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A Poincaré-invariant formalism for the scattering of three distinguishable scalar particles is
developed. Lorentz invariance in the form of velocity conservation and a parametric relation be-
tween the two- and three-body off-shell continuations in energy are introduced in order to satisfy
unitarity and physical clustering. The three-body-invariant probability amplitude is derived from

the two-body transition matrix elements.

I. INTRODUCTION

We present a self-consistent, relativistic scattering
theory for three distinguishable scalar particles of finite
mass. From arbitrary pairwise interactions satisfying
Lorentz invariance, individual particle mass conservation,
and unitarity we derive integral equations leading to the
probability amplitude for scattering in the full three-body
system. The treatment satisfies several important cri-
teria.!?

(1) Relativistic invariance and four-momentum conser-
vation. The equations, derived in an arbitrary Lorentz
frame defined by an overall velocity, lead to an invariant
probability amplitude. Four-momentum conservation is
recovered in the on-shell limit as the product of energy
conservation and velocity conservation.

(2) Two- and three-particle unitarity. The two-body in-
put is constrained to satisfy unitarity. The form of the
off-shell continuation guarantees that three-body unitarity
follows.

(3) Unambiguous off-shell continuation. A set of pa-
rameters, corresponding to asymptotic single-particle en-
ergies, is introduced in order to write the relation between
two- and three-body off-shell variables in terms of exter-
nal quantities, independent of the integration over inter-
mediate states. Both systems are then effectively
dispersed in terms of the same variable, the three-body to-
tal energy.

(4) Proper cluster decomposition. Clustering, in the
physical sense, is satisfied. If the interaction of one parti-
cle with each of the others vanishes, the solution decom-
poses into the product of a spectator and a two-particle
scattering state.

(5) Correct nonrelativistic limit. In the low-energy limit
the equations satisfy the same physical criteria as the non-
relativistic Faddeev equations.

The conditions of relativistic invariance, clustering, and
unitarity place severe restrictions on the form of a scatter-
ing theory. In the three-body problem, the occurrence of
successive pairwise interactions in different center-of-
momentum frames leads to a consideration of the Lorentz
transformation properties of off-mass-diagonal matrix ele-
ments. Clustering and unitarity point to the need for a
parametric relation between the two- and three-body off-
energy-shell dispersion variables. These considerations are
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treated here in the simplest possible context—the scatter-
ing of scalar particles.

Dirac® first showed that several different forms of
Poincaré-invariant relativistic dynamics are possible.
These dynamics are distinguished by the choice of invari-
ant hypersurfaces on which initial conditions are speci-
fied. The usual choice is the “instant form” in which the
hypersurface is ¢ =const. In this case the generators of
space translations and rotations are kinematic operators,
while the dynamics is contained in the generator of time
translation and the generators of Lorentz boosts. We uti-
lize here the “point form” corresponding to the hypersur-
face t>—x%=const>0. Then the six generators of the
Lorentz group are kinematic, while the dynamics is con-
tained in the four-vector P. As a result, interactions are
Lorentz invariant but do not commute with the generators
of space-time translations. Since we are constructing a
scattering theory that connects two-body ¢ matrices to
three-body ¢ matrices, without explicit reference to the
spatial form of the two-body potentials, the “point form”
is the most natural for our purposes.

The various basis states needed to develop the scattering
theory are defined in Sec. II. Section III reviews the fun-
damental operator relations and the Faddeev operator
decomposition used to ensure well-defined integral equa-
tions. Section IV establishes the crucial connection to the
two-body input. Here velocity conservation of the transi-
tion operator matrix elements is introduced in order to
separate Lorentz invariance from the off-shell continua-
tion in energy. Two-body dispersion is related parametri-
cally to three-body dispersion. Section V presents the re-
sulting integral equations. The connection to physical ob-
servables is described in Sec. VI, where the invariant prob-
ability amplitude is obtained from the solutions of the in-
tegral equations. Section VII summarizes the conclusions.

II. COVARIANT STATES

Consider a system of three distinguishable scalar parti-
cles with conserved, nonzero real masses and no internal
degrees of freedom. States within this system transform
via a unitary representation of the ten-dimensional Poin-
caré group U(l,a) for Lorentz transformations / and
space-time translations a:*

2339 ©1986 The American Physical Society



2340

U(lz,az)U(ll,al)=U(1211,02+1201) . (21)

For convenience, we write U (/) for U(l,0).

