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« 5] : total Sz = N=20 DX T total Sz=0 DI
20!
Cio =
207107 101101

IS

ZERE DR TT

— 184756 < 2%° = 1048576

c EEBE - BBENY MLTREL, BEEREEEMERRREL T 2K 5

c NI JLRZTZT5ENED TR (11713 DIEBERDE ~ hY RE)

- NEFEDOFA T H'v — Uy (EHMERKDOEERT MLICIER)
- T DIEBFERDHMREE. HD2WITIERZZDIH TEHE
« NEFEDYR  Lanczos)E. CG (HZRAME)E
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B ARBRREEBUEX AL DFI (Nakano et al 2013)

c (BEAR)=AKBTF S=1 RE#EE/\1E XNV TR

« N=27 = RJT 712 070 156 203 = X EY15TB (I[EHREE = > ¥ — FX10 4400/ — R)
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-

-
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L ] ]
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s
o o o
Z-22
> I’

44



& I

=T A)VOEDE

ILL]Y
R

- EBEVFAHIILOES

=28 iy A AY N2V V=1: Yy A AY 24

< NIIATEEEVTHILA ERTADMDER, ARG TR, DAER)

CEEPRRED Y2 L—Y 3y AR, HRREFE T AI)LO
ISR =FIVTYXL, IR T7 V> TILiE
- FEFENREE, Y1 F IR, ERREORRBEZH U IE)

- EREVTAHILAO

ERXfTAEY T AILA, Y —VEETEY T AIILO

- 1% F QCD, ¥ Y\ VEDITH EH, AL ERBELHEE, N1 IHE, £RER, &

AT EEEIE, KEM, etc
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NIVAT7EEETAILOE

- ERDDBINILY N Y D3 E)ICEDIRBE M Z ERMNICERK
cFFRBICZHOBRDERL Z1T5 GIEEFIAINE)

« ZRTC - ZEHEDORZELL - INA 7 ARBRUIC TEREIC) kD 2 &EDEIEE
(EtEazE, BRY 1 %R %ZERL)

cBRRIBRBESEHAE TH DI I ENANENICEERMEICKHICER
cBERICEELEBEROFWICHEEDH S 2 &H (ARTSHRE)

- ROKREN BT DOHEHME Ulc "TEWEFIER, Zik> 2 EMNZ 0
« TOERRBIFFEFRICHE MENERIEZHIDTW)

- YIBIR RSN B IRIL VW FEREIC S AT EE
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SHAMNT > v IILROHBERF

cIRTVIVYILIRILF— 8
7
Vi(z) = 2? ]
- INILY X VDt S
(z) = [e BV @) dg 3
. MBS (D HAE
IR E DHAFE B fxe_ﬁv(x) g 5 L
) = [eBV@ dz L
N
f fL‘Ze_BV(m) daj -3 -2 -1 0 1

2\ __
<£E > B f@—ﬁv(x) dx

- FCfi (configuration): x —fRICIZZRITTTH D (K& k &EK)

R E B HAREWEBBNBEBDOEDIFEEICKEWN > BRI TU VYT
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NIVITJEEHETHI

- ¥JLA7EFETE VT H)LA (Markov chain Monte Carlo)
- HIWTE > 7 51/ O (dynamic Monte Carlo) (B TIFE(C TE>FA)LO; )
- NIV TEH: ERBERED—E

ki — ko — ks — kg — - -
» BELfUbh AR S NS HERIFERTDEALIC D HMERTF
- BEMEXK (transition probability)

T(k — £) = TV

« BT (transition matrix) T (F—ARICIEE ICEXREBRITI ERICE TR % Z & I3 0H]

HE)
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- BRATID I RERM
HBETHBLHOEE < TOF <

 BER(RT S TO® —
14

c ISICROD2DEHNELEINTNWS EIRE
+ T)LT— R (ergodicity): 3 % BR¥AEFEELT (T™)OK) > ¢

_gg® _gg®)
» DD HUVDSEMH (balance condition) Z TR =BET — —BE
k
TR (6—613(1) \
6_5E(2)
P, =

