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1. Introduction 

Meson-theoretical appr~aches to low energy N N physics remain the only 
quantitative methods until the present days. Notwithstanding the consider-· 
able success in. this direction, an intensive work in the field is continu~d. The. 
main reason of such a nonreducible interest is simplicity, a general principle 
in physics. Meson tlteory provi~es a very simple description of the low en
ergy N N picture by the exchange of a few low-lying mesons -mediatjng an 
internucleonic interaction. Then, it is a reality ~f nowadays th~t baryons 
and mesons are the only hadrons visible in experiment; so, in thk sense, the 
meson-exchange model looks like an element~ry pr~cess as well. And at last, 
the realistic meson-nucleon picture can serve as a serious test for the actu~. 
ally elementary quark-gluon dynamics of the generally accepted fundamental 
theory QCD' of.strong interactions in this energy region. · 

There already exist a few realistic OBE models [i, 2, 3] successfully cie
scribing_nuclear matter as well as N N bound state. Hence, one may ask, 
why the construction of a new schemes like those are still of interest?-

All the existing approaches, in general, differ by their energy dependence, 
off-shell behavior or by prescription for potential construction (number'of ex
changed mesons, antiparticles etc.). Whereas an energy-dependent scheme is 
more appropriate near thresholds (e.g. for meson production above the cor
responding threshold values), an instantaneous approach is more efficient in 

I ' 

few- and many-body _bound-state problems. In various versions.of the Bonn' 
OBE model [4] or of Gross approach [2] the resulting T-matrices coincide 
on-shell, but have a quite different off-shell. behavior. However, more often 
than not the different off-shell behavior of the interaction has no physical · 
consequences; it may reflect the fact that a different calculational schellle is 
used to relate the meson-baryon couplings to the physical observables [5]. 
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·.;With time it becomes oJ;>~i<?}l~ th_att~~ conyeni~nce o( a specific calculational 
-scheme depends on the issue under study. A nice example is the role and 
· amo~rtt of three-body forces or meson-exchange. curn!nts .which can differ· 

remarkably in different-schemes. .·~, .o·- . ,; ·;_. i <.; < 
:,,,;:Thepresent,paper,deals with one·of th~ approaches tothe·l_ow· energy 
meson-nucleon physics [6] based ori the· spectral· decomposition of the scat-
tering T-~atrix; being a field-theqreticalcase of the Low equations [7]. Usu
ally 1r N· scattering is considered within the frame of this approach [8, 9, 10] · 
'N N scattering problem was suggested in. the paper [11], where, however, 
several assumptions wen'! made. Thepresent pap~r concernsthose.assump
tions and· thus' coinplet~s·;9ur scheme Qf'realistic description of low energy 
N N-scattering. That is, at this stage w~. have applied the constructed po-

·t·· ·.f· .·. ..., 

tenti?-1 ~~jt~edonuclear,_f!latter nqr fo deut~ron p~oble:rp, .t~ot;gh it _will_be 
ofconsideiable interest, because the dominant contribution to the P.~tential 
is presented by the equal-time interaction, while the effects of retardation, 

··nucleon off-shellness or of real meson exchanges-are separated in other'terms 
which, as we will see below, can be donsidered as correction' contributions. 
So, our goal is just to estimate these contributions {as in [11]) which'compli
cate the:potential and usually arise when the·three~diinensionahtpproach to 
the problem is considered; · :;! .L i· . ,[· 

· .• ,-;:,In our previous work [11] we have suggested:a relativistic three.:dimensional 
Lippman-Schwinger (LS) type.equation forth~ NN scattering T~matrix; '' 

',;,1 : 0 ;"~.' ';:.::;· :; .,.,;":)) ·•f!,l ;\' .,. •' '. 

