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Why quantum lattice models?

* QLM: quantum spin models, bosonic Hubbard models, etc
» Effects of strong correlations in multi-degree-of-freedom systems
* various types of long-range order Jay

 quantum disordered phase bt

> (SFS; +878H+J° ) S:S;
S : (4,4) (4,4)
(quantum liquids, spin gap phases)

* phase transitions and critical phenomena
* 1st order transitions, continuous phase

transitions, quantum critical point
» Universality
 depends on few parameters: dimensionality,
symmetry of order parameter, etc
» Powerful unbiased simulation algorithms
* quantum Monte Carlo methods
* exact diagonalization, DMRG, etc

126 H15H%EH 12



Deconfined critical phenomena

* Possibility of continuous phase transition between two symmetry broken
phases = Novel critical phenomena due to quantum interference

Neel state VBS state Emergence of U(1) symmetry
TN oSS,
/S A LA AT - R R ! L
O TS T -
Senthil, et al (2004
v v/ S S Neel DeP . vBs1 g
broken Sugi)n:s;czginal not broken
SRR lattice rotational broken z
symmetry *

* SU(2) symmetric NCCP' model (Kukulov et al 2008)
= weak 1st order?

* SU(N) J-Q model (Lou et al 2009)
= consistent with DCP scenario

2_(14m) 2_(14m)
7 o S M 5 3
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Spin ladder material NaxFe2(C204)3(H20)>
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Yamaguchi, Kimura, Honda, Okunishi, Todo, Kindo, Hagiwara (2009)
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Orbital ordering in e, orbital systems

* Mott insulators with partially filled d-shells

 Non-trivial interplay of charge, spin, and
orbital degrees of freedom

» Effective Hamiltonian for orbital degrees of freedom (120° model)

1
Hio==- Y 7 |LTiTE, +3LTETE,

1,Y=x,Y

e i, Tfo_M)} s dr

orbiton gap A

T* polarized g=ff;
#l
L m(:cynpla,nes)

Jmix /Jz

van Rynbach, Todo, Trebst (2010)
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Supersolid in extended Bose-Hubbard model

25
* Interacting soft-core bosons s
; ; I _ 015
H=—1D, (aja;j+aa;) + 2> nin; + EUE = e
(i) (i) i i 0.1
: . 0.05
* Supersolid = co-existence of : | | |
diagonal long-range order (=solid) and Sl ey
off-diagonal long-range order (=superfluid) 0.3 | ! | 1.4
» Experimental realization: optical lattice 0.25 gngtﬂgg SR iR
(L=12) 1
P = o}
D (L=10) =
Psl ) 0.8
G &
0.6
0.1 o
0.05 0.2
0 0

0 G G
(c) T/U

Yamamoto, Todo, Miyashita (2009)

http://www.uibk.ac.at/th-physik/qo
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Impurity induced long-range order

 quantum fluctuations + impurities = long-range order?

» static dimerization + static impurities

* site or bond randomness
* spontaneous dimerization? — o e
 quantum effects of phonons

0.2

0.15

site dilution bond dilution

Yasuda, et al (2002), Yasuda et al (2006)

126 H15H%EH
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World-line QMC for lattice models

* Progress since 1990s

Direct simulation in imaginary time continuum

Alternative representation based on high-temperature expansion (SSE)
Simulation in grand-canonical ensemble

Solving critical slowing down by cluster updates (loop algorithm, etc)
Worm (directed-loop) updates for systems with less symmetries

Large spin size S = 1, bosons

Off-diagonal correlation functions

Solving negative sign problem (only for very special models)
Extended ensemble Monte Carlo method (quantum Wang-Landau)
Order-N method for long-range interaction

Non-trivial parallelization of loops using MPI and OpenMp

Using balance-condition instead of DBC

126 H15H%EH
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The ALPS project

ALPS = Algorithms and Libraries for Physics Simulations l

International collaboration for developing open-source softwares for
simulation of quantum lattice models, such as quantum spin systems,
electron systems, etc

AI_PS lerarles — CO”eCthn Of generlc Parameter XML Files Lattice XML File Model XML File
C++ libraries \ \ /
ALPS Applications = collection of Quantum Lattce Model

