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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 gy

 quantum disordered phase bt

> (SFS; +878H)+J > SiS;
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




Deconfined critical phenomena

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

Emergence of U(1) symmetry

VBS-II

Senthil, et al (2004)

Neel state VBS state
A A oo,
A Y O T T :
A A A4 e

O TS T
v OO o .
broken Sugi)n:s;czginal not broken
el et lattice rotational broken

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

‘DCP




Spin ladder material NaxFe2(C204)3(H20)>
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Supersolid in extended Bose-Hubbard model

* Interacting soft-core bosons

1
H=—1, (a:faj - a,-a;) ) nin; + EUE ni(n;—1) -

(ij) (ij)

* Supersolid = co-existence of
diagonal long-range order (=solid) and

off-diagonal long-range order (=superfluid)

 Experimental realization: optical lattice

http://www.uibk.ac.at/th-physik/qo
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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

11
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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 [ 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)




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

15



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)




Further Optimization

e’ e [ T O O—=((node7)
g ) ; (node 6 }— master f—C—— slave } O Tl O—=(0de6)
* Introduction of butterfly-type communication (o = ey
» eliminates overhead in distribute process T P e ’
* majority vote trick to determine loop S S W Ti s
directions with minimum communication ™y Il § ° 0D
P . , : D (i} —O— {0 S e
» efficient for high-dimensional torus s o e
 Reduction of number of stages o)
/ ; T s RS C— —e O—(GiD)
* ‘bucket brigade’ adjacent communication WH, S oo
» effective for low-dimensional torus G oG
. . . G (M I | O '—J O— [ rank 3
» Hybrid parallelization with MPl and OpenMP __ I, _ 1T g e
. S : m
» multi-thread parallelization with Open MP &0 00—
: e : )
* inter-node parallelization with MPI e o e e

reduces memory and communication overhead in each node
fine-grained parallelization of cluster identification by introducing

17



Asynchronous wait-free union-find algorithm

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 too expensive

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

e wait-free unification by using CAS

(compare-and-swap) atomic operation
R A e P e e CA P

speed up

I | | | | |
1 2 3 4 5 6 7 8

number of threads

18
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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/

21



ALPSZOY 7 D BIE

STEYEIEOIRIR
c AETI—TEBICEFNZFNESO—R

s VX2 L—YavaRTHSERBICESO—FR
e PILTYXLIXET EFIEHIC
BEMEDOIZWALRAOER

S TEEEY 5 2 |5 0D

4:'15
<

gD 77 )L ) X L7z W e “community code” DR
RBEAHNAEZR EDHDC++Z1(TZ ) - TL—LT— IS
m— ALAFERDRELEZFNICH EDL T—I@ITY —ILDIERK
STEYIEOFEFRLIT TR, ERK - EERICHFEZDYIaL—

m

AT E T har TF

22



Parameter File

A Simulation using ALPS

Lattice XML File Model XML File
square lattice H=] 3 [SiS;+(S;S; +5;8/)/2]-h T §;

<ij>
<LATTICES>
<LATTICE name="square lattice" dimension="2">
<PARAMETER name="a" default="1"/>
<BASIS><VECTOR>a 0</VECTOR><VECTOR>0 a</VECTOR></BASIS>

