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We discuss a working approximation scheme to a recently developed formulation of the coupled
7NNN-NNN problem. The approximation scheme is based on the physical assumption that, at low energies,
the 2N-subsystem dynamics in the elastic channel is conveniently described by the2dspatential ap-
proach, while the explicit pion dynamics describes small, correction-type effects. Using the standard separable-
expansion method, we obtain a dynamical equation of the Alt-Grassberger-SgA@®@stype. This is an
important result, because the computational techniques used for solving the normal AGS equation can also be
used to describe the pion dynamics in 8 system once the matrix dimension is increased by one compo-
nent. We have also shown that this approximation scheme treats the conve8hipmablem once the pion
degrees of freedom are projected out. Then,3Nesystem is described with an extended AGS-type equation
where the spin-off of the pion dynami¢keyond the2N potentia) is taken into account in additional contri-
butions to the driving term. These new terms are shown to reproduce the diagrams leading to3hefdece
models. We also recover two sets of irreducible diagrams that are commonly negleghetbice discussions,
and conclude that these sets should be further investigated.
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[. INTRODUCTION derived by AGS[3] who applied the quasiparticle approxi-
mation to their three-body equations. Equatiari), like the
Considerable progress has been made in understandifigaddeev-Lovelace-AGS equation, is a coupled set of integral
the coupled system of two nucleons aiad least one pion. equations in one intercluster momentum variable, but here
This enables the study of pion absorption and productiorthe labelss(s’,s") run over four values, rather than three:
processes on very light nuclei, and is a next step of including=0 representing the configuration consisting of a three-
explicit pion degrees of freedom, beyond the standardhucleon cluster with the pion separate, anel, 2, 3 repre-
nuclear picture where mesonic degrees of freedom are “frosenting the three possible arrangements of the three nucleons
zen out,” into nucleon-nucleon potentials. We are in particu-in a pair and a separated nucle@he usual AGS-Lovelace
lar interested in a set of theories which can be classified bgcheme with the pion associated with either the pair or the
the acronym TRABAM(Thomas-Rinat, Afnan-Blankleider, single nucleon, or absern(iSee Table Il in4].)
Avishai-Mizutan), Ref.[1]. In recent years, a fair amount of ~ The driving term in this equation is given in terms of
effort has been made to extend this theory to the pion-threeguantities associated with the two levels of separable ap-
nucleon domain, where a richer range of phenomena is pogroximations needed when the quasiparticle method is ap-
sible. In a sequence of papd, this system has been ex- plied [4] to the full INNN-NNN system of equations, as
plored in the attempt to arrive at a consistent and connectefllows:
theory of the coupledrNNN-NNN system. This effort has
required the blending of the standard three- and four-body 2(2}:<(S(2))_|go|(sr(2))_>§s
theories of Alt, Grassberger, and SandfA&S) [3], with 58
the possibility that a pion can appear and disappear anywhere
in the system, and in any of its subsystems. + 2 E Z
In a recent paper, one of the authp4s elucidated a con-
nected, coupled scheme for the combingldNN-NNN dy- X (Bsg + Osg Oarpy)s (1.2)
namics. Furthermore, he derived, by the use of the quasipar-
ticle formalism at three-cluster and two-cluster levels, amand these contributions to tteterm will have an effect on
equation for the couplearNNN-NNN system, that has the both the inhomogeneous term and the kernel of the integral
appearance of a coupled set of Lippmann-Schwinger typequation Eq(1.1).
equations: This expression looks rather complicated with the mul-
tiple sums and inclusion rules, but, in fact, it turns out to be
(1.1) rather simple, once all these rules are applied and the delta-
functions invoked. We will define in detail symbols in this
equation below, but let us first look at the structure of this
An equation of this type was first given by Lovelddd in  driving term. The first term contains only components from
the standard three-particle problem with separable interadhe three-nucleofno-pion sector, and therefore cannot con-
tions, using the original theory by Faddej®). It was also tribute at all ifs=0 ors’=0. Therefore, the only contribu-
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tions to this term can come from the cas€0 ands’ #0. In TABLE I. Chain-labeled four-body components of the form fac-
this case the first term of E€L.2) does not contribute on the tor [(s?),,) for s=1. The last column represents how this form
diagonal(i.e., s=s’) because of the anti-delta function. Off factor is constructed in terms of the elementarynteraction with
the diagonal, since this contains only nucleon degrees ofucleoni, by means of therNN vertexf; .

freedom, this term can properly be identified with the driving
term of the traditional AGS-Lovelace approach to the stan- a’ a (f)ara

dard three-nucleon problem.
P ) (N2N3m)Ny (N2Ng) N4 fo+fs

For s=s'=0 there is no contribution t&;, also from (N,N5m)N, (Npm)NaN; fy
the second term, because the inclusion prescriptions in thﬁ\lzNw)Nl (N3m)N,N, f,
sums cannot be satisfiedst=s'=0. More explicitly, since (N,N3) (7N, (N,N3) 7N, f,

s=s’, only the last term in the delta-function structure S“r'(NzNS)(le)
vives, but this requirea’ #b’. However, fors=0, there is
only one two-cluster state, namety(N;N,N3), so the con-
dition a’#b’ cannot be satisfied. Therefore, the driving the separable representation of the two-partiaieatrix, ac-
terms do not contribute at all in the cases’'=0, either in ~ cording to
the first, or in the second term.

