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Lesson 1. Overview

cluster phenomena
IN nuclear systems
(Personal opinion)



Nuclear system

atom nucleus A finite quantum

many-fermion system

e of protons and neutrons
proton
Isospin x spin : SU(4)
neutron
J

nuclear force: Attractions

Analogy &
Differences

Electron motion ' orbit, sh
Confined by the
external field 1. Independent-particle feature

in self-consistent mean-field

2. Strong nucleon-nucleon correlations
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correlations

general phenomena in interacting many-particle
systems

cluster=strongly correlated subsystems

cluster limit: internal-strong & external-weak
by H. Tanaka, K. Ikeda

Internal strong energy & length scale

(0@ \&--------NI‘O v E,(Internal) >> E (inter-cluster)
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Y~ -7 external weak ~~-" §<<p-1/3

—>decoupling of scale(DOF) = Hierarcy
Dependences on density and energy



analogy to other systems

= [nTnl], [nTn]ptp!l], [gqq], FF
SU(2), SU4), SU(3) sinqlet_, screening
robust cluster unit

“Internal strong & external weak”
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lel3v4 quarks energy & length scale
- Strange- E,(Internal) >> E (inter-cluster)
100Me . ness |
VeV  nucleons, £ << p-1/3
€ ~ clusters,
1e nuclel

molecules



Cluster & Mean field

Mean field, shell structure Cluster: _
Independent single-particle Many-body correlation
\ /~ 00
— &
OOYOO
OO0AO0O
Shell structure -MF V.S. Cluster

Independent particle K

in MF Cluster formation

@]®)
s
OOOO

OO @]®)
No correlation

/\ ody correlation Developed gtuster
| /
12C ground state] [12C excited states

Cluster excitatio




Cluster structures

Nuclear E)
structure Rlley 10 MeV 100 Mev ENergy

Shell & cluster corr. cluster excitation
p3/2-closed & 3o @ ® : : .
® o ®
Z=N=6 t @ 82 °. °

Nucleon liquid

| | i G, [HEE Cluster gas, crystal Nucleon gas
high density <C > low density
Po Po/3~ Po/5
Cluster Nuclear surface
enhancement Light-mass nuclei
_ at low density Excited states

Heavy ion collision



Typical examples of
cluster structures
____In_stable and unstable nucler

Typical cluster structures known in stable nuclei
Li

o+t

Vanishing of
Magic number




multi-cluster: gas, triangle,
linear chain

P 160* Tohsaki et al., Yamada et al.,

chain ? Funaki et al. Wakasa et al.,
12¢ trlangle s
4o gas
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22 3;
11C*, 11 B* K-E. , Kawabata et
+
2 765 MeV, 5
a+t gas
8Be+a

cluster gas of 3a
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Itagaki, Suhara
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Triangle, linear a-hain



o cluster: 4 species of fermions

SU(4): SU(2)xSU(2) 4 species of fermions
singlet: T=0,S=0 “He, a clusters ffff=b

subspace SU(2) NN Pairs: ff=b

(1%4)

Iso-vector (*”), spin-scalar (S=0)

Isospin active — unstable nuclei

\weak(B) -decay v

nj .
Iso-scalar (T=0), spin-vector (“S=17)

spin active — nuclear spintoronics

\non-central (Is, tensor), EM (M1), B(GT) )




1. S=0,T=0 WOrld z=N=even nuclei

Excitations in Coordinates(r,L) space

multi-cluster: gas triangle, linear chain

Tohsaki et al., Yamada et al.,

12C . tnangle” 16O* Funaki et al
22 31
4o gas tetrahedral
+
0,

7 65 MeV Y. K-E PRC96 (2017) 034306
p—TLT SO @ . Cluster (boson) )
8Be+a gas \ g § é /

=
Analogy to

SR P

BEC in nuclear matter



1. S=0,T=0 WOrld z=N=even nuclei

Excitations in Coordinates(r,L) space

‘Isoscalar Monopole (ISM)

Giant Res.
I r2-excitation (L=0)
Q@ GMR ; :
\" (1p1h) single-particle vs cluster

1plh b —

T _

OO

Low-energy ISM
Kawabata et al.
for cluster states yamadaetal.