ALPS Framework = environment for

application packages using modern
s e e
Quantum Monte Carlo Exact Diagonalization DMRG

executing large-scale parallel simulations

Outputs in XML Format

including XML schemas, tools, scheduler, etc

iy
.ig§i§

i
'

i
i

nttp://alps.comp-phys.org/
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Parameter File

LATTICE = "square lattice"
MODEL = "spin"

L = 16

JIxy =1

Jz = 2

SWEEPS = 10000

THERMALIZATION = 1000

{T 0.1}
{T=0.2}
{T=20.51}
{7 1.0 }
parameter2xml
tool

Parameter XML File

application programs

Plots

Lattice XML File
square lattice

<LATTICES>
<LATTICE name="square lattice" dimension="2">
<PARAMETER name="a" default="1"/>
<BASIS><VECTOR>a 0</VECTOR><VECTOR>0 a</VECTOR></BASIS>
</LATTICE>
<UNITCELL name="simple2d" dimension="2">
<VERTEX/>
<EDGE>
<SOURCE vertex="1" offset="0 0"/>
<TARGET vertex="1" offset="0 1"/>
</EDGE>
<EDGE>
<SOURCE vertex="1" offset="0 0"/>
<TARGET vertex="1" offset="1 0"/>
</EDGE>
</UNITCELL>
<LATTICEGRAPH name="square lattice">
<FINITELATTICE>
<LATTICE ref="square lattice"/>
<EXTENT dimension="1" size="L"/>
<EXTENT dimension="2" size="L"/>
<BOUNDARY type="periodic"/>

</FINITELATTICE>
<UNITCELL ref="simple2d"/>
</LATTICEGRAPH>
</LATTICES>

A Simulation using ALPS

Model XML File

H=] 3 [S:87+(S;S; +5;5)/2]-h T S

<ij>

<MODELS>
<BASIS name="spin">
<SITEBASIS name="spin">
<PARAMETER name="local_S" default="1/2"/>

<QUANTUMNUMBER name="S" min="local S" max="local S"/>
<QUANTUMNUMBER name="Sz" min="-S" max="S"/>

<OPERATOR name="Sz" matrixelement="Sz"/>

<OPERATOR name="Splus" matrixelement="sqrt (S* (S+1)-Sz* (Sz+1))">

<CHANGE quantumnumber="Sz" change="1"/>
</OPERATOR>

<OPERATOR name="Sminus" matrixelement="sqgrt (S* (S+1)-Sz* (Sz-1))">

<CHANGE quantumnumber="Sz" change="-1"/>

</OPERATOR>
</SITEBASIS>
</BASIS>
<HAMILTONIAN name="spin">
<PARAMETER name="J" default="1"/>
<PARAMETER name="h" default="0"/>
<BASIS ref="spin"/>
<SITETERM>
-h * Sz (1)
</SITETERM>
<BONDTERM source=

target="j">

J * (Sz(i)*Sz(j) + (Splus(i)*Sminus(j)+Sminus(i)*Splus(j)))/2

</BONDTERM>
</HAMILTONIAN>
</MODELS>

Quantum Lattice Model

Quantum Monte Carlo

Exact Diagonalization DMRG

DMFT

Python based evaluation tools

-<‘..lII---------------------------------------- (:)llt‘)llts ir' }1[)I:5 é§ )(ﬁv‘l

126 H15H%EH
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ALPS Lattice XML

periodic chain with length L

<LATTICE name="chain lattice" dimension="1">
<BASIS><VECTOR> 1 </VECTOR></BASIS>
= ALPIEES

<UNITCELL name="simple1d" dimension="1" vertices="1">
<EDGE>
= S@IREEReieSiERelSeiEe AR GERVee =St onscisSil e
< EBGE=
</UNITCELL>

<LATTICEGRAPH name = "chain lattice"> fem | ot |
<FINITELATTICE>
<LATTICE ref="chain lattice"/>
PR ETERSame=lit =
<EXTENT size ="L"/>
<BOUNDARY type="periodic"/>
</FINITELATTICE> 1 2 3 4 5
<UNITCELL ref="simple1d"/> = = 2 = &
IV R GEE RS