A general Lorentz transformation / can be written in
terms of a pure Lorentz boost b and a pure rotation r.
The boost is characterized by a velocity B8, from which we
define a relativistic velocity

1
=—>=_. (2.2)
(1— |B]2)1/2B
With u°=(1+ | u|?)!/?, we define a four-vector velocity
u=(u’u) (2.3)

which satisfies u-u =1.
A general quantum state |¥) can be used to define a
new, boosted state

[¥(a))=U(b(u)) |¢¥) . (2.4)

A. Single-particle states

Quantities pertaining to a particular particle are labeled
with a lower case roman letter or numerical subscript. A
single-particle momentum eigenstate of mass m, and
velocity u, is defined from a standard rest state of the
same mass:

| mg,u, ) =U(b(u,)) | m,,0) . (2.5)
The four-momentum of this state is
ko=mgu, . (2.6)

Since the individual particle masses are fixed, we adopt
the convenient notation

kg )=|mg,u,) . .7
We choose the normalization
' 2“‘? 3 ' 3 '
(ko | kg)=—78(u; —ug;)=2€,8°(k, —k;) (2.8)
a
and completeness
273
+0o Mg d u,
=] Y [ ko) (kg |
+
= f_w d*k, 8k 2—mDOKY) | kg Y ks |,  (2.9)

where €, =(m,>+ | k, | )72
|

H O\ ky,ky,k3)=EQ | ky,ky,k3), EV=¢+e+€,

2uf
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B. Three-particle states

Three particles can be grouped into a spectator a and a
pair (a +,a —), with (a,a +,a —) cyclic. The subscript
A is used to label quantities pertaining to the pair.

The 9 degrees of freedom of the three-body system can
be represented in terms of collective variables such as the
invariant mass of the system

W =[(ki+ky+k3)(ky+ky+k3)]'%,
the relativistic four-velocity of the system
u=(k,+ky+k3)/W,
the two-body invariant masses

w4 =[(ka++ka-)'(ka++ka—)]1/2 »

and the two-body relativistic four-velocities
Uy =(k,,++k.,_)/w,4 .

vy is used to represent the four-vector u, as observed
from the three-body center-of-momentum frame. In par-
ticular,

vi=u-u, . (2.10)

D4 is used to represent the magnitude and P, the direc-
tion of the three-momentum of particle a + as observed
from the center of momentum of the (a +,a —) subsys-
tem.

The specification of any nine independent variables is
sufficient to select a unique three-body momentum-space
configuration. The remaining variables are then fixed as
functions of these original nine variables and the three
conserved individual particle masses. This functional
dependence is not shown explicitly when it is clear from
the context.

The full three-body Hamiltonian H is assumed to
decompose into a noninteracting term plus a sum over
three asymptotically pairwise interactions®—#

H=H9+ S H]. (2.11)
A

This leads to the use of several different types of three-
particle states in our treatment.

An eigenstate of the noninteracting Hamiltonian H'? is
the direct product of three noninteracting single-particle
states, one for each particle in the three-body system:

(2.12)

3
(kiska ks | ki ky,ks )= [T —58us —up)=u(w,,0§)8*(u—u")8% v — v 8w, —wy)8* P4 —P ) ,

a=1 My

where’
Elwg,00)= 80y (W —w,v3)
W3wA ZPA

Corresponding to each free state is the equivalent boun-

r
dary state of three widely separated, asymptotically nonin-
teracting particles:

H' | @g(ky,kyky); Wu ) =E'© | @k y,kyks); Wu ) ,
(2.13)



where the total four-momentum P =Wu is a convenient
label’ and E'9'= wu°.

The eigenstates of H,=H'"'+HY form a complete set
of clustered channel states. Specifying each state by its
overall velocity u and the characteristics of the asymptoti-
cally interacting two-body subsystem gives

HA |ll,uA,¢’A(w,7])>=EA Iu:uA9¢A(w177)) ’

E=Wu°, (2.14)

0
W =w, vl +(m2 4w, vy | D2

¥ 4(w,n) represents a two-particle state of invariant mass
w, and internal quantum numbers summarized by the
single parameter 7 4. For two-particle scattering states
the mass w is a continuous variable. For two-particle
bound states w is one of a discrete set of bound-state
masses i . The two types of states are orthogonal, with
normalizations

Cuyu 0 (w,m) | w'ul, v (w',m'))

=u(w4,v3)8* (0—u")83(v 4 — v )8(w,,wy)d ,

N4y

(2.15)

where

I
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0 %PAé'(#A,Ug) bound ,
Blwava)= T(pa/wq)(wy,vy) scattering ,

)

, bound,
H 4B 4

dwy,wy)= 8wy —wy) scattering .

The overlap of these clustered channel states with nonin-
teracting states defines wave functions

<k1,k2,k3 I u',u,;,z/JA(w’,'r]'))
=u[E(w4,03)B(wYy,v9)] 28 (u—u’)
X8 (v, —V ) (wp|w,y), (2.16)

where

¥ (w,p |p',n') bound ,

Yalw,plw’,n)= ¥ (w,p|w’,q’) scattering .