The second term does have nonzero values in the diagonal ta(2)=[(@®(2))) 7P (2)((@3(2))|, (1.3
cases=s'#0, and this provides additional diagonal terms to
Eq. (1.1) due to the coupling to the pion degrees of freedom describes effectively all the elastic two-body processes in the
Even if small, such contributions compare to zero and therefour-body space, with, representing either theN or the
fore can hardly be neglected. The second term contributegN two-body t matrix. The “anti-delta” function is
also to the off-diagonal elements, thus providing correctionss,y = 1— 85 . The inclusions under the summation symbols
to the dominant terms of the standard three-nucleon problenare intended in the usual sense of Yakub&wghain inclu-

In Eq. (1.2, [(s®)aa),](s?) ) are components of the sions. For example, fs=1, a’ is one of the two partitions
form-factor vector coming from the separable approximatiorN,(N,N37), (7N;)(N,N3), anda are all the possible three-
at the two-cluster level, the subscript-"" representing the cluster partitions that can be obtained by breaking one cluster
no-pion sector, the subscript$a being the YakubovsK7]  in each of the above two-cluster partitions. As an example of
chain labels for the chains of partition of tlieonservel  how the complicated-looking structure of E@..2) simpli-
four-body systemsrNNN. The quantityg, is the free propa- fies, we show two particular contributions to the driving
gator for three nucleons, in the absence of pions; the quantiterm, where we specify the form-factor vectors by the chains
Tﬁf) denotes the intermediate propagation of the possiblef partition, and leave off the superscrig® and (3) that
three-cluster structures of theN NN system. In other words, occur in Eq.(1.2); a typical off-diagonal element:

N2N3(7N,)

Z15=(N1(N2N3)|go|N2(N3N1)) + (N1 (NoN3) ;N1 No(Na )| 7(n, | Na(NaNy 7) ;N3 No(Ng 7))
+(N1(N2N37) ;N1 N3(No7m) | 7, m) | (7N2) (N3N1) ;N N3(Np 7))
+((mN1)(NaN3); NaNa(Ny )| 7, )| N2(NaNy 77) s NoN3(Ny 7)), (1.2a
and a diagonal element:
Z33=(N1(NaN37); N3 (NoN3) 77| 7 n;) | (N1 7) (N2N3) ;N3 (NoNg) 77)

+((N1)(NaN3); N1 (NaN3) 77| 7w, N2 (NoN3 ) ;N1 (NoNg) 7). (1.2b

For s=1, as can be immediately deduced by comparingwvhile the two diagonal elements in E(..2b) are represented
Eqg. (1.2 with Eq. (1.29, the statg/(s) ) denotes the Fad- in the right-bottom panel. The right-top panel reports also the
deev componeriN;(N,N3)), while with |(s) . 2) We denote  remaining two diagrams which provide the coupling to the
the relevant Yakubovsk components, such as fourth componenti.e., 0=s#s’). Thus this figure exhibits
[N1(N,N37);NiNo(Ngar)) for instance. All possible four- in full the structure of the diagrams which are needed for
body components fos=1 are listed in Table I. setting the dynamical equation of theNNN system.

This structure for the driving term has been diagrammati- To solve Eq.(1.1) one must first define and construct the
cally represented in Fig. 3 of Rd#], and is reported here in states|(s®)...), [(s?)_), and the two-cluster Green’s
Fig. 1 for the sake of clarity. The left panel exhibits the four function 7-22). It is precisely at this point that we propose
terms discussed in Eq1.23 for the off-diagonal elements, herein a workable approximation scheme. However, before
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discussing the approximation, we recall for clarity the rigor-with the fact that nucleon “1” is set apart from the other

ous result obtained in Reff4]. For complete details we refer two: obviously, the other cases with=2,3 are obtained by

to that work. cyclic permutations of the nucleons. The 0 amplitude in-
Starting from the two-particle representation Ed.3), stead contains all the interactions internal to the single

one can derive the dynamical sub-amplitude containingr(N;N,N3) partition, hence the pion is set apart from the

the interactions internal to the coupled set of partitionsthree nucleons here.