Y. K-E. PRC89 (2014)

Duality @ Y. K-E. PRC94 (2016)

Y. Yoshida and Y. K-E. PTEP2016 (2016)

Y. K-E. PRC93 (2016)

H. Matsuno,.. Y. K-E. et al. PTEP2014 (2014)
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OO
mean-field



Specles of particles

n1

SU(4): SU(2)xSU(2) 4 species of fermions
singlet: T=0,S=0 “He, a clusters ffff=b

subspace SU(2) NN Pairs: ff=b

Iso-vector (“T=17), spin-scalar (S=0
Isospin active — unstable nuclei

\weak(ﬁ) -decay )

|so-scalar (T=0), spin-vector (“S=17)

spin active — nuclear spintoronics

\non-central (Is, tensor), EM (M1), B(GT) )




Isospin T#0 world

core-_,+nn.. dynamics

Neutron skin,halo,matter

®
(S
® ®

Dineutron at surface
neutron-rich nuclei
Neutron matter Matsuo et al. PRC73 044309 (‘06)

Isovector(E1) excitations

i GDR

N

LEDR

strength

@]
Unbound BEC-BCS BCS

14C* Itagaki, Suhara

Triangle, linear a-hain

|
Different from alpha matter '



Spln S#0 world pn pair in Z=N=odd nuclei
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nn—)pn GT(G’C) S= 1T 0

Gamov-Teller transition pn paW
Rotation in SU(2)xSU(2) space ‘ ‘ \
I
]

Strong GT in SU(4) symmetry “
‘ 10B(1%)  8F(1

2Na(1*)— 2Ne(0*) /4@
GT splitting by SU(4) \ '
NN(T=1,5=0)  symmetry breaki
In spin space

(defo. Is force)

Super-allowed GT
by SU(4) symmetry

pn(T=0,S=1)



Isospin-Strangeness world SU(6)

s AT=0, X T=1

spin-independent A-N spin- and isospin-dependence: A-N

spin S#0 nuclei & isospin T#0 nuclei

Dynamical effect in r-space
L S _ A=Y
Glue-like role 7,Li, 3,C JLi(3/2+,1/2%) coupling
Motoba et al., Hiyama et al.,

Tanida et al. ‘ or ’ Aor X
pn A4 L NS
0@, Al D S=1@@P

\~_,/ T=O ~=

" ‘

5Li, 10B, 8F(1+)  6He 6L

Y. K-E. PRC97 (2018)
Y. K-E. PRC97 (2018)
Y. K-E. M. Isaka, T. Motoba, arXiv:1803.04089

oLi



Active flavor(isospin) world

low density
Strangeness SU(3)f

= New Facillities > isospin asymmetry
» mass number
L oW Strangeness ; excitation energy
>

Energgen Y
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Lesson 2.
What Is cluster?
(case of spatial correlations)

theoretical description



Cluster formation & development
one center & many centers

Independent sp in MF  v.sS. Cluster
Independent particle K

in MF Cluster formation

00
OOOO 00
56 —

OO O O
no correlation manyBody correlation Developed gtuster

Cluster excitatio

@)

one center many centers

VOO &= SE
J O C) ®) @
b AN & —



How to measure correlations?

® 3 L

cluster size cluster size cluster size
=system size >system size >>system size
dualit
Qgg.ég %OO‘ OOQDO
< O \
‘59:85065 G = >
%F IR BE %F BTt %F BTt

DI RE—R/1E V2R3 BTE
1AEECEREF)TERATEEN 2K L EDER]




Cluster: strongly correlated

State
Strongly correlated state Basis expansion from a center
Mixing of high angler
ArAp > h Large D) momentum components
Ap D Small A]f'
[~ Dx—>—
2 > Large | ®1



8Be (g.s.)

Developed 2a @ ®

Strong spatial correlation involves higher-shell
components.

