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Abstract

Relativistic properties of a three-nucleon system are investigated using the
Bethe—Salpeter approach. A system of integral Faddeev-type equations for the
three-particle system amplitudes is obtained. The nucleon-nucleon interaction is
chosen to be in a separable form. The Gauss quadrature method for solving the
integral system of equations is considered. The binding energy and the partial-
wave amplitudes (*So and 2S1) of the triton are found by solving the system of
the integral equations.
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Introduction

Three-body calculations in nuclear physics are very interesting for describing three-
nucleon bound states (*He, T), processes of elastic, inelastic and deep inelastic scat-
tering of leptons by light nuclei and also the hadron-deuteron reactions (for example,
pd — pd, pd — ppn). The study of the *He and T nuclei is also interesting because it
allows us to investigate a further (in addition to the deuteron) evolution of a bound
nucleon thereby contributing to the explanation of the so-called EMC-effect.

Faddeev equations are used in quantum mechanics to describe three-particle sys-
tems. The main feature of Faddeev equations is that all three particles interact
through a pair potential. We are interested in reactions at high momentum transfer
where the relativistic methods should be used. One of such methods is the Bethe—
Salpeter (BS) approach. The relativistic analog of the Faddeev equations can be
considered in the BS formalism.

In this paper, all nucleons have equal masses. The scalar propagators instead of
the spinor ones are used also for simplicity. The spin and isospin structure of the
nucleons is taken into account by using the so-called recoupling-coefficient matrix.
The work mainly follows the ideas of Ref. [1].

The paper is organized as follows. A two-particle problem is considered in Section 1
and Section 2 is devoted to three-particle equations. In Section 3 we present the
calculations and results. The summary is given in Section 4.

1 Two-particle case

Since the formalism of the Faddeev equations is based on properties of the pair
nucleon-nucleon interaction, here only some conclusions from the two-body problem
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Table 1: Parameters A and 3 for the 1Sy and 35, partial-wave states.

15«0 351

A (GeV4)  —1.12087 —3.15480
B (GeV) 0.287614 0.279731

are given.
The Bethe-Salpeter equation for a relativistic two-particle system is written in
the following form:

T(p,p';s) =V(p,p') + # /d4/<r Vi(p, k) G(k;s)T(k,p's s), (1)

where T'(p,p’; s) is the two-particle 7' matrix and V(p,p’) is the kernel (potential)
of the nucleon-nucleon interaction. The free two-particle Green’s function G(k;s) is
expressed, for simplicity, thought the scalar propagator of the nucleons:

Gl (kys) = [(P/24 k)* — m¥ + i€e][(P/2 — k)* — m3 + ie]. (2)

To solve Eq. (1), the separable ansatz for the nucleon-nucleon potential V(p, p’) is
used (rank-one):

V(po,p. 1o, 0") = Ag(po, p) 9(po.1"). (3)

In this case the two-particle T" matrix has the following simple form:

T(po,p, po: 25 8) = 7(s) 9(po, p) 9(Po, '), (4)
where
) . 0 -1
(s) = [)\‘1 . ﬁ dko/ k2dk g*(K°, k) G(K°, ks s)| (5)
™ —00 0

As the simplest assumption, the relativistic Yamaguchi-type form factor gy (po,p)
is used,
1

9v (po,p) = —5—5—= (6)
7p(2) + p2 + ﬂ?
with parameters A and 8 chosen to describe the experimental data. The values of the
parameters are given in Table 1.
To calculate the scattering phase shifts of proton-neutron elastic collisions, the

following parametrization of the on-mass-shell 7' matrix is used:

—8TVS s, (5) . B
TL(IS) = TL(OaﬁaOaﬁ; S) = T\/_ 616L(p) S (SL(p)

with 07,(p) being the scattering phase shifts and p = \/s/4 — m%, = /%mNTlab. The
calculated scattering phase shifts together with the experimental data are shown in
Fig. 1. The results of calculations of the low-energy parameters and properties of the
bound state (deuteron) are given in Table 2 together with the experimental data from
Ref. [3].