(N71)(N3N3), (N;7)(N,N3), and (N;)(N,N37r). This is de- The dynamical equations for these four subamplitudes are

noted by §) s—1) where thes=1 index should be interpreted given by[see Eqs(3.21)—(3.24 of Ref.[4]]

(Xs)a’a,b’b:<a(3)|GO|b(3)>§ab5a’b’+ 2 2 <a(3)|GO|C(3)>gac5a’c’TES)(Xs)c’c,b’b"'<a(3)|GO(fs)a’agO(XsT)—,b’bv

c’(Cs) c(cc’) (1.4)
(X" b= (FDrpGolb®)+ 2 X (F)ercGol ) 7 (Xe)ere b+ VaGo(Xsh) b (15
c’(Cs) c(cc’)
(Xara-=(a¥|Go(fdarat 2 2 Sacdarcr(a®|Golc®)r(xo)erc, +(a|Go(fo)araBo(Xs) - -, (1.6
c’(Cs) c(Cc’)
(X, =Vet Vlo(x) -+ 2 2 (F)ereGolc®) 7P (Xo)erc, -, (17
c’(Cs) c(cc’)
|
with aCa’Cs andbCb’Cs. For eachs, the subamplitudes (Xg)ara = |(S(2))a’a> r§2)<(s(2)),|, (1.10
(xs) have components labeled by the Yakubdvshkain la- '
bels @'a), or by the symbol “~" in the case of the no-pion (Xe)— ,=|(s(2)),>r§2)<(s(2)),|. (1.10

sector, where the indexspecifies a unique physical partition

(last column of Table Il inf4]). Only whens=0, all cou- This representation provides all the ingredients needed to
plings to the no-pion sector are vanishing. These coupledonstruct the connected dynamical equatibrl). We have
equations are obtained once the representatioEE8). has limited here the discussion to the case of one separable term,
been assumed, and the amplitudes are expressed in the fobust the algebraic generalization of E@..1) to more sepa-
body space in the corresponding quasiparticle representatiorable terms is straightforward.

G, is the full four-body free propagatog, is the already

mentioned free three-nucleon propagator in the no-pion sec- Il. APPROXIMATION SCHEME
tor, Vs is the pair potential between the two interacting nucle- o _ _
ons in the partitions denoted byand, in addition to the Although this is a very relevant issue, we will not concen-

short-range part of theN potential, it includes explicitly the ~trate here on the mathematical aspects and general con-
OPE diagram. Finallyfs (fl) is the elementary creation Straints needgd to obtain a mathemancally converging sepa-
(annihilation vertex for a pion into(from) the appropriate rable expansion for the subamplitudes. A very clear
subsystem denoted by the chain-label subscript. An imporéXplanation about the general methods required for consid-
tant aspect of these subamplitudes is that it is always pogfing such questions can be found in R@&f.
sible to factor out a Dirad function in momentum space for ~ We Will instead concentrate on the development of an
the “spectator” nucleor(or pion, fors=0). The new aspect approxm_late scheme for the separablle re_presentatlon_ of such
obtained in Ref[4] is that this factorization property has Subamplitudes. The proposed approximation scheme is based
been maintained when there is a pion associated with eithé" the physical assumption that in standard nuclear physics
the nucleon pair or the spectator nucleon, or when there is € Picture of nucleons interacting via realistic nucleon-
pion at all. nucleon pqtentlals, with the pion degrees of free_do_m “frozen
The basic assumption for the subamplitudes consists in Out.” provides an acceptable first-order description of the
the finite-rank representation low-energy/low-momenta dynamics. The effects of including
explicit pionic degrees of freedom beyond that picture
should then be considered only as dynamical “corrections.”
(Xs)arapb=(8®) ara) TH(sP)p 1], (1.9 If we consider Eq.(1.7), we observe that the last term
accounts in fact for the one-pion dynamics in & sub-
" S ) e(2) system 6#0), once the OPE diagram has been taken out
(Xs) = b= (") ) 77((8" )1 (1.9 (pecause it is already included ). In particular Ks)— -
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tion is assumed in all potential approaches to 3ieprob-
lem, but it has not really been tested. The exception is in Ref.
[9], where these dispersive effects of &d subsystem have
been sized in the extreme situation where ¢ interaction
is entirely represented by its coupling through a forward
propagatingA isobar. Interestingly, th&-mediated, discon-
nected dispersive effects in ti8N system turned out to be
not negligible. It is clear that this problem should be inves-
tigated further; nevertheless we will not do this here since
our aim is to follow in this respect the standard potential
approach to th&N problem, where th&N dispersive effects
generated in th@N subsystems are completely ignored.
Once we have accepted that thd dynamics in theelas-
tic channel is described by means of a phenomenological
nucleon-nucleon potential, our description can be closely
compared to the usual, potential-based, quantum-mechanical
3N approaches since the dynamical input of the two ap-
proaches appears to be identical. Then, if we consider Eq.
(1.11, this reduces to the well-known, standard separable
representation of the two-nuclebmatrix, which we express
in the polar form

(xg)— _~[s@7P) (@), (2.)

and this already gives the approximatidiis(®) _)~[s(®),
and 7?~7{?) which are needed for the determination of the
driving term (first contribution and for the kernel of Eq.

