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Purpose

We want to solve 4,5, 6- nucleons reaction

in ab-initio way by using a correlated Gaussian method
with Microscopic R-matrix Method (MRM) and/or
Complex Scaling Method(CSM).

Approximation in MRM
through pseudo-satel and rearrangement

A
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two body three body four body

In CSM, we can treat them in the same footing.



Correlate Gaussian Method

(Single) global vector representation (GVR)
K. Varga, Y. Suzuki, and J. Usukura, FBS24(1998)81

Triple global vector representation (TGVR)

S. Aoyama, K. Arai, Y. Suzuki, P. Descouvemont and D. Baye,
FBS52(2012)97

Three orbital angular momenta

—

[La Sa] [LbSb]

Example

Ia Ib t+d




Correlated Gaussian function with triple global vectors

for four nucleon system Unnatural parity 0
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For H-type, we can choose,  u1=(1,0,0), u2=(0,1,0) and u3=(0,0,1)

We also write the K-type basis function in the same form. H-type
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Ham11t0n1an(4 -body case)

H = ZT TC[]]+ZTZJ+ Z IEJFL

1<j 1l gk

Realistic Interaction: AV8’ (+Coulomb+3NF)

V,: Central+LS+Tensor+Coulomb

Pudliner, Pandharipande, Carlson , Pieper, Wiringa: PRC56(1997)1720

V.- Eftective three nucleon force

Hiyama, Gibson, Kamimura, PRC 70(2003)031001

Effective Interaction: MN (+Coulomb)

V.. Central+Coulomb
Thompson, LeMere, Tang, NPA(1977)286



The basis function for the sub-system is
determined by SVM (MRM case)

[
potential cluster present literature
Nj. E R™s  Pp E o
(MeV) (fm) (%) [|(MeV) (fm) (%)
d[l"'} 8 218 179 59 |-224 196 5.8
AVE f{z J 30 —8.22 169 84 |-841 -~ .
(with TNF) h{z ) 30 —-755 171 83 |-71.74 2 2
‘He(0T) |(2370) —27.99 146 138 |-28.44 -~ 14.1
d(17) 4 —2.10 1.63 0 —220 1.95 0
MN 1‘.{%_'_] 15 —838 170 0 —838 1.71 0
h{%-l_] 15 —7.70 1.72 0 —T7.7 1.74 0
‘He(0T) (1140) —-29.94 1.41 0 }-29.94 141 0
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Included channels in the present calculation

model

channel

FULL

2N +2N

IT

111

Y

V

d(1F)+d(17)
d(1F)+d*(17)
d*(1T)+d*(17)
d(0T)+d(07)
d(0T)+d*(07)
d*(0F)+d*(07)
d*(2F)+d*(17)
d*(21)+d*(27)
d*(31)+d*(17)
d*(31)+d*(27)
d*(31)+d*(31)
2n(0F)4+2p(0F)
2n(0F)+2p*(0T)
2n*(07)42p(0T)
2n* (0F)+2p* (0F)

ININ

3 )+p(3)
t*(3 )+p(3")
h{_{r ]+n{_%+]
R (3 )4n(31)

Thanks to the reduction of basis function
by SVM for the sub-system. We can reduce
the dimension of matrix elements very much!

Dimensions of matrix elements for FULL
in the LS-coupled case

0+ 6660
1+ 16680
2+ 22230
0- 4200
1- 11670
2- 12480

For 2+, it takes about 200 days with
1CPU(1Core). And we need about
20Gbyte memory for the MRM calculation.

All pseudo states (discretized continuum state) are employed
in the MRM calculation.



IS, d+d elastic phase shift within d+d channel

Phase Shift (deg)
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channel
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[11

IV

d(1T)+d(17)
d(17)+d*(17)
d*(11)+d*(17)

d(0)4-d(0T)
d(( }+ )+d*(07)
d*(0F)+d*(07)
d* [2+ )+d* (1)
d* (27 )+d*(27)
d*(37)+d*(17)
d* (37 )+d*(27)
d*(31)+d*(37)



IS, d+d elastic phase shift (0+)
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For effective interaction, d+d scattering picture 1s good!