SVM by Arai. et al. PRC (1996)

VS
2=
N—r
>
iy
o)
©
O
(@)
-
o

Principal quanta . NA@

Developed cluster states are usually beyond mean-field



Jacobl coordinates

Hiyama, Kamimura
PPNP, 2003

Na N4 Ny Ny

n\l
) }D ©, 0
5 1 ~< 4




Jacobl coordinates
~coupling and decoupling of scale(DOF)

AXEL R REE D S =Y HI

3-body ‘/® !

4-body @ o

LS



A model: AMD

Antisymmetrized molecular dynamlcs

1 AMD wave fn.

Similar to FMD wave fn. AMD ( )
Variational parameters:

D =cd +c' ' +c'"'P" + e
NV AMD AMD Z:{ZI,ZZD...’ZA,Q:“...,QZA}
CDAMD = det {qol s Py goA} Gauss centers, spin orientations
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Energy variation

Model wave fn. (D(Z) Phenomenological effective nuclear force
<(D(Z)’H| (Z)> _ eff eff veff
5<(D(Z)\CD(Z)> =0 H _;tﬁZvlJ + > v

i<j i<j<k

For &7, Volkov, MV1, Gogny etc.

g

Randomly chosen Variation, J™-projection

Energy surface Initial states

d} W Variation after/before
= Jr—projection (VAP/VBP)
B Constraint AMD+GCM

......

Model space (Z plane)

Energy minimum



Cluster Iimit v.s. Shell-model limit of AMD functions

lden

tical 2 fermions

Antie o] AOD 0D ][40 4.0
#(r) () symm. “g0s) ¢2<r) 4'(n) 4, (1)
¢2'°C¢1_¢2
2 Gaussians at short distance s-orbit
A ANE SVA\
A _: > p-orbit (OS)(f(-)p)
" A+ — N\ contig.
) 7 ~ ve
20, Systém d—0 limit

Developed 2a

g Strongly correlated/

o

@GSD
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Lesson 3.
NN(pn,nn) correlation
probed by Gamov-Tellar
transition



clustering~correlations

cluster=strongly correlated "sub"systems
decoupling of "DOF" (scale)

cluster limit: “Internal”-strong & “external”-weak
by H. Tanaka, K. Ikeda

case 1) |
spi]ttlzln;orrelatlon ¢ (Ti; o, Ti)
00 g n OO SO0(3)RSU(2)RSU(2)

I
@O,
\ﬁﬂ/

\\C‘ / external
V4

-



Cluster formation & development

Independent particle Cluster formation Cluster development
in MF oy i

e > Gl ) @R

’ 0OC
9\0 03’" O O V0 5
e Co_rre_latlon_ in correlgtlon N
spin-isospin space coordinate space
Core+q TICE

S=0, T=0 object coordinates




4N, 2N correlations
at nuclear surface
Formation of S=0 (and T=0) subsystem
decoupling of spin-Isospin space
Core+o(s), core+NN-pair(s)
with and without spatial development

(ST)=(00) 4N: a-cluster
(ST)=(01) 2N: nn (dineutron)
(ST)=(10) 2N: pn (deuteron)




Cluster: decoupling In
spin-isospin(flavor)
and/or coordinate space

2n-halo nuclel: nn-cluster
decoupling in spin-SU(2)&coordinate space
heavy-quark symmetry in hadrons:gg-cluster
decoupling in spin-flavor space
guarkyonic phase -> hadronization

decoupling in color-SU(3) space
but not in coordinate space (like BCS->BEC)

hadron molecules: ggqg(ggbar)-clusters
decoupling in color&coordinate space



4 species of particles

n1

SU(4): SU(2)xSU(2) 4 species of fermions
singlet: T=0,S=0 “He, a clusters ffff=b

subspace SU(2) NN Pairs: ff=b

Iso-vector (“T=17), spin-scalar (S=0
Isospin active — unstable nuclei

\weak(B) -decay )

|so-scalar (T=0), spin-vector ("S=17)

spin active — nuclear spintoronics

\non-central (Is, tensor), EM (M1), B(GT) )




GT transition of pn pair in Z=N=odd nuclel

~——

nn>pn GT(o1)
OoT

3 GT(G’L‘) “
Gamov-Teller = spin-isospin flip transition

Rotation in SU(2)xSU(2) space
Strong GT in SU(4) symmetry

-

.B(GT) _ 6.