:,:.,,T(p',p;E)=U(p',p;.E). ·· ,.. , .. ·· .. (1) ' ! . . d II ... . .· 
';Ill • p ·II 

.,: . ~/:.·.:, '·_,,r:: . + ,~(p:;p;E)E(~~')-E(p)+i~:(p ,p;E), 
\, , • , .;o j • • ".:-:. ,, • .-,,.',. ' I ,_, I_· • r ,, ; • ' • •• ' ' ~ ··' ' 7 

derived from' the field-theoretical ·Low equation> The;potential of this non7 
linear integral Low equatiori - w =v + v ·· uriiqJer};· determines· 'the energy~ 
depend~nt'pbtential of the s'tiggested LS type equation Eq.' (I) :,.: ' 

't •·. . . ' i .: ·~·. • • > ,,;1 -~. . 
.'·' >'{_';:_ :. ·.) :~~!~.l, ~-.:2L· .:~d .. ~ 

'U(p',p;E) =< p',-p'· IY+VI p,.:..p >= A(p';p).f;EB(p';p), /, ~~(2) 
--:' _,crJ: · · _'";: t· • L--\-,' ""t~:2~,:.-;:::y 'J~L ::' ,.::--:: 

where E := 2E{p) = 2..) M 2 +p2 for half-energy-shell amplitude, and A 
and B are hermitian matrices [11]. So, the potential U Eq; {2) consists of 
two parts: the first part . 

r 
_, 

U;;.l.~-~.._....-_ -. ~1•k.o._i! ~;;~:i~·~J} 
.. ~....,~J!:',·_J·r r;; ·"'."':+:!nR'l:H~n; \ ~-Ji!ooi '"<{".;:!! -~'· __ , .. J .. ·-""-~'I;i,--4 
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Y·=·< p' I {J{O);b+(oj} IP'.>; 
. . . . -

"".:.. . (a) 
:;- ;- ; ~-~}; : . ':.' .:· :*. ...~ -· . 

t<-
l_ ••• I-~ : 

•. ' . i .t". "•:h. ;~" 

-' <·p~p; I .VI PlP2 >= ; (4) 
.... ·· , - · o<3>(p~·...:..p:..-P,;.) ;.,, .... , •···· L <PLIJp1 (0)Im:>.:.E,:...!E ..:...E' <.ml/p~(9)Jp2>,_; 

m=:,_"'!.,f·~·-- .- · , ::·~·· . \. _ :· _.· .,. , P.t/~_ ·> __ Pl , ~ ~ --.; -

.L· ~ ~ lj , (0) {p2,m ·:> o<
3
>(p; -:-c.p~- Pm~. <:\-n;·~~flp 1 (0j I 0 >,'.' 

, .. .. · P~, ... ·· · ... E,,.,-;-.·E,! - ·E= · . · ··.. ... 1 •• .. : ,,., :. :r· 
m=?'",P·· 

.. is ·defined by: the on-mass-shelL meson~exchange terms and contains. the 
meson-nucleon vertex functions with one nudeon off:mass-shelL . . 

Jn that work [11] we have done the following assumptions: . . 
. ·a).we,did not include some terms in the NN.pot~ntialafose from evalua-
tion ofthe equal-time anticommutator Y, ·< .) ~· 7 ··· ,, : . 

b).neglected the.retardationin the V-term, i~e.::to~k a tiansfei:-r~d,three-
momentum-.t='-(p1.:7.P)2,·and;also. ; :·:·;.;.:; ~·; .... 

c) neglected the second term ofthe vector in~son prop~gators ; 

- g~'" + (p''? p)~'(p'- p)"' fin~ \ -~·.. . ; {' ) :-:·· •·. (5) 

not va~ishing. in 'both •, Y and .·v ~f.e~riis of the pot~nti~l. Hereafte~, for 
convenience, we'll ref~rto this term a~ a vect~r'mes~n'."gauge" .. term. In the 

_case of Y it remai.ns b4ecau~~.a nucleon ·c~r;ert is not cq11serxed; while in 
V it;does't vanish even th~ retardationis pre~ented: in,~he .. Lo}Y;-type NN 
potentials the above mentioned term contributes due .to theoffo~hell nucleon 
in the meson-nucleon~ertex functio~s. In ~U:~later p~per [i2] we have eval
·uated this gauge term for the V potential and ·~stimated its contribution to 

· the NN phase shifts and j:>Olarizat_ion characteristics. <; i, : ; . ; , : 

·So,' in the present work we shall evalu(L~etlJ.e rest . Y2 term of the y: an-
ticomml.ltat'or and .. takeinto ·account· the· retardation effect in · V. · · '., 