=77
HEEITH T DEEE 1 DREBNY ML

- Perron-Frobenius D EEN S, HE—DER 2= FE 0 Mm)ICINET %

49




DD HWDFEHE

« RERICIE TODHWVDEE £DHEISICELW TEMD D % WDKK (detailed

balance condition); Z:9 Z &A% L)

TOk) ~BE® _ p(k)(0) ,~BED

cMAZE KICDWTHIZ EDE TODHVWDOEE, ITIERET S

SHAD D HVDEME 1 TODHVDORE O+HEME

ccf. TEEDODHWEmEIBTWEYTHILAE]
H. Suwa and S. Todo, PRL 105, 120603 (2010)

MEh. BEE. HAYEZSES 66, 370 (2011)
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SRR T > 2 v )L O E HERF

- YIVATEHEEY T HILAE

- IWEDBL x (D WTHITERML (trial configuration) X” % x - A~ x + A D—KRHD

N 5ESRN
. e—ﬂV(CIZ/)
- X min (1, V(@) ) T x’ & 1%3R(accept), EH(reject) S NT=H/BHICITH ED

XDERX

- MIIBE DRI (reject SNTEH/BHICHHAT Y NT D)

—BV (z")
- FRIRHERK (acceptance probability) (& ¢

e—BV (@) 1+ ¢—BV(z))

THLW
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Single particle in a harmonic trap

Metropolis algorithm

trial = x + delta*(2*random()-1);
if (random() < exp(-(V(trial)-V(x))))
x = trial;

2

1 e .

0 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

5 S O N O O SOUMN | SO NS S | AN 1= | ] e ]

-2 - N ¥ i ]
0 200 400 600 800 1000

Monte Carlo steps
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1 V> 7 1EE [sing Model

« BFLEICRAPNICHATZEK[E—X Y MNAEY)
« J\=X )L b 77> Hamiltonian

- 7 BCRE%L partition function (4,4)

/= Ze_BE(k)

- JRRE k DHIRFER = /R)LY Y VEH e—BE(k’)
- ¥)FBE physical quantities
- ¥ 7 XEHIR/LF— Gibbs free energy

- NEBL R JLF— internal energy

H = —JZO'ZO'j
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- tk#h specific heat
C= 557 =555 = & UE e = (EDhio))

- %1t magnetization &L D ZF (m [EEHISD T TEF)

= e m? = (o

T3 magnetic suscezptibility

om (k) (k)\2 2
V= 5 = U o ie = (D oRich = Nom
- TBBERA%L correlation function G(T) ’ —r/€

= <O'Z‘O'j> ~ e

- #&RF structure factor (BB D 7 — ) TZH) 7= =0 DX D TEM

1 R S(0
S() = = D (oioj)e T = quzgz +0(¢")

- #8B8 & correlation length

(2]

1 [s©)
5ICJIQ\/S(q) :




AV RBICHTEVIVATEHEHEYTHI

A~ OMRY ZE Metropolis

for (int m = 0; m < total mcs; ++m) { // loop over Monte Carlo steps
for (int s = 0; s < num sites; ++s) { // loop over lattice sites
double delta = 0;
for (int j = 0; j < num neighbors; ++j) {
int v = neighbor(s, 3Jj);
delta += 2 * J * spin[s] * spin[v]; // calculate energy difference

}
if (random() < exp(-beta * delta)) // accept/reject trial configuation
spin[s] = -1 * spin[s];
}
// measure physical quantities

}

#3% heat bath

if (random() < (1 + tanh(-beta * delta / 2)) / 2)
spin[s] = -1 * spin[s];
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A IV JRBICE T B 1HERTE Phase Transition

F=FE-TS

T=0.995T. T=Tc T=1.05T¢

TxILF—FIR e | I hOE—FE
B LR A ER 57 /= critical point Rk R B

ordered state disordered state
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£ FIRMIRET

N\ ZTY

~2 ~2
N N N D kr
—K+V =X 4
H + 2m 2
alFa v H—FAER
d? ka?
—1 N — EV
( zhde + 5 U (x)

. EEBEEEEY U, (z)

1

cFENBEFREIXI/ILFT—RE)TELERDOEZ
FoTomLTW3 (FRIRE)
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- BEFROHEES & YRS DS ﬁq &
T7

b=4
_ 1 ,—BH
Z = tre b=1 . i
—BH 3
<A> _ tI‘Ae T4 bea
Z b=2 -
- EFRTIEH, A Z(ELTHEE R or 175) - o=3
b=1 u
s BVTHILOEZES ICIIYIEBEEDIRFER b=3
(A) =D A(e)W(c) =0
. EEERERRES R

DFETEZT=L) (Alc) B W(e) B c-#)

c EFRDOFHED "BAL c EXIHT S TEH W(C) [ZEH?

