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Motivation

o the relativistic properties of the Faddeev equation for a bound 3N system

@ the dynamic relativistic properties of the reaction with a bound 3N system
(EM form factors)

@ 3N bound system: I=1/2 — two isobars T =3 H and 3He; S=1/2 — two
form factors F¢o, Fy;
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Experimental data for 3He

2 2,
Fc(Q) Fm(@Q9)
10° T T T T T T T g ; T 10° T T T T T T v g ; T
STANFORD (1977) —— STANFORD (1977) ——
SLAC (1978) —— ORSAY (1978) ——
0t kL ORSAY (1978) ] 107t SACLEY (1982) ]
JLAB (2016) BATES (2001)
JLAB (2016)
w07 1 107 ]
107 £ " E 107 £ E
* x
107 b ¥ q 107 ¢ q
: ot :
107 b q 107° b q
107 . . . . . ) . . . . 10 . . . . . . . . . .
0O 10 20 30 40 50 60 70 8 90 100 110 0 10 20 30 40 50 60 70 8 90 100 110
Q2 Fm? Q2 Fm?
H 3
Experimental data for °H
10° T T T T 100 T T T T
Saclay(1994) —+— % Saclay(1994) ——
N " MIT/Bates(1987) —— ™ MIT/Bates(1987) i
107 ¢ \ Saclay(1985) 10t ~~ Saclay(1985) 1
s Stanford(1965) %, Stanford(1965)
102k : 102 L g 1
3 *
£ .
G - St .. 1
z z 3
Tor0e L =00 L ]
10° 10° F El
100 100 - K

14th APCTP — BLTP JINR Joint Workshop



Relativistic Faddeev equation | EM form factors of the three-nucleon systems

The relativistic three-particle equation for 7' matrix

is considered in the Faddeev form with the following assumptions:
@ no three-particles interaction Via3 = Zi# Vi
@ two-particles interaction has the separable phenomenological form
@ nucleon propagators are chosen in a scalar form

o the only strong interactions are considered (not EM), so *He =T
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Bethe-Salpeter-Faddeev equation

T T 0 TG, TGy [ TW
T | = | Ty | = | TGy 0 ThGs 7@ |,
T3) T3 T5Gs T3G3 0 7G)

where full three-particles 7" matrix 7' = ), T, G; is the free two-particles (j
and n) Green function (ijn is cyclic permutation of (1,2,3)):

Gi(kj, kn) = 1/ (k] —m%, +ie)/ (ki — mi + i)
and T; is the two-particles T" matrix which can be written as follows
T (kv ko, ks by Ky, k) = (2m) 6@ (ki — K)Ti(ky, ks K, Ky

with s; = (kj + kn)? = (K, + k},)2.
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Bethe-Salpeter equation for the nucleon-nucleon 7' matrix

T(p,p'; P)=V(p,p'; P) + /d4k V(p,k; P)G(k; P)T(k,p'; P)

1
(2m)*
p’, p - the relative four-momenta
P - the total four-momentum

T(p,p'; P) — two-nucleon ¢ matrix
V(p,p'; P) — kernel of nucleon-nucleon interaction
G(p; P) — free scalar two-particle propagator

G (p; P) = [(P/2 +p)? — m% +ie] [(P/2 — p)? — m% + ]
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Separable kernels of the NN interaction

The separable kernels of the nucleon-nucleon interaction are widely used in the
calculations. The separable kernel as a nonlocal covariant interaction representing
complex nature of the space-time continuum.