.· '{'";' 
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, 2. Eqp.al-tiine;~n~icommllta:tor\ :·.·. ;r 

tet us begin with_ the ~~ual-tiii1e.anti,c'arnmut1at~r. Eq: (3F~ria_pres~nt'·H·' 
~n_th_eJorm Yc -.lJ,+JS,·where 'Yi~:was;eval~ated iii ref~ ··[11] (t;,~.lof ref. 
[11] is alreadyinduded in ,Yik Y2 ds just a·terrii we·hitd dropped.in ref.]ll ], 
and as it will be shown below,Jeads to ~ four-ferini~n ·contact interaction~·· 

To e~hibit th~ origin of these terms l~t us recall the Lagrangian exploited 
in our approach. For this purpose· it is· enough to present it's part corre-

sp.~ndin~}o vec.~~¥/?~so~.~~ •.. ~:.·. . !·.· •• , , .. '··' < ; • ·"' 
"1 

. ;~ l :_ 

I' -• •,' 1 2 2 . 1 ( " )2 ,'j', 'IJ.•T• ·' · !v. ,'j', •I'II•T• ' .( ) 
J..-NNv =;= 2m~cpl'- 4 cp~,;. + flv~/ ~~I' +AM ;a . :.tp~~-. · 6 

where'::-, .... : ... · ;'' . ·. . ,<'.( .... ·. . { ~- ) .. -''~::.. 

~PI'" = ( al'cp" - a,c{:;l'). · · • 

Then, the'~ucleo.d .current in Eq .. (~) ~n,ecal?- pre~~!lt in~hef?~m. ·;:;.;{?; 
. ' - 1 ' . ~ ! : ' ' . < • ; • • ' • ' ' - • • • ' • • .~ ' • •• " • 

::o. 

Jv = AvW 
-. \. : .\ 

. (7) 
~- ~ 

with 

A • I' + fv IJ.II v = 9v/ If'!' 4Ma _<pi'" 
·:·' 

Th~ Lagrangian Eq. (6) is a singular one: therl(! are only three independent 
components of the vector 'meson. field. <p ~ and tllerefore a. constraint relation 
e~ists. The E-L · equ~tion · ' 

.::: .. 
"ff 

2•· ·~~··- fv-
,, .(D+;nv)Cf'~'+8~'8 fPv;=gvW/~'W+ 4M8v(wa~'"W) ~ . .. . 

(8) 

then yields the explicit constraint exp~essions' 

; .. 1 ( a~· 9v-
~Po=-- 1rk- -w1 w) m; 2 ~' 

; •··. •fv.'_·, · . 
Cf'ok =: 1rk + 4M WaokW (k = 1, 2, 3) (9) . 

where, 

: • •. 7rk ~ :~~::~ . :. 

· Hence, A = A(w) in Eq. (7) and the.anticommutator Eq. (3)' splits' i~to 
~p~ . 

<.5 



{J, b+J=,{A'll;bt}·:::: A{w,b+r+[b+ ;A]'ll j: {10) 

.corresponding to .Yl . and·. Y2 respectively. ·-:; . 
~: . Considering the rest part' of the Lagrangian one can immediately con dude 
· ihat scalar interaction doesn't contribute to theY;, while f~i the pseudoveetor · 
i~teraction we just have;the following constraint' · · ·' c 

;i 

" 
8ocp = 7r"'_-_gp&ift/~l~'ll ,. 

So, evaluating Y2 commutator for the. veCtor and ps~ifd8sc~l~r in~~;ons 'a~e 
can reduce it to the form >' · 

,',. 

< Pl'Sl' I ia I P2S2 >= 9aUp1,s1,Up2 s2 Aa(t), {12) 

with 

A t - "' "' . 
,;. : [A2.,....m2]na; 
,,a{)-;-. '·A~::.'.t· ' •' ~· ~ (13) 

which was used for the evaluation .of the Yi term (eq.' {36) of [11])~ 

Nx· .·<_· .~·', 
.. :: .-. 

' . 

N .· N' 

Fig. 1. Four-nucleon contad interaction. 

