Four-body Faddeev-Yakubovsky equations
using two-cluster RGM kernels
-- Applications to 4NV, 4d’ and 4. systems --

Y. Fujiwara
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Four-cluster Faddeev-Yakubovsky formalism using
two-cluster RGM kernels

Removal of the energy dependence by the renormalized RGM

Matsumura, Orabi, Suzuki, Fujiwara, Baye, Descouvemont, Theeten

3-cluster semi-microscopic calculations using 2-cluster non-local RGM kernels:

Phys. Lett. B659 (2008) 160; Phys. Rev. C76, 054003 (2007) N=1-K

[g- HO - VRGM(g) ] X — 0 with VRG|\A(6‘):VD+G@ g K method
— A[&‘- HO - VRGM] Al//: 0 with VRGI\/I:VD+G+W (&=E - Eint)

W :A[%(Ho +VD +G)%—(HO _|_VD -I-G)]A Extra non-local kernel

Viem (@) =[o—H, _A(@_Ho)A]+AVRGMA fl{¢iﬁtu}=o
=V (w)+0v with o (parameter) # ¢ |ku=iu (1=1)

T(g,0) = Vigu(@)+Vigu(0)Gi”(e)T(e,0) A1y
T(s,0)=T(s)+(e—H,)u) (ul(e—H,)

ul[1+GV(e)T () =[1+ T(%&?’(a)} lu) =0

2013.7.7 hyper #%#Ea. RGM T-matrix : Prog. Theor. Phys. 107 (2002) 745; 993
(also obtained by Kukulin's method )




4o case
a4k - =\ in 4 Projection operator onto the
i Ui € :Jl\hl v V) < [4] / (pairwise) Pauli-allowed state
A=0:MOUHFE  P=Z|v) (v,
A>0: QUL |y,)= (1/A) Zigj |ui (Uijlwy)

g)[E . HO . Z (VRGM )i j]g?\}l — O . 4-cluster OCM using Vi

<]

v = Gu(ET(E —)PI0 Py +0] o iy
¢ =G, (E)T(E—h;)P[L+ Pg,))w +¢]
P = Pyy)Posy + Pug) Py P = Pgy Py
Total wave function 3
Y =¥ =(Q+PH{[1+ P, 1+ P)ly +(1+P)p}
= V(U . |¥)=0

1) . .. . .
Cf. Non [4]-symmetric trivial solutions in the 4a system are removable.
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Y. F., C. Nakamaoto, Y. Suzuki, M. Kohno

BgBg Interactions by fss2 | rce @oo) osaonn

PRCE5 (2002) 014001

A natural and accurate description of NN, YN, YY

Interactions in terms of (3q)-(39) RGM  number of parameters:

* Short-range repulsion and LS by quarks fessthan 20

« Medium-attraction and long-rang tensor by S, PS and VV

meson exchange potentials (fss2) (Cf. FSS without V)
Y. F. ,C. Nakamoto, Y. Suzuki, PRC54 (1996) 2180

Model Hamiltonian Baryon Octet (By)
_ (“;d) (“;d:' N
=5, (mepiim) -
+ I=1 - S=-1 == s 0/A s+ AL Z OO
Con FB (dds) (uds) (uus) | [=0, 1
(U PS++UIJ +§Bﬁ VA
+ZB |J ZB |J ) Srangeness (dss) (uss) [=1/2

(A30)A(30)|E-H|A {#(30) A(30)x(r)})=0
QMPACK homepage http://gmpack.homelinux.com/~gmpack/php
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exp’'t (8.482) Ep=8.326 MeV

Bo

I Y
_ Chiral
(Idaho AC)J

AV18

- 50 channels ( ¥ <6 ) with np force
PRC66 (2002) 021001(R), PRC77 (2008) 027001

4 5 6 /

: Effect of
1 3-body force
1~ 350 keV ?

41 almost half of

0.5-1MeV
for the meson
exchange models

Py [%] deuteron D-state

probability



4 {KEIFE Fermion HIFFR D Faddeev-Yakubovsky FIER

= GotP[(1— Pay )y + 0] (3 body case)
@ = GotP[(1— Py )y + 0] w =G, tPy
with t=V"M VNG, Total wave function
P = Fuz)Fas + By Ry P = Plusy Fas) ¥ =({1+P)y
Total wave function
¥ = (L+ PY{[L- Py @+ P)ly + A+ P)g) p?\;/S.O
e, @ o
e A
1.'21122 ° p‘ho plz (* SIS =0
Y-type H-type I PTECIPPL I IR 4 (O

by A. Nogga



* (30g)-(3q) folded cut-off Coulomb with R, = 10 fm
—— smaller than point Coulomb
1S, charge independence breaking (CIB)

Approximate treatment in the isospin basis:
H. Witala et al. Phys. Rev. C43, 1619 (1991)

Scatt. length a, (fm) Fon | reduction factor
only for 1S,

PP -17.80  0.9934

nn —-18.0 0.9944

np —23.76 1
31 - 2F  +1 fs

3

2F  +1 2
He p; fy + Coulomb for isospin 1=1 pairs
S - F,+F,+1 1

f.> +=Coulomb
3 3
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3H , °*He , “He(a.)

