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Stochastic extension of the Lanczos method for nuclear shell-model calculations
with variational Monte Carlo method

Noritaka Shimizu 2*, Takahiro MizusakiP?, Kazunari Kaneko ¢
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where H is the Hamiltonian and ¢ = {cg,c1,C2, ..., cp} is a set
of variational parameters, which are determined by minimizina'
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» Brief introduction to the nuclear shell model/full configuration interaction

approach
*Quest for the effective interaction
A short tour to Sn isotopes

Truncation methods

System with identical particles: Novel aspects of the seniority coupling
Unexpected strong E1 transitions
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» Structure of nuclei around Z=50 and the stability of the Z=N=50 closed
shell
Breaking the presumed '°°Sn inert core




W Nuclear theory: guiding principles
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L1 The quest for the mean field
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The nuclear shell model, as we call it, is a full configuration
interaction approach. That is, it considers the mixing effect
of all possible configurations within a given model space.
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and many others.
Usually we stop at the second or third order (and do the dirt

trick).
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A phenomenological view
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FIG. 6. (Color online) Experimental [34, 37] and calculated g
ground-state energies of Ca isotopes, relative to that of “0Ca,

as a function of mass number A.
e Easier to handle
* Quantitatively good

Z. Xu, CQ, Phys. Lett. B (2013)
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The Microscopic picture

n
F-

lllllllllllllll[l'lllllll]l

=—a AME2003

nllllllllllllllllIIIIIIII

N | 'ITI‘AN
—— NN+3N (MBPT)
- NN+3N (emp)
KB3G -
GXPF1A -
! I L | 1 I | 17
28 29 30 31 32 33 34 35]
s
l | | | 1 | L]
28 29 30 31 32 33 34 35

Neutron Number N

A.T. Gallant et al., PRL 109, 032506 (2012)

Calculations with three-body interaction
J.D. Holt, T. Otsuka, A. Schwenk, and T. Suzuki, J. Phys. G 39, 085111 (2012).




M=0 states in Sn isotopes in different
model spaces
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More difficult due to Pauli principle
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Quest of the effective interaction
kgl cal effective interaction

A Brown and W. A. Richter, Phys. Rev. C 74, 034315 (2006).
, gxpf), 1990s

s*fpg, M. Honma et al., Phys. Rev. C 80, 064323 (2009)

s+gdsh, CQ, Z. Xu, Phys. Rev. C 86, 044323 (2012)

*»*Cross-shell fpg+gdsh to understand the effect of the N=50 shell

T. Back, CQ et al.PRC 87, 031306 (2013). gdsh
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¥ jj coupling instead of LS coupling
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properties of the effective interaction
The two-body interaction matrix elements in a single j shell (j*Jr|v|i*JT)
»|sovector (T=1): J=0,2,..,2J-1, J=0 term attractive (pairing), others close to zero
»Isoscalar (T=0): J=1,3,..,2j

<>strongly attractive monopole interaction (mean field)

<> Strong Quadrupole-Quadrupole correlation (which induces ‘deformation’)
<>The np interaction breaks the seniority coupling
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FIG. 3. Comparison of data from various multiplets with j;
=jy and T =1. The values of the matrix elements are divided
by E = }3,lJ1E; /3 ,[J] to display the similarities in the J de-
pendence (or 6 dependence) of the various multiplets.



4 Monopole Hamiltonian

nines average energy of eigenstates in a given
configuration.

» Important for binding energies, shell gaps

1 |3V, +V, 3
Hm - Egana +El+(§ ab4 = na(na _6ab)+(l/alb _KZ%)(]; ];) _Znaéab)

a asb ab

n_, T ..number, isospin operators of orbit a

a’ a

Monopole centroids
» Angular-momentum averaged effects of two-body interaction

» The monopole interaction itself does not induce mixing between
different configurations.

» Strong mixture of the wave function is mainly induced by the residual
J=0 pairing and QQ np interaction
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FIG. 5. (Color Online) The calculated shell model energies
(solid), E°™ =< H >, and contributions from monopole
Hamiltonian < H., > (open).
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FIG. 4. (Color online) Differences between experimental and
calculated binding energies EF‘XPI' — EC a¢ a function of valence
neutron number.
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[he ground and yrast excited states in Sn isotopes can be
-eproduced within an average deviation of about 130 keV.