SHe(0%) 6Lj(1+)
+°0(0) 18F(1+)
B(GT) = Large

N nn(T=1,S=0)

\

pn(T=0,5=1) Super-allowed GT
by SU(4) symmetry



GT strength:
N=Z+2 to N=Z=odd

(a) “Ca(®*He,t)*?Sc G
= eV/nucleon
o (*°Ca+ NN)

Super-allowed GT by
SU(4) symmetry

GT splitting
(*°Ca +6N) (partially broken
SU(4) symmetry)

40
Ca + 10N
( 4T ) GT fragmented

symmetry broken
(*°Ca + 14N) by spin-orbit int.

Y. Fujita et al., Phys. Rev. Lett. 112, 112502 (2014) at RCNP




GT transition: pn pairs in p-, sd-shell

- S, P ~
S=1T=0 pn pair “ .
with spatigl evelopment N - F(1+gs)

/ \ / \‘
I | I '
\ / \ ,
\\ 4 S /
-~ - N
A el
. A
- [
[
- [
[
[

Super-allowed GT
by SU(4) symmetry

6L|(1+gs) 108(1+) . GT splitting by
partial breaking of
SU(4) symmetry

(Is force in deformed
system)

Super-allowed GT




GT transition: pn pair in deformed nuclel

_ T,

1OB(1+) « 1OBe(O+) 22Na(1+)<— 22Ne(0+)

N

ST=0 core

decoupling of
deformed core(ZONe) core+(NNNN)+NN

\?w:t;l- =e(1)ti2?dpea\;relo ment partial breaking AR
P P of SU(4) symmetry coupling of
free from by spin-orbit potential S0iN-
: : : : . pin-SU(2)
spin-orbit potentials in deformation < womralieie

Super-allowed GT GT splitting into two 1+ states



Spln S#0 world pn pair in Z=N=odd nuclei

' \
\ 1
\ /
/
So -

nn—)pn GT(G’C) S= 1T 0

Gamov-Teller transition pn paW
Rotation in SU(2)xSU(2) space ‘ ‘ \
I
]

Strong GT in SU(4) symmetry “
‘ 10B(1%)  8F(1

2Na(1*)— 2Ne(0*) /4@
GT splitting by SU(4) \ '
NN(T=1,5=0)  symmetry breaki
In spin space

(defo. Is force)

Super-allowed GT
by SU(4) symmetry

pn(T=0,S=1)



Lesson 4.
cluster phenomena in
neutron-rich Be Isotopes



Model setting: AMD wave function

~ | AMD wave . | gimijar to FMD wave fn. (DAMD (Z)
Variational parameters:

D =cd +c' ' +c'"'P" + e
NV AMD AMD Z:{ZI,ZZD...’ZA,Q:“...,QZA}
CDAMD = det {qol s Py goA} Gauss centers, spin orientations
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Energy variation

Model wave fn. (D(Z) Phenomenological effective nuclear force
<(D(Z)’H| (Z)> _ eff eff veff
5<(D(Z)\CD(Z)> =0 H _;tﬁZvlJ + > v

i<j i<j<k

For &7, Volkov, MV1, Gogny etc.

g

Randomly chosen Variation, J™-projection

Energy surface Initial states

d} W Variation after/before
= Jr—projection (VAP/VBP)
B Constraint AMD+GCM

......

Model space (Z plane)

Energy minimum



» Z-,N-dependence of g.S. structure
> MO & magic number breaking

> Cluster resonances



» Z-,N-dependence of g.S. structure
> VIO & magic numpber breaking

» Cluster resonances



Z-, N-dependence of ground states

/=3

Z=4

Z=5

/=6

L] ILi
o @
SBe 10Be
OO <C:Q

Cluster

1B

&
12C

10C

o

o

4 11]

@N=8

Cluster

15,178

14C 16C 18C

‘éhape difference

Vanishing of
Magic number

198

20C Neutron
Skin

N



How to experimentally
probe N-dependence of clustering

Clustering in g.s.

