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“Ab initio” in low-energy nuclear structure physics

* Solve the non-relativistic many-body Schroedinger eq.
and obtain the eigenvalues and eigenvectors.

H|T) = E|T)
H =T+ Vx4 Van + -+ + Vooulomb

— Ab initio: All nucleons are active, and Hamiltonian consists of realistic NN
(+ 3N + ...) potentials.

* Two main sources of uncertainties:
— Nuclear forces (interactions btw/among nucleons)
In principle, they should be obtained (directly) by QCD.

— Many-body methods
Cl: Finite basis space (choice of basis function and truncation),

we have to extrapolate to infinite basis dimensions



Shell model (Configuration Interaction, Cl)

* Eigenvalue problem of large sparse Hamiltonian matirx

H|V) = E|D)

[ Hi Hyo Hys Hy Hys oo U, B, \ [/ ¥
Hy Hyy Hyz Hy \ ( U, \ ( B 0 ( Wy \
H3 Hzp Hsg U, —_— Es W3

- v, | — U,
Hy  Hass \II: v,
s . 0 .
| J\ ) \ AR
\ )
: - — daltal
.. \\/j — cel | —
Large sparse matrix (in M-scheme) 1) afr"aia’YT =

~ O(1013714)

-~ 0(1010) # non-zero MEs - T2 ;



M-scheme dimension in N

 truncation

shel
No-core calculations

| 4
20Ne 1 NN only
lower]sd-shell

1p-shell




Monte Carlo shell model (MCSM)

* |Importance truncation
Standard shell model

/*****---\ (EOE O\

* x k% 1
H - * %
* Diagonalization
All Slater determinants d > O(1019)

Monte Carlo shell model

* * . E{l)
: Diagonalization O
Important bases stochastically selected dmcsm ~ O(100)

Review: T. Otsuka , M. Honma, T. Mizusaki, N. Shimizu, Y. Utsuno, Prog. Part. Nucl. Phys. 47, 319 (2001)



Energies wrt # of basis & energy variance

“He(0*;gs)

12C(O+;gS)

Energy (MeV)

Energy (MeV)

] Nsher=d

shell™

Nghei=

shell—
shell™

Nshell = 2

Nshell = 3

JISP16 NN int.

o ~
Dy ~ 100 w/ optimum hw
, w/o Coulomb forge
Dy ™3 XAlO w/o spurious CoM treatment
A
Dy, ~ 4 x 10%s .
" . Dyv3x 105
P ‘' (AH?) = (H?) — (H)?

705 bttt NS Z 03 . ) = Fo 4 B {AHT) 4 Ex(AH?)? + -
. 5 10 15 20 25 30 35 40 45 50 50 100 150 200
MCSM basis dimension Energy Variance (MeV?)
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[ Nshell = 2 1 ~
60 [ 1 Dy ~ 100 E
i ] Dy ~ 8 x 107 E
-70 Nshell = 3 1 s A Exact result is unknown
sofF Dy, ~ 6 x 1011}
wn =" - . ¢
00 Hp, 2 mmmmmmnsssawmeeimy -\ - ﬂ,,‘ ¢ E
——————— DM ~ 6 X 1014 E
_100 PR S N T R SR S PR T R S S R
10 20 30 40 50 60 70 80 90 100 500 1000 1500 200(

MCSM basis dimension

Energy Variance (MeV2)



Energies of the Light Nuclei

&L YHI 0 JISP16 NN int.
REIZER] 4 E 5K 6He(O“)"Li(1+)7l_;(1 /2)) w/ optimum hw
-10 “Li(3/2) w/o Coulomb forc
= ()H0) 20 “He(0*) — SBe(0+)1OB(\;vi;) spurious CoM 3reatment
A 12 i'c — —_— 108(3+)
HRIZORS. 533;9; T T T e
s T
= — 1%
-60 — T
Ngpey MCSM FCI e
-70 2 - -
-80 i — i s,
-0 5 — TR extrp -- ——
NCFC FCI Lhbissl BERSsSEBERAGESS BEBSSERES
-100

D,, ~ 6 x 1014

Some MCSM results are not reachable in the current FCI

T. Abe, P. Maris, T. Otsuka, N. Shimizu, Y. Utsuno and J. P. Vary, Phys. Rev. C 86, 054301 (2012) o



Strong scaling (eigen functions & eigenvalues)

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

=(EE) 15360 F T T I
BRI 7TE 5% I |
11520
7680 -
3840 |
\ _ / _
\\ : //Nh:u:50 N I\!shelzll?3. | | a 8cores/cpu

Newei=4 0 3840 7680 11520 15360
Nyper=2 K computer
Nop=1 #cpu 10
el Total: 88,128 cpus



Strong scaling (energy variances)

* Energy variance (15t — 100t bases)

Scales over ~ 240,000 cores @ N, = 7 (*He) on K computer

=(I{#E) 30720 0 0 1 ! | I 2
BRI 7E% T |
23040 |-
15360 |
7680 |-
\ _ / _ -
\\ : I/Nh1”:50 L Nshell =9 L | 1 8 cores/cpu

Narer=4 0 7680 15360 23040 30720
\@{\Isiﬁi‘z He K computer
Nepe=1 pu 11
shel Total: 88,128 cpus



IR & UV-cutoff extrapolation

EMA) =EMN=0,A=00)+ aexp(—b/\) + cexp(—A?/d?)