As it is seen Y2 doesn't lead· to .~he boson-exchange interaction. In the 
other words Y2 matrix elements have no dependence on t = -{pi-p )2 , except 
of the form factors Aa(t). So, one can consider it as a contact interaction 
. of four nucleons Fig. L It is not surprising:. though the·OBE Lagrangian 

6 

doesn't contain the explicit four-fermion intera'ction; it effectively exists· {for 
e~ample in Eq. (6)) .via the constraint relations Eq. (9). .· i .~ 

· There is one more contributioii.~ to tlie Y part of the potenti~l. The 
c~ntribution from the-vector n{esmi'gaug~ term Eq.-(5) corresponding-in the 
configuration space to the second term in the l.h.s. of Eq. (8) doesn't vanisl,J. 
when 3-dimensional transferred momentum t = -(pt - p )2 is considered. 
This contribution h'as been calculated in ref. [13]. . . 

3. Off-shell nucleon contribution 
,._ --~ i·~ ,. .-.,. '· . ".. ' ,,. 

It was stated~;'in ref. [11], that the sec~'nd_ternl' Vof·thipriteittial Eq. 
(2). corresponds. to:the meson-exchange contributions too;· but it~is built; by 
m~ans of the off-shell nucleon ~ertex fun~tions. The difference betwe~n .the 
Y

1 
and the relativistic V~parts causes in.themeson-'nucleon vertexftincti~ri~ 

and in retarded me.son propagators:~nd matrix ele;Jents of V (No.tice~ that 
there is an opp'ortunity to include,the antinucleon degrees'of'freed6~·-iri 
v when cutting the full set of intermediate states [11])./0n the energy 
shell when both, initial and final, nucleon~ are restrictedoii their mass~shell 
the contribution of V potential ooes v~nish. Therefore, this part of the 
potential stands for the pure off-mass-shell contribution of the ~ucleons and' 
thus affect's' the on-shell scatterihg amplitude and NN observables via the 

: ' 4 < 

unitarazing equation. ·. . .·· . . . . , .. , _ . "" 
Retardation is~themo~tch~racteristic feature,bfthis'part of the potential 

differing'it fro~ tiici e~u1.1-time seagul term- y:~Ex~~pt'of th~_retardation 
effect one have to take' into ac~ount the contribution 'aiisiiig from' the.ve~tor 
meson gauge term Eq. (5). In the case of V potentiaLit does not vanish due 
to the off-shell nucleon at ,the meson-nucleon vertex.:· As it was pointed. buti: 
this contribtition had been. estimated in ref. [12]. Now, \v'e'll exermine thi§-
teim taking into account the retardation. · / . 

. I 

4. ·Numerical re~tilts and summ~ry 
Considering the numerical results, first of all itis to. be. noted th~tin 

the·.case when retardatioif is included, stronger cut~off form faCtors are nee~ 
essary. This is ~due ·to the well-known fact that :the ·r~t~rded ~urn converges 
more slowly to the physical result than the equal-time sum. Hence, we have 
replaced the. monopole ;form. factors· with dipole ones. and· fitt~d'N N. phase~ 

.shifts .to experiment;1l data. The,resulting NN phases·are depiCted imfig·2 
~nd the p-a~arp.et.ers" of,thy exchang~d mesons .are:giy,en in table n; : .... - ,-- ·, ,. . .,. -

':<:..; ::(:!f f~[ ~ 
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The ~olid lines in fig ;2 ~ta~d for the· full re;uf~, while there~~ ~/th·; 
CUrVeS (except . the dot~ed ()nes ."in 1 P1. and 3 P1 Waves) Correspond, to the 
instantaneo_~s i~teraction:.At fir~t.we consider the latter interaCtion._. 

1"' '·· 

Tabie 1. 

