Nuclear structure probed by hyperons
with Antisymmetrized Molecular Dynamics

Masahiro Isaka (Hosei University)



Hypernucleus

¢ Normal nuclel ¢Hypernuclel
oNucleons ® Nucleons and hyperon(s) (A, I, E)
. proton & neutron ® Hyperons have strange quark(s)
proton neutron A partlcle ) part|CIe = partlcle
uoo /uo/ goog uooiu sooa’
. A hypernuclei > hypernuclei é
(Normal) nuclei AA hypernuclei = hypernuclei

These hypernuclei can be produced by experiments



Grand challenges of hypernuclear physics

Interaction: “barvon-baryon interaction”
®2 body interaction between baryons (nucleon, hyperon)
« hyperon-nucleon (YN)

- hyperon-hyperon (YY) } Major issues in hypernuclear physics

Structure: “many-body system of nucleons and hyperon”

®Adding hyperon(s) shows new aspects of nuclear structure
e.g. structure change by hyperon(s)

 No Pauli exclusion between N and Y Hyperon as an impurity
* YN interaction is different from NN In nuclel

“impurity effects”: nuclear structure change by hyperon(s)
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Structure of A hypernuclei

¢ A hypernuclei observed so far
®Concentrated in light A hypernuclei
®ost have well-developed cluster structure
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Structure of A hypernuclei

¢ A hypernuclei observed so far
®Concentrated in light A hypernuclei

®Most have well-develope A

Z

Light A hypernuclei
.
i Developed cluster
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Changes of cluster structure

DT Motoba, et al., PTP70,189 (1983)
Example: 1Li  Hiyama, etal. PRC59 (1999), 2351.
Tanida, et al., PRL86 (2001), 1982.

o O. Adding A O
L @ mp oA QL
C/Oa Cou
e A reduces inter-cluster distance

between o + ¢
« Confirmed through B(E2) reduction
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Toward heavier and exotic A hypernuclei

¢Experiments at J-PARC, JLab, efc.

®Heavier(sd-shell) & n-rich hypernuclei can be produced
®\Various structures will appear
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How does a A modify structures of p-sd shell/n-rich nuclei ?




Structure study based on recent achievements

¢Knowledge of AN interaction: from A hypernuclei
®Few-body c_:alculatl.on ’f&ChnlqlfeS iyama. NPA 805 (2009
® AN G-matrix effective interactions  Yamamoto, ezal, PTP Suppl. 117 (1994)
] Hashimoto and Tamura, PPNP 57 (2006)
®Increase of experimental data

¢Developments of nuclear structure models

®Example: Antisymmetrized Molecular Dynamics (AMD)

* In structure studies on stable and n-rich nuclei Kanada-En'yo et al.
« Describe dynamical changes of various structure PTP 93 {1995)

« No assumption on a clustering and specific deformation

Recent developments enable us to study structure of A hypernuclei



M.l., et al, PRC83(2011) 044323

Theoretical Framework: HyperAMD 7 &%) rresaizonn 054302

HyperAMD: Antisymmetrized Molecular Dynamics for hypernuclei

¢Hamiltonian NN : Gogny D1S
H T +VN,\| +T +VA,\| —T, AN :YNG interaction (NF, NSC97f, ESC08c)

¢\Wave function 0L el ]
e Nucleon part : Slater determinant RN T
Spatial part of s.-p. w.f. is described %(f)ocem{—(y%fa(r—zi)i}m
as Gaussian packets vi=aix+ B,

o Single-particle w.f. of A hyperon:  #(1)=2c..(r)
Superposition of Gaussian packets Ocexp{ S, }(

e Total w.t. : ( Zcm(ﬂm( )®ﬁd3t[¢.( )] X =an2r Ty



M.l., et al, PRC83(2011) 044323

Theoretical Framework: HyperAMD w7 &%) pressizonn) 054304

¢ Procedure of the numerical calculation

i * Imaginary time development method: dX; _xoH K <0 h
Variation 7 - dt noX|
. « Variational parameters: X, =2Z,,z,¢;, B, &,b,v;,c, )
A Initial w.f.: randomly generated
’ ‘ Energy variation
A ALY
- e,

. Ty
Various deformations
and/or cluster structure



Theoretical Framework: HyperAMD ~ J}- etah Pregsizon oess

¢ Procedure of the numerical calculation

7

dX, xoH" A
—=——" k<0
dt 7 oX,

« Variational parameters: X, =2,,z,¢;, 5., &,b,,v;,¢C
\. y,

Actual calculation: Constraint on nuclear quadrupole deformation
» Deformation param.: B (& )

o * Imaginary time development method:
Variation

» Parity-projection -80 —— NSNS
 Variation at each 3 <~ e.g. 12C (POS) :
E i 3
v 5 857
Energy surface 2 et
as a function of 5 fesesceccsesccns®
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Spherical ~ Nuclear quadrupole deformation 8
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¢ Procedure of the numerical calculation
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Variation 7 - dt noX|
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M.l., et al, PRC83(2011) 044323