The wave functions are complete and orthonormal. With

dw, representing a sum over the bound-state masses
and an integral from m, =(m,, +m,_) to « over the
scattering state energies,

2 : dwi 4w, |w”,n" W5 W', B’ |w”,n")=8w, —w )B4 —D) ,

M4
S dwi [ Bt " 3" v B w'm) =8
4

S i [ dpavd " B o " |w'n)=8ws—w})s, .,

S dw [ B B |t B ') =0

Below the scattering threshold the summation over 7y ex-
tends only over quantum numbers corresponding to exist-
ing bound states.

Boundary states containing a bound pair of particles are
equivalent to the bound clustered channel states

Hy | D g(u,u g, (u,m)); Wu)

=E, I(DA(u’uA ’1/’31(/"777)); Wu) ’

(2.18)
EA = Wuo .

The eigenstates of the full Hamiltonian H represent the
solution of the physical problem

H |Wo(ky,ky,k3);Wu)=E |Wolky,ka,k3);Wu) ,
H |V (uyu g, 95 () W)
=E |V (u,u, 0% (u,m));Wu), (2.19)

E=Wwu°.

6
PAJ‘; e

o

(2.17)

M4

[

Here k,, k,, and k; are the asymptotic momenta of indi-
vidual particles and u, is the asymptotic relativistic velo-
city of the bound pair.

The symbols | D, Wu) and |V, Wu) are used to
represent general boundary and fully interacting states,
respectively, with asymptotic limits containing either
three free particles (a=0) or a bound pair with a free
spectator (a=A4).

III. SCATTERING OPERATORS

To solve the physical scattering problem, the exact
eigenstates of the full three-body Hamiltonian are ex-
pressed in terms of the asymptotic boundary states with
corresponding momenta. The standard techniques of
scattering theory give
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l ql(()i)(kl,kbk:l); Wu >

= lin})(Iie)R(Eiz‘e) | Dok y,kyks); W),
(+) b - (3.1
| W u 0, 9% (w,m); W)

= lim (Fi€)R (E+i€) | ® ((u,u 4,05 (w,m));Wu) ,

e—0
where
1
H-Z

is the fully interacting resolvent. We also define the
noninteracting resolvent

R(2)=

(3.2)

R9(Z)= (3.3)
HO_7
and the channel resolvents
1
R (Z)= . (3.4)
42 H,—Z

All resolvents satisfy the Hilbert identity

R(Z|)—R(Zy)=(Z,—2Z3)R(Z)R(Z,) (3.5)
and

R'2)=R(zZ*). (3.6)

Several relations follow directly from the resolvent defini-
tions:

R(Z)=R(Z)-R“(Z)S H{R(Z), 3.7
A
R(Z)=R4(Z)—R4(2) 33,3Hy'R(Z) , (3.8)
B
R4(Z)=R“Z)—RO(2)H{'R,(2), (3.9)

where 8,5 =1—8 5.
The three-body transition oPerator T(Z) is defined to
satisfy a Lippmann-Schwinger'!-type equation:

T(Z)= S HY - S H{RZ)T(Z) . (3.10)
A A
Then
R(Z)=R9(Z)—R2)T(Z)R(2), (3.11)
(3.12)

T(Z)=3H-SH{R(Z) I H .
A A B

The Hilbert identity for the resolvents (3.5) leads to a uni-
tarity relation for T(Z)

T(Z,)—T(Z,)=(Z,—Z,)T(Z,)R"(Z,)R°(Z,)T(Z,).
(3.13)

As it stands, the Lippmann-Schwinger-type equation
(3.10) for T(Z) yields an integral equation with a non-
compact kernel and therefore has no unique solutions. In
order to proceed, T(Z) is decomposed using Faddeev’s
method!? into

T(Z)=3 T4s(2) . (3.14)
A,B

LINDESAY, MARKEVICH, NOYES, AND PASTRANA 33

The components satisfy

Tap(Z)=8,pT4(Z)— 3 8,pT4(Z)RUZ)Tpp(2) ,
D

(3.15)

where T ,(Z), the transition operator for the scattering
problem generated by the Hamiltonian H,=H Y+ H{,
satisfies

T(Z)=H{P—-HPRZ)T2Z), (3.16)
R(Z)=R9Z)—RZ)T(Z)R(Z), (3.17)
T2)=HP—H{R(2)H], (3.18)

T, (Z))—T4(Z,)
=(Z,—Z)T(Z)RZ)RONZ,)T((Z,) .
(3.19)

The Freedman, Lovelace, and Namyslowski (FLN) proof
of unitarity!® demonstrates that the unitarity of T(Z)
(3.13) follows from the unitarity of 74(Z) (3.19).

