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Abstract. The work consists of three parts.Part 1 formulates the
Pauli projecting in terms of strict theory of muuy-bndy scattering.The
concept of ghost states is inserted as a dynamic generalization of the
states forbidden by the Pauli principle in terms of the resonating group
method; the integral equations of many-body scattering are projected on
the allowed-state space.In Part 2, Saito’s model of orthogonality con-
ditions (OClM) is generalized to a three-composite-particle system and
particularly to an approximate inclusion of the Pauli principle in the
theory of direct nuclear reactions.Part 3 presents the construction of
the projection techniques and the derivation of the integral equations
that make it possible to include not only the two-body but also three-
-body exchange effects.The relationship between the forbidden states
and the convergence of the Born series for elastic and rearrangement
scattering is briefly discussed.Consideration is also given to the met-
hods for solving the derived equations.

1. The aim of the projection aoproach

Numerous microscopic calculations of the'collision dynamics in the
systems of two or several clusters have been carried vut recently {mailn-
ly by H.Hackenbroich and bis group /1/, Tang et al /2/, and some Japane-
se groups /3/).The relevant calculations of the spectra in many-cluster
systems (such as 9Be, 120, etc) /4/ should also be noted.The results of
the calculations are clearly indicative of adequacy of the physical mo=-
del (the cluster model with aptisymmetrization and its mathematical
realization through the resonanting group method (RGM) and the genera-
tor coordinate method (GCM))applied to the treatment of such phenomena.
At the same time, the RGM calculations are fairly tedious and, what is

of greatest importance, such approach can hardly be applied to reveal

the relationshipsbetween the basic physlcal factors affecting the re-—
sults,
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The above mentioned drawbacks become much more gravier when dealing witt
more complex systems composed of several fragments.In this case, even
bigh-speed computer calculations consume tens of hours (1) of computer
time and require a long series of programs/1,5/.

A successful attempt to owrcome the above mentioned difficulties
and to reveal the simple regularities in the problems of cluster-cluster
scattering was Saito’s model of orthogonality conditions/6/ and the op-
tical model based on the microscopically substantiated local potentials
/7,8/.1t is assumed in these approaches that the main antisymmetrization
effects can be reduced to exclusion of the forbidden states from the
spectrum of the hamiltonian of the system or, in other words, to ortho-
gonalization of the scattering wave functions (and the corresponding
operators) to the forbidden states.It is also assumed that the exchange
effects left after such exclusion, i.e.the allowed state exchanges, are
weak and may be treated by the perturbation theory.This very attractive
possibility of considerably simplifying the complex problem of many-body
scattering has not been, however, realized as yet in practice mainly, as
I think, because of two reasons, at first, in the overwhelming majority
of real cases instead of strictly forbidden and allowed states it appe-
ars a lot of so called semiforbidden states which can give rise to such
essential difficulties, as abnormal resonances etc./9/, and secondiy,up
to now there was no any appropriate orthogonality projecting technigue
applicable to consideration the off-shell effects in few-cluster systems
For ex-ample, it can be shown/10/ that Saito’s model (formulated in
terms of the conventional projection technique) does not exclude all the
poles corresponding to the forbidden states from Green function (GF) ofi
mass shell but treats the poles as located at zero energy.

Recently, we have develaped the projection operator techniques/10/
which are an alterhative to the Feshbach technique and can be readily

.used to solve a large class of the scattering theory problems and, in

particular, to realize the above mentioned perturbation treatment of the
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exchange effects.Double application of the mentioned projection techni-
que will be outlined in the present report.At first, we shall examine
the Pauli projectinﬁ and the perturbation theory for residual exchange
elfects in two non-trivial and exactly solvable problems where the Pauli
orinciple is of crucial importance, namely the quartet neutron-deutron
scattering through the Pauli projection of the Faddeev equations (FE)
and the quintet deut%oéﬁ%ggézgrins (through the Yakubovsky-Faddeev four-
-body equations).These exactly solvable problems will exeuplify the
exact meaning of the forbidden states in the many-body scattering theory
(which mean the generalizution of the eigenstates of Feshbach’s antisim-
metrization kernel), and such treatment will then make it possible to
indicate tae dubious aspects of the forbidden states in RGld.Besides that
soae -~elationships between tne Pauli projecting and the Born series con-
vergence in the general theory of many-body scattering will be discussed
The second application deals with the generalization of Saito’s mo-
del of ortbogonargéondition to the three-cluster (and more complex) sys-