@ <:> @ Eﬁ%agged

Deformation Q, B(E2)

. Charge radii > isotope shift: Be
» charge changing 0 : B, C

a-transfer, oo knock-out ?

Clustering In excited states
a-decay width, o-transfer



Z-, N-dependence of g.s. structure

Z=5

Z=6

Minimum
proton radii?

\

SBe 10Be
OO <C:Q
Cluster

1lB

&

10C 12C

@&

N

lZBe

14C

— N=8 ~ Largely deformed:

proton radii enhanced
by clustering ?

@ /

138

16C 18C 20c  Neutron

@ Skin

Stable proton radii?




proton radil along Isotope chain

Exp data:

Isotope shift W. Nortershauser et al. PRL102, 062503
(2009); A. Krieger, PRL108, 142501 (2012).

CC :Terashima et al.

» minimum at N=6 (1°Be)
new magic?

> Increasing in N>6.

o

o

=
=
g
2

[P
o

proton radii(charge radii) ref
N dependence of clustering.

Good probe for cluster structure

neutron number N



N dependence of r, In Be,B,C

AMD & exp. data

expr —o—
3.4 . e
3.2 | AMD - {L evalr, == 1L exp-re, —e—
AMD-single ~ exp-r,, —e— eval-r g
37 FMD -o- 1r AMD —A— 1r AMD —A—
:é: 2.8 1 &
& 2.6
24 ; i “IJ L . EIJ* :1:
22 ¢ " B LAt C
2

2 4 (6) 8 10 12 4 1 6X8‘101214 4 6 8 10 12 14
neutron number N neutron numberN neutron number NV

exp :determined by isotope shift

exp-r,. :determined by charge changing(cc) cross section
eval-r,. : evaluated by relation o, o w(R,(P) + R,,(T))? using cc cross section




> Z-,\-dependence ol g.S. structure
> MO & magic number breaking

» Cluster resonances



Z-, N-dependence of g.s. structure

Z=5

Z=6

small deformation

SBe 10Be
OO <C:Q
Cluster

1lB

&

10C 12C

@&

— N=8
1ZBe

O o
138

14C

N

largely deformation
N=8 breaking

16C 18C 20c  Neutron

@ Skin

Stable proton radii?



Molecular orbital(MO) structure in 2o

5 f 1 Seya PTP65(81), von Oertzen ZPA354(96)
CECOIENOTNAUCH N. Itagaki PRC61(00), Y. K-E.. Ito PLB588(04)

> @ > MO formation

MO o-bond
@oQo@ oc NS>
c-orbital @ < @&
1O TomELIor Gain kinetic energy
{% -+ (%5 6 Normal state  in developed 2a system

Level inversion
In 11,12,13Be

Tt-orbital

vanishing of magic number in 'Be, 1°Be, 13Be



N=8 magic number breaking

spherical
SM

spherical

enhanced
cluster core

» Level inversion In
developed cluster system

» N=8 shell vanishes
at N=7,8 (11Be, 12Be)

» Positive- and negative-
parity states degenerate

» New magic N=6 appears?

» o-orbital neutron enhances
clustering



N=8 magic number breaking

<4 Be(g.s.)

P12 T2
NS

® G1/2

.~
N

:' \
\ 1

\\—’l

P30 —@@— Tlg/o

P32
)

spherical
SM

spherical enhanced
cluster core



N=8 magic number breaking

< °Be(g.s.)

spherical
SM

spherical enhanced
cluster core



Cluster enhanced by c-orbital
neutrons




Breaking of magic number in 13Be

13Be: unbound
13Be spectra measured by 1n knock-out reactions
at GSI(Simon et al. 2007) and RIKEN(Kondo et al.,2010)

=
(Me

)

13Be

(1/2-)
3.04

(5/2+)
2.0

1/2- ?