I MesonsTm,.; Mev I g;/(47r)2
, Uv!9v] I A,., Mev I n,. I 

•. " 7r 138 14 ' 1500 2 
w 782.6 ; 12 1500 2 ; 

·p 769 . i; :0.9 (6.0] 1650 . 4 
(J"' ,, - . 520 .. 6.6 '.1500 2 

·. 
, As a starting point wetook the Yi pote~tial ~vhich, as it was pointed o-dt,•· 

in r'ef. [1i), almost reproduces the OBEP [1}but ~ith 'only four exchanged\' 
mesons 1r, a, p,. and w. Cqrresponding N N phase shifts are depicted~ by,~;: 
long-dashed curves. Then, we added to Yi the instantaneous contribution • 
arising from the vector' ~eson gauge term 2 Eq. (5). As-it is seen fro~;-fig 
2 (dash-dot lines), and as it was stated in ref. (13], thiscou't~ibution' gi~~s, 
some;~ttr?:ct~()~ in S~w~ves; It is 'shown in thatwork thafihis-attraction.is ,: 
almost compensated by the retardation effect· in the 1 S0-wav,e. __ In our- case _ 
such, ~~.c~~tribution. gives the contact 1:2- term. Corresp~nding· plia.Se .shifts' I 
with added ·12 term:are _depicted by short~dashed curves.:>it :j~ seeh' that ' 
this c~ntributi~n ismu~h l~rger than that needed to -~~~p-~nsate the ~hove 
mentioned attractioii in 1 S0 , 

3 P0 , 
3 P1 etc. partial waves, whereas in some 

other waves it appears to be attractive. 
The next ~tep is to include the· contributions from the V part of tlie N N 

potential.. In fig. 2 thk-,ov'erall contrib\1ti()~. from, 'v is_:~hoym by tlie' solid· 
lines.\ Of£ c_?l.u:se, itis aOfull resulL Only' in ; ~p1 and' .3 p1 :W~ves: (the dotted 
curve~) ,nave w~. depict~d the phases. wh~n ,retar~ation (label. ,I); and; both • 
retardation arid vector 'meson gauge term (label 2) ·~re omitted in V. These 
waves are the ones where these contributions somehow ·differ from the full 
result, while in the other ·,;;aves .they al;nost coi~~id~ ~ith it; Although, we· 

\ •''•<•-"' • • ' i ,, c' \ ,,••)'-"·/'-" • • 

are more interested in relative ,contributions we thin~, that_ the-description 
of theN N scattering experimental data is satisfactory, though the obtained 
3 D3ph~e is too high. . _ . , . 

So, even with a.first~glimce view, one immediately concludes - almost 
the wh~le interacti~n occur; by the seagull term. 'contribu"tion~ from the. 
V potential even in the low-lying' partial '~aves'are very <>~all. The meson 
paramete~s (Table 1) are like those in OBEP, tho~ghhere.\Vehave only one 

' ' :...·· . . ~ . . •. ' . ". . ' . -
2 Note, that this term exists due to the parti~ular lagrangian ex~loited in OBE models .. 

If one takes, for example, 1/2 8j.r.p,8~-'r.p" instead of r.p!, = (811r.p,- 8,r.p11 ) 2 ' 'then this term 
vanishes .. 11 



set of scalar meson adjustable p<;tr~meters, as in.ref [~]. One should also note 
the relativdy'low value of the omega ~ou~ling 93/(41r)2=12. 'It is·.~ainly' 
due'to the' repulsion caused by the 'contact iriteiaetiori. T):lere._i~ aile mo~e.:. 
free parameter in: the abo~e mentioned ir~rk [2( It i's' the r~ti~ of tenso~ t~' 
vector coupling fuf9u for w mesons (usually it is set to zero in other OBEP). 
Then, we have examined our result taking Gross's value fw!9w=0.14 for this 
parameter. Thc;:_result is in fig 3. 
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Fig .. 3., W:ith the. solid Jines •full ·result is shown. as in fig.•; 2, while• the 
dash curves cor;espond,to the phases-when the/w/9w=0,14cont~ibhti~n; 
is added .. : -~ . :;;1,, • ' .,r.J . · ,r_ · · ;, . :uJi!Jc • 

~'* I ~'J} (" -{_;·~. 
-·:1\' 

',- !7'c) 

."t•,.j ",f ..• ; ,'\!' ~ ; :. 