126 H15H%EH



A more complex example

<UNITCELL name="kondo2d" dimension="2">

<VERTEX type="0"><COORDINATE> 0.3 0.7 </COORDINATE></VERTEX>
<VERTEX type="1"><COORDINATE> 0.6 0.3 </COORDINATE></VERTEX>
<EDGE><SOURCE vertex="1"/><TARGET vertex="1" offset="1 0"/></EDGE>
<EDGE><SOURCE vertex="1"/><TARGET vertex="1" offset="0 1"/></EDGE>

=BG EWpe=dixe S OURERVe = v A ARGisvefex=25 /=0 Gl

</UNITCELL>

<LATTICEGRAPH name = "2D Kondo lat
<FINITELATTICE>
<LATTICE dimension="2"/>

<PARAM™™""
o :
<BOUNI |
</FINITEL | ™
<UNITCE] <o) b oo
</LATTICEC | B

N
------------------------------------

™

™

™

e

™

e

e

™

126 H15H%EH
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Model XML for describing Hamiltonian

XXZ spin model with two types of bonds (e.g. nearest and next nearest neighbor interactions)

<HAMILTONIAN name="spin”>
<PARAMETER name=")z" default=")"/>
<PARAMETER name=")xy” default=")"/>
<PARAMETER name=")" default="1"/>
<PARAMETER name=")z"" default="}""/>
<PARAMETER name="]xy'” default="]""/>
<PARAMETER name=")"" default="0"/>
<PARAMETER name="h" default="0"/>
= BASISTei=dspiny
<SITETERM site="i"> -h * Sz(i) </SITETERM>
<BONDTERM type="0" source="1" target="}">
Jz * Sz(i) * Sz(j) + Jxy * (Splus(x)*Sminus(y)+Sminus(x)*Splus(y)) / 2
</BONDTERM>
<BONDTERM type="1" source="1" target="}">
Jz' * Sz(i) * Sz(j) + Jxy' * (Splus(x)*Sminus(y)+Sminus(x)*Splus(y)) / 2
</BONDTERM>
</HAMILTONIAN>

zZ Qz Jﬂ? = T <
(4,7) 4

126 H15H%EH
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ALPS framework and “K Computer”

ALPS/looper library| |+ parallelization within MCS

tools

applications

domain-specific
libraries

numerics

generic C++

C / Fortran

XML magipulation ~ GUI  database

MC ED  DMRG
/

ALPS/parapack library

lattice model observables

random ublas iterative eigenvalue solver

multiple-level
parallelization
adaptors for extended
ensembles

Boost library
graph serialization XML/XSLT

BLAS LAPACK  MPI

126 H15H%EH
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Windows, Mac OS X B/I\1F+ VA2V A M—7

ALPS 20 PwbrPod DatF—FAJLIDCTF

D= FI L ALPS 200 A= ILESTFLTLVEE T,
tzo b e S Sl o T AT T — g e T

2 2 U e il Tl SO S e el -t
e 1, VAT VAR SRS LI

el 2l 1 D] 2 DT RS s

Lo > | [ etz |

for Windows

o s 2o,z b7y 7 S - =

for Mac OS X

126 H15H%EH

28



B e 2 B b B =T s R (e S Wi OB T oy

LrA&—1| @ #LLeT - Googl... | | ALPS

a3 WisTrails Builder - dmift-05-osmt. vi* _ o] x|
File Edit Wiew Run Vistrail Packages Help
B ¢ || & 8§ H VI N
Mew Open Save Undo  FRedo Execute Pipeline History  Cuery  Exploration Select Pan  Zoom
Maodules B X | dmft-05-osmtt* I x|
Qa I LI X Methods g X
Persistence il oo b % I ll £
arloSolverPammeters
= ALPS Method | Signature |
- DataSet = SheetReference
[+ Tools . MinColumnCount (Integer)
- Parameters -~ MinRowCount  (Integer)
&1 Lattices (String)
[+ Models
- Applications
[+ Dataset
vtlCreator Set Methods B x
Control Flow : MinColumnGount bd
- Boolean L
- Color MinRowCount XL
; GetResuliFiles
ConcatenateString Al ey I.2
- Constant moo0O0 Z 1
- Directory < 5 || String [dmft-05 ]
- FileSink ﬂ 2
- Float 4
Ujujulm] 3
- InputPort - "‘
Y
—IJ.E| : : : : ]
0 5 10 15 20 25 30
T
¥=20.6649 y=-0.401384 ¥
CAPE P