T 4(Z) expresses the scattering of two particles in the
presence of a third, asymptotically noninteracting particle.
The relation of T,(Z) to the purely two-body scattering
problem is the central issue of this treatment. It is dis-
cussed in Sec. IV.

To obtain integral equations with fully connected ker-
nels, Eq. (3.15) for T ,3(Z) is iterated once. Defining the
operator W (Z) and its components W 45(Z) through

W(Z)=3 W4(2Z), (3.20)
A,B
T p(Z)=8,5T(Z)+W,5(Z), (3.21)
gives
W p(Z)=—5,453T4(Z)R'(Z)T(Z)
(3.22)

— 3 8.pT4(ZROUZ)Wpp(2Z) .
D

The solution of this equation yields T(Z), which then
through (3.11) gives the full resolvent R (Z). The connec-
tion to the physical probability amplitude is discussed in
Sec. VI.

IV. TWO-BODY INPUT

The solution to the two-body problem is the input for
this formalism. The transition operator ?(z), generated by
a Hamiltonian A =h'®+h'D acting in a two-body space,
satisfies

t(z)=hP—nDrO2)t(2), 4.1)
r(2)=r%2)—r%z)t(z)r'"%z), (4.2)
t(z2)=hP—hPr2)hD | (4.3)
t(z))—t(zy)=(z, —z )t (zr' Oz ) r' %zt (2,) (4.4)
where

r(z)= L r'%:z)=
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The connection between ¢ ,4(z) and T ,(Z) cannot be writ-
ten in operator form, since these two operators act in dif-
ferent Hilbert spaces. Instead, a matrix element relation is
sought which satisfies covariance, unitarity, and cluster-
ing.

J

Chairka_ | t4(2) | kg y kg Y =(ud) 2w, w)) 3216w, w /ppy)*8(uy —u)r4(w,p | w', P F),

where

T =z/ul .

2343

At the two-body level, Lorentz invariance and unitarity
restrict the form of the matrix elements of ¢(z) (Ref. 14).
Lorentz invariance requires that the scattering process not
alter the velocity of the center of momentum (see the Ap-
pendix). Extracting phase-space factors gives

4.5)

The function 7, depends on the indicated center-of-momentum variables, the off-shell parameter & 4, and the conserved

individual particle masses m, . ,m, _.
Unitarity (4.4) requires

TawP WP Z ) -y wP | WP Z)=(Z,—F ) fma: dwy f dpya(w,p|w",p"; Z )

The three-body unitarity condition (3.19) must reduce to
this same restriction.

Clustering is satisfied if the exact physical solution for
the case of a noninteracting third particle decomposes into
the product of a spectator plane-wave and a two-body
scattering state. When T, ,.)(Z) and T(,_ ,(Z) both
vanish, Egs. (3.14), (3.21), and (3.22) give

T(Z)=T,(2Z). 4.7
Therefore, the product of an energy-conserving 8 function
with a matrix element of T ,(Z) must conserve both the
momentum of the spectator and the momentum of the
pair.

Both clustering and unitarity require the matrix ele-
ments of T,(Z) to be proportional to the function 7.
Lorentz invariance requires the conservation of u. The
conservation of u, is also necessary to ensure the in-
dependent Lorentz invariance of the decoupled spectator
and the interacting two-body state in the clustering limit.

In order to connect three-body unitarity with two-body
unitarity a parametric relation must exist between Z and
Z. This relation must reduce the three-body off-shell
behavior to that of the two-body problem. Defining €b*"
to be a parameter equal to the physical asymptotic energy
of the spectator in the three-body center-of-momentum
frame, we write

Z=(Z -G, (4.8)
where
Z°=Z/u®.

1 1 ran

i—2, w,‘,’—EzTA(w’ P W pF,) . (4.6)
T
This gives the correct on-shell limit:

we=(W—e*) /s . 4.9)

The linear nature of the resolvent denominator gives

(kyky ks | RONZ) | kY, KS k5D
1 ’ ’ ’
=W_—Z(khk2,k3 |ki,ka,k3)
1 1

= (kyi,kyks | ki,k5,ky)
u°v2wA—z,, 1kyy ks | ki,ky ks

(4.10)

where
Wy=(W—e2) 05 .

By expressing the off-diagonal dependence of the matrix
elements of T,(Z) on 7, through i, instead of w,, the
restriction (4.6) on 74 can be used to guarantee three-body
unitarity (3.13) through (3.19).