Separable rank-one Ansatz for the kernel

V(P 1P| po. pl; s) = A (s) g™ (g, [ 1) 9™ (o, IPI)

Solution for the T' matrix
T (p [P'|; o, [Pl 5) = 7(5) g™ (w6, [P']) 9 (o, [I)

with

7(5)] e N (s)] (),

s = 30 hals) == [ i [ P Sl o DS ko i o)
L

coupled L

g - the model function, AlL'Zl(s) - a model parameter.
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The relativistic generalization of the NR Graz-Il and Paris separable kernel:
o Graz-Il: 15§ —rank 2, 3S; —2 Dy —rank 3
o Paris-1,2: 1S —rank 3, 23S —® Dy - rank 4

Results for 1S;" channel
Exp. Graz-ll  Paris-1  Paris-2

a (fm) -23.748 2377 -23.72 -23.72
ro (fm) 275 2683 2810 2817

Results for 3S;” —% D; channels
Exp.  Graz-ll Graz-ll Graz-ll Paris-1 Paris-2

pa (%) 4 5 6 577  5.77
a (fm) 5424 5419 5420 5421 5426 5413
ro (fm) 1759 1780 1779 1778 1775 1765

E; (MeV) 22246 22254 22254 22254 22246 2.2250
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Partial-wave three-nucleon functions

2 a
W37 (po, Ipl. 0. al: ) = 9 (po. [PDT (V5 +00)* — @] 57 (a0. |al: )

System of the integral equations
") (q0, |al; 5) =13 Z/ dqo/ a*dld'| 25 (g0, 43 46, 1) 8)
a’ N’
o’ 2
T( )[(%\/g‘i' Q6)2 - q/ ] (I)(a')(q/ |q’|'8)
(3V5—qh)? —q? —m2 +ie MU

with effective kernels of equation

ZE\L;\L} )(QO, lal; g0 [al; s) = Claar /dCOS ﬁqq/K)\)\’L(|q| |d'], cos Vgqr)

99(—q0/2 = gb.|a/2+ ') (q0 + @)/2. la + o' /2])
(3V5 + 00 +45)* — (a+d)? —m3 +ie
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Singularities
Poles from one-particle propagator

@'y = é\/ng (| — €]
Poles from propagator in Z-function
qg,lzl = _é\/g - qO + [Elq”rq\ - ie]
Poles from Yamaguchi-functions
G5 = —2¢" + 2[E|1q/+al,s — €]
and

1,,1 .
475 = —50 £ 5[Bla+1als ~ ic]

Cuts from two-particle propagator 7

2
qgflo =+/q? +4m? — g\/g and + o0

Poles from two-particle propagator

2
W12 = /¢ +4MG — g\/g
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Method of solution

o Wick-rotation procedure: gy — iqy
o The Gaussian quadrature with Ny X Na[qq X |q]] grid

qa=(1+2)/(1—-x)
lal=(1+y)/(1-y)
@ Iteration method to obtain the triton binding energy
D, (s)

lim ———— =1
nl—>n<;lo (I)nfl(S) s=M3%

Triton binding energy (MeV)

Graz-1l 4 | 8.628
Graz-1l 5 | 8.223
Graz-11 6 | 7.832
Paris-1 7.545

Exp. 8.48
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Electromagnetic form factors of three-nucleon systems:

2
2Fc(*He) = (2F% + F&)Fy — g(F” — F2)Fy,

Fc( H) (2FC +Fp)F1 + = (Fp Fg)FQ7

3
p(*He) P (*He) = pp Fi Fy + g(unm + upF) Fa + 3(FP F})Fs,

4
3 (Bt — Fxp) s,

2
WCH) Py (PH) = 1, FUFy + 3

3 (nFXy + pp Fip) Fo +

Electric and magnetic form factors of the proton and neutron FZ'Y;.
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Impulse approximation:

Fi(Q) = / d'p / d'q (k) Gr(ky) Ga(ks) Ga(ks) fi(pr a.q; P, P')
Nucleon propagators:
Gi(ky) = [k —m% +i€]
1 ' —1
Ghla ) = |55 = d6)* — of? = i+ e
Three-nucleon vertex functions:
3
fi=>_W(p,q;P)Vi(p,q; P')
1=1
f2 = =3V{(p,q; P) ¥a(p,¢'; P')
fs =V5(p,q; P) U3(p,¢; P')

Functions ¥; are the definite combinations of the partial state functions.
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The Breit reference system