tems .I shall made apn attempt here to show that the two-body Pauli projec

ting in the FE’s is quite sufficient to include the two-body exchange
effects in approximate manner, thereby avoiding the complicated three-bc
dy operators, which are usually inserted into the trial functions inste-
ad of total antisymumetrization over all the nﬁcleons/11/ in tbe course
of the variational calculations of three-cluster system.In the stead,the
pure three-body projectors composed of three-hody wave functions of the
forbidden states will be inserted as tke CCll-generalization to replace
the three-body exckange effects.5uch generalization capn be readily car-
ried out using our technigue of orthogonal projecting.llore than that, it
will be shown that immediately integrable equations can obtained by in-
creasing the dimensionality of tke three-body projectors.

2. Tke ghost states and the Paulil projecting ipn the scattering theory.

The n-d and d-d scatterings will be examined here on the basis of
strict integral equations from the viewpoint of the Pauli principle to
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clarify the general situation with the Pauli projecting in more complex
systems where the rigorous many-body treatment is not yet practically
realizable (though the formal equations for scattering of ,{‘_ identical
particles have been proposed/'la/}.'rhe appoach as a whole will be based
on the concept of ghost states which are of extreme importance to the
said treatment.It should be noted that the very idea of non-physical ste
tes in the three-body scattering theory bas been nown since long ago
(and was first inserted in the work by Lovelace in 1964/13/) but was ne-
ver applied in practice.Consider first the low-energy n-d scattering ip
the quartet channel where the two-neutron interaction can be- safely (due
to the parallelizm of the neutron spins) and the rest two n-p interacti-
ons are the S-wave and triplet onmes.Further, we shall call the atates?a
antisymmetric relative to the transposition P,12 of two identical neut?é%
the physical states, and the states l‘) s is symmetric relative to P12-tha
ghost states.

The FE’s for the wave function describing the scattering of particle
k(1 or 2) on the bound state of two other particles are

o N S o T G -"’“) )
) = (550)* (or, o) (30

where & d (2) are tThe Faddeéev components’ of the total wave func-
tton = p (D y(z), Go=(E-H,)~-free GF; T,=V,+V,G,V, (S the two-body

“'“‘a“’i")‘fm)ﬂ_‘fa;' P1(0) (anq, stimilarly, 3(2)) is the initial sta-
te wave function, where (Pz.;-is the bound atate of the system (2+3) whi
is here a deuteron with ’Energy_éa so that (pf‘o))z/al.. +_§.23=E; the fac-
tors gli= §ik.since the equation (1) is linear, any solution of eq.(1)
may be expressed through the symmetric and antisymmetric solutions sati-

sfying the equation

i W) — V)
&)S('Li = .Lf £ G, T Ra _Lfs,u 2)
where
@ w
&-}S,a = £ B _\_f)s'c, 3

since 'I.‘2=P12'.13,]P12 due to the identity of particles 1 and 2.The sign +and
- in eq.(3) corresponds to the subscripts 8 and a 8o that the Schrodine
< ~
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ger total wave function is

)
S a= @- Pi)) l'v :
The matrix kernel of the FE Q _ Cc G Ti_>
2 CQT} O

bas two sets of eigenvalues and, correspondingly, two sets of eigenfunc-
tions of the s and :’type, both types being contained in the relatioms
of completeness and orthogonality/14/. Thus we have the eigenvalues equa-

tiong i,a

\2 ‘ghs,q:- + D( A

) X A (4)
where the signs + and - are for the s and K reapect;:lvely;_Ia’a is the
two-1line column.