Coul (keV) CIB (keV) E (MeV) E=r (MeV) diff (MeV)

SH — 182 —-8.143 —8.482 0.34
SHe 682 208 —7.436 —/7.718 0.28
“He 810 538 —26.64 —-28.30 1.66

(*He calculation is by n=6-6-3)

mesh BE
n=4-4-2 2 K1 _
10 10 10 i L‘ 5 points
n=6-6-3 3 #r [ |
10-10 i 0 1fm! 5fmt 16 fmt for fss2
1=l | 0 1.2 3 16 for AVS’
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“He fss2

. sum E (MeV) KE (MeV) R, (fm)

maXx

2 —24.73
4 —26.32
6 —27.76
8 —27.92
10 —27.95

R &P (“He)=1.457(4) fm

Deuteron properties

3H binding energy

~ 350 keV missing in
fss2: almost half of
0.5-1 MeV for
meson exch. models

2013.7.7 hyper ¥ DFE S

10-10-5 AV’
E (MeV) KE (MeV)
76.29 1.498 —21.46 83.10
85.46 1.443 —24.88 97.32
87.64 1.433 —25.53 100.94
88.18 1.430 —25.90 102.38
88.31 1.429 —25.95 102.67
Stachactic \fgriational Method — —25.92 102.35
deuteron fss2 AVS8 (SVM)
& (MeV) 2.2246  2.2436  2.242
P4 (%) 5.49 5.77
rms (fm) 1.960 1.961 1.961
Qg (fm2) 0.270 0.269
n 0.0252 0.0252
Uy (o) 0.849 0.847
KE (MeV) (17.49) 19.89 19.881

Benchmark test

H. Kamada et. al., Phys.
Rev. C64, 044001 (2001)

e 4 HTFEE

R, (fm)

1.607
1.512
1.493
1.485
1.483

1.486
AV18

2.2246

5.76
1.967
0.270

0.0250
0.847
19.814



LDETF LD

model P4(%) 3H (MeV) 3He (MeV) “He (MeV) diff (MeV)
fss2 5.490 —8.143 —7.436 —26.64 1.66
CD-Bonn  4.833 —8.013 —7.288 —26.26 2.04
AV18 5.760 —7.628 —6.917 —24.25 4.02
Nijm | 5.678 —7.741 —7.083 —24.98 3.32
Nijm Il 5.652 —7.659 —7.008 —24.56 3.74
Nijm93 5.755 —7.668 —7.014 —24.53 3.77
EXp. —8.482 —7.718 —28.296
0.5-1MeV 3—4MeV  missing in MEP’s

A. Nogga, H. Kamada, W. Glockle, and
B.R. Barrett, Phys. Rev. C65, 054003 (2002)

Ours: — 28.0 MeV + 0.8 MeV (Coulomb) + 0.5 MeV (CIB) = - 26.7 MeV
1.7 MeV missing — almost half of standard MEP’s
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Faddeev redundant components

1) Y-type FEARIZEI1T5 3ERER5> R D redundant
component : (1+P)[uf)=0
2) 24k - 24K D H-type BEFRIZE T3 core exchange
type @ redundant component : (1+P)|du)=0
3) genuine 4% ® redundant component :

A|UF) =P[Q+ Py, JuF +uGJ+|uf Xuf | L+ Py, JUF +UG)
A|UG) = P[(1+ Py JUF +UG]+ | GUY(GU | (1+ Py, JUF +UG)
—> We can prove with 1 =-1
(uf [uF) =0, (uf |1+ Fg,)uF +uG) =0

([U|UG) =0 , ({U|(L+ Py, )UF +UG) =0

¥* =1+ P){[1- Py, 1+ P)JuF + (1+ P)uG}=0 trivial solution
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4) modified Faddeev-Yakubovsky equation :
v = GytP[(1+ Py, )w + ]| uf }Xuf | (1+ Py, )w + @)
—[UFX(@+ Py )UF +uG | (1+ By, )y + @)
@ = GyfP[(L+ Py )y + @] GUXUU | (L+ Payy )y + )
—[UGX @A+ Py JUF +UG | (1+ Py, v + @)
(ul¥)=0
uf [y) =0, (uf [(1+ Pgy)y +9) =0
(Uu|@)=0 , (Ul|(d+Pg)y +¢)=0

for identical 4-boson systems
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. : v= 1y, e5*(1+P,)/2 (pure Serber)
40’ energy and rms radius v=0.12 fm?2, x = 0.46 fm2, = — 153 MeV.