1/2+ virtual st.

SimonQ7

EXP.

(5/2+)
2.39

(1/2-)
0.51

Kondol10

AMD calc. Y. K-E. PRC(12)

AMD Kondol0 Simon07
12Be+n

trud «
Intru er.,

1/2-1s lowest
in 13Be



Experimental evidence of
N=8 shell vanishing in **Be

Y.K-E.PRC (03),(12) , Ito PRL(08) Dufour NPA(10)
Fortune PRC(06), Blanchon PRC(10)

Energy

—— 1?Be = » deformation in 12Be(gs)  !?Be g.s. O+

/\ Inelastic scat. life time: -
Normal Oho Iwasaki PLB481(00),

Imai PLB673(09)

> intruder config. in 2Be(gs)

1n-knockout reac.:
Navin PRL85(00),
Pain PRL96(06)

> 12Be(0,") with p-shell config.
Shimoura PLB654 (07)

— B(GT) with charge ex.:
Meharchand PRL108 (12)




> Z-,\-dependence ol g.S. structure
> MO & magic numpber breaking

» Cluster resonances



Spectra of 10Be

—— 10Be: energy levels
C|USter He+*He AMD calc. Y. K-E, et al. PRC (98)

@ ‘ O Exp: Milin et al. ’05, Freer et al. ‘06
A+

Ito et al.
Kobayashi et al.
Kuchera et al.

J(J+1)



Cluster resonances

Exp: Kuchera et &.
Theor: Ito et al.

: Exp:
Kobayashi et al.

Freer PRL.82(99)(06)
Saito NPA738 (04)
Yang PRL112 (14)

Normal

MO bond




Energy spectra of 1“Be

VAP calculation with AMD method 12Ba
nositive parity states withnormal spins

He+6He, SHe+4He?

;@) @) v

Cluster reso.

Excitation energy (MeV)

intruder — Mo s-bond state

10 20 30 40 350
J(J+1) Breaking of N=8 magicity
Formation of 2a+molecular orbitals

Y.K et al., PRC 68, 014319 (2003)



MO v.s. Cluster resonance
INn other n-rich systems

Soic et al., Freer et al., Saito et at; Scholz et al., Rogachev et al., G
Curtis et al., Milin et al., Bohlen et a Ashwood et al., Yildiz et al.,
10 B e Seya, Von Oerzten, Descouvem., Descouvemont, Kimura, 22 N e
Itagaki et al., Dote et al., K-E et al.
Arai et al., M. Ito et al. 18O+(X
°He+He Atomic:

‘ Cluster resonance

Weak
coupling

Molecular Orbital:

@ c-bond structure (“) ?ct)ruop::?ng
eoCeote

shell
‘ Normal states . model-like
\ Be isotopes / Ne, F, O Isotopes




MO bond and Cluster res. in 22Ne

Exp Scholz et al., Rogachev et al., Goldberg et al.,Ashwood et al., Yildiz et al.,
Theor: Descouvemont, Kimura,

AMD study by Kimura, PRC75 (2007)
““Ne ®— 180+,

....48) Cluster res.

?2Ne o cluster bands
o+180 molecular
bands

+molecular orbital
Y
bands

. N e VTR MO o-bond

ground band

excitation energy [MeV]

} EXP separiy)

ive-parity)

(positive-parity) -
}AMD (negative-parity) —
-6 1s0d-orbital ~ Op-orbital
108 6 4 -2 0 2 4 6 8 10 around "0 around o
Z [fm]



a-cluster states in n-rich nuclel

Cluster resonances

New states discovered and suggested at

Ex = several ~ 20 MeV
In a-decay, a-transfer, a-scattering

I * 1 1 1 1 1 1

10Be+q in 14C*
“4C+qa in 180*

180+ in 22Ne*

Theor: Seya, von Oerzten, Descouvemont et al.,Itagaki et al., K-E et al.
Arai et al., M. Ito et al.