Since, however, each kernel may be expanded in its system of eigen=-
Zunctions, the Faddeev kernel 22 is broken into two parts ﬁ; and ﬁg eit-
her of them affecta the spac'es of the functions of its own symmetry.Then
the total resolvent is also a sum of the resolvents of the two parts.It
is known, however, that the bound states correspond to the eigenvalues
o(n=:1, withgln=+1 for the symmetric bound states (i.e.the ghosts) for
;ich P12y8=_\ys and-o.( p==1 for the true bound states, where P12_Ya='\y
and, hence, "-" should be used in eq.(2).Therefore, the ghost states
correspond to the poles in the symmetrie part of the resolvent while
the physical bound states relate to the poles in the antisymmetric part.
Since these sipgularities belong to different spaces and the symmetric
states (ghosts) can be explicitly distingnished from the antisymmetric
states, the ghost states whould have seemed to fail to affect at all the
scattering in the physical (antisymmetric) channel.

A bit more thorough examination of the scalar equation (2) shows,
bowever, that this is not the fact.If, in fact, the symmetric channel
comprises a bound state with energy E, (i.e. dghost) then of (Eo)=+1 and
hence the Born series for the equation lf!(i)—- \Pci)ﬁ '1‘ P L'J(i) will be
divergent.On the other band, it is obvious thaﬁ the Born seriea for the
antisymmetric solution i.e. that for the equation ng)z \?(1)_6°T1P.u\ya
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will also be divergent since ..s aernel -GoTiPuhas at least a higher-mo-
dulus eigenvalue \o(o\)h‘ln other words, the ghost will result in the

Born series divergence for the physical channel too and exert, inm this

respect, the same effect on the scattering as the "physical" bound sta-

te.The situation outined above is identical with the potential scatte-

. ring by a strong repulsive potential which is known to give rise to qui-

te the same divergence of the Born series for the Lippmann=Schwinger eq-
uation as the attractive mirror potential with a great nugber bound sta-
tes, since in both cases the kernel GOV will be large and differ only
by its sign.Specific calculations made iz teras of tihe i;iu:ée-body model
with separable Yamaguchi potential (fitted to the triplet data) show
that the quartet triton (i.e. the spatially symmetrical atate) has ener-
gy Eo'-'ﬂ-S.EMeV.

Now, let us construct an iteration series for equation (2) in a sub-
space orthogonal to the ghost state.¥ith this purpose we shall briefly
outline the orthogonality projection technique using orthogonalyzing
pseudo-potentials (OPP)/10,15/.

Let the equation £1 =0 be necessary to solve with additional condi-
tion of solution‘ orthogonality to some subspace (“f 1:&2,..3:,} of mutual-
1y orthogonal vectors tfi.‘l‘his problem may be solved by the method of
Lagrange multipliers f:nowing the frequently gied procedure; it is more
convenient, however, to use the pseqdooperatorcf.fi-ré_t where ,r is the
orthoprojector- onto the subspace {'\f} , 1eel = Zl\f‘)(‘ﬂ, Ais t:; const-
ant .Then, the equation z\‘\}:ﬂ shou;.-d be solved ;1;0&(1; m.fhe total sub-
space and, eventually, t:e.limit _)_\'-)00 must be taken.It{_Egn be easily
shown/10/ that in this case one obtains the solution thich is exp-
licitly orthogonal to the subspace of the vectors comprised :I.nr «Such
orthogonality projecting method is convenient to the scatterin.g- theory
because it is not necessary first to construct the scattering basic in
truncated space and, instead the operations in the complete space are

quite possible t_hereby. automatically giving the scattering operatord in
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the orthogonal subspace in the limit'z\_*W.Besides that, the addition
2\£ is actually a separable potential resulting in simple algebraic ma-
nipulations.

Let as examipne, as an example, free GF GO(E)=(E-H°)"1 and use the
above described technique to construct GF ’Eo orthogonal to the subspace
E.The ansatz described above gives immediately that

b(gymaha(e—u A= G- sran e, )
where the matrix (re,C )~ 1s inverse to the matrix /iil Golg_J) It
can be easiby confirmed that rG (E) =0, 1.e.the GF G (E) exhibits the re-
quired orthogonality to the subspacef We bave successfully used such
projection technique to rearrange the Born series of the scattering the-
ory/10,15/ on the basis of the well known fact that the scattering func-
tions for the Hermitian 'hami].tonian are orthogonal to the functions of
the discrete spectrum for any particle number.In this case, the conside-
rable decrease of the integral kern'els will result in convergence of
the Borm series at all energies incluiding the lowest ones, and at any
nunber oft bound states in the system (for the interactions satisfying
certain ‘constraints, see in/10/).In particular such orthogonality pro-
jecting for FE's gives tliepquation,whose iterations will be convergent
-even at the lowest energies.Insteed of the operators GonGivi ((.‘v1 is
channel GF), the kernmels of orthogonalized equations comprise the opera-
tors ?‘-‘ivi-.e'\-(:-lr. (E G1£~)1G°'J‘1-(1 "’1'6 T, where Q; is a projection opera-
tor, though other then an Hermitian one.

