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Motivated by the existence of candidates for exotic hadrons whose masses are close to both two-body and
three-body hadronic thresholds lying close to each other, we study degenerate two-body and three-body coupled-
channels systems. We first formulate the scattering problem of non-degenerate two-body and three-body coupled
channels as an effective three-body problem, i.e., as effective Alt-Grassberger-Sandhas (AGS) equations. We
next investigate the behavior of S-matrix poles near the threshold when two-body and three-body thresholds
are degenerate. We solve the eigenvalue equations of the kernel of AGS equations instead of AGS equations
themselves to obtain the S-matrix pole energy. We then face a problem of unphysical singularity: although the
physical transition amplitudes have physical singularities only, the kernels of AGS equations have unphysical
singularities. We show, however, that these unphysical singularities can be removed by appropriate reorganization
of the scattering equations and mass renormalization. The behavior of S-matrix poles near the degenerate threshold
is found to be universal in the sense that the complex pole energy, E, is determined by a real parameter, ¢, as
¢+ Elog(—E) = 0, or equivalently, c + Re Elog(Re E) = 0 and Im £ = 7Re E/log (Re E). This behavior is
different from that of either two-body or three-body systems and is characteristic of the degenerate two-body and
three-body coupled-channels system. We expect that this new class of universal behavior might play a key role

in understanding exotic hadrons.

DOI: 10.1103/PhysRevC.97.064001

I. INTRODUCTION

The X (3872) was first observed in 2003 [1] and is consid-
ered not to be a simple charmonium [2—4] and is therefore a
candidate for the exotic hadron. Since its mass is very close to
the neutral D D* threshold, it is pointed out that it has a signifi-
cant D D* molecular component [5-20]. However, we must be
aware that its mass is also very close to the D D7 three-body
threshold. We therefore have to consider D D*-D D hadronic
two-body and three-body coupled-channels analysis whose
importance has also been discussed [21-27]. See Refs. [28-31]
for recent review articles of heavy quarkonium and candidates
for the exotic hadron in those energy regions. There are both ex-
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perimental and theoretical indications that a strange dibaryon
exists in the K~ pp system [32-34]. Since the resonance
A(1405) exists in the KN channel, K NN-A(1405)N-t =N
two-body and three-body coupled-channels effects regarding
A(1405) as a compact ggg baryon might play an important
role in understanding the system. The existence of non-strange
dibaryons was first discussed in the 1960s [35,36]; however,
it is only recently that they were actually observed experi-
mentally [37-43]. The importance of hadronic two-body and
three-body coupled-channels analysis in these channels has
also been discussed [44,45]. See, for example, an introduction
in Ref. [46] for a review of the current status of non-strange
dibaryon physics.

Two-body and three-body coupled-channels analysis is
therefore required to deepen our understandings of those
resonances whose thresholds lie close to each other. In this
paper, motivated by such circumstances, we develop two-body
and three-body coupled-channels scattering equations and
investigate the S-matrix pole behavior near the thresholds in
the case of a degenerate two-body and three-body coupled-
channels system.
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The discussion so far has been focused on phenomeno-
logical aspects of hadron physics. However, the degenerate
two-body and three-body coupled-channels system is also
interesting from a purely theoretical perspective. It is known
that the S-matrix pole behavior near the threshold in a single-
channel two-body and three-body system has a universal prop-
erty [47]. Namely, it is determined by one or two parameters
depending on how close the poles are located to the threshold.
It is also known that universal behavior crucially depends on
the phase-space property near the threshold, that is, whether
it is a two-body system, a it is three-body system, or the
system has relative angular momentum excitation [48]. Then,
a question arises: How does the S-matrix pole behave near the
thresholds in the case of a degenerate two-body and three-body
coupled system? We expect a new class of universal behavior
emerges in such a case. We might also want to ask the same
question in relation to the Efimov effect. If two pairs of three
particles develop a zero-energy bound state, an infinite number
of bound states appear, which is known as the Efimov effect. A
degenerate two-body and three-body coupled-channels system
corresponds to a three-body system in which one of the three
pairs develops a zero-energy bound state.

The behavior we are going to discuss is therefore interesting
on its own and also might play a key role in understanding those
observed candidates for the exotic hadrons lying in the energy
regions where two-body and three-body hadronic thresholds
rest close to each other. In this article, we investigate and
answer those questions mentioned above.

In Sec. II, we present basic setups, namely, the Hamil-
tonian we consider, effective interactions constructed by
the Feshbach projection, the Alt-Grassberger-Sandhas (AGS)
equations which three-body transition amplitudes satisfy, a
problem of unphysical singularity, and its solution with the
mass renormalization plus an appropriate reorganization of
the Feynman diagrams. In Sec. III, we calculate the S-matrix
pole behavior near the thresholds in a degenerate two-body
and three-body coupled-channels system using Yamaguchi-
type separable interactions. We show that the S-matrix pole
behavior is characteristic in the system and also univer-
sal in a sense that it is determined by the equation ¢ +
Elog (—E) = Oor, equivalently, c + Re E log (Re E) = Oand
Im E = nRe E/log(Re E), where E is the S-matrix pole
energy, while ¢ a real parameter. In Sec. IV, we summarize
the results and discuss their physical applications.

II. EFFECTIVE AGS EQUATIONS FOR TWO-BODY AND
THREE-BODY COUPLED-CHANNELS SYSTEM

We consider a two-body and three-body coupled-channels
system. We denote three particles in a three-body channel as
d1¢2¢3 and two particles in a two-body channel as ¥ ¢3. Since
we investigate the S-matrix pole behavior of a two-body and
three-body coupled-channels system by solving the effective
three-body system, we first explain how we solve the three-
body system with an effective Hamiltonian,

3 2

k:
He(f3f)=Z<mi+2_r;$>+U1+U2+U3+U4, (1)

i=1 !

where Uj, U,, and Uj; are the effective two-body interactions
of 3, P31, and ¢ ¢, respectively, and Uy is the effective
three-body interaction of ¢;p,¢s.

The three-body problem can be solved by the following
AGS equations [49,50]:

X=Z+ZTX, (2)

where the quantities are 3 x 3 matrices whose rows and
columns correspond to channel states. X is the transition
amplitude matrix, 7 is the diagonal matrix,

h 0 0
=0 n ol, 3)
0 0 1

whose diagonal matrix elements 71, f,, and t3 are the two-body
T -matrices of g3, P3¢, and ¢ ¢, respectively,
i = U + U;GY" Ui + - -
1

=Ui—p—
1- G,

i=1,23), )

and Gﬁ’d’k is the free Green function of ¢;¢x,

1

?j Pk
Gl = e o 3)
E—m;— i S v
Z is composed of two parts:
Z =2+ Zy. (6)
Zy has only off-diagonal elements,
Zy = Gy, (7
where
0 1 1
s=11 0 1], ®)
1 1 0

and ng’d’ is the free Green function of ¢;¢,¢3,

1
Gy’ = ; e ©
E= Y0 (mi+ 50

Z4 has all 3 x 3 components and is a sum of repeated effective
three-body force.