Q Q
Q:(OvQ)a P:(EBv_§)7 P/Z(EB7§)v (1)
with Ep = \/Q2/4 +s, 1= Q?/4s, s = M?%N-
P=LP.,., p = Lpc.m., q = Lgcm.
P/ — L—1P/ p/ — L—lp/ q/ — L—lq/

The explicit form of the transformation L can be obtained by using (1). Let us
assume the boost of the system to be along the Z axis:

Vvi+n 0 0 =7
0 10 0
L= 0 0 1 0 ' (2)
—Ji 0 0 JIFg
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Relation of the arguments of initial and final 3N functions:

9
g = (1+2n)q— 27 L+1¢: +3v1Q, (3)
Q;:qm q;:qy

2
.= 14+2n)q. -2y L+149 = 3vV1+10Q,

here g, = qcosf,q is the projection of momentum q onto the Z axis
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Static approximation (SA):

2
G%=a0 d=a-3Q
Propagator and final function:
i 1 2 2 2 4 2 2 . !
G1(q0.4') — (g\[_QO) —q —§q~Q— §Q —my + 1€

2
\I’i(p()vpa Q67ql) — \I/i(p(]ap7 q0, |q - §Q|)

with q - Q = ¢Q cosb,0.

The poles of G} on go do not cross the imaginary gy axis and always stay in the
second and fourth quadrants. In this case, the Wick rotation procedure gy — iqy
can be applied.
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Beyond the SA:

1. Exact propagator

2 8§ 1
G = a6 + 3Vs(1+6n)ao + 4/ T+ nVsv/ng: — s + gs —a’ —miy +ie

2
\I’i(p()vpa QS7ql) — \I/i(p(]apy q0, |q - §Q|)

Forany t = —Q? > —Q2 .. =2/3\/s(3mx — /) the pole of G/ on qo crosses

min

the imaginary qo axis and appears in the third quadrant.
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Beyond the SA:
2. Additional term from residue inside the contour of integration
Using the Cauchy theorem, one can transform the integrals over pg, qo as follows:

0o e} 00 1
/ dpo/ dqo/ dq/ dy ... f(po, 90, p, 4, . y) = (4)
—o00 —o0 0 -1
[e’e} o] e} 1
_/ dp4/ dCI4 / dq/ dyf(zp477’q4vpvq7xvy)

anaz
+2m Res / dp4/ dq/ dy ... f(ips, ¢ p, g, 2, y),

qo= qO min min

where (...) means the two-fold integral [ dp fil dz and

S
0 = %(1+677) a1 s - A/ Tyt @ b (5)

are the simple poles of the propagator G.
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< = <, Re k,
K, K, k,
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Beyond the SA:

3. Final function arguments transformation

Remembering that the BSF solutions are known for real values of g4 only, the
following assumption was made:

2 _ _
(po. 0. 40 a') = 9(po.p) TI(5 V5 + 6”) — a*1(0.7),
where value ¢ is obtained using (3) with ¢o = q(()Q).
The expansion of the function ®(¢j, q’) up to the first order of the parameter n:

. ‘ 2 0 .
@i, ) = Bligs,la— 5QI) + [Co g @stiana)] _ o

0 .
+[Cq5q¢j(lq4,q)}q_q pny?
where

. 2
Cy, = —i (2277614 —2yny14+ngcosbyo + 3\/77@) ,

. 2
Cy= (anCOSHqQ —2iy/m/1+ 194 — g(\/l +n- 1)Q) cos 040
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Graz-Il relativistic kernel
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Paris relativistic kernel
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Summary
o the relativistic three-nucleon vertex functions were found by solving the BSF
system of equations
o the charge and magnetic EM form factors of the 3/V systems were calculated
@ the static approximation and relativistic corrections were investigated
How to improve
@ beyond the RIA: two- and three-nucleon EM currents
@ no 3N forces - the phenomenological 2N kernel from the 2N observables is
used (not included the 3N observables)
The way to investigate
@ the unbound 3N systems: 3N, Nd scattering states
@ the 4N Yakubovsky equation with 2N BS solution
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