In the case of interest to us, the projection should be onto the
.eigenstates of the threesbody hamiltotian, i.e.onto the ghosts.whose

:symmetry differs from the symmetry of the scattéring states.The projec-

-ting technique for this case should be somewhat modified.Thus, in the
examined case [ = l?)( <Pl where Tis the wave function of the ghost
state (which is the quartet "triton" function for the n-d scattering),
and then the projected FE is of the form,

T f\u v w
Ya - KoYy ®
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wore, 1= (- @ Ki =(L- &) 6T Py,
= Y= - et rvP= o)y

is the "planme" orthogonalized wave.It will be emphasized that the projec
ting does not change the total (Schrodinger) wave function

Y=Yy- cr@er Ty =y

'since, as it was said above, l! =0 for the Hermitian Hamiltonian.

The iterations of the three-body equation (6) may be rigorously pro-
ved/15/- to converge from zero enmergy and, after that, the scattering am=-
plitude will be found from the expresion,

—-%A&“’\C— ERINER > + L o IrCen 9> @

It will be poted that the iterations begin from the zero-order term
- A 290\ reen ™ Yo (7a)
which does not contain the kérnel Ki at all.

The subsequent iterations of (6) for the wave function give the cor-
responding series for the scattering amplitude Fa.Since the zero-order
amplitude ?o fails to contain the three-body rescattering processes (the
kernel K1 is absent) and comprises only the inhomogeneous term of the
equation, the amplitude -fo essentially describes the scattering by ortho
gonality condition (to the ghost) and is the three-body gemeralization
of the orthogonality scattering amplitude introduced by Shakin et al/164
Fige.1 presents the convergence of the iterationm e:'1.';1.98 of eq.(7) for the
n-d scattering, and Fig.2 shows the comparison between the zero-order
approximation and the exact pnase.In case of a single ghost state@ (as

d.
for the rear" d¥cases), tbe I» amplitude of zero-order approximation
(7a) bocomes .

oA <O E5< ?_GLL" 7

Gi
This amplitude gives avs#éuvd—\fsscﬁ.ption of the quartet length of

. the n-d acattéring and the low-energy S-phases (the difference from the

exact results and from the experimental data does not exceed 7%).Thus,

the simple orthogonalization of the plane wave to a ghost state permits




the quartet low-energy n-d scattering to be explained.

It will be noted that even if the poleagf two-body GF in the deut?oﬁ
pole only is substituted in (7b), the approximation will remain of high
quality, ipn particular the amplitude will be still unitary.In this case,
(\F; will contain not the ghost function ?G but its overlap with the
deutFon function, i.e.the formfactor(\Pci)]?(;) and we shall return to
Saito’s simplified model of orthogonaﬁty c;;dition with VD=0.In con-
trast to Saito’s approach based on RGM, however, we always deal with
explicitly defined on%article states, to which the orthogonalization it
to be made and which are merely the ghost~state formfactors 42‘* ‘§G> .
Now we shall examine at greater length the relation between the ghosts
and the eigenstates of the antisymmetrization kernel K({i_,g:).’l‘hese eig-
engtates are known to be determined /17/ by the equality

iz > = plfn> )