V Random walk (Metropolis)
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FIG. 6. (Color Online) Experimental [17, 18, 67, 76| (open symbols) and calculated (solid symbols with dotted lines) excitation
energies of the low-lying even-spin states in nuclei 1°2-1398n,
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Orbital Dependent Nucleonic Pairing in the Lightest Known Isotopes of Tin

I. G. Darby,'? R.K. Grzywacz,' J. C. Batchelder,” C.R. Bingham,'* L. Cartegni,! C.J. Gross,> M. Hjorth-Jensen,’
D.T. Joss,” S.N. Liddick," W. Nazarewicz,'”” S. Padgett,' R.D. Page,6 T. Papcnbrock,l'3 M. M. Rajabali,1
1. Rotureau,' and K. P. Rykaczewski®
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ity coupling involving many shells

solve the pairing Hamiltonian exactly
»Low-seniority configurations are dominant
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FIG. 11. (Color Online) Solid symbol: The overlaps between
the wave functions |¥;) of the full Hamiltonian H and those of
the pairing Hamiltonian with Jy,. = 0 for the first 5/2% and
7/2" states in light odd-A Sn isotopes. Open symbol: Same
as above but only the non-diagonal pairing matrix elements
are considered.
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FIG. 7. (Color Online) Shell model occupancies, < 1\73- >

/(2j + 1), of the three higher-j shells in the ground states of
even tin isotopes.
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FIG. 8. (Color Online) Experimental [79, 80] and calculated
B(E2) values on the transitions of the 10} states in even Sn

isotopes. The lower panel gives the calculated occpancies of
the Ohyq/o orbital in the 10% and 87 states.
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FIG. 2 (color online). Magnetic (a) and quadrupole (b) mo-
ments of !'"12°Cd from this work. The experimental error bars
are smaller than the markers. A straight line is fitted through the
h11/, quadrupole moments, consistent with Eq. (2). The dashed
line indicates the effect of core polarization.
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Fig. 1 Evolution of the 5/2; and 11/27 levels in
antimony isotopes relative to 7/2"; compared
between experiment (circles) and theory (lines).
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Shell-model calculations of nuclei around mass 130

E. Teruya,"" N. Yoshinaga,!! K. Higashiyama,>* and A. Odahara®$
' Department of Physics, Saitama University, Saitama City 338-8570, Japan
2Department of Physics, Chiba Institute of Technology, Narashino, Chiba 275-0023, Japan
3Department of Physics, Osaka University, Osaka 560-0043, Japan
(Received 26 May 2015; published 21 September 2015)

Shell-model calculations are performed for even-even, odd-mass, and doubly-odd nuclei of Sn, Sb, Te, I, X
Cs, and Ba isotopes around mass 130 using the single-particle space made up of valence nucleons occupyir
the 0g7/2, 1ds;2, 251/2, Oh112, and 1ds; orbitals. The calculated energies and electromagnetic transitions a
compared with the experimental data. In addition, several typical isomers in this region are investigated.




Truncation approaches




Senlorlty coupling for many shells

Shell model calculations with a pairing Hamiltonian.

* The physical vector only spans the v=0 subspace

* There are as many independent solutions as states in the v=0
space.
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Particle number restriction

» A rather crude approximation
» Convergence can be slow, especially for
systems with no clear subshell structure

HOROI, BROWN, OTSUKA, HONMA, AND MIZUSAKI PHYSICAL REVIEW C 73, 061305(R) (2006)
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FIG. 1. The evolution of the first three 07, 2+, 4™, and 6* states as a function of the truncation level z.




Importance truncation (perturbation)

) #@. Navratil, PRL 99, 092501 (2009); R. Roth, PRC 79, 064324 (2009)
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Blanco et al, PRC 85, 034332 (2012)
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‘Monopole’ truncation
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yConstruction of the basis vectors

224 M scheme
"= Angular momentum conservation is imporant

jj coupled scheme
Expansion of the bases with good angular momentum as a function of M-scheme bases with

the help of projection or coefficients of fractional parentage.

T)) = 3 MimP|a), (4)

m<i

where P’ is the projection operator and |a) a set of
specially chosen M-scheme bases. M is a lower trian-
gle matrix.

Dimensions for 0" states of N=Z nuclei in fp shell
E+10[- -
*Nj

Dimensions

A—A M-scheme dimension
W—¥ Good-J dimension

I 1 1 1 1 1 1 1 1 I
E+00 1 3 5 7 9 11 13 15 17 19

Figure: Dimensions for the 0" states of N = Z nuclei in the fp-shell.



jojection operator

PJT — PJPT — PJ:JZPT.

ﬁ P —J(J +1)

JUJ+1) = (1)

P/ =
J'=Jz,J'#J

P =JJt+Jy(Jy + 1)
P. O. Lodwin, Rev. Mod. Phys. 36, 966 (1964).