The off-diagonal structure of Z; combined with diagonal
nature of T prevents overcounting the same two-body T'-
matrices in a row. A diagrammatic representation of the
scattering equations is given in Fig. 1. The diagrammatic
representation clearly shows what is done in the scattering
equations. We first sum a three-body interaction in addition
to three two-body interactions to give the three two-body
T-matrices, t; (i = 1,2,3) and Z,. We then sum them up,
mixing them with each other while taking care of overcounting
the same two-body T-matrices in a row. The solution of the
AGS equations is formally given as

X(E) = Z(E), (10)

1 — Z(E)T(E)
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FIG. 1. A diagrammatic representation of the AGS equations with three-body force.

where E is the energy of the three-body system. Considering
the eigenvalue equation of the kernel of the AGS equations,

Y

with the eigenvector and eigenvalue, the formal solution is
written as

Z(E)T(E)|n) = na(E)In),

X(E)=>)" %Z(E).

(12)
Ifit has an eigenvalue, 1, at the energy E = E,i.e.,n,(E)) =
1, then X(E) has a pole at the energy £ = E, as can be seen
from Eq. (12). Therefore, we solve the eigenvalue equation of
the kernel of the effective AGS equations instead of solving
the equations themselves.

We next discuss the reordering of the transition matrix X,
which is needed in order to understand the singularity structure
of X and Z. To that end, we decompose the two-body 7' -matrix
as

T=T;+T;, (13)
where, written in an explicit matrix form,
n 0 0 0O 0 O
T3 =10 »n O], z=|0 0 O (14)
0O 0 O 0 0 1
The transition matrix X can be expanded as
1
X=Z4+ZTZ+ - --= Z 15
+ + =77 (15)

Since Z = Zo+ Zs and T = T3 + T3, we regard the rhs) of
Eq. (15) as a function of Z, Z4, T3, and T3. We first collect
the terms including Z4 and 75 and define the sum to be Wis:

Wy =24+ 24324+ -+ - = 4. (16)

—7

1 — Z4T;

We next include Z; and define the sum to be X5:
X3s=Zo+ ZoT3Z0+ (1 + ZoT3)W3(T3Zo + 1),  (17)

\yhere use has been made of 737,75 = 0. We finally include
T3, which gives X as

X=X+ X:T3X; + X3 GX3T3X5+ -+
= X5+ X3(T3 + T3X3T3 +--)X3

1 _
=X X5 ———T15 ) X3, 18
3+ 3(1—T3X3 3) 3 (18)

where
0
X = (X3)ij ol (19)
00 O

and use has been made of T3X3T; = T3X3T5. Clearly, the
three-body pole of X comes from that of T3 + T3 X373 + - - - =
(1 — T3X3)~' T3, which plays an important role in proving the
equivalence of the pole in the original and modified AGS
equations.

Now, we move on to how we construct effective AGS
equations starting from a two-body and three-body coupled-
channels system. We first explain what happens if we naively
follow the method by Feshbach [51,52]. The transition matrix
X is known to have the same physical singularities as the
original two-body and three-body coupled-channels system.
We show, however, that if we try to solve the eigenvalue
equation, Eq. (11), we face the problem of an unphysical
singularity since a part of the driving term Z4 has unphysical
singularities. Then, we show that we can define modified AGS
equations where not only the transition matrix X’ but also
Z) has only the same physical singularities as the original
two-body and three-body coupled-channels system.

We express the effective AGS equations in terms of un-
renormalized Green functions in the former argument but in
terms of renormalized ones in the latter. This is because the
appearance and disappearance of unphysical singularities are
most transparent in terms of unrenormalized Green functions
in the former argument and in terms of renormalized ones in the
latter, respectively. However, even if we express the effective
AGS equations in terms of renormalized Green functions in
the former or in terms of unrenormalized ones in the latter,
the fact that unphysical singularities appear or disappear does
not change although the expressions become much more com-
plicated. The origin of the appearance and disappearance of
unphysical singularities lies in the reorganization of the higher-
order terms of the kernels in the effective AGS equations
but not in the use of unrenormalized or renormalized Green
functions.

In the method by Feshbach, introducing the projection
operators onto the three-body channel, P, and the two-body
channel, Q, respectively, we write the full Hamiltonian as a
matrix [51,52]:

o _ (PHP PHQ)_<H§+VPP Vo )
=\onpr oHQ)=\ vor  HE+Vy)

(20)
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FIG. 2. Summary of Feynman rules. We denote the free Green
function of ¢; as solid lines and the unrenormalized free Green
function of v as dashed red lines.

The kinetic terms in the three-body and two-body channels,
HJ and HOQ, are respectively given by

3
K
HY =3 (mi + %) @1

i=1 {

0 K3 k3
Hf =M+ — — 22
0 +2M+m3+2m3 (22)

We assume that the diagonal interaction terms in the three-body
and two-body channels, Vpp and Vjp, are given by two-body
interactions, while the off-diagonal interaction terms, Vpo and
Vop, are due to ¢1¢-1 coupling:

Vpp = V¢2¢3 + V¢3¢1 + V¢|¢2’

Voo = Vi,
Veo = Vo40vs
Vor = Vy-gi,- (23)

We define the free Green function of ¢;, Gg’ (E k), by
1

Gy (E k) = - (24)
E — nm; — m
and that of yr, G‘O//(E,K3), by
1
GU(E.K3) = —. (25)
E-M-3}

The Feynman rules are therefore given as shown in Fig. 2.

The physical mass of i is shifted from the bare one by the
coupling to ¢; ¢,. The dressed Green function of ¥, GV (E,K3),
which is diagrammatically shown as

GV = —— (26)

is expressed by the free Green function, GOV/ (E,K3), and the
self-energy, 2(E,K3), as

GY(E.K3) = GY(E.K3) + GY(E.K3)S(E,K3)G (E.K3)
4o 27

- A= wx®ee

V. _ N ;o _ . ;oo \/
D102 — Rt ‘/u'—q)lo; = LRty ‘/u‘:o,; = RN
1 *

2 >

“ >

FIG. 3. Summary of Feynman rules. We denote the free Green
function of ¢; as solid lines and the unrenormalized free Green
function of v as dashed red lines.

or diagrammatically,

ey Q . 28)

The physical mass of yr, M’, is determined from the pole energy
of the Green function with the vanishing momentum, K3 = 0,

M =M + S(E,0)| gy (29)

We also define the renormalized free Hamiltonian as the
kinetic term with the physical mass,

HC =M + K +m3 + K5 (30)
= m _—,
0 om T o

and add the difference of the bare and renormalized free
Hamiltonians, A, from the interaction, Vy4,:

H)? =HEZ — A, 31
Vig, = Vys, +A. (32)
The renormalized free Green function is defined by
1
Gy (E.K3) = ————. (33)
E-M — 55

The Feynman rules in terms of the renormalized free Green
function are therefore given as shown in Fig. 3.