The three-body phase-space element can be written as

13,[ m;d>

Uj
s = W3 /uOp(W,w)]~'dWd*ud,dp, ,
i=1 i

4.11)
where
8wy (Wl —w,)
Wy ZPA

The form of the matrix elements of T,(Z) which satisfies
all the required conditions is

p( W)=

(kiska ks | TA(Z) | kika,ks ) =@ WW ) =3 p(W03 )p(W',0v3)] /283 (u—u')8 (v, —Vy)

XOW —€* —m )0 W —eB* —m )7 (B,p | B, $";F) ,

(4.12)
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where
Wy=(W—e*) g ,
=W —e*) 1S,
F 4 =(Z =)\ .

Since the matrix elements conserve both u and vg , the re-
lation between & 4 and Z is parametric. Using (4.10) and
(4.12) to evaluate the matrix elements of (3.19) reproduces
the two-body unitarity condition (4.6) written in terms of
the variables w,, @'y, and @y, instead of w,, wy, and
wy. The 6 functions in (4.12) provide the correct lower
integration limit.

Because of the three-body nature of the interaction HY’
(see Ref. 6), T,(Z) does not conserve the velocity of the
spectator off-energy-diagonal. However, as will be shown

J
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in Sec. VI, (4.12) does lead to a Poincaré-invariant S ma-
trix which clusters properly. In the limit (4.7), #"{5’=0
in (6.20). Then the substitution of (6.20) into (6.1) gives
an S matrix which conserves both the momentum of the
spectator and the momentum of the interacting pair.

V. INTEGRAL EQUATIONS

Given the two-body inputs, (4.12) can be used in (3.22)
to generate a coupled set of integral equations for the ma-
trix elements of the components of W (Z). In these equa-
tions the e®® factors are formally treated as fixed parame-
ters. In Sec. VI we will show that the resulting matrix
elements are related to the physical probability amplitude
only for a unique choice of values for these parameters.

To simplify the calculation, define the functions ¥# 45
by

(kikaks | Wap(Z) | ki ky, k) =)WW' )3 p(W,0)p(W’ ,0§)] /28 (u—u )W —eB* —m v9)

XOHUW' —

5 —mpo§) ¥ 4p(W,v,p| W'V, D" Z°) .

(5.1

In addition to the indicated variables, # 5 depends parametrically on the individual particle masses and the factors €}*,

gar gar and egar

In order to write the integral equations satisfied by %# 45 another phase-space element is needed. Define the functions

o W,of,mA) =Wop — (m2+ WH )P —11}2,

0.0
K( W)vlyvlrul'u1)=mi2+mj2_

W2 +20(W,op,m)o(W,vi,mPur-u;

and let W;; be the largest real root of the fourth-order equation in W?

K( W,J,v,,v,,u, UJ) mk2=0, k;él,_] .

The phase-space element can then be written as

3 m%du; 5 .3
I T:(Wab3/u°)z( Wop,09,08)du d3v ;dvp
i=1 L

where

1 [w( Wab’02’ma2)]3 [w( Wabrvg»mbz)P do( Wabrvgyma2)

u Wab»vg’vg)z

» Bew( Wy, v8,mp?) | Ok(Woy,v5,05,u4-up)

4m my ug vg

am,, d Wab

The driving terms in the integral equations have the form

gAB(WVPIW’ ;A: Zc)—L(W({,),UA,UB )[P(W;b,vA)p(Wé ’UB)]I/ZG(W(I) epar___mAvA)e( (l) egar'_

X14(@0,p |5 D,ps2)

where W3 is the largest real root of
Kap(WD09 09 u up)—m =0, csa,b ,

and

@y (W" &) /g, BY =Wy —ef)/vg, D=

4 and D’ are specified through the four-vector

2 erI!vJ’miZ,mjz)‘:b_I(V[){ —‘eijk[(l)( W,vjp,m

1
Wiz

W —el) v, Zp=(Z¢

(5.2)
(5.3)
(5.4)
am,
-1
mgvg)
(@ "9 |92, (5.5)

—ef*) /vy .

Doy + so(W,of,mPorl}

where € is the antisymmetric permutation symbol and b (v;) is a boost from the center of momentum of the (i 4,i —)
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system to the three-body center of momentum. Define
P(W,vi,v;,mim?)

2
)=
l?(WVI’V.I’mJ ym; ),

@(Wvl’vl’m|2,mj

Then
BUY=P Wi vavemim?), B =P WL, Vp,vamp’mg?) .
With integration to occur over d>vj, the kernels have the form
K (W, p| W' v D" Z) =W 03,08 p(W" v )p(W",v5)]1/?