(1.2). It should be noted that the form factds$?)) for NN

interactions are, in this approximation, not distinct from the

form factors|a(3)> of the quasiparticle approximation at the
FIG. 1. Exchange diagrams contributing to the exten@8tl  three-cluster level, E¢L.3). Both come, in fact, from the

equation with one pion. The left panel shows diagrams contributinghole approximation of the elastic two-nuclebmatrix. The

to 2(122) (off the diagona), the bottom-right panel denotes contribu- only difference is that th&(2)> factor refers only to theéN t

tions to the diagonal elemet;?, and finally the diagrams cou- \1-ices and i expressed in tHeN) + N two-cluster space,
pling th_e three Faddeev components with the fourth component .., \na Jacobi coordinate removed already. The form factor
(with s=0) are shown on the top-right panel. The straight solid,_3) th ther hand f ¢ il the two-bod
lines represent nucleons, while the pale wavy line denotes the piorllf':1 >’. on . e other hand, refers 1o f’i . e two-body
Whens# 0, the pion line surrounds the two-cluster partition, sincet'mamces_In the four-_b_ody space, and this includes also the
the pion may couple with the nucleon pair, or with the spectator, o™ N tmatrices in addition to th&IN ones. Thus, a conve-
be absent. nient feature emerges from the approach herein discussed:
only one standard pole approximatiéor expansion, in the
represents the complete, elas?id amplitude in presence of more general case of higher ranksas to be made for the
a spectator nucleon. Obviouslys - _ should be obtained two-nucleon interaction, to be used for tBS t matrices in
from the coupled set of Eq§l.4)—(1.7), but we will identify ~ both four-body andN spaces.
instead k) _ with the conventionalN t matrix, derived At this point one fact must be stressed: namely, if we do
by the solution of the standar@N Lippmann-Schwinger not consider further contributions, our description precisely
equation(in the presence of a spectator nucleaising as  collapses into the quantum-mechanical approach to3ite
input the phenomenologic&iN potential. In other words, System in terms of &N potential, since the resultingN
we set to zero the last term of E(L.7) and use for)s the  equations havexactlythe AGS form. This is because all
conventionalNN potential which includes in an effective couplings to 7NNN state are made via the components
way the contributions from the pio2N dynamics. Note that |(5®)ara) Which would be set to zero in this case. Thus,
there will be a price to pay for this; namely, disconnected these components, together with #e 0 partition, are fun-
dispersive effects to th@N dynamics, originated in theN  damental for an explicit treatment of the pion degrees of
subsystems by the dynamical equatighsi)—(1.7), will be  freedom in the3N system, and we get an approximation of
approximated to zero. This is a consequence of the fact thabe |(s'?)),.,) factors, to the lowest order, by considering in
the dynamical description of the pion degrees of freedonparticular Eq.(1.6). Assuming that the leading contributions
implied by these equations has been replaced with an istate (Xs)aa,— are dominated by the pole structureee Eq.
taneous, effective?N potential. Implicitly, this approxima- (2.1)] of (xs)— _ in the last term of Eq(1.6), we obtain
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(Xs)a’a,— %<a(3)| GO(fs)a’a90|§(2)>;g2)<g(2)| ’

and considering Eq1.10,

() aray =] (5®) 410y =(a®)|Gy( f ) araG0[S?).

(2.2

This provides the form factors needed for the second term of
Eqg. (1.2), which in this approximation represents the contri-
bution entirely responsible for the explicit treatment of the
pion dynamics in Eq(1.1), beyond that effectively contained
in the static2N potential. The(a®| on the left of this is
needed because the quasiparticle approximation has alreac
been made for the pair interaction in the four-body space, by
Eq. (1.3.