In the Feshbach projection method the effective Hamilto-
nian in the three-body channel is given by

H; = PHP+ PHQ QHP = HE + Upp,

E—-QHQ 34

where Upp is the effective interaction in the three-body
channel:

1

Upp=Vep +Vrog——FH——
E - Hy = Voo

Vor. 35)
Upp can be decomposed into the sum of the two-body
interactions in each channel, U; (i = 1,2,3), and the three-body
interaction, Uy:

Upp =Ui +Us + Us + Uy, (36)
where
02
Ur = V9, = @3>< ) (37
&3
Us = Voyp = @1>< : (38)
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. P 1 (]
Us = Vg + Vir6awGo " Virgnga = >< + >>< )
) ®2

Us = V006G "0, G8 7 Vipegr 5 =

and

’UL’“A~ v B < 1, “’/)\‘4'
037 T AT AN T

(39
, P
0" (s, J 7K
s

(40)

(4D

and 241324 by

The matrix, W3, is also channel independent, i.e. W3 = w31, and w3 = z4 + 24324 + - - -

w3

Z4 =

The matrix, Zy4, is channel independent, i.e., Z4 = 741, where

Z4 is given by

u=G{" UG+ =G U,

I 1 1
1=(1 1 1
1 1 1

gtbtﬁ
1-GY?u,

or diagrammatically,

|
g (O

:N+//\J\

>A > v'< +

A v”< + ..

S G

is diagrammatically given by

where in the intermediate state use has been made of the relation for the dressed and free Green functions for i,

or diagrammatically,

G' =GJ +GY=G! +GI=G'=GY,

—_—— = eip---- + ——»—Q—»—— + ——»—Q:c@—»——.

The first two terms in Eq. (47) or Eq. (48), Gg and Gg Eng , are included in Z4 (z4), while the last term Gg EG‘/’EGOW in
included in Z4T3Z4 (z4t3z4), and the sum of these terms gives the full Green function, GV, in W5 (w3). Thus, it is clear that
Zy4, and therefore Z, has an unphysical branch point at E = M + m3, while W3, and therefore X, has only a physical one at
E = M’ + mj3. If we solve for the scattering amplitudes X, this unphysical singularity of Z does not matter. However, since
we solve the eigenvalue equation of ZT, which has an unphysical singularity, the existence of the unphysical singularity causes
difficulty in searching for the S-matrix pole in the complex energy plane.

Later, we modify the effective AGS equations and compare the matrix element, X3, in the original and modified effective AGS
equations. Therefore, we show here the ij (i,j = 1 or 2) matrix element of the third term of Eq. (17), (1 + ZyT3)W3(T3Zy + 1),
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which is given as
(1 + ZoT3) Ws (Ts20 + 1)), = (1 + G(ﬁ""“’tg) w3 (1 + tgGg‘;‘"“’)

- >->--®-->-< N >.,..®__,_O=_=<
+ >==Q’®’< N >=-=Q>®,Q=<

49)
where use has been made of the relation
G' =Gy +GI=GY, (50)

— =t (O 51)

Let us now discuss the modification of the effective AGS equations. Our task is to find the modified AGS equations
X'(E) = Z'(E) + Z(E)T(E)X'(E), (52)
Z(E) = Zo(E) + Zy(E), (33)

or diagrammatically,

where the modified transition amplitude, X’, has the same three-body pole as the original amplitude, X, yet the modified kernel,
Z’, has only physical singularities.
We first define 7, , by summing up the higher-order terms of #,4,, which includes counterterms, as

(54)
_ }..m..{ . }..m.@.m..(

v (O () () o—O(L)<

b e (Y (YO ()

N S Zor OO oy B A e o
) ’ (55)

064001-6



DEGENERATE TWO-BODY AND THREE-BODY COUPLED- ...

PHYSICAL REVIEW C 97, 064001 (2018)

and z313z) by

Zzllt?)zll: }-:»::@::»:C}—:Q:»::@::,:{ _

Recalling that the corresponding counterterms of z,#3z, are included in zj;, we can show that w} = z), + zZjt3z, + - - -

> Q@ Ly
M

o }.,m,,{ . }.»@»%»@»{ L

where use has been made of the relation for the dressed and renormalized free Green functions for ¥,

G¥ =Gy + Gy (2 + MGy + Gy (2 + AGY(E + MGy

=G, +G,'sG,Y + G,V AG,Y + G, AGYAG," + G, AGY=G}Y +G,!=G"AG,! + G, £GY=G}",

or diagrammatically,

—_— =

Clearly, the vertex uﬁé is the same as w3, yet, given as
a finite sum of the renormalized free Green function, zj
has a physical branch point at £ = M’ 4 m3, not an un-
physical one at E = M + mj3 in contrast to z4. This is be-
cause we define z; as a finite sum of the renormalized free
Green function, and therefore it includes not only z4 but
also a part of the higher-order terms, z4f324, z413241324, and
so on, which changed the bare singularity to the physical
one.

In contrast to Z4, we define the matrix Z; not to be
proportional to 1 but to be given as (see Appendix A for details)

A

N

>

=
I

ﬂ
N
>
S
|

(60)

comes 4 >Q> T I - W

+ >®$Q> + >Q=:®> + >Q=.=©>
[

(56)
is given by
(57)
(58)
(59)

The matrix element of Wj, which is defined by W; = Z, +
2,37, + Z,T3Z,T3Z, + - - -, is given as

Wap = (Z))ap + (Z)a3t3(Z))3p + (Z))ast3z413(Zy)3p + - -
74+ 74tz + 4Btz + -
= (Z))uy 2B ,i 41324
24

: '(Zé)w

’
_ / Wy ’
= (Z4)a3 7(24)3,3-
2y

(61)

Therefore, W; has a matrix structure similar to Z}, as

(W)= 7~

(W3, =

TP T S G
(W3),, = >'®>< N >,®,®¢<

N >=':®’®’< N >:.:®,®)®¢<

(62)
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Then, the ij (i,j = 1 or 2) matrix element of the third term of Eq. (17), (1 + ZoT3)W5(T3Z, + 1), is given as

((1+ ZoTs) W5 (T3 Zo +1))

= (W?/))z] + (Wé)zs tsGo + Gots (Wé)sj + Gots (W?:)33 t3Go

_ a0, >,®,®=.=< e T

. }:@.@.@:«( . >,®,©=.=( . >.=.=®,®,©=<

O () O e O (O

>="=uﬂ

/3

<

)

where use has been made of the relation

G’ =Gy + Gy =G" + Gy AGY, (64)
or, diagrammatically,
5 = =emsz 4 ,Qz‘ + ,@i (65)

From Egs. (49) and (63) one sees that
(14 ZoT)W3(T3Zo + 1))ij = (1 + ZoT3)Wa(T3Zo + 1));;.
(66)

The first and second terms of Eq. (17), Zy and ZyT3Z, are
also the same in the original and modified equations, since we
have modified neither Zy nor 75. Therefore,

(X3)ij = (X3);;, (67)
and
T T
. N (68)
1= 15X,  1-T5X;

from which we conclude that the modified transition amplitude,
X', has the same three-body pole as the original amplitude, X.