Exp Soic 04, von Oertzen 04, Price 07, Haigh 08, Fritsch *16, Yamaguchi
Theor: Suhara ‘10

Exp Scholz et al., Rogachev et al., Goldberg et al.,Ashwood et al., Yildiz et al.,
Theor: Descouvemont, Kimura,

Exp Scholz ‘72, Rogachev ‘01, Goldberg ‘04, Ashwood ‘06, Yildiz et al.,
Theor: Descouvemont ’88, Kimura ‘07

Universal phenomena?
Further experimental and theoretical studies are requested.



| esson 5. Nuclear excitations
Isoscaler monopole and dipole
excitations

how to probe clustering in nuclel with reactions
charge ex (3He,t) reactions: GT transitions
a-transfer, a-knockout reactions
(o,0") scattering:
Isoscalar monopole & dipole excitations
(p,P) ...



Isoscalar monopole excitations

T=0,5=0 excitations in coordinates(r,L) space

‘Isoscalar Monopole (ISM)

Giant Res.
r2-excitation (L=0)

single-particle vs cluster

Low-energy ISM
Kawabata et al.
for cluster states yamadaetal.

Y. K-E. PRC89 (2014)

Y. K-E. PRC94 (2016)

A Y. Yoshida and Y. K-E. PTEP2016 (2016)

O Y. K-E. PRC93 (2016)

H. Matsuno,.. Y. K-E. et al. PTEP2014 (2014)

OO

O 00
O%OO

OO
mean-field



Glant monopole and dipole resonances

IS monopole (1S0): IV dipole (E1): IS dipole (IS1):

2.7 Y f Nm 2.7, (F) 2 Y ()

i=proton

IVGDR ISGDR
Compressive, @’ @

breathing translational ¢=» compressive ¢

Response to external perturbation

» GR: broad bump in HE region
ISM:10-20 MeV, IVGDR:10-30MeV

» Collective oscillation of system
coherent 1p-1h excitation

» Physical aspects:matter properties
ISGMR: Incomressibility,
IVGDR:Symmetry energy

strength
\

GR

LER

Energy



LED v.s. GDR

strength
/
<15 Mey GMR, GDR,

Low-energy (<15 MeV) LED IS-GDR

strengths below GRs
observed \ S

80’s: ISM, ISD, IVD(E1) in stable nuclel
90’s: IVD(E1) in neutron-rich nuclel

Separation of LE strengths from GRs

I:> New excitation modes decoupled from GRs.

Origins of LE strengths have not clarified yet.
Various origins?



LE-ISM, LE-ISD for cluster states

strength
Yamada et al. PRC85, 034315 (2012) \
Chiba et al. PRC93 (2016) no.3, 034319 LER  OR

I h : ‘ Energy

Isoscalar monopole (ISO)

Inter- cluster motion Compresswe

M(IS0) =
/ ‘—‘

sensitive to radial motion @
Isoscalar dipole D=CD): Inter- cluster motion ompressive

M (ISD: 11) = Z.’

&




What are natures of LED?

LED HED
Neut ki
IVD @® or?ls :rr??\lizmnuclei IVGDR
(El) ® notin N=Z nuclei

e

Toroidal

.
Cluster P

Maybe, not a single but various modes contribute to
the LE strengths.




multi-cluster gas: 3-,4-body efimov states ?

strong ISM(EO) transitions
probed by (a,a) scattering

1 trlangle ? |16 11 g*

4o gas 20+t gas

B - a®s X
22 31
O+
2 7.65MeV
F\
8Be+o Q €9 10Be* | 2g4nn |2He*

o+nNN+nn

o0 (o




A puzzle: missing monopole
strengths

*Si(o,0'), E_ =386 MeV

PCloa), E =386 MeV “O(oar), E =386 MeV ol - :
05 (7.65 McV) TEN 0, (4.98 MeV)

i 28 ( + )
31007,

.\‘I
!
% -
A F LY
%
Ny %
- -
~
w
“

0, (12.05 McV)

-\,_.-"-

do/d€2 (mb/sr)

.:' | 12C(O+2)