Equation(1.2) also requires the “bra” vectorg(s?) _|,
((s®)4al. We simply construct the adjoints, by taking the
corresponding “bra” states of the underlying quasiparticle
approximation(2.1) of the standard?N t matrix. In other
words

((s@)_|={s?), (2.3

and

(Al
dh il

2 /(2 T 3
() aral = (sP]go({)araGola®). (2.4 FIG. 2. Diagrammatic representation of the form factors
|(3®)4:,) in the Yakubovsk chain-labeled space.
By means of these positions, we identify three types of
new contributions which take into account, to the lowest or- lll. DISCUSSION
der, the explicit pion dynamics in the extendgl equation, In the previous section we have shown that it is possible

Eq. (1.1). These contr|but|ons ”?Od'fy the dnvmg terd to treat approximately the pion dynamics in ¢ equations
of the standard AGS equation in a very selective way. Weoy introducing the new form factor

will discuss the details of these contributions in the next
section, while here we briefly summarize the result. The first =(2) —/a(3) =(2)

contributions enlarge the number of components with respect (%) ar2)=(a™Go(Fs)araGol&7)- 33
to the three standard Faddeev components, with the additiorhe operator )., has been defined in Rd#] in terms of
of the fourth components=0) specifying the partition the renormalized elementaryNN vertex by means of the
when the pion is set apart from the three nucleons. Suclhclusion prescription
contributions provide the new couplings betwesn0 and

s'#0, as well as withs#0 ands’'=0. These link the3N —
Faddeev components with the partition consisting of a three- (fo)ara= Zl fi6iadi,aca Oarcs- 3.2
nucleon cluster and a separated pigs(Q). A second type

of terms enter in the diagonal past=s’#0, of Zgi) while  Here, the label i’ represents therN pair interacting via the
traditionally these elements have been assumed to be vanisvertexf; .

ing in the standar@N theory: hence, these terms should be In view of the key role played by this new ingredient in
considered important since they compare to zero in the starthe extendedN equation we provide its detailed diagram-
dard AGS equation. Finally, the second term of Ef.2) matic interpretation. To fix the ideas, we choasel and
provides corrections also for#s+#s’ #0, that is, for the consider the various components depending on the
off-diagonal elements of the driving term. Instances of suchvakubovsk chain-of-partition subscripa’a, listed in Table
terms are shown in the last three contributions of @R3a. I. By applying the inclusion prescription for the vertex op-
They all represent modifications that have to be added to therator, we obtain the set of diagrams drawn in Fig. 2. Note
standard3N driving term, identified with the first contribu- that there are only four diagrams in the figure while there are
tion in Eq. (1.2). Thus, the new contributions coming from five components in the table. This is because the inclusion
the explicit pion degrees of freedom, provide minimal, prescription automatically set to zero the contribution corre-
though important, modifications to the standard AGS formu-sponding to the last Yakubovsicomponent, as shown in
lation of the three-nucleon problem. Table I. Moreover, there is another diagraomitted in Fig.

3
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e 1Oy

FIG. 4. The additional contribution t&{? due to the treatment
i of the pion dynamics.

pion and the nucleoij, which is uniquely defined since it
does not act as spectator in both componestd ands’
=2. In this case, one gets the diagram shown in Fig. 4. Note
however that this is an approximated result: Once we have
approximated the inelastic form factors in Ed4.8) and
FIG. 3. Diagrams contributing t&{?). In conventional3N  (1.9) by the leading expressiori.2) and(2.4), then the last
theoryz{? is zero. two terms in Eq(1.23 vanish, because the last row in Table
| is empty in this case. However, in the more general ap-
2) which has to be added to the first diagram shown in theproach of Ref[4] there are additional contributiorishown
figure, obtained by interchanging the two nucleons “2” andin Fig. 3 of Ref.[4]) which originate from the last two terms
“3” within the pair. This sum is evidenced in the first row of in Eq. (1.28. Physically, these additional terms represent
Table I. All these contributions represent the proper quasifour-body multiple-rescattering contributions.
particle generalization of the standa®iN form factor, in So far, we have discussed the additional contributions one
presence of a spectator nucleon, to the pion inelastic channehust include in the AGS equation to take minimally into
Once we have illustrated the form factor diagrams, we camccount the pion dynamics beyond the OPE term. We ob-
discuss the detailed structure of the new contributions to theerve that in both cases these diagrams represent, in fact,
driving term of the extende@N equation. Indeed, we can contributions that can be reinterpreted as irreduciepo-
interpret the main result obtained in Sec. Il of Rigf], and  tentials. In particular, the diagram of Fig. 4 has the topologi-
reported here in Eq$1.1) and(1.2), as a simple prescription cal structure of the well-known Fujita-Miyazawa0] dia-

to include the pion dynamics in the AGS equation, gram. Similar forms(where the exchanged pion rescatters
before being absorbgdare the basic ansatz for building the
Zog=205%+277,, (3.3  pion part of the irreducibl@N forces, such as the Tucson-

Melbourne[11], Ruhr[12], Brazil [13], or Texas[14] 3N
and the main result of the previous section is a practicaintel'actions. However, this scheme provides at the same time
approximation scheme to get the part of the driving term@lso another set of irreducib@N diagrams which must be
which handles the pion dynamics wheys’ #0 considered as well; these are given in Fig. 3 and represent a
totally different structure from that of Fig. 4. These irreduc-
ible diagrams have been proposed by Brueclateaal. [15],

