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e Shell-model wave function

3 e b

W)= v my) + vylmy) +  wv3|lmz) + -

Combinatorial explosion
Feasible up to ~ O(10%!) configurations

RFEEstE BT PiETF 0L RREEERE<
DAl TAaVA—AER H‘ ‘P> _ E‘ ‘P> \‘P} _ va‘m>

KRBT D E A BRI i R
S FaR k(o ko THIBE BEE 1S, > (m|H|m'W,, = Ev,

'

m



RF% =R E
FY—RRDEZNLURZFRTIE?
Solve Schrodinger’s Equation
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. anczos method in shell-model calc.

%6Nj shell-model calc. 10°-dimension sparse matrix

4GB Lanczos vector

E
(MBV) K 6+
-195 | 6+
5 2t pt
-196 |
4t 4+ i
2
il 0— o+
2 4t 6t +
198 6+ . —— 6+ 6+ 6+ 6+
w| e =, —
- L = 6+ 6|6+
+ 4+ " . @ _:1 5 41
-200 | 4t 6+ gE—0 7t 4 4+|4t A
o+ ) o Q‘E 61 ot ii - 21 " _5:5 2]+_ -
-201 2 0t—— 6% gt *+ot §+ 0F
4t ot
4|
202 | 4+ &+ b a+|or o 0
2+
=203 | 2t ot ot o+ 2t
204 | 0%
-205 L ot
0t ot + + + +
206 | 0 0 0 0
t=01 t=2 t=4 t=6 t=28 t=10 full Exp
Dimension 25 1353 497805 25 x 105 255 x 10° 771 x 10| 1.09 x 10°

Excitation energies of %°Ni

Ref. M. Horoi et al. Phys. Rev. C73 061305R (2006)
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o Lanczos;%&(C kB E Xt A1t t-particle t-hole truncation scheme
« Pair-truncated shell model (Higashiyama, Yoshinaga)
« Shell Model Monte Carlo
(fRBNZEFELTHILAE)
« EVTHILOFFIRE(MCSM)
« Generator Coordinate Method, VAMPIR, and so on...

#HESEFETHILOE S.E.Koonin ef al, Phys. Rep. 278, 1 (1997)
FAhE ‘g.s.> oC }}im e‘m‘ ¢0> NIINZTUHIF2IKEEF

Hubbard-Stratonovich Z
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M. Honma et al., Phys. Rev. Lett. 77 3315 (1996)

MCSM EEZfHBIBETHILEEIZE DLV XA SKRD B:
— Aﬂ'hi(a)
‘¢(a)> — H e ‘ ¢<o)>.

NS o HORSHIZE-T
REIEFEEL DY

NEDMCSMEEIZL > TN I=E 5T ER T
KENEZRCR T 5
N yesu MCSMEE D £ (~100)
©)= D c|p(0)),
i=1

NHEDOMCSMER L., ELBIZESDVWTERSN-ZHDOEELL
BEIFEZTITAIIGEEIN-DHDEKETHD,




MCSMEE

N/ =hEHEE C).. AREDTREDEREET
Slater 1751z
N NSp .‘_
) = Hl Z ¢, Dia | | =)
«

—RNIIIN=ZTUODERIZEST
") EEORBEZLL

(Baker-Haussdorf theorem)

g@)=TTe"""

i




M. Honma, T. Mizusaki, and T. Otsuka, Phys. Rev. Lett. 77 3315 (1996)

10 J

<JJ>

1 10 100 1000 1 10 100 1000
QMCD basis dimension QMCD basis dimension

FIG. 1. (a) Energies and (b) expectation values of J - J of the
lowest six states of **Mg plotted as a function of the QMCD
basis dimension, with N, = 20 and A = 0.07 (MeV™!). The
exact values are shown by symbols. Different symbols indicate
different angular momenta.
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Otsuka, Honma, Mizusaki, Shimizu,
Monte Carlo Shell Model Utsuno, PPNP47, 319 (2001)
a tool to go beyond the conventional Lanczos diagonalization method

for Large-Scale Shell Model calculations _ _
/v s N , 0 Huge M-scheme dimension
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MCSM®DURERTE with J projection

SSNi MCSM results 108
(FPD6 1nteraction)
~200
8 protons and 8 neutrons %
in pf-shell
~202

1.1 x 10° M-scheme dimension

Slater determinant MCSM basis

NG

0

100
MCSM basis dimension

Ref. T.Otsuka, M.Honma, T.Mizusaki, N.Shimizu, and Y.Utsuno
Prog. Part. Nucl. Phys. 46 319(2001)
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>°Ni in pf shell, 0*;, 10° M-scheme dimension
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Extrapolation method using energy variance

Prepare a sequence of approximated wave function

D), | D, )| D)),y | D)

better approximation
Energy variance is defined as

(AH), =(H?) ~(H)

If the wave function is the exact eigenstate
of Hamiltonian, energy variance is zero

(AH*)=0

-1.14 4

-

—

th
1

rl

[

-
1

-

-

Q
1

L=98

=
—
- ]
1

Energy per site

-1.19 _‘-"-./

0.000 0.001 0.002

If it is an approximate eigenstate,

<H>:Eo+a<AH2>+b<AH2>2+... Variance

Variational Monte Carlo in Hubbard model
Ref. S. Sorella : cond-mat/0009149,

extrapolate <AH2>—>0 so that Phys. Rev. B 64, 024512 (2001)
<H> becomes E , true energy.