III. THE S-MATRIX POLE BEHAVIOR NEAR THE
THRESHOLD: NUMERICAL RESULTS

In this section, we numerically solve the eigenvalue equa-
tion of the kernel of the effective AGS equations and analyze
the S-matrix pole behavior near the thresholds in the case
of a degenerate two-body and three-body coupled-channels
system.

We adopt separable interactions both for diagonal and off-
diagonal parts whose matrix elements are

(kik;|Vi,p; 1kik) = g(pi)rg,p,8(P);
(Kka|Vyg, | K'K5) = g(q3)hy8(q3),

(69)
(70)

1
(K|Vy-pi¢, k1k2) = FS(K — ki —k2)hy-pp8(p3), (71)

(63)

(

where py is the relative momentum of ¢; and ¢;, py = (k; —
k;)/2, while g3 is that of ¥ and ¢3, gr = (K — k3)/2. g(p) is
the Yamaguchi-type form factor g(p) = A?/(p*> + A?), where
A is called a cutoff parameter. A4y and Ay are the coupling
constants of the two-body interactions in the two-body and
three-body channels, respectively. In the two-body channel we
take the coupling constants of the two-body interactions of
@23 and ¢3¢ to be the same, A4y, but that of ¢ ¢, to be zero.
Ay 18 the -¢1 ¢, coupling constant.

Bound-state poles lie on the real physical energy axis below
the threshold, which can be directly studied by the eigenvalue
equation of the kernel of the modified effective AGS equations

Z'(E)T(E)In) = nu(E)|n). (72)

However, resonance poles are located in the fourth quadrant
of the unphysical energy sheet,! which can be exposed only
after analytic continuation of the eigenvalue equation [Eq. (72)]
is performed onto the unphysical complex energy sheet. For
this purpose we adopt the method of contour rotation. See, for
example, Refs. [54,55].

The contour rotation is done by rotating the integration
contour as follows:

3 00 q;
) / 47dq; 7' (Eqiq))T; (E —mj = ﬁ)as(qj)
j=170 j

= n(E)¢(q),

'Tt is known that the two-body channel has a square root singularity,
(A, — E)'2, and the three-body channel has a logarithmic singularity,
(E — A3)*log(As — E) [53], where we take the two-body threshold
energy, A,, and the three-body threshold energy, A3, independently
for explanation. We consider the complex energy sheet with /2 <
arg(A, — E)'? < 3m/2 and m < Imlog(A; — E) < 37, which is
directly connected to the real physical energy arg(A, — E)"/? = /2
and Im log(A3; — E) = m, by rotating the energy clockwise and we
simply refer to it as the “unphysical energy sheet.”
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3 o0
= Z/ e_3‘9q_]2-dqjZ’(Ee_’eq,ve_’gqj)tj
j=170
202
j —io —io
X\E—m; — oM, d(e™q;) = n(E)p(e™"" q;).

(73)

Since we adopt a Yamaguchi-type form factor, the rotation
angle 6 in the momentum plane is restricted to 6 < 5 and
therefore an angle of rotation of the branch cut in the
complex energy sheet is restricted to be less than m. This
causes no problem since we are interested in resonances lying
on the fourth quadrant of the unphysical complex energy
sheet.

After performing analytical continuation, we two-
dimensionally discretize the fourth quadrant of the complex
energy sheet with the interval 0.00025 and calculate the
Fredholm determinant, I—[n (1 —n,(E)), of the kernel,
Z(E)T(E), at each grid. We then identify the complex energy,
at which the Fredholm determinant takes a minimum, as an
approximate pole energy, regarding discretization intervals as
ITOrS.

Here we summarize how we take the parameters of the
model. We assume the masses of ¢; to be the same and
take them as the unit of the energy, m; = m, = m3 = 1. The
physical mass of ¥ is therefore M’ = 2 in our unit. It is useful
to define dimensionless coupling constants fss and fy4 as
f¢¢ = %,LL¢¢)\¢¢A and f1/,¢ = %/Lw¢)x‘//¢A, where Mg and
Mye are reduced masses of ¢¢ and v ¢, respectively. When
foo < —1 (fyg < —1) the two-body system, ¢¢3 or ¢3¢
(Y¢3) has a bound state. Matrix elements of the effective
interactions, two-body and three-body 7' -matrices, and driving
terms are presented in Appendix B. We fix the off-diagonal
coupling constant, Ay 4, to be /47 x 0.1 in our unit for
simplicity, while we change the diagonal coupling constants;
i.e., we take 6 values, —0.15, —0.2, —0.25, —0.3, —0.35, and
—0.4, for f4e, and 10 to 15 values between —1.11 and —1.41
for fye.

In Table I, we summarize obtained complex pole energies
vs. coupling constants, fss and fy4. Then, in Fig. 4 (Fig. 5), we
plot locations of poles in the unphysical complex energy sheet
with error bars explained above for different values of fy4
(foe) with fy4 (fye) fixed. We also show the curve determined
by the equation

c+ Elog(—E) =0, (74)

where c is a real parameter, which corresponds to the inverse
scattering length in the s-wave two-body scattering. When
the pole is located in the fourth quadrant of the unphysical
complex energy plane, the real and imaginary parts of Eq. (74),
respectively, become

c+ReFElog(ReE)=0, ImE =nRe E/log(Re E),
(75)
where higher-order terms of Im E/Re E are neglected.
In Figs. 4 and 5 one sees that the calculated results are
consistent with the analytic formula, Eqs. (74) or (75), near

the degenerate threshold within error bars. In Figs. 4 and 5 the

trajectories of poles seem slightly unsmooth. This might be due
to the slow convergence of the integral equation when poles
lie close to the rotated branch cut. However, the deviations are
still within errors.

We see that the S-matrix pole approaches the threshold
from the fourth quadrant of the unphysical complex energy
sheet as the absolute value of the coupling constant, fy¢
(fyv), increases. We also see that when poles lie close to
the threshold, that is, when Re E < 0.001, they all lie on
the curve, ¢ + E log(—E) = 0. This is consistent with the
analytical study of Ref. [56]. The S-matrix pole behavior
near the threshold in the system is therefore universal in
the sense that it is described by the unique one-parameter
equation ¢ + Elog(—FE) = 0 irrespective of details of the
specific parameter sets.

This behavior of the S-matrix pole near the threshold is
different from either the two-body or three-body scattering.
In the two-body scattering the 7-matrix near the threshold is
represented in the form of the effective range expansion and
the pole is given as a solution of the equation

1 r ’
e ipiioo (=20, e
ap 2 2“’

where £ is the relative angular momentum, and p and p are the
relative momentum and the reduced mass of the two particles,
respectively. From Eq. (76) the behavior of the pole momentum
in the unphysical complex energy sheet is given as

p~ —i/ap (£ =0), (77)
L2 2 =1 (78)
P Ny lafrf“ -

If £ =0, the S-matrix pole approaches the threshold from
the negative axis in the unphysical complex energy sheet
and becomes a bound state as the interaction becomes more
attractive. If £ > 1, the pole approaches the threshold from the
fourth quadrant of the unphysical complex energy sheet, which
manifests itself as a resonance if it lies close enough to the real
axis, and becomes a bound state as the interaction becomes
more attractive. Figures 6 and 7 illustrate trajectories of poles
of £ =0 and £ > 1, respectively, both in the physical and in
the unphysical complex energy sheet.”

