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% Introduction

¥ Construction of Effective interaction

¥ Application to island of inversion (R T¥Y >z &)
¥ Application to pf+sdg-shell nuclei (KX kRICEIF T)

¥ Conclusion
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Construction of “Bridges”

Nuclear force Light nuclei ~A=10-20
Lattice QCD Few body technigues
Effective Field Theory No core shell model

and many others---

This work

Medium mass nuclei~A=20-100 |shell model with core
via the effective interaction

derived from nuclear force
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Neutron-rich nuclei~ island of inversion

http://www.nndc.bnl.gov/nudat2/reCenter.jsp?z=12&n=20

A
338 358 378 398 418 438 ;
hell . . L § - - . -' Moo
sneill gap : . <« »| on
31P  32P  33P 34;’ E MNP 37TP  38P  39P 40P  4lP  42P | 43P A 4 Off
\ v
|
|}

N
o
o
3

[ ]
1 .
) ) ) ) ) ) ! Uncertainty
3151 38si 35861 37851 3951 4151 4251
' 2 NDS
! 1
1

1
: 2 Standard
2981 30Al  31Al  3eal | 33al | 3441 35Al  36Al  37Al  38Al  39Al  40Al | 41Al 3
1 1 Screen
4 .
1 ' Size
29Mg 3lmg 335Mg 34Mg 35Mg 36Mg 3TMg 38Mg 39Mg | 40Mg >
- f 6 Narrow
I
: i 7 Wide
2TNa 28Na 29Na 30Na | 5I1Na | 32Na  33Na  34Na 35Na  36Na  37Na
3 : Nucleus
)
27Ne 29Ng | 30Ne | fiNe = 32Ne 33Ne 34Ne
. ? keV
o . ot [ 4.00E+3]J|3.00E+3
- 2sF  26F 27F  23F | woF’| soF  aF [ 2.00E+3 | 1.80E+3
breaking of B soe-a 1 206
1.00E+3[118.00E+2
20| Z00H [RZTC| H280 6.00E+2  4.00E+2
She” gap 300E+2  2.00E+2
16

24 65 M 1.50E+2 1.00E+2
7.50E+1| |5.00E+1

18

N=20
E(2+)~1 MeV on N=20 indicate breaking of major shell gap
Unified treatment of beyond and below the N=20 gap is nhecessary
And this is one of many examples:--.
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Nuclear force and Nuclear shell model

Single particle energies
. . N " )\
Shell model Hamiltonian ~ H = ) teala; + )} Viuialdiaa.

two-body matrix elemetns
, J, K, | : relevant degrees of freedom = model space

What we aim at is to:
derive Shell model Hamiltonian based on Nuclear force

diagonalize this Hamiltonian to know nuclear properties

What we need is:
Many-body theory to derive Hamiltonian for desired model space
neutron-rich nuclei need large model space

Large scale shell model calculation (Large scale Lanczos diagonalization and
Monte Calro Shell model)
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*

¥ Theory of Effective interaction
E 3

*
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Many-body perturbation theory

P: model space

\ / bwnd + 77 |+

I\\ /IEO T T A A

_—

S E) = pvp + PYo—L ovp
Q-box E-QHQ

As non-perturbative correction, we further include infinite

repetition ot Q-box non- perturbatlve correction

V= ‘ * ? i § +--- some algebra-- Vé) Q(Eo)+ZQk(60){V(” 1)}k.§

+ :Q-box
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Divergent problem of Q-box in non-degenerate model space

(A)KK method requires assumption that the model space is degenerate

(B)Naive perturbation theory leads a divergence in non-degenerate model
space

Example

We need a theory which satisfies

(a)The assumption of degenerate
model space is removed

(b)Avoid the divergence appearing
iIn Q-box diagrams

Vah,cp Vpb,hd

(.t €)—€—€,+€— €

— EKK method as a re-summation
scheme of KK method

Energy denominator is zero
when €d- €b= €p- €n
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Extended KK method as a re-summation of the perturbative

series

EKK method KK method (conventional)
New parameter E (arbitrary parameter):
H = Hy+V H = Hy+V
_E O N PHP PVQ - (PHOP 0 )+ (PVP PVQ)
0 QH,Q) \QVP QVQ) - 0 QHyQ] \QVP QVQ
HislE) = PHE 4PV Q5 OVP: 0 = PVP VO 507
... N
HY = Hgu(E) + Z Qk(E){H(” vy Vi = Ole) + Z Qk<eo>{v<” ")
LT T e L
g J

EKK method can be interpreted as a re-summation of KK method
All the arguments are kept unchanged with the new division of the

Hamiltonian
N. Tsunoda, K. Takayanagi, M. Hjorth-Jensen, and T. Otsuka, Phys. Rev. C 89, 024313 (2014).

Naofumi Tsunoda (CNS UT) Derivation of Veff and its application 9 /30




Example: EKK method avoids the divergences

EKK method KK method

s VanepVpbna Vanep Vb hd

I 4

Ei-e.—€ —€,t¢ (e, +€)—€—€,+€ —6

«an?

We can choose E to avoid divergence !

Note that the choice of E is arbitrary and should give the same result if the
Q-box is calculated without any approximation.

