ron and virtual S
0 

- the state of proton and neutron (equal 

to ~ 0): 

E e-H)-7 z [E c'H)-r E('sD)J .. ± (.t,~i+O) M~~ .. f,!H,(, 

Helium-4 is the singlet of the Wigner group SU(4), therefore 

the exact value of E( 4He) = 28.30 MeV may be substituted in 

the relation (6). With the account of the abovementioned the 

relation (11) satisfies the experimental data fairly well 

(28.3 MeV ~ 25.8 MeV). 
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It is interesting to note that Robson's intuitive consi­

derations [ 4) on the character of three-nucleon forces lead 

to the same relation (6). Indeed, following the work [ 4] , 

let's mark the distribution of two-nucleon forces through b1
, 

and that of three-nucleon forces - through A . Then, ignoring . 
the Coulomb forces, with the help of a simple combinatorial 

calculation we shall obtain the expressions for the binding 

energies of light nuclei: 

E e·H)= gr 

E (3 He)-= E (3H)-= !J+ 3€' 

E ( 'f He) = 4,::, + 6 g I 
( 12) 

It is easy to notice that the excl 1.~ :o:i on of parameters b
1 

and Ll leads again to the relation (1 .1). The comparison of 

(7) with (5) shows that the thus introduced nucleon ~arameters 

are simply connected with quark parameters R and b: A = )b, 

b
1 = 3a-6b. 

Up to now we have dealt with ordinary nuclei consisting 

of non-strange quarks u and d. The maximum number of non­

strange quarks which can simultaneously be in the state with 

a zero orbital momentwn (S state) is equal to 2(flavor) ~ 

.y.. 2(spin) X3(colour) = 12 which corresponds to nucleus 4He 

composed of two protons and two neutrons. From a quark struc­

ture viewpoint the helium nucleus has a configuration 6u6d. 

The strange quark s introduced the number of quarks which can 

simultaneously be in the S state will make 18 [ J(flavor) y. 
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2(spin) j-3(colour) = 18]. It is clear that this will be a 

state composed of 6u6d6s quarks. From a flavor viewpoint this 

combinat ion has the same quark composition as a hypernucleus 

composed of six f\.. -hyperons since 6u6d6s = 6(uds) = 6A.. 

However this will not be the lowest energy level of the sys­

tem since, owing to the Pauli principle, only two A -hype­

rons can simultaneously be in the state s. Therefore at such 

a grouping of quarks it is impossible to construct a nucleus 

in which all the quarks are in the S state. 

However, considering the quark structure of the proton 

P = uud , neutron n = udd and J1. -h;rperon JL = sss, the com­

bination of 18 quarks in the S state can be expanded into ba­

ryons in the following way 6u6d6s = 2p2n2Sl.. One can imagine 

such a hypernucleus, with strangeness 6 and zero electric 

charge, as a nucleus of 4He having joined two J1 -hyperons. 

It is theoretically possible that there exists a simpler hy­

pernucleus composed of only one J1-hyperon, two protons 

and two neutrons. 

Since all the baryons in these hypernuclej. are in _the 

S state, one c~n expect a large contribution of three-body 

forces which leads to a relatively large binding energy for 

these hypernuclei. The search of such nuclei, for example, 

in cosmic rays will off er an important and interesting prob­

lem. 

Conclus i on 

The discussed in ~he present work two-quark and three­

quark exchange forces apparently make the main contribution 

12 

at small distances between nucleons. As for large distances, 

it occurs that the 7r -meson exchange mechanism re1nains valid. 

From the quark mode~ viewpoint the exchange of TC -mesons 

(and other mesons) between colourless hadrons is possible in 

higher approximations of perturbation theory at the expense 

of presence of virtual quark-antiquark loops in interacting 

nucleons. And since t he nuclei JH, 3He and 4He are closely 

bound systems with a rather small mean-square r adi us, it may 

turn out that their binding energy, on t he whol e , is due to 

the discussed here quark exchange mechanism. 

It is very difficult to experimentally s eparate t he 

three-nucleon force effect from the two-body f orce ext rapo­

lated out of energy surface. However the data on the lie;ht 

nuclei binding energy and mean-square radii obtained f rom the 

form factor measurements more and more t estify t o the r eal 

exis t ence of three-body forces. The present work shows that 

the quar)c model of nuclei based on the simplified iaterpre­

tation of quantum chromodynamics results naturally in the ne­

cessity of taking into account the three-quark exchange for­

ces leading to effective three-nucleon forces. 

The new approach to the problem of nuclear forces on the 

basis of QCD simplified model allows to hope that the secre t 

of the main paradigm of modern nuclear physics - the Yukawa 

·1C -meson exchange, will be understood in the nea r est future 

just on this way. 

I express my gratitude to A. Ts.Amatuni, V.A.Djrbashian, 

V .A.Matveev, S .G.Matl.nyan and R. '-. ::J1.L· '1.arian for useful dis-

cussions. 
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Appendix 

In the present appendix the properties are studied of 

permutation operators of two and three particles Pii and 

PiJk in the general case of the symmetry U(n) group. 