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

</LATTICE> ) ) ) <QUANTUMNUMBER name="S" min="local_S" max="local_S"/>
LATTICE = "square lattice" <UNITCELL name="simple2d" dimension="2"> <QUANTUMNUMBER name="Sz" min="-S" max="S"/> B
MODEL = "spin" <VERTEX/> <OPERATOR name="Sz" matrixelement="Sz"/>
L =16 <EDGE> <OPERATOR name="Splus" matrixelement="sqrt (S* (S+1)-Sz* (Sz+1))">
Jxy =1 <SOURCE vertex="1" offset="0 0"/> <CHANGE quantumnumber="Sz" change="1"/>
Jz = 9 <TARGET vertex="1" offset="0 1"/> </OPERATOR>
SWEEPS = 10000 </EDGE> <OPERATOR name="Sminus" matrixelement="sqrt (S* (S+1)-Sz* (Sz-1))">
THERMALIZATION = 1000 <EDGE> <CHANGE quantumnumber="Sz" change="-1"/>
<SOURCE vertex="1" offset="0 0"/> </OPERATOR>
(T 0.1} <TARGET vertex="1" offset="1 0"/> </SITEBASIS>
{(T=0.2} </EDGE> </BASIS>
{T=0.5} </UNITCELL> ) <HAMILTONIAN name="spin">
(T 1.0 } <LATTICEGRAPH name="square lattice"> <PARAMETER name="J" default="1"/>
LEININTLEIICITS ‘ <PARAMETER name="h" default="0"/>
<LATTICE %ef="§quare la?tlce"/> <BASIS ref="spin"/>
<EXTENT dimension="1" size="L"/> <SITETERM>
<EXTENT dimension="2" size="L"/> ~h * Sz (i
<BOUNDARY type="periodic"/> </SITETERM>
</FINITELATTICE>. <BONDTERM source="i" target="j">
<UNITCELL ref="simple2d"/> J * (Sz(i)*Sz(j) + (Splus(i)*Sminus(j)+Sminus(i)*Splus(j)))/2
</LATTICEGRAPH> Y e oNDT
parameteerml SJLATIUES> </HAMILTONIAN>
</MODELS>

tool

Parameter XML File

Plots

Quantum Lattice Model

application programs Quantum Monte Carlo Exact Diagonalization DMRG DMFT

Python based evaluation tools

-<‘..lII---------------------------------------- (:)llt‘)llts ir' }1[)I:5 é§ )(ﬁv‘l
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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"> e ot |
<FINITELATTICE>
<LATTICE ref="chain lattice"/>
PR ETERSame=lit =
<EXTENT size ="L"/>
<BOUNDARY type="periodic"/>
</FINITELATTICE> 1 2 3 4 5
o O o O O

<UNITCELL ref="simple1d"/>
</LATTICEGRAPH>

Oo

24



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

25



ALPS framework and “K Computer”

ALPS/looper library| |+ parallelization within MCS

tools XML maqipulation  GUI  database

applications MC @b ED DMRG
‘ —— ALPS/parapack library

domain-specific .
o P lattice  model observables @ - multiple-level

parallelization
« adaptors for extended

numerics random ublas iterative eigenvalue solver
ensembles

Boost library

generic C++ graph serialization XML/XSLT

C / Fortran BLAS LAPACK MPI

26
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Windows, Mac OS X BB/\1 U A2V X h—

for Windows

o s 2o,z b7y 7 S - =

ALPS 20 PwbrPod DatF—FAJLIDCTF

Dt =L ALPS 200 A= ILEA LTV EET
ok o ZEREE

TLAFEHEE LT
%ﬁﬁﬁ;iﬂ'

s e o e O

[ |
o alps DA 2 A —I

o Falps T YA =5

ALPS Project
@ iHIic
. e The ALPS project (Algorithms and Libraries for Physics Simulations)
® i EE aims at providing generic parallel algorithms for classical and quantum

| lattice models and provides utility classes and algorithm for many other

) FFHFFEERM

sy y
® 1A =]l iR IR Y
® 2 KLY

8 Ak —]k

problems. It strives to increase software reuse in the physics community.

([ #Wi3

| Al
M

o

for Mac OS X
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ALPS version 2.1 & ALPS/looper version 4.0
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* |STAT, PO5001 (2011)

The ALPS project release 2.0:
open source software for strongly correlated systems
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!Theoretische Physik, ETH Zurich, 8093 Zurich, Switzerland

2Department of Physics, Colorado School of Mines, Golden, CO 80401, USA
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4Department of Physics and Astronomy, University of Wyoming, Laramie, Wyoming
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