- BEEMCERERZHALT TR » &4 Z2T8KI S

32N - =3I (representation)

- X MARYZE - #8oE - IR VYV TIVE - VR Y —=7ILTY XLDFIF
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MT > v )LRORLF

"o~ P2
H=K+V=20~1V()

2m

7 = /dm(w|6_ﬂH|x> = /d:c(x|e_ﬁ(f<+v)\x>

cJETTICP S TIEWITRWZ &

o~ BE+V) _y —BK ,—BV

« T ECRIE

s U ULZDERFXERTRIFZLBZWDT, Tl ZEA : Suzuki-Trotter 2T
2
eW(A+B) — oFr (A+B) _ (i Ae i BIM | O(aﬂ)

212U A, B [J1EEDTTF(or JEE F), Trotter 2L M (FE%L,
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- TECEA%N ,
2= [ doalle e iV Ma) + O

- BlICTEER 1—/d:1:|a:><:v] = M-1Big=O

Z:/d:cldazg---dxM(xlle_%Ke Mv\x2><a:2|e K o= MV!333> (zarle” ABJK@_%VICUQ

x5l p DELF 1:/dp\p><p| EEEDE
_Bv(ix — P T 1 8 p? T —ipx’
=BV [dptale T pla') = e BV [ dpe fr AR e inemne
pICEAUTHIRBERZEXTI D&

mM

N gV (@) B (a—a)?
27Th2ﬁe " c
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- FERFEREEEIED 2R (imaginary time path integral representation)

M/2 1
J ~ (QT:é\fﬂ) /da:ldxz -+ -dx prexp {B[; Z(fl?s — 335+1)2 + M ; V(:ES)]}

S

TOBN S e MAEDBHLKTF (R U ¥ —) OHEEM & S

- ZOIRYN—DK 5 ZTDIRIBHEFE)IF

kT 2
R2 :M<(ZU—ZE/)2>NM7—N)\C2T
K

(TRILF—FDEAILD)

- BR - TJOCKR 4

| h2 3
A = o

2Tm
HERR (h—0) $ U < X =&1&R (B—0) T
0IC735 (HENRERICRED)

T
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- #nAR-Trotter R IC K D EF1 (NRIFRZ HHEM (NMR[FRIcY Yy EVS
(FERERBEIRT)
N Y TEINICHBATFRICHUTIE, BEDEYTHILAEMNMEZS
« XA RORY R BBEA IBR7 VT Y TIVE
- R
- BFTEF T, FIFEDEL LGN
- BATE#FHITlE. BZ = (winding number)HhZ 1L L 7 L
"T)LJ— RO,
» Trotterf{ M= o D AEH N E
* Moo TRIFEUER GTEE. XTUEDHE)
- RIFRED IR EHELR
*M>>1 TRIEMMNIEREICELS RS

c EFRTFROGEICITRENHBNTHDE VWS HIEZFAHL T, IS DFEE
R7Z 2 CERAIEE
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2 FIRFREY (quantum lattice models)

c ETAEVIEE

J*Y + Q— — Q+ z zZ Q%
5 > (SHST+ 878 +I7> SES
(2,7) (2,7)

« J\)\— RIEE (EFIRTFRME)

H = —t Z (c;.racja + h.C.) + UZ”@'T”N

H =

(i,7)0 i s L e
- ERBRRESRIN G (Suzuki 1976) v b=4
KIFHT TV T B (A EEXT " il
BIFIEB = EEERERT Beard-Wiese 1996) o kil
I FHIIRE = HRIRIZBRF TR NS — .

