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Ab initio
Configuration Interaction
: Density Functional Theory

- ——~10000 nuclei predicted by model calculations
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Ab-inito approaches in low-energy nuclear physics

* Major challenge in nuclear physics

- Nuclear structure & reactions from ab-initio calculations w/ nuclear forces
- ab-initio approaches in nuclear structure calculations (A > 4):
Green’s Function Monte Carlo, No-Core Shell Model (A~ 12),
Coupled Cluster (sub-shell closure +/- 1,2),
Self-consistent Green’s Function theory, IM-SRG, Lattice EFT, ...
= computationally demanding
* Two main sources of uncertainties:
— Many-body methods
Cl: Finite basis space (choice of basis function and truncation), ( Ngje, hw )
we have to extrapolate to infinite basis dimensions
v’ need ab-initio(-like) approaches beyond standard NCSM
== No-Core Monte Carlo Shell Model (MCSM)
— Nuclear forces (interactions btw/among nucleons)
= Chiral effective field theory (xEFT)
v In principle, they are hopefully obtained by (Lattice) QCD.



Shell model (Configuration Interaction, Cl)

* Eigenvalue problem of large sparse Hamiltonian matirx
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Monte Carlo shell model (MCSM)

Standard shell model
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* Diagonalization
L ) \ 0 /
|
Large sparse matrix # non-zero MEs
~0(10) L 01011
* Importance truncation

T. Otsuka et al., Prog. Part. Nucl. Phys. 47, 319 (2001)
Monte Carlo shell model

Diagonalization

Important t])\gses stochastically selected ~ O(100) A 6_' Deformed
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diagonalization stochastic sampling & CG °



M-scheme dimension in N, truncation

No-core calculations
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20Ne 1 NN only
lower]sd-shell
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Extrapolations
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D.. ~ 3 x 103 N. Shimizu¥t al., Phys. Rev. C82, 061305 (2010)
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Strong scaling (eigen functions & eigenvalues)

* Wave function (100 CG iterations @ 100" basis )
Scales up to ~ 60,000 cores @ N, ., = 7 (*He) on K computer
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Strong scaling (energy variances)

* Energy variance (15t — 100t bases)

Scales over ~ 240,000 cores @ N, = 7 (*He) on K computer
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Comparison of MCSM results w/ experiments
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MCSM results are obtained using K computer by traditional extrapolation
w/ optimum harmonic oscillator energies.
Coulomb interactionis included perturbatively.

MCSM results show good agreements w/ experimental data up to °C,
slightly overbound for 10, and clearly overbound for *°Ne. 0



Nuclear force from YEFT

* Current standard input potential:

» Chiral effective field theory (XEFT) described by N & t DoF (Weinberg, van Kolck, ...)

v" XEFT holds the effect of chiral symmetry breaking & the symmetries retained in low-energy QCD
v XEFT N3LO NN + N2LO 3N E. Epelbaum, Prog. Part. Nucl. Phys. 57, 654 (2006).

R. Machleidt and D. R. Entem, Phys. Rep. 503, 1 (2011).
v Renormalization technique: SRG, V,,,,, UCOM, ...
v" 3N interaction: Full, NO2B approx., ...
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Effective 2N force from 3N force

Effective 2N potential from initial 3N potential in momentum space

w/ M. Kohno (RCNP),
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Extrapolations

Energies with 3NF in the different cutoff scales are consistentin a sufficiently large basis space



Density distribution in MCSM

T. Yoshida (CNS)

Nbaszs
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Rotation of each basis

by diagonalizing Q-moment
Npasis Nyasis

S P Py DY = 3 GR()|P;

Angular-momentum projection

W) =

8Be 0* ground state

Laboratory frame “Intrinsic” (body-fixed) frame

Densities in lab. & body-fixed frames can be constructed by MCSM

N. Shimizu, T. Abe, Y. Tsunoda, Y. Utsuno, T. Yoshida, T. Mizusaki, M. Honma, T. Otsuka; 3
Progressin Theoretical and Experimental Physics, 01A205 (2012)
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Summary

* MCSM results of g.s. energies for light nuclei (A<= 20) w/ a NN potential can be
extrapolated to the infinite basis space.

— JISP16 NN interaction gives good agreement w/ experimental data up to 2C,
slightly overbound for €0, and clearly overbound for °Ne.

e Effective 2NF from 3NF in the XEFT has been tested in the MCSM.
e Cluster structure of Be isotopes can be visualized using MCSM wave functions.

Future perspective

e MCSM w/ SRG evolved XEFT interactions
* Check of convergence w.r.t. the basis space & extrapolation
e Cluster structure of carbon isotopes (3a structure, Hoyle state, ...)



EUTHIINOBRBERICKSIE—RETEOFLHESEDESE

R EYH]
— A=4-12 (*He-12C) ¢ pHEZDERE
— BRI A4FEFRET SHF-EFZ-FEIEANASRANMNICHETTI
—IXHDH RS L@ITSRAOAE'UTR—IL

N (2016£3H30-31H)
R'C‘;_ETLT'C&

— A=20(®Ne)EXT ¢« sdZEZZDIBD

— BREZER . 7EFR (B FEIIER) EFT > B ZTERERERK~DIEHAIEE

— NN LRBRIAD YT RA2—EED A AL (O FELEIRES)
— 1L2CHoylefkRE
— A~ 40(sdax#%) IR B ZERE 8 3%

— BHZEHIELEEEKADOTAN > ZEHDOESHIEEA
— ZERADOERIELTEAN
— RERMGAK (HoyleZEL) DISRAA—IEE DR

§|§%JL§E~'.—C‘V5’D—CL %);& mE ﬂ :
RARET
— ZERINOEREHLEEAN > xEFTORFQCDIZXS%T

—> B-PEROBEDRKNCEIE-—REFEICLSHHEH 16



Collaborators

U of Tokyo

Takaharu Otsuka (Department of Physics)
Noritaka Shimizu (CNS)

Tooru Yoshida (CNS)

Takayuki Miyagi (Department of Physics)
Sota Yoshida (Department of Physics)

JAEA

Yutaka Utsuno

lowa State U

James P. Vary
Pieter Maris

Kyushu Institute of Technology

Ryoji Okamoto

RCNP, Osaka U

Michio Kohno

17