1

XO(W'" —eb* —m )W — el —mpvd yr(5,p | T ",D"; )W

) (5.6)

where W is the largest real root of
Kad( W' 0,08 uup)—m,2=0, es#a,d ,
and
PU=P (W' v ,Vmitimgd), Pr=P (W' Vivimgtmg?), ©f=(W"—e) s .
Thus, the integral equations generated by the matrix elements of (3.22) have the form
¥ (WD | WV DZ)=—08,5D 5(W,v,p | W,V,p";Z°)
- 2540 f dp[H ap (W, D | W' V' D" Z)H pp(W' VW'D | WV, D5Z9], (5.7

where the dependence on the conserved single-particle masses and the €' factors has been suppressed.

VI. PROBABILITY AMPLITUDE

The physical cross section is related in a well-known manner to the invariant probability amplitude o ‘*)(®, | ®}; W)
defined by

(W5 Wu |G s Wu' ) =8,p( @o; Wu | O W'u' ) +2mi8  Wu — Wu') ot H (g | O W),

(6.1)
8 Wu —W'u')=u/WHs(W — W8 (u—u')
From (3.1) and (3.6)
(W W |G s wu) = lim lim ( —€€'){Pg;Wu |R(E +i€)R(E'+i€) | Py Wu') . (6.2)
From (3.11) and (3.13)
R(Z)R(Z,)=RZ)[1-T(Z;)R®(Z,)][1-R°(Z,)T(Z,)]IR(Z,), 63)
1 1 '
R(Z,)R(Z,)=R'Z)) |[1+T(Z,) —Z—z—_——Z—I—Rw’(zl) - —22—_—Z—1—+R‘°’(Zz) T(Z,) [R©(Z,) .

A. Elastic and rearrangement scattering

Consider first the case of elastic and rearrangement scattering. Each boundary state consists of one asymptotically
free particle and a bound pair. Define a set of operators Q ,p satisfying

R%Z)W ,5(Z)R°(Z)=R ,(Z)Q,5(Z)R5(Z) . (6.4)
Then, by writing (3.5) as
R(22)=R (Zl )[1—-(21 —Zz)R(Zz)]

and using (3.17) and (3.21), the second term on the right-hand side of (6.3) can be written as



2346 LINDESAY, MARKEVICH, NOYES, AND PASTRANA 33

1 1
R(O) __R(O)Z R(O)Z — R(O)Z T(Z, )Rz
(Z\)T(Z,) Z,-Z, (Zy) (Z3,) Z,—Z, (Z\)T(Z,)R™(Z,)
1 0 0
Zz—~Z1 ER (Z)T4(Z)R™(Z,)
—ZZ—:—Z—lERA (Z)Q48(Z)Rp(Z,)
1
=—— R,(Z)—R"Z,)
Z,—Z, ;[ 4(Zy 1]
+ S RAZ1Qw(Z)) | =——=— —Rs(Z)) [Rp(Zy) . 6.5)
4B Z,-2,
With a similar manipulation on the third term, (6.3) becomes
R(Z)R(Zy)= S [R4(Z\)R4(Z,)]—2R"(Z))R"(Z;)
4
1 1
———— —Ry(Z,) |— |=——=—+R Z,) |Rp(Z,) . 6.6
+/§9R4(Zl) Q.(Z,) Z,—Z, 8(Z) Zz‘—Z]+ 8(Z,) |Qup(Z,) |Rp(Z,) (6.6)
Substituting this into (6.2) with Z, =E +i€ and Z,=E'+i€', and using the principal value relation
lim ——=P| L | Fims(x) 6.7
e—0 xtie X
gives
(W5 Wu | W5 Wu ) =8, (D 4; Wu | ®p; Wu') —2mid(E —E' ) ® ;Wu | Q' (E) | @5 Wu') | (6.8)
where

0 FE)= lim 0 NE +ie) .
€E—>

Equation (6.4) relates Q5 to W 5. Taking the matrix element between noninteracting states and using completeness
in clustered channel states, along with the wave-function definitions (2.16), gives

E— Z<k1,k2,k3fWAB(Z)lknkz’k V= —[g(wA,UA)§(wB,UB ]1/2

x 3 ¥ dwidwyaw;,v)awy,vg)]

”" "t
418

'Allw ’7',”) nl rnl
E'"-Z E"-Z

Xt q(w,B|w”,n")p(w

X, u g, 4(w",0") | Qup(Z) | u'sup,Ppw™, ")) . (6.9)

Consider a scattering process characterized by a physical energy E?. The parameters E?, u, and u, together speafy a
unique invariant mass u% for the (@ +,a —) system. Similarly E?, u’, and up specify a unique invariant mass p% for
the (b +,b —) system

w=0(WPv9,m.%), ph=w(W? vl m?) , (6.10)
where
WP=EP/u®, WP =EP/u”