The projection can be prohibitive time
consuming: NxM problem; Difficult to

construct the Hamiltonian matrix; Does not g o e
contain any information about the ”
Hamiltonian and, as a result, one still need to < ...!
diagonalize a huge NxN matrix. ol

M scheme + Lanczos diagonalization is a
cheaper ' ' ion i

1 1 1 1 1 1 1 1 1 1
r B0 57 9 11 13 15 17 19
.

Figure: Dimensions for the 07 states of N = Z nuclei in the fp-shell.



Lanczos approach

Usually the Lanczos iteration approach is used for the diagonalization since we only need the
lowest a few eigenstates

H operation enhances low-lying components. » Lanczos method can covert original matrix to

||[/0>,H |l//0>,H2 |l//0>,H3 ||//0>,- X tridiagonal one, which is easily diagonalized.

1
v)=—H'lw

k By, By L1/~ L)L P )PP
=y v [frc | 10u)=H18)-al6)-B.16..)
|W0>9 W1>3 ll/2>’ l//3>’.” H—> BZ%Z%:;B.;B 273 =<¢L|H|¢L>

Q.
+ We diagonalize the hamiltonian by these basis vectors. l *Bs o J B,={(¢,.|H|¢,)

As these vectors are non-orthgonal, we orthogonalize them.
E,>E,>E;>E,>E>E;
* These vectors are called Lanczos vectors.

* Ground state energy can be obtained by L Lanczos
vectors. We consider convergence of ground state
energy as a function of L.




Angular momentum conservation is important
The Hamiltonian itself is a good angular momentum

projector

Correlation between the diagonal matrix elements
and the amplitudes in the final wave function
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FIG. 5. Convergence of the correlated basis approach with
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2% states in ?®Si. The black and red lines show results based
on Eq.(1) and (2), respectively. See text for details.
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Ongoing works

Monte Carlo/Random sampling of the correlated bases

Now:

* Bases with a larger correlation energy are chosen sequentially

Next step:

Selection based on energy gain

* Bases with larger correlation energy be added with larger probability
e Bases contribute more to the total energy be kept.

* Bases contribute less be kept with certain probability

@ (©)= (Zp:cqnq)wt) (1)

q=0

where H is the Hamiltonian and ¢ = {cg,¢1,C2,...,Cp} is a set
of variational parameters, which are determined by minimizing
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> It was found (through numerical calculations) that one of the v=4 states remain

pure no matter the interaction conserve seniority or not!
Escuderos and L. Zamick, Phys. Rev. C 73, 044302(2006).
L. Zamick, Phys. Rev. C 75, 064305 (2007).

»>This special v=4 (J=4,6) state is an eigenstate of any Hamiltonian!
Ghost state?

H|Ghost) = E(H)|Ghost)

We don’t consider the trivial cases, say unique states with dimension one.

»The energy expressions of these states are given as

68 13 114
E(v=4)=—V,+V, +—=V +—V
(U= = Vot Vot Vet 5o W

19 12 336
EG(V:4)=HV2+ﬁV4+Vé+mV§-

>These s
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C. Qi, Z.X. Xu, R.J. Liotta.
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prmhing for the ghost states
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94Ru 11042 20~
"”“—;In—_: = TABLE II. The hindrance factors®*, H, for the observed El1
oz i ~v-ray transitions as deduced from the branching ratios and
lifetimes [30] of the initial states. Uncertainties are given in

g = parenthesis. AE, = £ 0.5 keV.
E, (keV) JT — J7 H x 10° (W)™
257 137 — 127 0.006(1)
462 15, — 147 0.051(5)
402 187 — 18™ 0.188(25)
1344 15, — 147 0.451(32)
227 127 — 11~ 0.57(27)
887 18] — 17+ 1.09(12)
- 438 57 — 4t 1.90(17)
I /’“' AN | 498 11~ — 10" 4.27(19)
2/3
. . - _'__“_, *H= (15.5A><J;(E1))
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FIG. 2. Partial level scheme of °*Ru showing spins and
parities deduced in the present work and in Ref. [17]. The
stars indicate spins and parities confirmed by our asymmetry-
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FIG. 3. (Color online) Comparison of the theoretical and experi-
mental B(E2;0; — 2%) values for the Te isotopic chain. The solid
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except 16-120Te (marked by small solid squares) while the dashed
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- Th - ing pi
e weak-coupling picture in Tel09, I109
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Summary

* Introduction to the nuclear shell model approach
**Properties of the effective interaction
s*Truncation methods
**Truncation based an a correlated basis

* Applications in Sn and neighboring isotopes

e Future looks prosperous
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