In RGY, the states j-"‘ for which#n=1 and# p=0 are called the
fxbidden and allowed states respectively.The intermediate case (it is
this case that is actually realized in almost all instences) relates to
the so called semiforbidden states giving rise to the major difficulties
/9/ It will be noted that the eq. (8) corresponds to but a single degree
of freedom (the tunctionﬂhdepend only on the variable of relative moti
on) and is nol related o uny Hamiltobnian.ln our approach, the ghost sta
tes are the exact eigenstates of the many-body Hamiltonian with a symmet
ry violating the Pauli principle.In accordance with this definition, the
ghost states are defined (through their Faddeev expansion) by relation
4) withi(n=+1 for the antisymmetric channel.It can be seen that RGM
(8) and the rigorous definition (4) are alike, but the exact definition
involves the Faddeev kernel F, instead of the (pure structural) antisym-
metrization kernel K(R,R’) and it is evident that such dypamic trecatment
fails to involve any semiforbi‘dden states.The ei.genst:ai:esgn in FEq.(4)

for wbicb&( n<‘1 (for example,ilnao.9) correspond not to the semiforbid-
den statés, as in eq.(8), but to theqvirtua]" states of forbidden symnet-

403
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ry.For such“virtuef state to become a bound state, it is sufficient to
slightly increase the two-particle scattering amplitude (and not the po-
tential as usual).

It may be supposed, therefore, that the forbidden states in RGM scho
uld appear due to the limitation of the subspace by only the functions
of the ground (or several discrete) states of clusters and, once limita=
tion is removed (which essentially means that we quit RGM\ such semifore
bidden states become conventional virtual states (of forbidden symmetry)

Discussed briefly below will be the ghost states for the quintet cha
ppel of d-d scatteringe-

Four particles ipn the quintet channel all have parallel spins.The Ha
miltonian comprises only four interactions (the interaction of two identi
cal neutrons (the.‘/tﬁumbers are2 and 4) and protons (their numbers are 1
and 3) is disregarded) and is invariant relative to the tramspositions
P13, Péu and cyclic transposition P1234=C.

The detailed examination in terms of four-body Yakubovski integral
equations shows in this case that there is one physical channel (with
taking into account of the initial channel symmetry) with antisymmetri-
cal wave functiqn and six the ghost channels (two symmetrical ones“four
chabnels of the mixed symmetry).Such examination shows thea;hat the pro-
Jecting in the symmetric (ghost) chabnel results in a decrease of the
norn of the kermel in the physical (antisymmetiical) channel too,.

Consider furthér the most evident ghost channel, namely the symmetrk
channel,The ground state in this chapnel is the deep-bound compact spa-
tially symmetric state resembling 'u«eoL-part:icle.Tbe existence of an ex-
cited ghost state in the channel is ;I;o possible.If, now, the four-body
equations are projected onto the ghost states (it will be emphasized
thaﬁt%zans projecting onto the eigenfunctions of other kernmels), the ze-
ro-order approximation amplitude'§; will be generated, as in all other
cases, by the inhomogeneous term of the equations.In case of a single

ghost state, we get the evident generalization of eq.(7b)
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the formula (9) may be further simplified by using only the pole parts
612,34 (without continuum), with the deutPon wave functions -‘fd‘#l)ehd_‘g‘(y)
being the residua.Here again we get a simplified OCM where, as earlier,
the forbidden state function is represented not by the eigenfunction of
the antisymmetrization kernel (as in OCM) but by the formfactondgﬁ(ﬂa)
&d(34)l§6(123‘+)> of the ghost state function, which is the eigenfuncti:
on of the total four-body Hamiltonian with forbidden symmetry.It will al:
so be noted that in both cases (i.e.when the use is made of either the

M
complete GF or its pole parts) the amplitude Fo is unitary.There is eve-

ry reason to assume that the orthogonality scattering amplitude (9)
(with a symmetric ghost) should be as good approximation of the low-ener-
g8y d-d scattering as it is for the three-nucleon case.It is of importan-
ce to emphasize that the formula (9) can be explicitly generalized for
scattering of any gmposite particles and, at the same time, if the near-
threshold bound or resonance states are absent from, while the Pauli pri-
nciple is dominant in, the examined channels, the amplitude (9) will ade-
quately describe the low-energy scattering.Such examples are quite pume-
rous in the region of light-cluster 3cattering.For example, the n-"He
and 3He(:’ll)nl‘lle systems in the S-chanbpel, the_n-3he(3li) system 1ipn the
channels with ST=01, 10, 41, etc.will be noted.Summarizing in brief the
discussion of the ghost projecting, it may be indicated that the derived
conclusions can probably help in overcoming the difficulties met with
the projecting onto the partly forbidden states in RGM (and OCM), which
will be always the fact when the studied clusters ean be described by os-
cillator functions of diffez%t radii (fo;: example, 'in thez( -0'16 case)or

when the non-oscillator functions of clusters are used (for example, in
case of demﬁfon scattering by abny pucleus).In such casea (and, preferab-