| EP crest edo.jasa.go.j... ”-" 3 python.exe ~ o AfE™ 5‘9]| 2]
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http://www.vistrails.org/
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ALPS version 2.1 & ALPS/looper version 4.0
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open source software for strongly correlated systems
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http://iopscience.iop.org/1742-5468/2011/05/P05001
http://iopscience.iop.org/1742-5468/2011/05/P05001

World-line QMC for lattice models

* Progress since 1990s

Direct simulation in imaginary time continuum

Alternative representation based on high-temperature expansion (SSE)
Simulation in grand-canonical ensemble

Solving critical slowing down by cluster updates (loop algorithm, etc)
Worm (directed-loop) updates for systems with less symmetries

Large spin size S = 1, bosons

Off-diagonal correlation functions

Solving negative sign problem (only for very special models)
Extended ensemble Monte Carlo method (quantum Wang-Landau)
Order-N method for long-range interaction

Non-trivial parallelization of loops using MPI and OpenMp

Using balance-condition instead of DBC
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(Continuous imaginary-time loop algorithm quantum Monte Carlo method)
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One Monte Carlo step in loop algorithm

il Rt RO Gnnd

(J (J A

cluster L |- =
labeling | identification loop flip

—| |~ = U =7 = EJ\ —
L

A e R R

world-line configuration graph loops next configuration

1\

parallelization of loop algorithm is nontrivial!

* insertion of operators/cuts with constant density = Poisson process

* cluster identification = non-local operations on trees/lists

» cf) conventional local flip is easy to parallelize, but is suffered from
critical slowing down ~(system size)
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Parallelization of loop algorithm

e distributing world-line configuration to several processors

—
A
|
|

O j
J
C
:L.
O

* (d+1)-dimensional lattice is split into Np slices with equal
imaginary time thickness

* labeling process can be performed independently on each
process

126 H15H%EH
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Parallelization of loop algorithm

* binary-tree algorithm for cluster identification

gt g

» overhead of parallelization is (N log NQ/(%) — N lleye 8
p

(negligible at very low temperatures)
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Further Optimization

de7 e —0O T O O—=((rode7)
. : : (odet)y—{ masr }—O—{ e } O Ti O—(ie)
* Introduction of butterfly-type communication (o = ey
* eliminates overhead in distribute process SR e PR '
* majority vote trick to determine loop S S W Ti s
directions with minimum communication — “ 'y “ I § ° O—(@ED
: (rode 0 ) master master | O S (rode0)
» efficient for high-dimensional torus s o e
 Reduction of number of stages i B T
/ g / . : . o - - —O—(anke)
* ‘bucket brigade” adjacent communication =i g )
» effective for low-dimensional torus @D oL }—Oofj—o0—GD
. : . ; Go—{ ] ] o—m O——(ani3)
» Hybrid parallelization with MPI and OpenMP i _ SEIEe | IR
| e . S
s mititicthreadipanallelization Wit @pen ViR e e Ja v mtee L hacrl s oras)
EGoO— o1 ] O——+(m0)
* inter-node parallelization with MPI oo e o e o e