Inversely, E-dependence is a measure of error coming from the
approximation
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E-depdence w and w/o non-perturbative correction

A% = Ayu(E) + ) Ou(ENAG Y
“' optimum value pole of Q-box

—V
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% Non perturbative correction vanishes the E-dependecne
% Optimum value of E

=
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EKK code algorithm

SPEs TBMEs RS %
H= Zﬁ“ @ ;)‘flf_k"“z %% (single node &)

read bare interaction from file EEEOKS

calculate SPEs ~ o(10) elements ~5's calculate €

calculate TBMEs
~ 0(102~104) elements

10 h~100 days calculate ouE)

-------

k= 1 """"

calculate folded diagrams ~5 g Iteration
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EKK code algorithm

About 50 diagrams (76 tasks) to be calculated for each TBMEs
(2116 for sdpf-shell, 6380 for pfsdg-shell)-> MPI parallel calculation
(master-slave scheme)
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Each diagram -> openMP parallel calculation for particle loop
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MPIl+openMP scaling

oakforest (64 core, max 2048 nodes)

Test case; sdpf-shell
1 3major shells
1sx10"F proton only
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3N interaction (A-hole interaction)

summation with hole state

. i . 7
main contribution of 3N [~
2N Force 3N Force 4N Force A
LO |
P R DI Fujita-Miyazawa type Effective
3N interaction 2N interaction

NLO

Adding up effective 2N interaction derived from 3N
Interaction to EKK 2N effective interaction [1]

This is one of the lowest order interaction from 3N force
and for higher order we are working on---

[1] T. Otsuka, T. Suzuki, J. D. Holt, A. Schwenk, and Y. Akaishi, Phys. Rev. Lett. 105, 032501 (2010).
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¥
¥
¥ Application to island of inversion (R C¥ > &)
¥

*
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Island of inversion

http'//www nndc.bnl. gov/nudatZ/reCenterjsp’?z 12&n=20
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Around Ne and Mg region N=20 major gap disappears. (small 2+ energy for
even-even nuclei, large deformation, etc:---)

Ground state is consist of “inverse” configuration, i.e. intruder configuration
Can microscopic theory describe this disappearance of major magic number?
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Ground state energies and dripline

Many body perturbation
up to 3rd order

starting from N3LO
P+Q: 17hw (converged)
SPE fitted
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Contribution of 3N force is significant in neutron-rich nuclei
Predictions of dripline

Combination of Microscopic theory and Large scale calc.
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Shell structure in “island of inversion”

Effective charges
(ep.,en)=(1.25, 0.25)
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Wave function of Mg isotopes

40 1.0
> 2
5 3.0 =
<20 § 0.5
= O
© 1.0 Q;:
SN
0.0 0.0

3 12 16 20 24
N

‘modest” and "abrupt” excitation

modest: shifting between two shells (e.g. pairing)
abrupt : strong deformation

Abrupt excitation roughly corresponds to conventional 2pZ2h
excitation model
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Evolution of single particle states

Effective single partic

|
)
| 3
*

Energy (MeV)

1
S
|

(a) neutron ESPE]

Full

-+« w/o 3NF .

(b) neutron ESPE]

L 4

8§ 10

12

l
14

/

16

18 208 10 12 14 16 18 20

3NF: general shift
Tensor force: drive sd to pf gap

Naofumi Tsunoda (CNS UT) Derivation of Veff and its application 22 /30

e energies at N=20 isotones



*

*

% Application to pf+sdg-shell nuclei (RX k Ricm 7} T)

*
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Ca-~Ni isotopes, several magic numbers

=2+ of even-even isotopes

52Cu 53Cu S54Cu  55Cu S56Cu | 57Cu | 58Cu  59Cu 60Cu 6ICu 62Cu 63Cu H4Cu 65Cu 66Cu 67Cu 668Cu 63Cu 70Cu 7ICuw 72Cu 73Cu 74Cu 75Cu 76Cu  77Cu  76Cu | 79Cu

49Co S50Co 5ICo 52Co 53Co 54Co | 55Co | 56Co 57Co  58Co 59Co H0Co 6lCo 62Coe 63Co BH4Co 6B5Co 6H6Co 6HICo HBCo H9Co 7T0Co 7lCo 72Co0 73Co 74Co 75Co 76Co
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N=28 32 34 40 50

“Second’ island of inversion
Wider area, larger calculations (RX KN RICHE T T)
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E2+ of Ca, Ti, Cr and Ni isotopes (preliminary)
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Interaction

pf+sdg-shell

P+Q: 13 major shell
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3rd order perturbation
6380 TBMEs
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Appearance and disappearance of
N=28, 32, 34, 40 magic numbers

Naofumi Tsunoda (CNS UT) Derivation of Veff and its application 25 /30




Evolution of single particle states

ESPE (MeV)

ESPE (MeV)
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Binding energy and 3N force (preliminary)

Binding energies of Ca isotopes

O ! ! ! ! ! ! ! ! | ! | ! | !
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Mass number

3NF is important for binding energy, in the same
way as In the case of sdpt-shell
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Future direction

of+sdg-shell DEt&E L. HHRENREDETEICLD, 5F<W
XZ 5T ENDH o B,

S &L RE

1. Z@EADxKL
Fujita-Miyazawa type 7217 Tk <. A4 ZILIEEFRICED
Wt DAE

- BEiEROEEDZE(Hartree-Fock basis)

2. EKK 5t&EZB&E1L
T A KT =X TIE. 13 major-shell 72> fehS. IEEICIEH S
DYUBE — RIAMRCHEGFT, I—REISICEERL
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Summary and conclusion

MBPT Is the theory to construct the effective Hamiltonian
starting from nuclear force.

EKK method is introduced to derive the effective interaction
for the shell model which is applicable to multi-shell system.

As an application of EKK method, the physics in the “island
of inversion” is discussed in K-computer.

As a future project, physics in pf+sdg-shell is discussed with
preliminary results.

EKK and 3N combination is the powerful tool to explore the
wide area of the nuclear chart
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