405
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1y, in all other cases) it is desirable to use not the eigenfunctions of
the antisymmetrization kernel K(R,R ’y but the form:factorséj A\{'B&P P°)

l@ >constructed on the basis of eigenfunctions of the N=body Hamiltoni
an*;G with a symmetry forbidden by the Pauli principle.It may be expect
ed bearing in mind of the usual high binding energy of such ghost states
that the functions may be found using many approximate methods (for exa=
mple, through the shell model, the hyperspherical expapsion, etc).
3.Integral equations for three composite particles; Generalization of
ocM
Discussed in this Section will be the second topic which is closely

associated with the problems examined above and where the replacement of

antisymmetrization by the orthogonality projection may prove to be high-

1y effective.Namely, the scattering theory for three composite nuclear

particles (clusters) will be discussed on the basis of the developed met
bod of orthogonality projection.In other words, an attempt will be made
to generalize OCM for the case of three clusters.

The aim of the examination is to formulate a theory permitting main-
ly the description of the contipuum in a system of three composite par-
ticles and also the discrete and quasidiscrete spectra of three-cluster
puclei tho%b these last problems may be treated successfully by RGM or
GCM.In particular the proposed approach permits the formulation of rigo-
rous integral ‘theory of direct nuclear reactions in terms of three-body
model (e.g.the direct rec::iczs with deutrons and 61.1 and 7L1 ions) /184
In this case we shall extend the conventional formalisms hased on DWBA
and attempt to formulate rigorous equations (of course, in terms of the
assumed model) which may subsequently be used to derive various approxi-
mations . .

Recently with the same aim.\‘%iew, Schhid/19/ suggested a RGM genera-
lization for three-cluster systems.His approach, however, involves very

tedious exchange potentials and seems at present to be hardly tractable
for the three=body continuume



At first, we shall formulate the integral equations where the Pauli
principle is included only through the two-body forbidden states and,
correspondingly, through two-body projecting.After that, the formalism
will be generalized for the case of three-body exchange effects, i.es.the
triple exchanges due.to tue operators Pijk’ where 1, Jj, k all relate to
-different clusters.Either the OCM-interaction, i.e.the t-matrix given by

the solution of Saito’s model
(Mot V) =EX; <Xi\x>=0; i=g,..h. (10)
or the microscopically substantiated cluster-cluster optical potentials

with the forbidden states proposed by our group/?7/ and by Buck et al/8/
will be used as the input cluster-cluster or nucleon-cluster interaction
In terms of this model, the forbidden states are, in contrast to OCM,the
eigenatates of the Hermitian potential and, therefore, the function of

scattering on the mass shell are automatically orthogonal to the functi-

ons of the forbidden states.However, a contribution from the forbidden &

states appears to be outsjde the mass shell and, therefore, the scatte=-

ring operators in such optical model should be so modified that the am=-
plitudes in the three-cluster system would not contain the contributions
from the virtual transitions into such forbidden states.It is evident

that the conmstruction of correct scattering operators in OCM as descri-
bed by eq.(10) is sufficient for the corresponding operators for the abo

ve optical model to be obtained merely as a special case of the OCM ope-

raitors.
The orthogonality projecting technique discribed above can be easily
used to find the expression for the wave function of scattering in OCM:
Ae=Ae - Gr(rer)™* fie (")
where lE is the solution for the equation (H°+VD)—7i E:E_{E, and similar-

ly for GF,
T=G-cr(renre (12),
It is obvious that_rz £=0 a.nd_r'C =0, i.e. they satisfy OCM.
Consider now the threevbody problem.The two-body interactions in the