Zi,= E , (s@[go(fD)araGola®) ¥ as early as 1954, and have been investigated quantitatively
aa’,b for the triton binding energy by Pagik6], who finds they
><<a(3)|Go(fsf)bfago|§'(2)>(5ssf+ Sea Ourpy)- give a large contribution. Since that time, it has been pointed

out (see Refs[12,17,18) that these terms cancel out against

(3.9 relativistic corrections to the iterated one-pion exchange
term. However, the effect of this cancellation has been stud-
] : ! ied recently[19], and the cancellation turned out to be re-
s=s'=1 case. Here, only the term wifyy survives in Eq.  markably incomplete, with a breaking effect of 15—30% in
(1.2, which impliesa’#b’, and also that only theN>N3)  the case of realistic interactions. The reason that breaks the
pair can be formed in the intermediate state. Consequentlyancellation is dynamical, and can be evidenced with an ap-
the only possible diagrams that can be constructed are obyoach preserving the cluster substructures of the multi-
tained from only the first and last diagrams in Fig. 2 yielding nycleon system, while describing the pion-exchange dynam-
the diagrams shown in Fig. 3, plus obviously those obtainegs. This is, we believe, one of the advantages of using the
by interchanging the pairing nucleons “2" and “3,” for a formulation discussed here. From the diagrams of Fig. 3 a
total of four time-ordered diagrams. Clearly, these are irrenew contribution to th&N force has been extract¢tio], and
ducible contributions that cannot be represented in conversy means of this contribution the third nucleon affects in
tional 2N potential theory. particular the triplet-odd waves of tH&N subsystem, with

We then consider the contributions to tAepionic term consequences for th-d vector analyzing powers, as has
when 0# s# s'#0, e.g., whers=1 ands’'=2. In this case peen demonstrated in R¢R0].
only the 6s¢ contribution survives in the second term of Eq.  Finally, we consider the contributions of th&pionic
(1.2); here the intermediate pair can only be formed with theterm whens=0 ands’#0. Here, the pionic contributions

We begin with the contributions to Eq3.4) in the
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Yakubovsk componentsin Table |), and this specifies com-

' pletely the diagrams contributing &f;, as shown in Fig. 5.

In the figure the first diagram should include an additional

contribution obtained by interchanging the pairing nucleons,
as usual.

At this point, we have achieved the main goal of this
work; indeed, starting from the more general approach of
Ref.[4], we derived a practical, approximated scheme for the

treatment of the pion dynamics in tlB& system. In particu-
$ # input is given by the2N t matrix generated by phenomeno-

lar, we obtained a set of dynamical equations where the main
logical NN potentials (hence, constrained by phase-shift
analysis. The additional inputs required for this description
are thewN t matrix, once its polar part has been subtracted,
and the nonrelativistierNN vertex, needed for the construc-
tion of new form factors expressed by H§.1).

This set of equations can be considered a natural, approxi-
mated extension d3N AGS equations for the explicit treat-

ment of the pionic channel. We have identified the modifi-

o - . cations implied by this treatment: they consist in additional
are crucial in providing the couplings to the new, fourth . P y y

component. In such a case, one has to modify(Bd) since  €'MS, Zy , representing corrections to the standard AGS
the approximation discussed in the previous section concerr@iving term Z?SS. We have classified these corrections by
the structure of thés'®) form factors only whers#0, while  the structure of the underlying diagrams and found they all
nothing is said otherwise. However, the 0 case has been correspond to irreducibl8N-force diagrams. We have also
discussed in Refl4], see Eqs(2.16—(2.18 therein, and it pointed out the presence of a fourth, pionic, component rep-

turns out that fos= 0 the only nonvanishing subamplitude is resenting ther+ (NNN) partition, and described how this is

FIG. 5. Processes contributingZ§) due to the treatment of the
pion dynamics.

given by the equation coupled to the other three Faddeev components. Finally, we
. have discussed the main limitation implied by the approach,

(Xo)ara.ab={a®|Go[b®) 8y which consists in ignoring aBN disconnectedor reduciblg
dispersive effects: this is unavoidable if we use as input a

(3) Bhs ~(3) potential-based description for the dynamics of #sub-
+c(§\’) (@G0l dace (X0)arca: system; indeed, such an approximation is implicitly assumed
(3.5 in all conventional quantum-mechanical descriptions of the

3N system based on the potential approach. To overcome

which represents a Faddeev equation for three interactindis limitation, one should consider the more general ap-