In the three-body scattering, the 7 -matrix near the threshold
behaves as in the two-body scattering with £ replaced by £ =
L+ %, where L is the sum of two relative angular momenta
in the three-body system [48]. Therefore, the behavior of the
S-matrix pole in the three-body scattering is similar to that of
the two-body scattering with £ > 1 and resonances can exist
irrespective of the relative angular momenta.

It should be noted that in the degenerate two-body and three-
body coupled-channels system the S-matrix pole approaches
the degenerate threshold from the fourth quadrant of the

2The above argument implicitly assumes that the energy dependence
of the interaction is not strong. If the energy dependence of the
interaction is very strong, even the two-body system with £ = 0 can
have resonances. See, for instance, Ref. [57].
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FIG. 4. The S-matrix pole trajectories near the thresholds in a degenerate two-body and three-body coupled-channels system: (a) fyy =
—0.15, (b) —0.20, (c) —0.25, (d) —0.30, (e) —0.35, and (f) —0.40. Each point in each figure corresponds to different f;4. The solid curve is a
trajectory determined by the equation ¢ 4+ E log (—E) = 0, or equivalently ¢ + Re E log(Re E) = 0 and Im E = nRe E/log (Re E). We can
see that poles approach the thresholds from the fourth quadrant of the unphysical complex energy sheet. We can also see that when poles lie
very close to the thresholds, they all lie on the solid curve irrespective of parameter sets.

unphysical complex energy sheet even though the two-body IV. SUMMARY AND DISCUSSION
system is in the s wave, which is different from that of
the two-body s-wave scattering. Therefore, if poles lie close

enough to the real axis, they might appear as resonances.

In this paper, we studied the S-matrix pole behavior
near the threshold for the degenerate two-body and three-
body coupled-channels system. To that end, we formulated
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FIG. 5. The S-matrix pole trajectories near the thresholds in a degenerate two-body and three-body coupled-channels system: (a) f,y =
—1.33, (b) —1.35, and (c) —1.37. Each point in each figure corresponds to different f,4. The solid curve is a trajectory determined by the
equation ¢ + E log (—FE) = 0, or equivalently ¢ + Re E'log(Re £) = 0 and Im E = wRe E/log (Re E). We can see that poles approach the
thresholds from the fourth quadrant of the unphysical complex energy sheet. We can also see that when poles lie very close to the thresholds,
they all lie on the solid curve irrespective of parameter sets.

two-body and three-body coupled-channels scattering equa- effective AGS equations, effects induced by the coupling to
tions as effective three-body scattering equations, effective the two-body channel are embedded as effective interactions
AGS equations, by the Feshbach projection method. In the  in the three-body channel. Even in the absence of elementary

LE LE

(a) (b)

(a) (b)
FIG. 7. The S-matrix pole trajectory: higher partial wave. (a)

FIG. 6. The S-matrix pole trajectory: s-wave. (a) The unphysical The unphysical complex energy sheet and (b) The physical complex
complex energy sheet and (b) The physical complex energy sheet. energy sheet.
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three-body interactions, the coupling to the two-body channel
generates effective three-body interactions.

We solved the eigenvalue equation of the kernel of the scat-
tering equations instead of solving the equations themselves
to obtain the S-matrix pole energy. However, we faced the
problem of an unphysical singularity when we naively tried
to solve the eigenvalue equation. Namely, it turns out that the
solution of the eigenvalue equation has an unphysical branch
point due to the fact that the physical mass of a particle is
different from the bare one. The full transition amplitudes
of course have only the physical singularities; i.e., they have
a physical branch point with the physical mass but not an
unphysical branch point with the bare mass. We showed that
this problem is resolved by an appropriate reorganization of
the scattering equations and the mass renormalization. In a
word, we included the counterterms which appear in higher-
order terms of the scattering equations into the kernel of
the scattering equations, which is an input of the eigenvalue
equation.

We numerically solved the modified eigenvalue equation
and obtained the S-matrix pole behavior near the thresholds
for various parameters. The S-matrix pole approaches the
threshold from the fourth quadrant of the unphysical energy
sheet, which manifests itself as a resonance if it lies close
enough to the real axis, and becomes a bound state as the
interaction becomes more attractive. The behavior of the
obtained numerical results is consistent with the universal be-
havior ¢ 4+ E'log (—E) = 0 analytically obtained in Ref. [56].
This behavior is different from the two-body or three-body
scatterings and is characteristic in the degenerate two-body and
three-body coupled-channels system. This behavior, however,
is analogous to the two-body system with non-vanishing an-
gular momentum or the three-body system in the sense that the
states appear either as bound states or as resonances but never as
virtual states. This generally holds in the degenerate two-body
and three-body coupled-channels system independent of the
parameters taken in the calculation, which can be interpreted as
an appearance of the effective generalized angular momentum
barrier as in the three-body system.

In this paper we considered an ideal situation with exactly
degenerate two-body and three-body thresholds, which is unre-
alistic. To what extent would what we have found in the present
paper survive when two-body and three-body thresholds are
not exactly degenerate? Let A, and Aj be the threshold en-
ergies of the two-body and three-body channels, respectively,
and E, be the resonance energy. If |E, — min {A;,Az}| >
|Ay — As|, then what we have found would survive as a
leading order approximation, while if | E, — min {A;,A3}| <
|A, — Asl, then the upper threshold would become irrelevant
and the behavior of the resonance would be governed by the
lower threshold.

The characteristic behavior predicted in this paper for the
degenerate two-body and three-body coupled-channels system
may be observed in the cold atom system in which the
interaction can be controlled by applying external fields or

(approximately) in the hadronic systems where two-body and
three-body thresholds are (approximately) degenerate.
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APPENDIX A: MODIFIED KERNEL IN THE PRESENCE
OF Vy,4,

In Sec. II, we derived the modified kernel by reorganizing
the Feynman diagrams order-by-order with respect to Vy4,, the
interaction between ¥ ¢3. There, we ignored the elementary
interaction between ¢¢, denoted as Vg4, to simplify the
argument. In this Appendix, we present a detailed derivation
of the modified kernel taking also Vj, 4, into account and by
explicitly summing each term in the effective AGS equations as
a geometric series. In the following, we suppress the argument
of energy E for notational simplicity.

1. The self-energies in higher-order terms
in the effective AGS equations

In this section, we see how the self-energies appear in
higher-order terms of the effective AGS equations and how
the corresponding counterterms are added to it. Derivation of
the modified kernel is given in the next section.