7=0

.
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B SRR (negative sign problem)

» 7 )LIRFIIRFORIEICKT U T KEEBMOFENANE DS
7 T)LIMRE - 7 o)L OB
- ERNFERBEAIRTUICERICRFHIRIET 5 EEADEICKEDS
c TSR =Y 3 VDOHIEFRAEVIRBOZRICHEDEADNIEND

cBANOLUTICBRZDT, EREUVTHEIRT I ENTERW

cETEVTAINOKREITERADHEZE!

N
—

[\
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Spin ladder material NasFe (C204)3(H20)>

@ . ; B

¢ bk ] e .
. . o ¢ o "\
 Fe?* ions in octahedral crystal field o B, 1:'; . /J&\ _
3 5 €1 b ¢ oy

= effective S=1 spins at low T ST RN i

¢« | 1¥* o [
C [ 14

e, c ) (©) < -

° v "Foe AOREIES
Fitting experlmenta! data by QMC results F/' S ISR
for several theoretical models (ladders, S S sl

- & ‘104 i J "; . : "." -
dimers, etc) IR R S« = et

o ‘i d o4 b < 1 .
h; T ¢ { . I\,C' .
I I I I....‘.... ( ) I I I I [ [
a =
0.20 — = = L= e 0000000,,
020 e
g 0.15 - J é
E E 015 .
£ 0.10 AN { AL DA AN A é’
% S = %010 ot B e AANYYYYYYYYYA AAAAAAAAA—
& 005 |- 7 § Hla
H=1000c | ® A experiment 0.05 .—A iﬁ:ﬁ::zg ]
0.00 = | | | | | + | | | | | |
5 10 Tempgamre (KZ)O 25 30 5 10 15 20 25 30

Temperature (K)

Yamaguchi, Kimura, Honda, Okunishi , Todo, Kindo, Hagiwara (2009)
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* Mott insulators with partially filled d-shells
* Non-trivial interplay of charge, spin, and

Orbital ordering in e orbital systems

=% — y?)

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

orbiton gap A

1
Hpo=— Y 7 |hIEDG, +3LTTE,
1L,Y=2T,Y

ifjle(Tz Ao IRk H—V ] Z ST T, H'Z

T* polarized gxffi ~ i
(zy planes) b
o (@)

Jmix /Jz

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

0.25 w
0 STC
e Interacting soft-core bosons o SR LSy

¢
0.15

/U

i
H=-1D, (ajaj + aia;) S nn; + EUE e S

(i) (j) 0.1

0.05 ¢

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

0 L I I
0.04  0.045 0.05 0.055 0.06

17404

off-diagonal long-range order (=superfluid) -3 ' - - 1.4
* Experimental realization: optical lattice? 0.25 | gF}g% S
=il ) 1
S (L=10) o
0.8

Par SOl T
0.6

0.4
o2
0

(c)

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

Yamamoto, Todo, Miyashita (2009)
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ALPS 7Oz 7 b

* http://alps.comp-phys.org/

c EFRFEHEFIAE VR BFRDEHOLHINIZ a2 L—a3 vy T 877N
WA — 3 DR

-HEMSATZ) - FTIVT—a3aneT7 )07 EUTRH

¢ ﬁ/? U*ﬁﬁg CCY\]L"T %)ﬁ/? BRIl — Parameter XML Files

Lattice XML File Model XML File

av7ZI)IIOVXLDAS - SAEHR \ \ /

Quantum Lattice Model

XML o= TR —RIIC A SR BEIC

| Quantum Monte Carlo | Exact Diagonalization | DMRG

Outputs in XML Format
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The ALPS project

ALPS = Algorithms and Libraries for Physics Simulations

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

- ALPS Libraries = collection of generic C++ libraries

- ALPS Applications = collection of application packages using modern
algorithms such as QMC, DMRG, ED, etc

- ALPS Framework = environment for executing large-scale parallel simulations
including XML schemas, tools, scheduler, etc
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Target audience

« Experimental physicists
* Use “canned codes” to model materials

« Determine microscopic parameters by fitting experimental data to
simulations

* Theoretical physicists
 Quick check of theoretical ideas using many modern algorithms
+ Monte Carlo, Diagonalization, DMRG, ...
+ Also useful for debugging

« Libraries simplify and accelerate code development
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ALPS libraries and applications

tools

applications

domain-specific
libraries

numerics

generic C++

C / Fortran

XML manipulation  GUI  database
MC OMC ED DMRG
lattice model observables scheduler
random ublas iterative eigenvalue solver