Itleads to the only signifib:nt ~ontiihution i~ the 3 P2'0'ave, whih! in', oig~~--·~ 
waves this contribution is of the same order a~ in the .1S0 wave, <>ile~s:'·Tha.C·' 
is, the introduction of the f;J/ g~ contributes further to the116:.Ve:dng ~f the _w __ 
coupling. . ' . ,: ' . ' ' . ' ; " ;, . .. •l ' •••• _· 

It is t() be noted that influence Of the contact tefni contribution' on th~ 
_3 p waves and on the beha~ior 6£ ci mi~irig p~rameter indicates a significant' 
change of a total tensor force. Therefore, the application of this. potential to .• 
the deuter<m problem will he ofgreatinterest. . ' : .. 

The main shortcoming of the constructed potential is that we have omit-· 
ted retardation in the Yi 'term. Though, it is a part ~f the ~qual~time an
ticoniinutator, the fourth component of the'four-mo~enturri tr~nsfer is not"' 
zero. Retardatiori: iii Yi' term leads to l great amount of ~ttracti~~ e~pecially 
in the 3 S1• partial wave arid if seems t~ us that'd~'e have to iriclude t_he _a:ntin~ 
ucleon degrees oUreedom when working ,with; the;n;tarded Yi'.i>Otential, as 
it)v~ done i~~[2]: .~:· .. , . · , : •

12
• ·,, -. . . . . '"' -:· · ,., 

s~: -~ith th~·usualLagrangiari expl~it~lin OBE'hiodel~, w~·ii~~/~~alu
ated,the (previously neglected) ,second Y2 term (for vector and,pseudovector 
inesons,'only)' ~fthe equ'al-time anticomm~tator y tising th~ 'same '~eson~ 
nucleon vertex functions as that used in the construction' of the YJ:potential. 
Namely, for Yi 'Ye have . . . . . 

·: " " .._ • ·, . ::' . ·..~.· ' .l -~··; ::·J 

Yi;,.:., tl(-pl)f~u( -p) <pi I c,?a I P >, 
, ,; , ~ '. l. ' . '· • ~ ..1 I : '::;) ' :·· J~. 

while for }'2, 
·',.;· :! r'' ·' ~ . ' .~·~ •. _, "· ·:~~ .. 

}'2 "' u( -pi)rau( -p) < pi li~ I P >, . 

{, d:l .. 
. :.-, ~ . ! (a·=·s,ps, v):l; 

Therefore, there is no particle propagation in' }'2 and·\vefconclud~ it to b~ an 
instantaneous contact interaction of four nucleons.· The four nucleon contact 
intera~tion is one char~ct~risti~ feat~re. ~f the '1m~. approach. N N .. p.~tenti~l 
and, as it is -seen from the fitting results, leads to considerable repulsion thus' 
lowering the w coupling. Another featu_re;of this .potentiaHs a real~meson-' _ 
exchange.t~rm- V, which turned out to give <;t small contributione":en ;in 
the low-lyiitg waves. The cohtributions to the•V; s~ch !as retaid~~i~n-arid/<>~· 
vector meson gauge term,' may be safely ~egle,cted. :yve are ,making: such a 
statement because we hav~'inchided all the 'po~sible contributions to the. NN 
potential except the retardatiort _in the Yi term. 'We think, that it is necessary 

· to introduce the antinucleon degrees of freedom when one calculates the Yi · 
term \vith ·retardation. 
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1Je.n~3e A.,ll:xc:., CJien'leHKO JI.A. 
Pea;mcm'lecKri NN nOTe~a.n: 
B DOAXOAe ypaBHeHIDi: Jloy 

IIocipoeH peanHCTH'IecKHi NN nOTeH~a 
COAep:xc:a~H KOHTaKTHOe B3aHMOAeHCTBHe 'leTJ 
O~eHeHH BCeB03M'?.:lKHHe BKJI(lAH B DOTeH~HaJI, ' 
·xoAa. 

· Pa60Ta BHnOJIHeHa B Jia6opaTopHH TeopeTJ 

IlpenpHHT 06'beAHHeHHOI'O HHCTHT)'Ta SIAepHblX 

ChelidzeA.J., Slepchenko L.A. 
Realistic NN Potential for the Low Approach 

' A realistic NN potential for the Low equati' 
of four nucleons is constructed. All possible ch; 
potential are calculated and estimated. 
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