‘He 0* g.s. P Asc: IR cutoff
JISP16 NN int. > A <—>/
-12 / / / ! 4 \ N
14 - (w/o Coulomb) AL 4 b -
_}g S Neret =2-7 ;7 A \ " N: U\/cutoff
B R s L LA ‘,"
-22 - " ] /l " \ /-hW

Energy (MeV)
N
N

e = /mhw/(N + 3/2) = A2/A
120 A= \/m(N + 3/2)hw

MCSM(IR- & UV-cutoff): -29.14(1) MeV
O(10) ke

V error
o] ¢ i

MeV)
c.f.) NCFC: -29.164(2) MeV Aoy {

Extrapolated results to infinite N, space (N, hw) <-> (A, \)



Comparison of MCSM results w/ experiments

10 F -
[ +: Experimental data (AME2012) |
X: MCSM w/ JISP16 NN int.

-4
—_ i Mmi 1 JISP16 NN int.
g_ Pre“mmary 1 (w/ perturbative Coulomb)
% -6 [“He (0*;g.s.) = :.:(IE,TIE)
c I 12C (0%g.5.) 1 2Kk DH
3 RO 2one (0vig.s) HEEIZERA 7%k
S 8 *Be (0g.s) | X+ L 4 RF20(sdFHI%)FET
- 4
E X
=> 160 (0*;g.s.)
>
()
—
LU

-12

MCSM results are obtained 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. i
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Density distribution from ab initio calc.

* Green’s function Monte Carlo (GFMC)
- “Intrinsic” density is constructed

by aligning the moment of inertia among
samples

R. B. Wiringa, S. C. Pieper, J. Carlson, & V. R.
Pandharipande, Phys. Rev. C62, 014001 (2000)

* No-core full configuration (NCFC)
- Translationally-invariant density is obtained

by deconvoluting the intrinsic & CM w.f.
C. Cockrell J. P. Vary & P. Maris,
Phys. Rev. C86, 034325 (2012)

Translatlonahy |nvar|ant §pace fl‘xed

* lattice EFT neutron-density: = iinettron-density
- Triangle structure in carbon-12 0*, & 2+1 #tates 0*, & 2*,/states
4
E. Epelbaum, H. Krebs, T. A. Lahde, -$— | | é?;%

D. Lee, & U.-G. Meissner, 94 | v/ |
Phys. Rev. Lett. 109, 252501 (2012) 9 CLIL




Density distribution in IVICSI\/I

= (CNS)
Npasis
o= 5o -1 M- H-

Rotation of each basis

by diagonalizing Q-moment
Npasis Nyasis

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

‘ 8Be 0* ground state .
Laboratory frame “Intrinsic” (body-fixed) frame

Angular-momentum projection

W) =

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; -
Progressin Theoretical and Experimental Physics, 01A205 (2012)
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Nuclear force from chiral EFT

Current standard input potenti

E. Epelbaum, Prog. Part. Nucl. Phys. 57, 654 (2006).
R. Machleidt and D. R. Entem, Phys. Rep. 503, 1 (2011).

al: xEFT N3LO NN + N2LO 3N

v Renormalization technique: SRG, V., «

v" 3N interaction: Full, NO2B approx

o) oo

v' Other input potentials: NNLO,,;, NNLO,, JISP16 NN, AV18 NN +IL7 3N, ...

2N Force 3N Force

Cwo| XU
e
any| L]

AN Force Effective NN forces from 3N forces
L — & — +
- + .

K. Hebeler, H. Kreb's, E. Epelbaum, J.

——mm————————————

19
Golak, & R. Skibinski, arXiv:1502.02977



Effective 2N force from 3N force

“He 0* g.s. energy calculated by FCI & no-core MCSM w/ XEFT N3LO NN (+ “N2LO 3N”) potential

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

1 1
(ki K ViR k) a = 3 (kG K. kalVizs k1, Kz, Ks) a. 5 2 (kika|Violkika)a + o5 > (kakoks|Viss|kikoks) a
k3 kylkea kykaks
A: antisymmetrized matrix element - % Z{klkgmg + %Vu{gﬂklkz)A.
Preliminary
20 7 S -] T T .
G e NN A
A A é'-:..-,:’f
’\10 — -
>
v
2 o0 - -
>
20
0 10 . -
L
-20 _ LT . _
i i
A=550 MeV =~ ° °
_30 ] | 1 1 ] | 1

0 10 20 30 40 50 60 70 80 O 10 20 30 40 50 60 70 80
hw (MeV) hw (MeV)

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