= (NNN)r. In the vicinity of its polesx, becomes be defined in a_simple manner. With respect to 'this poir_1t, we
observe that, since th&N-subsystem dynamics is described
(X0)araab=|(8)ara) TH(s@) 41| (3.6)  in this work in terms of the standa@N potential approach,

the mass of the nucleon in the no-pion sector is not generated
The s=0 form factors are solutions of the homogeneousdynamically, but is static, and hence these approximated
equation associated to E¢B.5), and represent the virtual equations are not plagued by the nucleon-renormalization
decay of a&3N interacting cluster into a correlat&N pair, a, problem[21]. On the other hand, above the pion threshold
plus a nucleon, in presence of the spectator pion.s=00, for the NN subsystem, the approach presented herein cannot
the form factor is obviously vanishing in the pus#&l sector, be considered unitary, since the inf@N t matrices are not
since there is always the presence of the spectator piomnitary either.
Hence, takingg=0 ands’ =1 for instance, th&-pionic term It might be surprising to find out that the dynamical equa-
becomes tions analyzed here as well as in Rg4] lead to another
class of irreducibl8N diagrams. Such a class of diagrams is
_— 2 3),..(3 ~, (2 present but still hidden in these dynamical equations since
ZSS’_aaE,b, ((sD)aral 7@ Gol fo)braGols'?), these represent formulations suited for 8problem above
Y (3.7  the pion threshold. If we consider tt8N system at lower
energies, then it is more convenient to eliminate from these
once the complicated structure in Eq(1.2) has been prop- formulations the fourth Faddeev compones,0, related to
erly taken into account. We observe that fts’ it is a’ the mesonic channel. This can be accomplished by using in a
#b' always. Furthermore, sinc® identifies thes=0 par-  very straightforward way Feshbach’s projection technique.
tition, a may represent only BIN pair, which means that the The resulting dynamical equations have only three Faddeev
term in Eq. (3.7) selects only the first and the fourth components, just like the standard AGS formalism, while the
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IV. SUMMARY AND CONCLUSIONS

Recently, a new approach for the explicit treatment of the
pion dynamics in the3N system has been obtaindd].
Herein, we have shown how to derive from this formulation
a practical calculation scheme which is phenomenologically

FIG. 6. Intermediat@N cluster formation while the meson is in  sound. The approximation is based on the assumption that
flight. Processes contributing @, and generated bfprojecting  the elastic2N subamplitudes can be conveniently described
ou) the fourth Faddeev component. with the phenomenologicalN potential approach. In other

] ] ) words, instead of treating explicitly the pion dynamics in
mesonic channel has been projected out from(Ed). This )| in the 3N system we describe explicitly only those as-
recasting of the dynamidsvhich represents an exact result pects of the pion dynamics which cannot be buried into the
leads to an additional modification of the driving tery , all-comprehensive, phenomenologi@l potential. Thus the
due to the effects of the coupling to the fourth component, procedure could be viewed as a method to cool désvrto

- , gradually project oytthe pion dynamics from the theory of
Zeg=205%+27 ,+2.,. B8 Ref [4].

. . . One advantage of making such an approximation is that
(He_re and in t’he following, it must be _assumed that t.hethis approach is not plagued with the nucleon-
indicess, ands Span.only from 1 to 3 since the ,mes-onlc renormalization problem, since the dynamical equation used
channel has been projected odthe additional termZy . iS5 construct the subsystem amplitudes is represented by the
given by standard 2N Lippmann-Schwinger equation, where the
, . (2)m nucleon masses are static. However, the approach includes
Zog =257 Logr » (3.9 also the pion degrees of freedom, via the inelastic subampli-
tudes. These are represented2dkform factors defined in
while Zg, is identically zero as has been pointed out in thethe Yakubovsk chain-labeled space of théour-body)
Introduction. 7NNN system. Here, we consider only the first-order con-
We consider this new additional contribution to the driv- tributions to such inelastic form factors in terms of the effec-
ing term, Z;S,, and discuss what kind of irreducibl@N  tive #NN coupling vertex, see Table (It is evident that
diagrams are involved. This can be accomplished by considnore complex rescattering mechanisms contributing to such
ering the definition ofZZ, given in Eq.(3.7), and taking form factors can be implemented at a later stageother
into account the fact that?) represents the strength of the advantage of this approach is that the dynamical input can be
connected3N correlations while the pion is “in flight,” as constrained by _the2N experlmentz_il data; therefore the
discussed in Ref4]. A strong3N correlation would corre- method can be directly compared with the standard quantum-