Boost library

graph serialization XML/XSLT

BLAS LAPACK  MPI
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ALPS Lattice XML

periodic chain with length L

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

<UNITCELL name="simple1d" dimension="1" vertices="1">

<EDGE>
<SOURCE vertex="1" offset="0"/><TARGET vertex="1" offset="1"/>
</EDGE>
</UNITCELL> 1 L
O—F—0 |
<LATTICEGRAPH name = "chain lattice"> cel1 | cel2 |
<FINITELATTICE>
<LATTICE ref="chain lattice"/>
<PARAMETER name="L"/>
<EXTENT size ="L"/>
<BOUNDARY type="periodic"/> , . 5 4 .
</FINITELATTICE> o O O o O
<UNITCELL ref="simple1d"/>
</LATTICEGRAPH>

oo
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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="Jz” default="J"/>
<PARAMETER name="Jxy” default="J"/>
<PARAMETER name="J” default="1"/>
<PARAMETER name="Jz"” default="J""/>
<PARAMETER name="Jdxy"” default="J""/>
<PARAMETER name="J"" default="0"/>
<PARAMETER name="h" default="0"/>
<BASIS ref="spin”/>
<SITETERM site=""> -h * Sz(i) </SITETERM>
<BONDTERM type="0" source="i" target="j">

Jz 7 Sz()) * Sz(j) + Jxy * (Splus(x)*Sminus(y)+Sminus(x)*Splus(y)) / 2

</BONDTERM>
<BONDTERM type="1" source="i" target="j">

Jz' = Sz(i) * Sz() + Ixy' * (Splus(x)*Sminus(y)+Sminus(x)*Splus(y)) / 2

</BONDTERM>
</HAMILTONIAN>

H=> [J.S7S; + %sz; + 87 St

(4,3)

= > hs;
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Simulations with ALPS

Parameter XML Files

Lattice XML File Model XML File

~_\ /

Quantum Lattice Model

Quantum Monte Carlo

Exact Diagonalization

Outputs in XML Format

DMRG
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ALPS Version 2.1

The ALPS project release 2.0:
open source software for strongly correlated systems

- 20124E5H

« 53 - JSTAT P05001 (2011)

* http://alps.comp-phys.org/

ALPS

WIKI

navigation

= Main Page

= Setup and Installation

= Licensing

= Tutorials

= Community

= User Forum

= User Workshops

= Papors and Taks

= Developer Forum

= Developer Workshops
= Developers

= Holp

= Modawki Maintenance

search

Go | [ search

t00Ibox
= What lisks here
= Related changes
= Special pages
= Printable version
= Permanent ink

page | [ discussion view source | [ history

Main Page

ALPS

2 logn

English / Deutsch / B 58 / SRR / il &g

Welcome to the ALPS project.

The ALPS project (Algorithms and Libraries for Physics Simulations) is an open source effort aiming at providing high-end simulation codes for strongly
correlated quantum mechanical systems as well as C++ libraries for simplifying the development of such code. ALPS strives to increase software reuse in

the physics community.

Announcement:

AALPS school on numerical methods to be held in Bariloche, Argentina, Dec. 2-5 2011 and related conferences:

ANDES/ALPS School on Numerical Methods for Many-Body Theories Dec. 2-5, 2011, Bariloche, Argentina
http://ffisica.cab.cnea.gov.ar/mbt16/index.php/ANDES/ALPS_School_on_Numerical_Methods_for_Many-Body_Theories & and

http:/ffisica.cab.cnea.gov.ar/mbt16/ @

Community

Check back regularly to read the latest news
and ion on the people contri to

User Forum

Go here to discuss the ALPS libraries and
i with the

the project.

This is the place to address any questions you
encounter while using any codes of the ALPS
project.

Papers and Talks

Go here to find papers on the ALPS project,
talks from the first user workshop and a list of
papers citing the ALPS project.

Download and Installation

Useful information how to install the alps

Tutorials

How to run ALPS applications

Documentation

Reference documentation

http://www.iop.org/EJ/abstract/1742-5468/2011/05/P05001
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