In (6.9) set Z =EP+ie, multiply both sides by (— i€)?, and take the limit e—0. Since the wave functions and the matrix
element of Q,p are nonsingular, the right-hand side will vanish unless the invariant masses (6.10) correspond to actual
two-body bound-states masses. Assume, for simplicity, that the spectrum of two-body bound states is nondegenerate.
Then
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11m(—ze)2<k1,k2,k3 | W g (EP+i€)| kK5 kS >———

2347
EP
=[&(w 4,0 wp, v V@b, 0B (kv ]~ 20 (w,B | pP, Pt (W', B | 1, m%)
X (0,00 (WP, 0P) | QB (EP) | u,up, Y5 (P ")) . (6.11)

We have chosen u =u’, since this is the only case which
will contribute to the probability amplitude.

u, uy, and up are parameters of the particular physical
process under consideration. Their values restrict the
range of bras and kets which can appear on the left-hand
side of (6.11). The requlrement that the left-hand side of
(6.11) vanish unless p# and ;t‘}; correspond to existing
two-particle bound-state masses uniquely determines the
values of the € factors in terms of the physical parame-
ters. To see this we must consider the singularity struc-
ture of W(Z).

The “primary singularities” due to the 7 functions in
the driving terms (5.5) occur to all orders of iteration of
the integral equations (5.7) for the components of W (Z).
The singularity structure of the = functions follows direct-
ly from (4.3). Takm% a matrix element of (4.3) between
free states, using h'/ —h'®, and inserting complete-
ness in terms of exact elgenstates of h shows that 74(Z)
has poles at & =pu 4, for each two-body bound state u 4,
and a scattering cut extending from Z'=m, to + w
along the real axis. Because of (4.8), this means that the
matrix elements of % ,3(Z) have “primary singularities”
at

Ze=el"tp vy, Z°=€"tmyu],
ar o v o (6.12)
Z°=€ep* +ugvp, Z°=€p +mpvp .

(kikyky | TA(Z) | ky,kyks)

=u%(w 4,098 (u—u)83 (v, —v,)
’IA

fdw,alllu w,p|w”,m")|* |(E"—E)—(E"—E)

[

These singularities must correspond to poles at Z°=W?
for values of W? which satisfy

pa=o(WP5,m.2), up=w(W?v3,my? . (6.13)
Therefore, the left-hand side of (6.11) has the correct
behavior in the e —0 limit only if

e‘Parz Wp'—&)( WP,U?,m"Z)U;) ,

, , . (6.14)
T =WP— (WP, m?wy .

The € factors are independent of the off-diagonal in-
tegration used in the coupled integral equations (5.7). All
six €P*' factors are fixed by (6.14) because matrix elements
of each of the components of W(EP+ie) between the
same free-particle bra and ket correspond to possible
physical processes in different channels.

Having established the values of the €' factors in
terms of the physical problem under consideration, we re-
turn to the relation between W ,5(Z) and Q,45(Z) in the
case of physically realizable asymptotic states. With p?
and ,uﬁ now particular bound-state masses in the outgoing
and mcommg channels, the wave functions in (6.11) can
be expressed in terms of the two-body mput (4.5). Using
HP=H,—H" in (3.18), completeness in the clustered
channel states, and the wave-function definitions gives

(E”——E) (6.15)

Ell

Substituting (4.12), setting Z = E?+i€, multiplying by ( — i€), and taking the limit as e—0 gives

Wiw- p(Wv,,)llm (—i€ )T 4(,D | B, Db +i€g)=—Ew v )W —WP? | ¢ (w,p | PP |2,

EA—»

where

(6.16)

€4=€NY, €=e/u’, T =(W—WP)/v+o(W"v3,m,?) .

Similar considerations hold in the incoming channel.
Define

X( W,U?,ﬁ[,[if)— [UI W3w(,u1,v1 ]1/2[

hm (—IGI)TI(

P @,P;u8 +ie))] 2. 6.17)

Then the comparison of (6.1) with (6.8), along with substitutions from (5.1), (6.11), and (6.16), yields the elastic and rear-

rangement scattering probability amplitude:

o D (uyu g, 05 (P, P) | plu,up, W5 (P, mP)); WP)

=—X(W3, 0P OX (W' 03 Dlul) lim lim (—e €5) % 45(W,v,p | W,V D' WP+ie) .

(6.18)

€4—0 €g—0

The €P*" factors needed to evaluate this expression are fixed by (6.14), with v}) determined by u, u,, W, and P 4.
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B. Free-particle scattering

In the case of free-particle scattering each boundary state consists of three free particles. Substituting (6.3) into (6.2)

with Z,=E +ieand Z,=E'+i¢€ gives

(Vo™ s Wu | Vot Wu'y = (@ Wu | @y W'u') —2mi8(E —E') (o Wu | T'H(E) | @ W'u') .

