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 Object - Four-particle system ( Helium-4) @‘
 Goal - Research within the framework of relativistic formalism
 Motivation - Recent successful results of the relativistic study of three-nucleon
nuclei
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nonrelativistic case

relativistic case

2 Lippmann-Schwinger equation Bethe-Salpeter equation
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3 Faddeev equation Relativistic Faddeev equation
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FY equation in operator (symbolic) form

T — V —+ VGT Bethe-Salpeter equation for a four-particle T matrix

V =Vig+ Vas + Va1 + Vig + Vo + Vag + Vst 4 ... = ) Vi

o Only pair interaction
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Jacobi variables for a four-particle system

ki ki kg

of my =my; =my =my

Qijkgl KK

1
kij = 5 (ki — kj)

1 2
Pijk — g(fi; +/€j) — §kk

1 3
Qijk,l = i(k«z +kj + ki) — 2k
K=k +kj+kp+k

1
ki = 5(’% — ki)

1
Sijt = 5 (ki +kj — by — k)
K:ki+kj+kk+kl

T (g s pig > Gigia) = T (kg o i s awgri) = T (kg s g s qujiw) = o = Tu (b, p 4 q)

T(ij’kl)(’fij , ki Sijrl) = T(lj’ik)(klj , ki, Sijk) = T(kj’h)(kkj , ki oy Skji)

Tn(k, Kk, s)




System integral equation

System integral equation for T,, and T

Tar(ksp,q) = / (5:;4 (57334 S(K/4—q)S(k' +q/2+ %CJ’ + K/4)
1

/ !
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dk!  dq
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1 9
N(k,k; 55+ ¢ kKT (K, —s — =q',q")
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Integral equation for M
M(k,p; k', p") =2 (27?)4 t(k, k' Zyp)o(p— ') +
1

dip" 1 1 1
/ oo gh T+ 30— 1")S(FK +za+p+p")

1 1
2t(k, 5p + p" Zgp) M (p + §p”,p”; K, p)

Integral equation for N

N(k,w; k' &) = @Qm)* 2t(k, k', Z)[0(k — &) + 6(k + K] +

Ak’ 1 1 1 1
| G S G g8 KIS GE + s K

t(k, k", Z3)N (s, K" K, &)

S -- nucleon propagator

t -- two-particle T matrix
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Integral equation for two-particle t matrix
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Difference between relativistic and non-relativistic cases

* replacement of nonrelativistic Green's functions by scalar nucleon

propagators
9o(Z) = (Z — Hy) "' —Gy(Z) = (ki —my) " (kj —my) ™

J
* replacement of 3-momenta by 4-momenta

t(kl, kz)-)t(k‘?, kl, k’g, kz)
U(k1; kz)—VU(k‘?, kl, kg, kz)
M (kq; ka; ks)—> M (K, k1; ks, ka2; ks, ks)

* replacement of 3-momentum integration by

4-momentum integration
/ d’k— / d*k
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Separable potential of NN interaction

fu(k7 k’) — )\g(k)g(k’) Parameter Y Y2

TSy | B (GeV) |0.228302 |  0.336

A (GeV?) | -1.12087 | -0.071436°
g(k) =1/(k* — 82 41i0)  monopole 351 | B (GeV) | 0.279731 0.4

A (GeV?Y) | -3.1548 | -0.3857451°
g(k) = 1/(k2 — B+ i0)2 dipole a (FeV®

Separable two-particle matrix
f= vt / oGt ——>  t(k, k', s) = 1(s)g(k)g(k')

———/ dk()/ k*dkg?(ko, k)G (ko, k; s)]
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Equation with the separable potential 10
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4,11
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4.0 Integral equations for X and Y
Y(k, k") = W(k, k") +/ (d27r)4W(H,, KN (Z)Y (K", k')

1. 1 11 | 1
Ulp,p") = S(ZK + 34 —P,)S(ZK -+ 34 +p +p')9(§p+p')29(p+ Qp’)
1 1 1 1
W (s, k') = S(LK + 55— K)S(SK + o5+ 1)g(m)g(x)



Partial states

Qi (pa Q) — T’i(ZQ’P)
1

dq’ 1 5
2 / i P 30+ 4N+ 5¢.0) + Xij(p — 30+ )R -
j

3 3
R/,;(HJ, S) — 27—@(23)

dq’ 1 2
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d4pu
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Spin-isospin recoupling
coefficient



Poles from propagators S

Poles from potential (Q)

Poles from tau

Cuts from tau

Singularities. Wick rotation
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Method of solution

f(g )47 X(p.q/3+4, K)Q(QHL%Q',(J')

—

X(p,p"s Ky) = U(p,p”;Kq)+/dp’U(p,p';Kq)T(qu')X(p’,p”;Kq)

lteration method
solvability condition

Homogeneous integral equation with
parameter lim Qi(p, q) _1
IN our case parameter - bound state energy i—oo (Q;11(p, q)
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Qi(p,q)
Qi+1(p,q) 2

1.5

Convergence of iteration method 14
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Convergence of the ratio of
two subsequent iterations
with an increase In the
iteration number (i)



Search of bound state energy 15

07 . . . . . Ratio of two subsequent
06 1 iterations as a function of
051 1 parameter value( bound state
04 ' energy in our case)
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the nucleus
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NN potential Y

Result of calculation

State

Non-relativistic calculation

Relativistic calculation

381 W/O Q427

351 with 72+42”

180, 381 W/O ”2—|—2”

150, 381 with ”2—|—2”

47
19
7D
34

58
26
51
24

NN potential Y2

State

Relativistic calculation

Experiment:
28.3 MeV

15 20 25 30 35

381 W/O "9 51
180, 381 w/o 72+27 24
351 with 724-2” 45
180, 381 with ”2—|-2” 22
State Y Y2

Triton binding energy | ~S1 25.26 | 22.99

(Exp = 8.48 MeV)

1Sy, 35, | 11.04 | 10.24

)

NR @

This solution @

o0 @&

exp
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Summary

4 o4 -

ne Faddeev-Yakubovsky equation was generalized to the relativistic case;
ne equation was solved numerically by the iteration method;
ne binding energy value of helium 4 has been obtained.

Qutlook:

« Using the found amplitudes of the state,
of the helium-4 nucleus;

 Calculation using more accurate
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