510 15

_.C.:_{I!"cir‘j!‘ E'cl: =386 MeV
2 (4.44 MeV)

traditional reaction model g
no problem in 2+, 3-,

“O(ae), E_ =386 MeV

but overshoot = ' |
O+ cross section _ 3 3 (613 MeV)
by a factor of 3-5 TN
Adachi et al. PRC97,014601(2018)




microscopic reaction calculations

with g-matrix folding model

The puzzle is solved: no problem in 0+
CroSS Sections  Minomo et al. C 93, 051601(R) (2016)

12 + — (Calc.
C(O 2) m Kissetal. (1987)

7 5 MoV —e— John et al. (2003)
172.5 Met —a— Ttoh et al. (2011)

.lf p T

E_ = 240 MeV (<107)

386 MeV (x10%)

—
—
s
=
o
—
Lo
I‘-‘I
e
=
5
b
o
¥ »
[ 5
I‘-‘I
el
—
(]
8]
oo
—
=
b
—
L
e
=
=

10 20 30 40
c.m. scattering angle (deg)




Lesson 6. Advanced course
analogy to other systems

What we learn and where we
are going in this project?



discretized symmetry
decoupling in SU(N)

without spatial correlation

nucleon systems:

BCS nn pairing, GT In pn pair
guark hadron system:

guarkyonic, heavy quark symmetry
cold atom

BEC-BCS



symmetry breaking and

restoration

INhomogeneous matter

discrete symmetry: multi-alp
triangle, tetrahedral, linear,
symmetry in uniform matter:

na Systems

nlaner
BEC-BCS

symmetry in Inhomogeneous matter
s density wave In nuclei (cluster states)
m pion condensation in nuclear matter

m chiral DW(spiral) in guark matter

m LOFF states ...



= 151K 7714 : cluster enhancement

TRILF—, BEDREE
0 MeV 10MeV . 100 MeV TR )L¥—
e K« e SO
cc o ® ®
= Ged
@ 1‘; ’:—7F
eI 552 A—RERE % ¥ 3
: _ (DS RZ—5%4K)
high density Po Po/3~ Po/S low density
< >
Cluster
PIETFUHE enhancement
Z R4 +1HE

BEC-BCS
Matsuo et al. PRC73 044309 (‘06)

JERIE



B Bk = % AR T4 breaking & restoration

Y. K-E., Hidaka
PRC84 (2011): PRC96 (2017) with B 5

BEt=BHE(RT—IL)DnE:
SR —HERE (k) EFHZE S FREDHENEEEZTFH

—EEHMBERIT A SO (B FLNIDEDIFZRZ—FE) D ARE !

I*”/ i B 5 TA SR
@ o <—
fEE7%L O(3) — O(2) — D3h (DW) — m&Est#mttEs — O(3)  &4HRS
O] 5 501 F/3 En o] & % Fh i [El &
s £ 36 F AL ifs 8 e R [E 42
E—HREE
Density wave(DW)
XfFh  Fermigas |:> ol B 4 ::> BEC: strong corr.

worllll MERA cocs

Infinite matter




o. condensation V.s.
mlcroscoplc superfluidity

- Y. K-E PRC96 (2017)
12¢ trlangle ? Y. K-E. PRC89 (2014)
Yamada et al.,

22 31
Funaki et al

Cluster (boson) 16O*
gas @
@ @
)

microscopic superfluidity?
cf. Momose's lecture




0. condensation v.s.
microscopic superfluidity

3o condenseation

12¢ trlangle ?

0 A \Wﬁ o ©

22 31
BEC in dilute matter

+ ‘ 160 Yamada et al.,
2 765 MeV, e
. — *
sBe+a @ @ .0

cluster gas of 3a 409 tetrah@@ral

- Y

microscopic superfluidity?
cf. Momose’s lecture
H, in He liquid




cluster gas, halo v.s.
Efimov states

To be Efimov or not?
2n-halo: Borromean
Hoyle states (3a gas) in 12C*
What Is efimov?
universality of weakly-bound 3-body systems
Independent from Interactions

Naidon&Endo’s : Not Efimov
Wiki, Suno et al. : Yes an efimov analogue