(6.19)

The comparison of (6.19) with (6.1), along with substitutions from (3.14), (3.21), (4.12), and (5.1), gives

d(+)(¢0(klrk27k3) l q)O(k’lvké’ks)’ W)

=— 3 [p(Ww p(W,09)]V[8 458 (v 4 — V' )7 (W, | w,psw)+ ¥ FWv,p | W,v,p' s W)] .
4.8

(6.20)

The P factors needed to evaluate this expression are fixed by (6.14), with W?=W. The result is that each € factor is
equal to the corresponding asymptotic single-particle energy, as observed from the three-body center-of-momentum

frame.

C. Breakup and coalescence

Breakup and coalescence involve transitions between boundary states containing three asymptotically free particles and
boundary states containing a spectator and a bound pair. Define the operators K 5(Z) for breakup and K 45(Z) for

coalescence through

ROZ)W 3(Z)R®(Z)= 3 ROAZ)K 45(Z)Rp(Z), ROAZ)W 45(Z)R'(Z)= 3 Rp(Z)K 45(Z)R(Z) .
A B

(6.21)

Then an analysis similar to that of Secs. VI A and VIB gives the probability amplitude for breakup:
o Dk, ko kes) | Pplu'up, bh(u? , qP ) WP =— 3 [p(W,o )12 X(W' 0], 5,ub)
A

and coalescence

o EUD 4 (uyu 4 Yy (P 1P)) | Dok, kK3 ); WP)

X lim (—i€g) ¥ (W, v,p| W', V,p'; WP+i€)

(6.22)

S'B —0

=— S X(Ww, D8 ) pW,v9)1"2 lim (—ie ) ¥ 5 (Wv,p| W .V, D WP+ief) . (6.23)
P € 0
B AT

VII. CONCLUSION

We have succeeded in deriving an explicitly invariant
probability amplitude from considerations of the three-
body problem in an arbitrary frame. Two ideas were cen-
tral to this treatment. The first was the use of velocity
conservation in place of momentum conservation in order
to separate Lorentz invariance from the off-shell con-
tinuation in energy. The second was the introduction of
€P¥ factors into the connection between the two-body in-
put and the three-body problem. The resulting equations
exhibit exact unitarity and physical clustering.
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APPENDIX

Poincaré invariance requires matrix elements which
correspond to physical observables to remain unchanged
under the action of the unitary operator U(/,a). Exact
solutions |1) are eigenstates of the four-momentum
operator P, which forms four of the generators of the
Poincaré group. Noninteracting states |¢) are eigen-
states of the noninteracting four-momentum operator
P9 This choice of noninteracting basis is made to en-
sure that the Poincaré boost generator is the same three-
vector operator for both the fully interacting and the
noninteracting systems. Since in the point form

[P,P?]£0,
matrix elements such as

(¢1H | 2)

do not, in general, conserve three-momentum. Instead,
they must conserve three-velocity in order that a transfor-
mation to a well-defined center-of-momentum frame be
possible. Let U be such a transformation and A be the
corresponding Lorentz matrix. Then
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($(W,u) |H | (W', ")) =8 (u—nu')f (W, W')
transforms into
($(W,u) |[UT'UHU U | ¢(W',u))
=A%{(¢,(W,0)| P*| $,(W",0))
=u%8%0—-0)g (W, W) .

In the center-of-momentum frame both the three-
momentum and the three-velocity vanish. Therefore, in
this frame the conservation of one is equivalent (up to a
Jacobian) to the conservation of the other.

In order to show a connection with the more common
instant form, we consider the two-body potential. We
refer here specifically to the operator which connects the
generators of time translations in the interacting and the
noninteracting systems

H=H94v.

A general instant form potential expressed in a
momentum-space basis conserves three-momentum

(p1,p2 | V! |p1,p3)=8"P—PW(Ep |Ep),
where

P=p+p2, p=7p1—p2).

On the energy shell this becomes
8(E —E'Np1,p2 | V! |p1p3) =8P —P)5'(p | p W),
where

Wi=P-P

is an invariant.
A general point form potential conserves velocity

(p1:p2 | VE|P1,p2) =8 U—-U W (W,p | W,p),
where
U=P/W.
On the energy shell this becomes
8(E—E')Np1.p2 | V7 P1:p3)
=W3U°1~2%8%P —P")F(p |p;W) .

Thus, the two forms of the potential give the same on-
shell result in the center-of-momentum frame (U°=1) if

vlp |psW)=W35Pp | p s W) .

The existence of different forms for the off-energy-shell
extension reflects an ambiguity in the specification of this
physically unobservable quantity. Each form preserves
certain symmetries off the energy shell and breaks others.
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