Faddeev-Yakubovsky (6-6-3 mesh)  h.o. variation (total quanta N,,)

=N E KE Rc rms Ny  Eup Cop KE Rc rms
m (MeV) (MeV) (fm) (fm) max  (MeV) (MeV) (fm) (fm)
—_ 6 0.416 1 5225 2339 2932

0 -0.100 5.160 14.79 14.90
-1.604 0.941 63.44 2.130 2.768

2 -0.099 5033 1479 14.89
-4.485 0.914 6755 2116 2.758

4 -0.768  23.67 5.362 5.645
12 -5.481 0.879 74.14 2.002 2.671

6 -6.872 8198 1.891 2.589
14 -6.181 0.857 77.34 1.980 2.655

8 -7.012 8353 1.875 2577

16 -6.466 0.842 80.08 1.938 2.623

18 -6.628 0.836 81.10 1.935 2.621
— T 20 -6.689 0.832 8185 1.923 2.612
.« ewm =6 TAEERTS:

* h.o. basis : convergence is very slow
* E;;=-0.417 MeV (N,,=60) : small
* E,;;=0.05MeV (N,,~=100) 9,=— (151~ 152) MeV T bound

2013.7.7 hyper %MIEBEDRBELESEDRE

10 -7.088 83.41 1.87/9 2.580



4o, energy and rms radius

Volkov No.2 m=0.605, b=1.36 fm

Faddeev-Yakubovsky (4-4-2)

S E KE R, rms
m (MeV) (MeV) (fm) (fm)
max
0 -421 1551 3.67 3.95
2 -4.16 1520 3.69 3.96
4  —6.53 20.71  3.27  3.57
6 —7.28 23.10 3.07 3.40
8 -1156 43.08 271 3.07
10 -15.82 66.39 219 2.62
12 -39.06 14233 157 213

11 N 1C 1711 ON

largely overbound
o esum =12 TREKELTS
[(40)(40)](04)(40):(00) M T-&>
e bZ&KE{EST rms radius EKE4
LT% overbinding [EFZE

1 C77

(rms) exp= 2.71018.(;1% fm
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h.o. variation (red: with Coulomb)

N tot

12

14

16

18

E4a
(MeV)

—-34.14
—19.99
-37.04
-23.47
—-38.27
—-24.90
—38.76
—25.50
—38.96
—25.77

C00)

1

1
0.964
0.958
0.935
0.924
0.917
0.901
0.907
0.888

KE
(MeV)

184.98
184.98
160.34
158.60
150.87
148.05
145.95
142.43
143.39
139.37

E,,= —1.105 (0.252) MeV
E, = —7.391 (-2.307) for N,,=60

Cf. S. Oryu, H. Kamada, H. Sekine, T. Nishino, and H. Sekiguchi, Nucl. Phys. A534 (1991)221

R

o

(fm)
1.38
1.38
1.48
1.49
1.53
1.54
1.55
1.57
1.57
1.59

rms
(fm)

2.00
2.00
2.07
2.07
2.10
2.11
2.12
2.13
2.13
2.15



i)

HA—HOEB NN FOBAEEER fss2 O NN #9Z2AULT, o BIFOES
IRLF—EEY - FEEE. ZEKI5R2— RGM kernel ZAL-I&
Faddeev-Yakubovsky AR X Z R EITKYREILT-. BRIX. 4—0O %
LT-28.0MeV, EHTT{FFIE 143 fm &SN,
I—OUAERNDOFERIEDENEEZRTDHE

E,=—-26.64 MeV ~-28.0+08+0.5 vs. E,#*P=-28.296 MeV

charge rms radius = 1.439 fm vs. exp : 1.457 £ 0.004 fm
FR5m -1.66 MeV [, IRENGPEFIEBRRTUOPILODENDIEITE
AT, IBRFRTOEERLE consistent TH D,

KI5 X458 — RGM kernel [Z Pauli 3 IEREMNFE T S 4d° O 4RI
DVTHOE IS X F—Faddeev-Yakubovsky S BB DB HELA TSI T=,

_hhioDERE

« Y%H, 4 He DEtHE (E1TH)
- 4,4He ... AN-ZN coupling & AA-EN-ZX coupling ARIEFIZEH NS
2013.7.7 hyper %IBDHKELSEDEE