In the presence of Vj, 4,, the self-energy can be decomposed
into two parts, one that contains the ¢;¢, interaction, which
we denote as Xy, and the other that does not, denoted as X:

X=X+ Zy. (A1)
Its diagrammatic representation is given as
®- Q<>
EO ISP e
A, ' (A2)

When it comes to considering the self-energies which appear
in higher-order terms of the effective AGS equations, it is
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convenient to write #3 in the following form: where #3(E) is defined by
1

_ . (A4)
1- G,

By =13+ (1 + 560" )Vy4u6,GY P Vi (G371 + 1), i3 = Vs
(A3)

J

Diagrammatic representation of #3 is given as

oL 2O = O X0 20O @

For notational simplicity, we rewrite Z4 as follows:

Zy =21, 2 =G""Vy 4,0, 9Vi,,4 G, (A6)
where we defined G by
G= Gg%%mcgf%, (A7)
and 1,4, by
tgs = Vs + Vyg, Ql Vigs, (A8)
E— Hy” — Vyg,

whose diagrammatic representation is

Nx"'""‘" ) ‘\\\ // + “\\‘\\.,'"'1:.:%\‘\”,/ +eee A9
AN AT AUN -

Z4t3z4, which appears in higher-order terms of the effective AGS equations, is written as

2atsza = GG*Vig10,G (Sv + GV 8) GVyg,6,G5

) e O = R S O T C) e O L (0 e SN

The corresponding X for the first term in the above is actually included in the second term of z4 as

a= >m< + >m©m< T (A1)

Combining the second term of the above equation with the first term of Eq. (A10), we obtain

™0

GO V0002 Gy P 0a Gy (£ + DGV L) GF g, Gy Vi 900 Gy ™

_ >,m,@, o ) >,m,@=,=@,m,< )
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The corresponding counterterms are as follows:

ng)(j)vw-(ﬁl(bztw(ﬁs (A + AGY?Y + GV A + AGYPs A) Loy V¢-¢1¢2 G((?(b(b

(D)o () <

N >,®,®=,=®, ” -

(A13)

Another way the self-energies appear in higher-order terms of the effective AGS equations is in ones like ZyT Z4, which

GgMJ

contains the matrix elements 1374 Which are rewritten as

06 96 (7 > 00 9097 0 o
G§ 13z = Go™ (i3 + (1 4+ BGE™) Vi GV V0 (G0™' 15 + 1)) G5 Vi 06,6 Vi1, G

= G (BG Vypipr + (1 + BGY") V.GV )G Vyg,, G (Al4)
whose diagrammatic representation is given below:
::},m,.( . F@.m,,( . ::Dz.z@.m,,<‘ ALS)
The corresponding counterterms are, therefore,
age? (1 + fnggw) Vipin 2 GV A GV, 6, G = >¢®"'m""< " :@Q:‘@,m”( : (A16)

Having seen what sort of self-energies appear in higher-order
terms of the effective AGS equations, we find a way to put
those counterterms into one of the driving terms Z4 and define
the modified one in the next section.

2. Reorganization of the effective AGS equations
and the modified kernel

In the following, we perform the mass renormalization and
reorganize scattering processes in the effective AGS equations
so as to keep the structure of the equations the same while
the counterterms in higher-order terms of the equations are
included into the kernel of the equations.

The self-energies appearing in higher-order terms of the
effective AGS equations are generated when one of the driv-
ing terms, Z4, and one of the two-body T -matrices, t3, are
multiplied. We therefore sum up #; first so that the additional
self-energy does not appear in higher-order terms as discussed
in detail below.

As we saw in Sec. II, the transition amplitude X is reorga-
nized as

1 1
1—ZT 1-T5X;
Noting that ZyT3Zy = 0, we can simplify X3 as
X3 =Zo+ ZoT3Zo + (1 + ZoT3)W3(T3Z0 + 1),  (AI8)
where we defined W3 by
1
W3y =Zy——. A19
3 11z (A19)

We note that the additional self-energy does not appear when T3
and X3 are multiplied. Wj is channel independent, W5 = ws1,
where wj is defined by

1

2 .
1 —1t324

w3 =24+ 248324+ - = (A20)

w3 can be expressed in some ways. Substituting an expression
in Eq. (44), w3 is written as
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1

1= Vi s G§P G5V 6,6,G
1

1— (Sy 4+ 2G¥4sx%) G

= >=>==ﬂ=-=-< i >’m'<@}’m”< + >’m’@=’=@,m,< e (A21)

Substituting the definition of G [Eq. (A7)], we obtain the following expression:
1
1— (S 4 2G¥95%) Gy, G

Noting that

w3 = G§"Vi-p,6,G Vo0 Go??

= Gg¢¢v¢-¢1 P2 g V¢1 P2-1p Gg(b(b

_ o0 Wb v bbp
wy = Gy Vi1 6, Go s Go Vi1 ¢2-9 Gy

GyP(T + =GV DGy = GV — G, (A23)
we obtain another expression:
1
1- (Gw““ - Ggm) tyes

e N >,m,©, L)y >.m,©,m,©,m,< i
,Q, S (A24)

Substituting the definition of z,,4,, we have the most intuitive expression of ws:

w3 = G4V, 62 Go "ty G Vg 50 G5

wy = GGV 510, Go " Vipgs T G Vg, g0 G307

Gvos qu53
a Z a
= G V100 GO P4, GO P Vg 0 GO7

The intermediate factor t%} = Vyg, /(1 — GV V) is represented in terms of the renormalized quantities as follows:

T ’ Vs _ A VP3) s
Ly = tygy + 154, (GV = G )ty +

=t T 15,5, G0 P (E+ A+ (2 + NGV (S + ANG Pty + - (A26)
where we introduced the renormalized free Green function
2 2\ !
' P3 ks
GP=(E-M —my— 22— 2| A27
0 < SERYVT 2m3> (AZ7)
and another two-body 7 -matrix,
tl//f¢3 = Vyg, + Vyg, GOIINP3 Vg, + -+ (A28)

Its Green function is the bare one instead of the dressed one. wj is therefore written in terms of the renormalized quantities as
1
"Yd3\ s
1= (GV =Gy %),

do e Ve $o0
w3 = G Vy4,0,Go g, Gy " V404 G

1
o] V2% VA% o]
=Gy Vg, Go 3’(//¢3 Gy Vv Gy

1= GJP(2+ A+ (2 + A)GY(E + ANGY Pt
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1

_ G¢¢¢V ] G
0 Y-¢12 1 (EV N EGg@E)g/

$69
Vo100-v G

1

Vv Go*7 (A29)
1= Vpy GO 13657V 4,6,

olol]
= GO V‘/f’¢l ) g

where we defined G’ by
G = G’Ollﬂbs (IK/M)3 + l‘l///%G;;M)s(Eo +A+AGYPT + TGVBA + AG¢¢3A)GSD¢3t(//¢3 4 )G;;MB

Its diagrammatic expression is given as

> @< - () () O () () ()
(Y D () (oD (1) () e (1)
NG T . - OO (A31)

With G’ defined above, ws is written as
s s s ©) s s
w3 = G Vs G Vv Gy + G V6.9 VorsnvGo 13 Gy VG Varngn-w Gy -+ (A32)

We can see that the counterterms in higher-order terms of the effective AGS equations are now put into G’ while keeping the form
of the effective AGS equations the same.