Theoretical Framework: HyperAMD w7 &%) pressizonn) 054304

¢ Procedure of the numerical calculation

( + )
Variation * Imaginary time development method: %:%?j@ k<0
. « Variational parameters: X, =2;,z,¢, f,a,b,v;,c )
[ Angular Momentum Projection ‘CDE , JM > = IdQDI;J/IT( (Q)R(Q)( q)s+> ]
(Generator Coordinate Method (GCM) s A
Hi oo = (@5 I*M H| D}, I M)

e Superposition of intrinsic wave functions
with different configuration

. . . JtM\
« Diagonalization of Hyiae and Ny \‘P >—SZK:95K

Nok s = (D5; M |@F; I*M)

@} ;M)

\- J

t_ w.f on energy curve are used as basis of the GCM calculation



1. Deformation changes by A particle

How does A change the energy surface?
Examples: 13,C (, 9,Be, 20, Ne, 2, Ne)

.80 R
- e.g.) 12C (POS) ; {'\
s | :
=t - add A
E : o/
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Nuclear quadrupole deformation 3

General trend of imputrity effects by a A particle
M. I., et al., PRC83,044323(2011)



Deformation change by A in s-orbit

oFrom changes of energy curve [ag@eg 1 .
12C (Pos)®As -86.0 . | | i -
B W T o / 5
. = | —m— O %
P B i adding A in s-orbit
) 12
L92.0 . - 12C®As (+8,0 MeV)
0.0 0.2 0.4 .
Spherical quadrupole deform. B <_$_?1 5 :
A in s-orbit reduces the nuclear deformation




Deformation change by A in s-orbit

Many authors predicted the deformation changes by A in s-orbit

AMD, present Skyrme-Hartree-Fock (SHF) RMF & SHF
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Deformation change by A in s-orbit

¢From changes of energy curve
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A in p-orbit enhances the nuclear deformation

—> Opposite trend to A in s-orbit T i



Reason for deformation changes

¢Behavior of A binding energy
A binding energy as difference of the curves: b, = E(12C) — E(12CQA)
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®A in s-orbit is deeply bound at smaller deformation
®A in p-orbit is deeply bound at larger deformation

“competition between A binding energy and core energy curves”



Reason for deformation changes

CAin s—(p—)orblt is deeply bound at smaller (larger) deformation
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Overlap of A and nucleons is essential for A binding energy
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2. Examples of impurity effects by A

(Theoretical predictions)

21 Ne| Coexistence of mean-field like and cluster structures

M. I, et al., PRC83,054304(2011)

O C

Difference of impurity effects depending on structures

12 Be| Exotic cluster structure of n-rich hypernucleus

i
£
o Homma, Isaka, Kimura, PRC89,014314(2015)
00 ©O
@

Using hyperon as a probe to study nuclear structure
“Overlap between A and nucleons” is the key!



Coexistence of mean-field like and cluster structures

e Mean-field like and a + 10 cluster structures
coexist within the small excitation energy

| _1sf 20Ne 7 — - : )
| E - s 7 cf. 7ALI (o + d+ A)
i - _6_
..... = | e £y 5 T — - :
%_ ’ —> | 61 O, Adding A o \Li
s T I I oA
I — 7 COOL Cv
Ground g S Shrinkage of o + d structure
| \: 4 AMD cal . —> B(E2) reduction )
a + %0 clustering Ok 2= cale.

is also mixed

What is difference in structure changes by adding a A particle ?
“A binding energy (B,)” and “shrinkage”



Results: excitation spectra of 41, Ne
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Results: excitation spectra of 41, Ne

Ground
I I - B K™=0r® Ap
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Various states appear by ““Ne®As” and ““Ne®Ap”



Ditference of A binding energy B,

®B, is smaller in a + 10 + A state than the ground state
®A is localized around 190 in a + 10 + A cluster state

Ground state Cluster state

Large overlap Smaller overlap



ocalization of A in o + 120 + A states

® A prefers 1°0 cluster where A is deeply bound than in °,He
A5\ _/a+ 170 like
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Shrinkage

¢Reduction of nuclear r.m.s. radii
®Shrinkage is larger in the a + 10 + A cluster states

—> This is mainly due to the reduction of inter-cluster distance
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Results: B(E2) reduction
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¢Intra-band B(E2) values
8" 240 167 30 %
17 15/2+ reduction
(29+4)
6+ ¥ 16 re?luc/?ion 5 St ) B
5 e 11/2¢ T
64=10 o, 249
Y( ) L2 rg&luc{ion 195 2(12 ‘{p
A ——.... _Y 4 reduction
N o
(71+6) 71 18 % 3T e Y 5/2"
reduction 221 70 19 %,

+ + by
2 E((;Sﬂ) Y64 3/2F 11 % Wer=zs) reduction
O+ ............ 1/2+reducti0n 1_ L .............. ; 1/2_

Ground band a + 10 + A cluster band

Larger B(E2) reduction in the cluster band




2. Examples of impurity effects by A

(Theoretical predictions)

21 Ne| Coexistence of mean-field like and cluster structures

M. I, et al., PRC83,054304(2011)

O C

Difference of impurity effects depending on structures

12 Be| Exotic cluster structure of n-rich hypernucleus

i
£
o Homma, Isaka, Kimura, PRC89,014314(2015)
00 ©O
@

Using hyperon as a probe to study nuclear structure
“Overlap between A and nucleons” is the key!