With a sequence of approximate energies,



Extrapolation using energy variance

Path Integral Renormalization Group method Application to nuclear shell-model calculations

Hubbard U=4, 4x4, energy extrapolation

=29 5f

0O Spin and Momentum |

—29.6 .t
Projection

. o e =1
) # 5pin Projection < 0.05 m 1
0 0.002 0.004 0.006 - . -
{(<E*>—<E>") [ <E>* % 20 40 % 10 20 30

AE [MeV] AE [h..-le\_.-"z]

M. Imada and T. Kashima, J. Phys. Soc. Jpn. 69, 2723 (2000).

T. Mizusaki and M. Imada, PRB 69, 125110 (2004
ZusaKt and vl Imada, / (2004) 1 Mizusaki and M. Imada Phys. Rev. C65 064319 (2002)

T. Mizusaki and M. Imada Phys. Rev. C68 041301 (2003)
T. Mizusaki, Phys. Rev. C70 044316 (2004)




NS, Y. Utsuno, T. Mizusaki, T. Otsuka, T. Abe and M. Honma,
Phys. Rev. C 82, 061305(R) (2010)
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Obstacle of the MCSM+extrapolation: computation
time for energy variance, <H*>

The expectation value of general four-body operator in deformed Slater
determinants is obtained by Wick’s theorem :

r {t'"‘! i 1 -
l o z_ Tl o v ZVUHC C. Cle

el iy i<j,k<l

[-:1 Paall plpvitss (1 plall phispages Note that v, is more complicated
(1 pll pleapiesi 01 plall pleapgos than simple Hubbard model.

+ (L= P Pay — B [L—p Vi thasy

— (L = 011300 s+ peul L — lkaen o Hubbard model: nearest sites
prall phispwrss | w1l Pl Nuclear shell model:
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8-fold loops, 24 terms

\ . . r \ 3
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6-fold loops, products of dense block matrices

N. Shimizu, Y. Utsuno, T. Mizusaki, T. Otsuka, T. Abe, and M. Honma, Phys. Rev. C 82, 061305(R) (2010).



Energy variance extrapolation in the MCSM: ®4Ge in pfg9-shell

T T T T T T T T T T T

%4Ge in pfg9-shell, 104 dii_n
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Extrapolate to 10'}
... impossible

Energy (MeV)

-305F o L
_ % MCSM
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0 50 100
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Energy variance: <AH2> = <H2> - <H>2

As the number of basis states increases,

the approximated w.f. approaches the exact one

and the energy variance approaches zero.
Extrapolate towards <AH2> —>

Energy of *Gein pf+g9/2 model space
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“Advanced” Monte Carlo Shell Model at K computer

T. Otsuka, M. Honma, T. Mizusaki, NS, and Y.

Utsuno, Prog. Part. Nucl. Phys. 47, 319 (2001). Honma, Phys. Rev. C 82, 061305(R) (2010).

-302r Precise estimation of energy eigenvalues

PC cluster with energy-variance extrapolation

100CPU

—, VY
~304} . =4 4

O+
306 — _// | NS et al., Phys. Rev. C 85

054301(2012).

Parallel efficiency

Energy [MeV]
N, 2
©
\
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.'.
. .

35

Nshell=5  +

NS, Y. Utsuno, T. Mizusaki, T. Otsuka, T. Abe, and M.

. + basis reordering technique

30 .
aE) ideal 0 10 20 .
% = Energy Variance [MeV’] Energy grad|ent for
g % optimization of wave function
Q 15 —_
%Ef 10 5
~ 5B Production run @ K computer -
’ 1000~4800 nodes in parallel, 10~48 hours / a job i
5 FLOPS performance / peak 15~40% i
ben (average ~20%) T s
- ] II:.':I EIIZII -
NS, T."Roe =~ ——OtSOTTO T Fa J¢ Wa ks [fab™
Yoshida, T. Mizusaki, M. Honma and T. ) .
Otsuka, Prog. Theor. Exp. Phys. 2012 R il ) 8 times
01A205 (2012). N = =i acceleration

ILitlriz M, =10 “fhumh=lf:!:'l
List vectlar M _n_||=.4 Nh"n:_=.'l[]

Y. Utsuno, NS, T. Otsuka, and T. Abe, 6
Comp. Phys. Comm. 184 102 (2013). K computer
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Y. Tsunoda, T. Otsuka, NS, M. Honma and Y. Utsuno,
Phys. Rev. C 89, 031301(R) (2014)

MEMEREIZELSD
IRILX—m

-
LY

A FEMel)

-2l

=300

=30

<30
.

-
ikl
cefarmation

-

praa
detormation

sphwriczal

5 X 10%> M-scheme dimension
EUTHILOZRIREER + T THO TEHERIEEIC



%8Nj 0* states < different shapes

 Distribution of circles represents . 0*, : oblate

fluctuation of shapes T
in the many-body eigenstates _ l
* A given eigenstate is a superposition -
of components of similar shapes | g
Shape i q
symmetry axis coexistence T T T
/ el
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T. Yoshida, T. Abe, NS, T. Otsuka, J. Phys.: Conf. Ser. 569, 012063 (2014)
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N. Tsunoda et al., arXiv:1601.06442

Microscopic derivation of effective
interaction in medium-heavy nuclei
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