We have been focused on the intermediate part of the scattering processes. We next discuss the left- and right-most parts of
the scattering processes which have the channel-dependent structure. Explicit expressions for the left- and right-most structures
of the last term in W3 are

1 0 G 1 0 0
I+ ZTs=(0 1 G|, TiZo+1= 0 1 0]. (A33)
00 1 Gy G 1

The explicit matrix expression for (1 + ZyT3)W3(T3Zy + 1) is therefore
(14 G 6)ws (G +1) (14 Gi"1)ws (G + 1) (1+ G5 1)ws
(1+ G5 ws (G5 +1) (14 G416 ws (G5 +1) (14 G4 13)w; |. (A34)
w3 ([3Gg)¢¢ + 1) w3 (I3Gg¢¢ + 1) w3
Noting that the left- and the right-most factors of w3 are Gﬁ‘ﬁ‘” Vi, and Vg g, Gﬁf), we obtain
(1+ Gy 1) G Vygug = Go* (1 4+ 563 ) Vyppun (1 + GV B), (A35)

Vorsns GP (5GP +1) = (SGV + 1)V, (GO 1 + 1) G (A36)
The (1,1) component, for example, is then written as
Gy’ (14 556GV Vygiss (1 + GVB )G 13, GY P (BGV + 1)Vy4,0 (GHP 1 + 1) GHP?

=GP (1 4+ 56"V Vypn GV P15 GV Vg4, (GO0 15 + 1) G (A37)
Similarly, the (1,3) component is written as
GO (145G Vi g, GV P15 GO V4,4 G, (A38)
and the (3,1) component as
6" V102 Gt G Vgy (G313 + 1) GG (A39)
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The diagrammatic representation of each matrix element is given as

- ()< ()OO SBO() < B~
(W3);5 = > s, — + :::}:‘ 5, ¢<,

(W3)gs = >-:.::‘:-< .
(A40)

We now rewrite them in terms of the renormalized quantities as we did in the previous paragraph. For example, the (1,3) component
is written as

(W)

GBI (1 L 7 bdP S 669
Go™ (14 BG" ) Vip GV 1545, GE P Vg 4,0, G

= Gi* (1 4+ B5GE") Vypun (1 + GV (E + NG P15, GY " Voo (A41)
We include the counterterm by modifying the left-most part of the kernel as
G3?? (14 556G ) Vyprpn(1 + GV A)G Vg 4,4 G5 (A42)
For the (3,1) component, we modify the kernel as
GOV 46,5 (AGY? + 1)V, (GO 8 + 1) G, (A43)
and for the (1,1) component as
GO (14 BGY ") Vg (1 + GV NG (AGY? + 1)V 5,4 (GHP 15 + 1) G5 (A44)

Each component of the modified driving term is as follows:
(Z))i; = GYP (1 + 1G5V Vy g (1 4+ GV MG (AGY® + D)V (GEPP5 +1)GEP? () = 1,2),
(Zis = Gy (1 + BGY ") Vypgo (1 + GV NG Vg, G (1 = 1,2),
(Z)3j = G§** Vipp,,G (AGY® + 1)V, (GO 15 +1)G™ (j = 1,2),

(Zz/t)33 = G?)NW V¢,¢I¢ZQ,V¢,I¢2,¢G$¢¢. (A45)

The diagrammatic representation of each component is given APPENDIX B: JACOBI MOMENTA AND EXPLICIT
in Fig. 8. EXPRESSIONS FOR THE MATRIX ELEMENTS
IN THE EFFECTIVE AGS EQUATIONS

1. Jacobi momenta

In a three-body system, it is convenient to introduce the

(Z),, = \Q’O>Q: (Z}) = :Q>m>< Jacobi momenta defined by

P =k, +k; + k3, (B1)
A
(Z/l)g, _ >—>m>©\ L= (mj +Zk)—il_(lm ’:ni_l’(::] + kk)’ (BZ)
i j k
k; —mk
pi = M’ (B3)

where, :Q N ;3 b See® + :@3169 m; + my

where i,j,k are cyclic permutations of 1,2,3 and k; is a
FIG. 8. A diagrammatic representation of the modified kernel. momentum of ¢; in Cartesian coordinates. In the following, we
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consider the problem in the three-body center-of-mass frame;
that is, we set

P=0. (B4)

The other two Jacobi momenta then become

q; =k, (B5)
mkk- —m 'kk
pi=—>1—"= (B6)
mj + my
We also introduce reduced masses as follows:
M7 = (my+m) T +m (B7)
u;f@ =m; +m. . (B8)

With this notation we introduced, the kinetic energy in the
three-body channel in the center-of-mass frame is written as

2 (e 20)

2 2 2
= Zm, o Ay B
,' m 2M; 2/’L¢j¢k
2
= Zm, o (B9)
2M¢ o

We denote the center of mass and the relative momentum
in the two-body channel as

P = K; + ks, (B10)
K; — Mk
p= BB FH (B11)
M + mj
We denote the reduced mass of V3 as fLy¢,:
(y) =M™ 4 m3! (B12)

where we placed a superscript on the mass of ¥ since its mass
shifts from the bare one by the coupling to the ¢¢, two-body
state. The kinetic energy in the two-body channel in the center-
of-mass frame is therefore written as

KZ k2
M + w + m3 + 2—m3
732 2
=M+ m3+ + P
2(M + i’}’l3) Z/L,/,(p}
2
=M+ m3+ . (B13)
2“'/“1’3

In Sec. III, we perform a numerical calculation in the case
where the two-body and three-body thresholds are degenerate,

M’ =my +my, (B14)

where we introduced the physical mass of ¢, M’. We briefly
discuss how each kinetic quantities are related in that case. If
two thresholds are degenerate, we have

K; =k +k, (B15)

which leads to

P=k +k +k;=K;+k; =P. (B16)

That is, the three-body center-of-mass frame is also the two-
body center-of-mass frame. The relative momentum between
the pair ¢;¢, and ¢3 is then
(my + ma)ks —m3(k; + ko)
my +my + msy
_ M/k3 — M3K3 _
= wrm -

q3 =

—p. (B17)

In a word, the relative momentum between ¢ and ¢, ¢, is equal
(up to sign) to the relative momentum between ¥ and ¢s.

2. Elementary, effective interactions, T matrices, and kernels

In this section, we present explicit expressions for the ele-
mentary and the effective interactions and its matrix elements.
Matrix elements of Zy(E) and (unmodified) Z4(E) are also
presented.