As it seen from Table 2, the properties of low-energy proton-neutron scattering in
the 1Sy and 35; partial waves and the deuteron binding are in a satisfactory agreement
with the experimental data. However, as is seen in Fig. 1, the scattering phase shifts
describe the experiment up to Tj,p = 100—120 MeV only. This disadvantage is due
to the simplest rank-one choice of the nucleon-nucleon kernel.
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Figure 1: Scattering phase shifts for the relativistic Yamaguchi-type form factors.
The experimental data are taken from Ref. [2]

Table 2: The scattering length ag, the effective range ry and the deuteron binding
energy E, for the 1.5y and 35, partial waves.

39, experiment 1S experiment
a (fm) 5424 5.424(4) 23748 —23.748(10)
ro (fm) 1775 1.759(5) 2.75 2.75(5)

Eq (MeV) 22246  2.224644(46)

2 Three-particle case

A three-particle system can be described by the Faddeev equations

T(l) Ty 0 TG, TGy T(l)
T(2) = T2 — T2G2 0 T2G2 T(Q) 9 (7)
T(3) T3 T3G3 TgGg 0 T(3)

where the full matrix 7' = Zle T, G, is the two-particle (j and n) Green’s function
[ijn is cyclic permutation of (1,2,3)],

1

Gi(kj, kn) = _ —, 8
(kg kn) (k7 —m3 +i€) (k2 —m3; + ie) (®)
and T; is the two-particle T" matrix which can be written as
Ti(ky, ko, ki Ky, K. k3) = (2m)* 8 (K — K) Ti(ky K K, 7). (9)
For the system of equal-mass particles, the Jacobi momenta can be written as
1 1
piii(kg‘*kn), qz‘igK*ki, K =k + ka + k3. (10)

Using expressions (10), Eq. (7) can be rewritten as
T (pi, g}, 455 5) = (2m)* 69 (q; — 4}) To(pis pls )

Z/Wﬂ(pi;pé’;S) Gk kD [T WY, af' i a5 s) + T (0] a3 ph, dls s)]. (11)
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For the three-particle bound state it is suitable to introduce an amplitude
VO (pi, 4i3 8) = (pi, il TV | M), (12)

where Mp = /s = 3mx — Ep is the mass of the bound state (triton) and s = K? is
the total momentum squared. Assuming the orbital angular momenta in the triton to
be equal to zero (I, = I, = 0), only two partial-wave states (1Sy and 3S;) should be
taken into account. In the case of the two-particle 7' matrix in the separable form (4),
the amplitude of the triton becomes

VD (p,qis) = > g;(p) 75(s) B5(g: 9), (13)

§j=1,2

where j = 1(1Sp),2(351). The functions ®;(q) satisfy the following system of integral
equations:

1 2
®;(q0, 93 5) ZZm/d%/q/ dq'
j/

75 [GV5s +q0)* — 7]
(35— )" — ¢ —m} +ie

The so-called effective energy-dependent potential Z is

X Zjj(40,4: 90,4+ ) (g, q's5).  (14)

1
Zij (0,9, 40,45 8) = ij// d(costyy)
—1

L 9i(300 — a0, | — 39— d']) gir(q0 + 590 la+ 39])

1 % 12 2 » (15)
(3Vs+a0+q) — (a+aq)? —mi +ie

where C}; is the spin and isospin recoupling-coefficient matrix:

]. (16)

The system of integral equations (14)—(15) has a number of singularities, namely:

1o

S
Cijr=| *

_3
4

=

e poles from the one-particle propagator:
/0 1 :
Gz = Vs F (Bl — i€;
e poles from the propagator in the Z-function:
10 1 0 S .
d3 4 = 3 s—q =+ [Elq’+q| — ief;
e poles from the Yamaguchi-functions:

055 = —24° £ 2[E|1q1q)5 — i€]

and
1

1
0 0 .
ql778 = —§q + §[E|q’+%q\,ﬁ - ZG];
e cuts from the two-particle propagator 7:

2
@10 = F\/q? + 4m3, — g\/g and =+ oo;
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e poles from the two-particle propagator 7:
2
qI101,12 =4\/q? +4M7 - g\/g

However in the case of the bound three-particle system (y/s < 3my), all above sin-
gularities do not cross the path of integration over gy and thus do not affect the Wick
rotation procedure gy — iqs. Therefore Eqgs. (14)—(15) become:

2
1 o0 o,
¢j(q4,q;8)=—m2/ dqi/o q2dq'
j=17=0

[(2/5 +1iq4)? — ¢
(35 —igy)” — 2 — m}

9

X Zij(iqa, 4514y, 4’5 ) Qi (qy,q'ss) (17)

and
1
Zjji(qa, 444,45 8) = Cjjo / d(cosdyy)
—1

L 9i(c30’ —a” za+ dl) gi(¢° + 5¢%, la+ 3d'))

1 0 02 12 2 (18)
(3v5 +4° +¢%)" — (Jla+a'])? —mj

Various methods can be used to solve Eqs. (17)—(18). One of them is discussed in
the next section.

3 Solution and results

In order to solve the system of integral equations, the Gaussian quadrature method is
used. The integration variables ¢ [0, 00) and ¢4 (—o00, 00) are mapped to the [—1, 1] in-
terval. The quadrature method replaces integrals by sums and transforms the system
of homogeneous linear integral equations to a system of algebraic equations. These
equations can be solved using FORTRAN codes.

The method can be presented schematically as

f(a) = / Alw) F) > Fa) = 3 Aways)w; Fuy),

Jj=1ln

where z;,y; and w; are the Gauss points and weights and n is the number of points.
The homogeneous system of linear equations takes the form

M¢p=0

with M;; = A;j — ;5 and ¢; = f(x;); 4,5 = 1,2, ...,n. This system of equations has a
solution if the determinant of the matrix is equal to zero. This condition is satisfied
at the binding energy of the three-nucleon system:

detM(s) =0 at +/s=3my— Ep.

The result of calculations (n = 15) for the binding energy is EFp = 11.09 MeV
which should be compared to the experimental value of 8.48 MeV. The difference can
be explained by the simplicity of the rank-one separable kernel of the nucleon-nucleon
interaction.

The obtained partial-wave amplitudes are shown in Figs. 2-4. The imaginary
parts of the amplitudes arise as a pure relativistic effect which does not appears in
nonrelativistic Faddeev equations.
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Figure 2: Real parts of the 3S; (left) and 1Sy (right) amplitudes as functions of ¢ at
various ¢4 values.
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Figure 3: Real (left) and imaginary (right) parts of the ®S; amplitude as functions
of ¢4 at various ¢ values.
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Figure 4: Real (left) and imaginary (right) parts of the 1Sy amplitude as functions
of g4 at various ¢ values.
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4 Summary

In this paper a three-body system in the Bethe—Salpeter approach is investigated. A
rank-one separable nucleon-nucleon interaction is utilized. The form factor is chosen
in the form of a relativistic generalization of the Yamaguchi-type function. The pa-
rameters of the nucleon-nucleon potential in the 'Sy and 35, partial waves reproduce
low-energy scattering parameters and deuteron properties as well as the phase shifts
up to the laboratory energy of 100-120 MeV.

The Faddeev equations for the triton wave functions considered in the BS formal-
ism are solved using the Gauss quadrature method. The triton binding energy and
amplitudes of the 1Sy and 3S; partial-wave states are calculated.

The triton binding energy is essentially overestimated. To improve the results,
the rank of the separable kernel should be increased. Other partial waves, the P and
D waves in particular, and the spinor propagators for nucleons should be also taken
into account.
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