As it is known, group U(n) has n .x n generators 
G( • 

A~ («1 ~ = 1,2, ••• n). In the lowest, i.e. fundamental or 

4uark representation the generators satisfy the relation 

A~ll)A~Ci) = o~A~({) (A.1) 

For the system of N particles generators have the form 

A; .. Z A~ (i) ,,., and satisfy the permutation relations of eroup 

U(n): 

[ A cl~ , Ai J = S~ A~ -S; A~ (A.2) 

The arbitrary irreducible representation of group U(n) 

is cha~acterized by the Young diagram ( 'f~, t,i 
1 

,, • J 5- .\.. 
where j t is the number of cells in the i-th line of the 

Young diagram. On the other hand, one may introduce n Casimir 

operators the eigenvalues of which are expressed through the 

. Partition numbers of the Young diagram: 

< C v..:"' ) = !.. A~ / = h + ii. +. , . + s-,, = f\I 

,,. LL (11). / ol ~ 11 t " '- C.i > = " A f> ArJ.. / = E 5,._ + ~ (>Hl-.?.J.:),fJ.~ (A.3) 
/< .. , l<=I 

( 
If If c U.. If)> - / !>( , }4 - )1 p n I i+l111-eH < p - , At>At.,,.A"'>- ~, (e1<.) "'"' lHt-!"-

14 

In the last formula eK. = ft<+ If-/<. 
1 

the prime by the 

product symbol means that m ~ k, and the number P takes 
~~ values 1,2, ••• n • 

By the definition (see e.g. fa] )the two- and three-

body permutation operators are expressed through the group 

generators in the following way: 

p .. = 
L~ A ~ n) A~ c ~) (A.4) 

Pi:;K =A~ (l} A~ <i) A~ (1<:) (A.5) 

Corresponding sums of two- and three-body permutation 

operators are expressed through the Casimir operators: 
Al 

L: (A.6) P C 
U.(11} 

.. ij.-::: J- - ttN 
t 1J 

C U.(1tl a C. U...l1tl ( i. ) , 1 "~ 3 - i<.. fJ J, - II +J.. N - N (A.7) // 0 -E ,,,·;1::. -
• "-lie'. 
' 1 J r The first of these relations is known and easy to prove. 

Let's give a short derivation of the second one. By the de­

finition of the third rank Casimir operator we have: 

= 
AO( A' r 

f> "b'Ar1.. -= 
~ .t "f!i' IV'(J L: A~a>EA-;Ci) L: AJ, (tt) ... 

i:.1 j:r I<•• 

C 
u.c.rL) 
3 : 

,., 
z; A ~ (i} A: l)) A~ (K) = : 

1, j, It. 

i. A ~ti) A: <S}A~ (ll) + i A p (i} A~ (c) A~ u)+cA.8) 
L -/J +I<, p:f 
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" + b A~<iJA~aJ A! lJ) 
,. c( ~ 11 µ /> II" 

-t- ~A ,_uJA~U}lt.1..UJ:ZA;<J>Airt;JAJlc/= 
i?-i 

i 'f:i ,,., ' 

:::: ~ f. .. ., + h i.N +11 -=;- P.· · .,. II I 11-t) + YL ~ f,·1· 
~ lj~ ~ •j . . 

l"f:.j'f.K C~j ':fJ 

Hence uw ~ . ~ ·' &/~ "'E'Pdtt::C 1 -1n~.P,)- (n-~)N-tv (A. 9> 
p If.) 

Substituting here the value J.:. Pt/ through the Casi­
l~/ 

mir second rank operator we shall obtain the required equa-

tion (A. 7). The operator eigenvalue l]. Pi J-. (. 
«f:/ f-/(. 

in the case of the group U(3) is easy to obtain from here 

considering that 

/ u.m) ~ ~ .t..1 _c_.,_ 11 1 6) · .._ cl. = .:h +1Jz, +;J~ #-.i<.u1-,;t,f3 

!.. c;-<0 /=- ;f.,3+f2+fl+Lfil+f}"~J.&}­

- ( 5'1.f.t + :f.j. f3 + .fz. .5-J) - 'I ft. -J.. fi. -1f3 

(A. 10) 

(A.11) 

Therefore in the case of group U(3) we shall Obtain 

(see also f91 ) : 

Z. P,·j -=- 51 (:f!-j..) + fJ.. (:i2 -3) + f!> ( f~-5) 
l j:.J 

-~ P,·;t< = 5J.(i1-1-}(!,-.t)+ f2 (f.z-2-){Ji.-'1) + 

(A.12) 

<f:.J1-K.. ~ ( -+ fJ (1)- lt) (:trS) - 3 f,fi..,. :h:JJ "12 fj)<A.1 J) 

In the main text of the paper 

into accour.t also that i.~j =fl~-
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f1-= Ji"' i3"' A • Taking 

2: = b ~ 
ann if.Ht<. t<i<-K 

~ 

we shall obtain the formulae(?) and (8). To make it complete · 

let's ~ote that the total exchange energy of the quark system 

JA with account ~f two- and three-body forces is still easi­

er expressed directly through the Casimir operators 

E = o1. Ci.."-<11 + p e.:;-<:1J 
(A. 14) 

or 

<E > = J o1. A'- + 3 ~ A:J (A.15) 

which results in the same basic relation (11). 

cl.' I d.. r;' <}.. r-r: ~ 
~I ~ . ~ \. lf 

(i'c)~a' (Aa)~o' 

6 
(/\a)u· o', 0 l;aJo~· ~ / "--o' 

~, 1" JI' ~ y 1' 
- ( C1) ( G) 

_ Fig. 1 Diagram of one-gluon exchange between two colour­

less hadrons: 

a) wi thout quark exchange ( = 0) 

b) with quark exchange ( # 0) 
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Fig. 2 

( d) 

i~\l;~& 

(6) 
Three-gluon vertex in the three-nucleon system: 

a) without quark exchange ( = 0) 

b) diagram illustrating the three-quark exchange at 

the presence of three-gluon vertex ( ~ 0). 
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