Pair iJ (and the corresponding projectors) will be denoted with subace

407



408

ript K (4,J,k=1,2,3 and their cyclic transpositions).The action of the
operapor rk on the three-body wave function is defined as
\i’ 2 q’k('(k\ S Ye (3 k)kf (Ik- P d'

Then, the projected and non-pro,jected two-body GF’s in the three-body =
space Gk(E) and Gk-(E) are introduced which satisfy the conventional re-
solvent equations 'Ek=G°+G;\7kE; whence %:(1-6071‘)'160 whe%‘e the orthogo-
nalizing pseudobotentialf\?k:\!f'}_? k.Nowf\_‘«’Ehe total projected GF which
satisfies the usual eq. 'E;GO«;OVE (wherev is the total pseudopotential)
we introduce the Faddeev decomposition on the channel GF '6(1)565@ and,
after simple manipulat'iona, we shall get the modified set of the Fadde-

ev equatiors (Y DI )
G = W <G0+ T T ) (12)
It can be easily seen that in the limit ) ->Ssthe constant }_is rigoro-

usly excluaed from the obtained equations.In fact,

tW\” (& V) =TV - &h(&G: ot (13)
- RGVi=- N

Further, ;-cting the projector T'i or?‘ef&;«r_(:a‘?ind

GG+ THEP, T®) 2 nT=0
which means that the total proJected GF is orthogonal (for the limit
__)""C"") to al) forbidden states contained }“_QHE{ (1=1,2,3) .1t will
Lé empbasized that the individual Faddeev components ’?‘:(‘L) are not ortho
gonal tof 45 1ce. O ;('3(1);! Q and, bence, thé channel GF comprise the
contribution from the forbidden states but the total GF is free of such
contribution.In contrast to the variational calculati%s of three-clus-
ter systems/11/ where the complicated three-body projectors are used to
take.into account the Pauli principle, our approach does not necessita-
tes the conmstruction of such three-body projectors and only two-body
-projecting is sufficient.

The found equations for GF’E can also be directly used to find the
three-body equations for the full wave function whose Faddeev compo-

nents are defined as \f &mgcé.:\ﬁ;er that, we get the equations for
the scattering of cluster 1 by the bound state of clusters 2 and 3
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-
\l{ '\j_,(i)+ \ffl} +‘g(2)
() {d) (L8]
Y =Q@n3(4r 1) + +T % A0+ W) (14)
It can be easily seen that F §L1-0, .8, the solution of the eq.(14) is
orthogonal to all r'i.In the case where the ffass of one of the partic-
les (say, the third) may be considered to be infinitely great, i.e.
=oo(whic s a goo approximation for the deuton-unduced reactions
o, (which 1 d imation £ he d duced i
on medium and heavy’; the Faddeev reduction can be convenié%ly made in
somewhat other way by decomposing the total wave function (and, corres-
pondingly, all the three-body operators) into the sum of two parts in
accordance with the decomposition of the Hamiltonian H=H°+V3+V12, with
73=V13+V23.Now, the Pauli principle can be included on the nucleon-buc-
leus variables, i.e. r13 and rzs.Applyins a procedure similar to that
described above, we obtain the projected set of two equations
w)_ Q@)
T= ¢, (e + TP
~) ~ e~ (5
G =GV (C+T™) (15)
where GB_G -G3 ( £)-1(“G and P is the total three-body prbjector-
G3(E) 8,|3u323=- ﬁn S%u@)ﬂn(E—eHe is the convolution of two one-part‘e’-
le GF’s, and similarly 63-513*323.81m11ar1y to the above, it can be
easily shown that P,BG-O. r23 G=0 at :\—"°° i.0e v0tal GF found from
the solution of eq.(iS) is strictly orthogonal to the forbidden states
. in the nucleon system.
Two .equations (15) can be easily used to derive a single equation
for the three-body wave function
~ (.‘1_)
__\[ cp + T, AG-;‘I\_ (16)
wbere X{1sv, \J , T., is the t-matrix of th tterin
1\ oY Ty s e t-matr () e p-p scattering;
AG3: 3Goi i "‘E}.\Ku\.(h‘mis the wave funckion of the initial state.
The equation (16) may be a convenient starting point to examine the di-
rect nuclear reactions with deutons.' (stripping, pick-up, disintegration
of deutons in the field of .nucleus, etc) where the Pauli principle can

be approximately included by orthogonality projecting (generalization

see-below) while the three-body continuum and the\gmnlmma‘re
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8ccurately included.A model of a similar type was recently used Austern
/20/ to describe the deuton-induced nuclear reactions.The Schrodinger
formalism used by him (instead of the Faddeev technique) prevents howe=-
ver, the promotion to the range higher than the deuton disintegration
threshold from being correctly applied.