-xample: 11Be with parity-inverted ground state

®11Be ground state is 1/2+, while ordinary nuclei have a 1/2-
state as ground state — Vanishing of the magic number N=8

sd o) = 1/2+ Nalye shell model plctu:e
—= T 7 sd
1/2+ 0p1/2 :':. . ] ~
Opy, 000008000 | & 2 L “Inversion . [%Pw—® 1/2
O, 0080 — | = R Op;/,—— 000000
= | “ 05y, — 8000 )
N - — 11.
sd = 3 .“rz_ / ’ p N
T E— 1/2- Y s ®
1/2— Opyy; ® S 0> - , |
Op;,-0ee0000e- | i X 1/2+ Op1/2 1/2+
0sy/, — 0000 — 3¢, (Exp.) I IBE—;(EX[}.) 853/2—””00—
Ordinary nucleus Neutron-rich (Jsw2—_*9%¢ )




-xample: 11Be with parity-inverted ground state

®11Be ground state is 1/2+, while ordinary nuclei have a 1/2-
state as ground state — Vanishing of the magic number N=8

. - = 12+ Molecular orbit(MO) picture
S 3 —
1/2% opy, = _ o0 12-
Opyroe0essse— | 2 5 | “Inversion
051/2_..”—4 = "'.,‘
Sl // Extra nin = orbit
d = N, -
) OIOs i \g\ﬂ_\) 12- 1/2 _
172 Opa,-seeesese | . i o0 o 12t
k Os,, —0000— °C7 (Exp.) '"Be;(Exp.)
Ordinary nucleus Neutron-rich Extra n7in o orbit

MO explains parity inversion, but difficult to see difference of 2a clustering
— A particle can be a probe to identify the difference



-xample: 11Be with parity-inverted ground state

®11Be ground state is 1/2+, while ordinary nuclei have a 1/2-
state as ground state — Vanishing of the magic number N=8
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-xpected in 12,Be Remember !

-~ 12.0__,r _____ Wﬂc ]
= = 12
eDifference of defromation 3 ,,[ “c(ea®as ~
= L0 T
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Energy gain of A should be different, which causes parlty reversmn'



Results: parity reversion of the 14, Be ground state

¢Ground state of 2 ,Be

< 3.0 i+ -
(b '

= \

a3 2.0
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w  13C \ ¢ 1Be 11Be 12 Be
S 1.0 5 S (Hyi

= (Exp.) = (Exp.) (AMD) g (HyperAMD)
© . 2

:'5 s - 12- 2 04, 1*
S 0.0 1/2- _.="" s 0.32 I\/IeViIE : Pt L Sy

Stable nucleus neutron-rich nucleus
Parity reversion is predicted by adding a A particle



Results: Deformation and A binding energy

12Be
(Calc.)

- B=0.72 | [MeV] T, Vo T +V,\
0,(GS) 671  -16.93  -10.22
0,* 6.68  -16.42  -9.74

® A slightly reduces deformations, but they are still different

®Ain 1/2- ® A state is deeply bound than 1/2+ ® A state
e Due to the difference of the deformation between 1/2-and 1/2+



Results: parity reversion of the 14, Be ground state

¢Ground state of 2 ,Be

< 3.0 ”2,,-“ R
() '
= \
a3 2.0
g \ 5

13 211
= Cr . ¢ “Bey 1Be;, _ 12,Be
S 1.0 (Exp.) = (Exp.) (AMD) %(HyperAl\/ID)
© . o
= s - iz & Ak
> 12 o= K 0.32 MeV§ I:ises:
w 0.0 172+ 112 0-,1-

« Parity reversion due to difference of deformation from 2a clustering
« Difference of 2a clustering can be confirmed from parity reversion



Summary

“Impurity effects”: nuclear structure change by a hyperon
®HyperAMD was applied to several p-sd shell hypernuclei

“Overlap between A and nucleons” is the key!

Deformation changes
« A in p orbit enhances the deformation, while A in s orbit reduces it

21 Ne: Coexistence of structures
« Small B, in a. + 1°0 + A band related to the localization of A
 Larger shrinkage effects in a + 60 + A band and B(E2) reduction

12 Be: A as a probe to investigate difference of cluster structure
« Parity-inverted ground state of !'Be is reverted in 12,Be

¢ Future works

®Impurity effects & structure study of hypernuclei
e.g. 9, F, K hypernuclei, hypernuclei in p-shell mass regions