spond to a pole-like structure faf?, shifted by the energy mechanical approach to tr&N problem based upon 2N
carried by the exchanged pion. Using the result expressed fr)lotenUaI dpscnonn. . TS
' ; ) A possible problem with such an approximation is the
Eq. (3.7) one can show that the terdL, can be written @ preaking of unitarity above the pion production threshold.
The question of unitarity, and the level at which it breaks
"o %(2) T BN\ (3)/n(2) (2) down, is always a delicate one in a truncated field theory
Zos b,c%,c’ (87100( o) 6Gol b™) 7 71(0 a0} 7 such as that on which Ref4] is based. Since in that paper,
_ a complete and connected Faddeev-based theory for three
X (0@ 4| P Go(fo)ereo[s' @), (310  nucleons in the presence of at most one pion is developed,
full unitarity at the four-body level can be expected, subject
and the diagram shown in Fig. 6 is just one contribution toto the limitations thoroughly discussed in Sec. | of that pa-
this structure(Similar diagrams for th&N force have been per. In the approximation scheme presented here, unitarity
observed also in Ref22], within a relativistic approach to breaking would be introduced by, in particular, neglecting
the 3N problem based on a cluster description, instead ofhe last term of Eq(1.7). The scheme may not be fully
using a microscopic description based on individual par-unitary above the pion production threshold, since that is
ticles) Note that the pion can couple any of the three ingoingwhat is accounted for by the neglected term. Two comments
nucleon lines with each one of the three outgoing linescan be made regarding this. In the first instance, this scheme
Moreover this occurs with all possible recombinations in in-can be applied for calculatingN observables, where it al-
termediate2N pairs. lows us to estimate dynamical effects due to the inclusion of
This set of diagrams represent another, new class of irreasne possible intermediate pion. Secondly, since the theory is
ducible 3N mechanisms contributing to the construction of designed as a minimal extension to the standard, “potential-
the 3N force. Physically, these diagrams represent all postike” description of nuclear physics wherein the pion dy-
sible connectedtorrelations among the three nucleons whilenamics is frozen, it should be possible also to extend calcu-
the exchanged pion is in flight. On the contrary, the diagram¢ations to moderately low energies above the pion production
of Fig. 3 represent all possibiiisconnected 2Norrelations  threshold, where interesting new physics could be studied
while the pion is in flight. with this approach. Furthermore, the more complete theory
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of Ref.[4] can serve as a basis, and one could possibly studize while the pion is being exchanged, and this implies that
the effect of including additional terms from Eg&l.4—  an entire set of rescattering processes have to be subsummed
(1.7), perhaps in a perturbative fashion. during the pion-exchange process, thus leading to an incom-
By using a separable-expansion representation of the elaplete cancellation effect.
tic NN t matrix, it has been possible to recast the dynamical The third and last modification with respect to the normal
equation into an extended AGS form, where the part of theAGS equation implies the increasing of the matrix dimension
pion dynamics not buried in theN potential is treated ex- by one unit, since the three Faddeev components are now
plicitly. We discussed the three modifications implied by thiscoupled to the additional two-cluster partitiarn+ (NNN).
extended3N equation with respect to the normal AGS one. We have discussed the structure of such couplings and the
First, the 33 AGS driving term, defined in terms of the corresponding diagrams, thus providing details for all the
three Faddeev components, acquires additional contributionegredients of this new dynamical equation.
from the pion dynamics, and these new contributions act in Finally, we have shown that it is possible to project out
both diagonal and off-diagonal matrix elemefighile the the effects of the coupling to this pionic channel, thus pro-
standard AGS driving term is known to act only in the off- viding a description of th&N dynamics with explicit treat-
diagonal elemenjsWe discussed these contributions also inment only for the3N coordinates. This modification is suited
terms of their diagrammatic interpretation, and found that thdor treatments of th&N system at lower energies, below the
off-diagonal corrections correspond, to their lowest order, tgion threshold. Then, the extended AGS equation involves
irreducible 3N-force diagrams where the pion, while being only the three standard Faddeev components, and the effect
exchanged between two nucleons, rescatters from the thiraf the 77+ (NNN) channel in the intermediate states is con-
before annihilating. This rescattering mechanism is practitained into an additional, third contribution to the driving
cally the only case discussed in the construction of the pioniterm. We have analyzed the diagrams involved and found
part of the3N force. And the different 3NF approaches differ that they correspond to a third class of irreducible 3NF dia-
mainly for the model representation of theN rescattering grams, topologically different from the other, previously dis-
amplitude; there are, of course, additional short-range effectsussed two classes. The diagrams correspond to the variety
where there is much more ambiguity and where the variousf connected correlations among the three nucleons while the
3NF models differ considerably among each other. Conimeson is in flight. In other words, these mechanisms take
versely, the second modification refers to the diagonal part ohto account all possibl8N-cluster effects while the meson
the driving term, and represents irreducitddl-force dia- is being exchanged. This new correction acts in both diago-
grams of different topology, where it is one of the two nucle-nal and off-diagonal matrix elements of the driving term and
ons exchanging the pion that rescatters with the third onenay possibly provide additional influence on the structure of
These 3NF diagrams are not included in the construction aothe 3N force.
modern3N potentials because it is usually assumed that they
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