Elementary interactions between ¢ ;¢ are of the form

o0
Voo = / 47 dqilqig)he,e. (i, (B18)
0
and those coupling ¢ and ¢ ¢, are
oo
Vi, = f q3dqsT|g3)(g38], (B19)
0

and an interaction between ¥ ¢;3 is

Vg, = 18)Ayg, (8, (B20)

where |g) is the Yamaguchi-type form factor. The effective
interactions are therefore

o0
UiE) = Vg4, = f 47 dqilgig)hee (qigl (i =1,2),
0

(B21)
Us(E) = V¢1¢2 + V$-¢1¢2G0 ¢3(E)V¢1¢2“//
=/ 43dq31938) (Apre, +FG0W3(E613)F)<q38|,
0
(B22)
Us(E) = Vy4,6,G " (EMtyg(E)G Y P (E)Vigy gy

o0
- / 2d4:02dq,T1438) G (Eqa) (s tyon (E))
0

x Gy *(Eq5)(g3gIT. (B23)

As we saw in the previous Appendix, when it comes to consid-
ering the modified kernel in the presence of the elementary
interactions between ¢;¢,, it is convenient to express the
two-body T-matrix of ¢¢, as follows:
B(E) = H(E) + (1 + B(E)GY (E))
X Vit GV (E)Virgp (GG* (EVES(E) + 1),
(B24)
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which becomes
(E) = f 43dq31q38)($3(Eq3)

+ (1 + #(Eg3) LY (Eq3)T GV (Eq3)
x T(L(Eq) 8 (Eqs) + 1)) (g3l

We defined a one-loop integral in the three-body channel,

(B25)

LOEqs) = / pidps 82 (p)GG™ (Eqsps),  (B26)
where |g) is the Yamaguchi-type form factor
2
= =—, B27
(plg) =g&(p) T A2 (B27)
and we introduced the two-body Green function,
3\
GY"(Eqs) = <E M —my— 2 ) ) (B28)
2y gy

Since Vy¢, is separable, the T-matrix is expressed as follows:

t‘//¢’3(E) = |g>rlﬂ¢3 (gl

-1 -1 % 'U“¢¢3A3
Ty, (E = (2 -,
where k is the relative momentum between v and ¢3 defined
by

(B29)

2

E=M +ms3+ (B30)

2y

It is convenient to define a dimensionless coupling constant,
which we denote as f4,:

T
Sogs = )"WPsEMI//%A' (B31)

ty4,(E) has a bound-state pole for fy4, < —1 and a virtual-
state pole for fy 4, > —1. The effective three-body interaction
U4(E) is then written as

o0
UA(E) = / 2dasqPdgiT1a:8) G (Eqy)g(qs)tys(ENg
0

X () Gy P (Eq;)(q5gIT.

Since we assume separable interactions for two-body interac-
tions among ¢ ¢,¢s, the two-body T -matrices are expressed
as follows:

(B32)

(E) = f dailae)n(Eq)laigl,  (B33)
0

where

(w(Eq)™" = U \(Eq) — / pidp; $2(p))GYP(Eqip:)
0

o A3
= U N Eqy - 21002 (pag
2 (ki(Eqi) +iA)
and
k*(Eg; 2
E:mi—i-m_,-—l-mk—i-M-i-q—’ (B35)

219,90 2M;

k; is clearly the relative momentum between ¢ ;¢;. We also
present dimensionless coupling constants in the three-body
channels as follows:

bid
Jo,00 = Ko7 Moo A (B36)
The three-body T -matrix is written as follows:

t4(E) = Uy(E) + Us(E)G" (E)UA(E) + - - -

= /qazd%qud% Tlg38) Gy " (Eq3)8(q3) Ty,
1
L GIGEP (B)Zo(B)GY ™ (E)Ig) Ty (E)
x 8(q5)Gy " (Eq5)(gigIT. (B37)

The three-body T -matrix is written as follows:

t4(E) = U4(E) + Uy(E)G}* (E)U4(E) + - - -

- / G2dqsg2dg Tlgsg) P (Eq)g(gs)tye,
NP3 ’ ’
X ——————¢(q3)G, " (Eq3){q3&IT’,
1= V(E)ty4,(E)° 70 313
where we defined

V(E) = (g|GY*(E)So(E)GY " (E)lg).  (B38)

3. The unmodified and the modified kernels

The unmodified kernels of the AGS equations are therefore

Zo(E) = G{*(E)3, (B39)
Zy(E) = Gy (E)u(ENGY™(E), (B40)
K(E) = (Zo(E) + Zy(E))T(E). (B41)

The modified Z4(E) are obtained as follows. First, we replace
V(E) with

(gIGYP(E)(Z(E) + Z(E)GY"(E)A + AGY#(E)%(E)
+AGYP(E)A)GY” (E)lg), (B42)
which can also be written as follows:
(g|GYP(E) — G} (E) — G§ " (E)S(E)G'* (E)
x S(E)G"(E)|g). (B43)

For notational simplicity, we denote the above quantity as
V(E). Second, we also replace the left-most structure with the
following,

Visisr = Vg + 011+ BE)GL(E))
X Vy-gnan GV P (E)A
= v, (B44)
and the right-most structure with the corresponding one,
Voigns = AGYP(E)WP(GE"(EYB(E) + 1) 135 + Vyg,9,
= y®, (B45)
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An explicit expression for the modified driving term Z}(E) is
therefore obtained as follows:

Zi(E) = / @2dqsqdgy GYPY(E)VOY GY%(E)lg)tyg(E)

(gNGY*(EWP G (E).  (B46)

X —
1 —-V(E)
Matrix elements of the driving terms

In this section, we present an explicit expression of the
matrix elements of the kernel. Zo(Eg;q;) is represented as
follows:

Zo(Eqiq)) = (q,818:;G3** (E)lg,g)

5 ! e(p;
_ % [ g zg(p )82(1?,) . (B4T)
2 )0 p_4 _ 4 _ @teyr
2m; 2m; 2my
where x and §;; are defined by
x=q-G. & =1-36;. (B48)

pi and p; are the absolute values of relative momenta between
¢ ¢x and ¢y @;, respectively, whose explicit expressions are

eemi el e ™
pi = qi —qj|, Pj = |4i mk+miq\l'

m; + my
(B49)
Matrix elements of the unmodified Z4(Eg3q3) are given as
Zy(Eq3q3)
= (g38|G}"* (E)a(E)G{* (E)lg3g)

= / padps g(p)GEP? (Eqsp3)Te(p3)Gy P (Eqs)e

8(a)Gy " (Eqh)

]
x (qz)rm(E)m

x / pidpl g(pPT G (Eqs p3)g(ph). (B50)

Other matrix elements of the unmodified Z4(E) are obtained
in a straightforward way.

As we saw in the previous section, we need to perform the
reorganization of the AGS equations and one of the kernel
Z4(E) needs to be replaced by the modified one. V(E) is
modified as

V(E) = f 43dqs (G (Eqs) — Gy P (Eqs) — Gy (Eq3)
X (Zv(E) + £(E)Gx(E)S(E)GY*(Eq3)).
(B51)

For matrix elements Z4(Eq;q;) (i = 1,2), the left-most struc-
ture of Z4(F) is modified as

o0
/ pidps g(p3)Gy*? (Eqsp3)(Tg(ps)
0

+ (14+85(E)GY (Eq3 p3))Tg(p3) GV (Eq3)A).

Similarly, for matrix elements Z4(Eq;q;) (j = 1,2) the right-
most parts are modified as

(B52)

/ P2dps(g(p3)T + AGY(Eg3)g(p3)
0

x T(GE (Eqsp3)t3(E) + 1)) G4 (Eqs p3)g(ph).
(B53)
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