R.-Matrix analyses : Hofmann, Hale, PRC77(2008)044002




Radiative capture

K. Arai, S. Aoyama, Y. Suzuki, P. Descouvemont and D. Baye, PRL107 (2011) 132502.

[ Realistic Interaction
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E2 transition is not
reduced so much because

of d-wave component.

We can add a new evidence of D-wave components (tensor) of deutron and “He.



Transfer reaction

Realistic Interaction
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Effective Interaction(without tensor)

K. Arai, S. Aoyama, Y. Suzuki, P. Descouvemont and D. Baye, PRL107 (2011) 132502.



Complex Scaling Method

U)r=re. Uldk=ke™,
H(0)¥(0) = E(0)¥(0),
H(6) = UO)EU(6)"!

Gyarmati, Vertse, NPA160(1971)269
Aguilar, Combes, CMP22(1971)269,
Balslev, Combes, CMP22(1971)280

Complex scaling
Schrodinger Equation

Hamiltonian

g _
240 .
EP’(Q] = U(ﬁ')!ﬁ' =e? !P(?‘Ew). Wave Function
(a) (b)
|
M E anti-resonance
ta, * bound state scaftering state
R z scattering state bo und\‘state '
- | U
* ¥ PR )
O v 00 s i 7
- o onance / &
I:I\ Sa anti-bound state o é"e
anti-resonance anti-bound state @

Bﬂ:f{-:r'em " E'E(ﬁp—'i’:fr)?‘t!m

(—#r sinf4y cosO)r

]

=E E

= Bi-r(nr—iq-.rj(msﬂa;-iﬁinﬂ]

i(Ky cO8 0+, sin ) r

Dumping wave function (L?) for large scaling angle
Review: S. Aoyama, T.Myo, K. Kato and K. Ikeda Prog. Theor. Phys., 116 (2006).



Extended completeness relation in CSM

(a) (b)

Fig. 7. The Cauchy integral contours in the momentum and energy planes for the completeness
relation (a) without and (b) with the complex scaling method. by, bs, --- and s;, sg, -+ are
the bound and resonant poles, respectively.
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Review: S. Aoyama, T.Myo, K. Kato and K. Ikeda Prog. Theor. Phys., 116 (2006).



Three-body example of complex eigenvalue
distributions
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Fig. 5. Schematic eigenvalue distribution of the complex scaled Hamiltonian H(6) for a three-body
system. For details, see the main text.

Review: S. Aoyama, T.Myo, K. Kato and K. Ikeda Prog. Theor. Phys., 116 (2006).



Energy (MeV)

Threshold in ‘He

g w
. e 200 20(0%)
e ey 9000
o1 T da)
] B 1 o M (s B
-2
4 (1Y) d(pd(17)
'E"
+n h+n
ad tp t+p
. ) -8.4
10l AVE MN Exp.

/

with three-nucleon force

N

without three-nucleon force

. 4-body Resonance?

Continuum line

Eigenvalue Distribution

in CSM



p+p+n+n case
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Complex Eigenvalue distribution of “He (0*)
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How to search resonant solutions?

1. b-trajectory, N-trajectory method <= Kruppa, Kato, PTP84(1990)1145.
2. ACCC+ CSM <= Aoyama, PRC 68 (2003), 034313.

We need large calculations with massive parallel machines.



Summary

1. The distortion of the deuteron cluster for 'S,

due to the tensor interaction is very large.
2. Astrophysical S-factor is strongly influenced by
the tensor interaction.

In Big-Bang, the tensor interaction plays a crucial role!?
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- Ab-initio
- 3,4,5-body reaction
. physics is here! :
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Application of complex scaling method is also in progress.
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