* reduces memory and communication overhead in each node
* fine-grained parallelization of cluster identification by introducing
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Asynchronous wait-free union-find algorithm

i

A

1.find root of each cluster/tree
2.unify two clusters
3.compress path to the new root

e [ocking whole clusters (e.g. by using
“omp critical”) is

e finding root and path compression are
“thread-safe”

e wait-free unification by using CAS

(compare-and-swap) atomic operation
8 | ; T ! I l I

7 b
e

e e

speed up

1 2 3 4 5 6 7 8

number of threads

126 H15H%EH

37



5L

e RICKRIFARAFa1—=2IIKNA

W S EELDP L B

R AT LTDIASEBEHERE

24576

382944

et

15%

54.4%

58%

e P R e e rase v e J— &
L ! i@'fgﬂ%ﬁﬂﬁ
i [ F i R N ARG WAL A —/R—Aw R
o 1000 o S — P - y
S . z ; ; ; ! e
- i ‘
8 L : : : g - TR e T e T
o : : : : o
z 100 e s CH e - Sl alnts
- a ; z e . ey L el
el s iy R
I s SR S b e S
B 3 : : ] b 2
] AL S Y g Y o
1 L el el el el L 1 &z
1 10 100 1000 10000 100000 0 Leatmat

number of nodes

c J4—JART—Y > 24576/ —K:12288./ — K =98.66%
e MIPS{E : 0.164 PIPS (FEiH

S O Oy =

; L L ral el P
1 10 100 1000 10000 100000

number of nodes

—— 7 EBED10.4%)

e FLOPS{& : 7.63 TFLOPS (]

y=

i

E— 7 5EED 0.243%)

126 H15H%EH




ALPS/looper ICX % "Iy &FRFTHE
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T

* Problem:

Choose an integer x € [1, M| according to

— 7« 77 A2 - Walker’s method

P(2)}

* Worst solution: rejection method - O(M)

* Bad solution: exhaustive (linear) search on

cumulative distribution - O(M)

0.00l_"""llllllllllll||||||

,,,,,, benchmarkr.esultl,;

* Passing solution: binary search on
cumulative distribution - O(log M)

0.0001

e Best solution: O(1)

Walker’s method of aliases

- time {sec)

le-05 |
le-06 |

3 B &
LS e e i BN NN ORI s I e e e el ]
HoE o ‘ .»._.;_.-I ]

1le-07 |

le-08

e = O(N) Monte Carlo method for
long-range interaction (Fukui-Todo 2009)

% lllll :ll--lFllIS.l.'i'..‘

hnear search

: O,@@»%O‘O

86
g @ 68 Walker’s method

A . N
10 100 1000 10000100000 1e+06 1e+07 1e+08
N
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O(N) MC method for long-range interaction

benchmark for classical « satisfies balance condition rigorously
mean-field model (no systematic error)

iy S G « O(N) cluster algorithm (for unfrustrated
10 F o= infinity e ,SOOxfaster,-_; models)

R e e R M b

1 L S S e e R W Wi ]

Fas gl s =2 ] * O(N) energy measurement

et R oanr e e b.&

B Sl , Ezzzge‘:?’—g"‘"’: fffff - e O(N) replica exchange MC

sec / MCS

DOV N iy e P A SRS .
i S ,:g;;;gﬁ?‘—” | « O(N) Wang-Landau method
[Ci0L e e D e -

[S056EEe Shs i e i TR e ; « O(N) quantum Monte Carlo
= 2= ; ; 3
le0p Lot
10 100 1000 10000 100000
N

Fukui-Todo 2008
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Kosterlitz-Thouless transition in long-range
interacting transverse-field Ising chain

0.25

0.2

0.15 |

0.1

DI0SHE = e
L=8,1632,64,.,1048576 .%o = "

0

| | | ¢ BB Hp B
0.2 0.25 0.3 0.35 0.4 0.45 0.5
T8/

(2m*- 1) log (L/L,)

cf. 2D quantum XY model
Harada and Kawashima (1998)

Fukui-Todo 2008
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Inside Walker’s method: weight landfill

* Preparation of two tables: A(n) and C(n)

1

P(n): 0.290.27 0.26 0.18  C(n): 0.88 0.92 1.00 0.72 k
Afmpaa D Ses X 1

* Random integer generation:

if u< C(k) then x =k else x=A(k) (with u [O<u<1] and k [1<=k<=N])

* Key ingredient: specific procedure of landfilling Bl — - 5 H |

* Another application of landfilling approach T e
* Monte Carlo satistying BC (without DBC) B _’EF =
acceleration by rejection-free updates e _,%F o=
Suwa-Todo 2010 ——7:4 _,% ~ %ﬁ
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Summary & Outlook
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