Now let us attempt to generalize the equations derived to taking in-
to account of triple exchange forces.As it was shown above, the inclu-
slon of the Pauli principle at the two-body level in a system of three
composite particles is genmerally insufficient,If the thrae<bedy version
9f RGM is used, the effective Hamiltenian will compriseItbree—body nonlo-
cal exchange terms/19/.Assupe, followipg the OCM ideology, that the ba-
sic jmportance of such terms may be included by orthogonalizing to thres
=body functions of the forbidden states, or more strictly (bearing in
mind Section 2) to the three-body formfactors of the form tc§€>_

(‘fd ‘fd,_‘{t \'\if > where ‘i‘B is the wave function of a bound state with j§
forbidden synmetry of the N-body ‘Hamiltonian and _‘h‘ is the inter-
pnal wave function of the i-th cluster.The formfactors found in terms of
the shell model (consideration will be given only to the configurations
forbidden in the conventional shell model) are probably a good approxi-

l;zetion for‘?e) and for the corresponding two-body formfactor.The set
of three-body integral equations which include the three=particle Pauli
projecting is -derived as in the preceding case.In the most gemeral case
when there are both two-body and three-body projecting the set of equa-
tions becomes

9= Lvi- GGGy e + F e (Y T e (e ) =
LG + TO 3 T az)

¢ Samos (E-He-viman eyt a G- TS
L= \‘Pe><ﬂ\ -is the three—body proaection operator and G =(E-H, AAF 1.

The 1ndices 1,Jyk=1,2,3 and their cyclic permutations.’l‘hispis our final

where C

set of equations.It can be easily found after the action of projectors
[, ana [ on the i-th equation of (1¥) that ,3=0 abd MG(1)=0 and hence
TE:B.This means that the solution of the derived equationa (i%) is-or-
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- thogonal bo h to the two-body and three-body forbidden states, i.e.just
what ‘was necessary.It should be noted if we want to include the three-
body projecting only, it is necessary to substitute”GZ instead o£1;;
and to neglect the all terms wit{ll in the equations.Similarly if we
want to 1limit ourselves to the two-body projecting only it is necessary
to substitutetal instead of ai‘and to heglect the all terms with [ .

It seems expedient in conclusion to return again to the rela:;onshx
betweon the forbidden (or ghost) states and the convergence of the Bornm
series as it was discussed above.It was already noted in Section 2 that
the ghost states give rise to the divergence of Born series for the in-
tegral equations (Faddeev and Yakubovski) of many-body scattering just
as the physical bound states do.Therefore, the projected equations (1R)
bave smaller-norm kernels that the corresponding non-projected equatiore
which facilitates the iterative solution of these equations.However, it
is not sufficient that all the forbidden states should be projected out
to obtain the convergent series.It appears mecessary to include also all
the allowed bound states.We have rigorously shown recently/15/ that, in
case of the conventional three-body scattering, for the Born series to
be convergent at low energies it is sufficient to project the Faddeev
equations onto the entire discrete spectrum (i.e.the ghost and physical
bound states).It is very probably (though has not strictly proved) that
this theorem is also valid in our case of three composite particles.If

this 1s 'so, the equations ({?) need not being necessarily changed to ob-

tain the convergent Born series for them.It is sufficient to supplement

the thiee-@ody pwjettors. . [Tby (apart from the forbidden-state formfac—

tors) the contribution from all, or (if the total energy is not too low)

the deep-lying physical bound states.Then, the system (1%) may be direc.

tly iterated.
Thus, tho above described orthogonality projecting technique not oan-

ly makos it posaible to derive tho necessary equations for oompoaite pa-
‘ rtioloa but alao givea a direct and oonvenient mothod of tbhair solutlon,
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