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introduction introduction

JLQCD Collaboration

studying lattice QCD using super-computer at KEK

new machines were installed at KEK this year

Hitachi SR11000

16 nodes

2.15 TFLOPS

512 GB memory

IBM Blue Gene/L

10,240 nodes

57.3 TFLOPS

5 TB memory
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introduction introduction

JLQCD's new project

large-scale simulations with dynamical overlap fermions

target simulation parameters:

a . 0:125fm, L & 2 fm

lightest mud . ms;phys=4

O(10; 000) HMC trajectories

N f = 2 QCD (to be extended to N f = 2 + 1)

this talk: overview of �rst production run in two-�a vor QCD

other talks by JLQCD
N.Yamada: locality, choice of gauge action
S.Hashimoto: extra-Wilson fermion to �x topology
H.Matsufuru: algorithmic improvements
H.Fukaya: � -regime
M.Okamoto: hadron spectroscopy (canceled)
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simulation method
production run

static potential and potential

lattice action
algorithm

lattice action: gauge and quark actions

quark action = overlap w/ std. Wilson kernel

Sq =
X

�qDov q;

Dov =
�

� +
m
2

�
+

�
� �

m
2

�

 5 sgn[Hw (� � )]; � = 1:6

gauge action ( locality

study w/ plaq. / admissibility / Iwasaki glue for N f = 0

locallized nearzero modes: reduced density � (� )

extended modes: mobility edge � c � 500MeV

) employ Iwasaki gauge action

(more details: talk by N.Yamada)
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simulation method
production run

static potential and potential

lattice action
algorithm

lattice action: extra-Wilson fermions

Sq is not continuous when � [HW ]= 0 crosses zero

) re�ection/refr action (Fodor-Katz-Szabo, 2003)

discontinuity in Sq ) discontinuity in momentum in HMC

(very) time consuming

suppress (near)zero modes w/ extra Wilson fermions
Vranas, 2000; RBC, 2002 (DWF); Fukaya, 2006 (ovr)

Boltzmann weight /
det[HW (� � )2]

det[HW (� � )2 + � 2]
; � = 0:2

Wilson fermion w/ mass of O(a� 1) ) irrelevant @ a= 0

�x ed topology during HMC
effects to physical quantities (Brower et al., 2003)

(more details: talk by S.Hashimoto)
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simulation method
production run

static potential and potential

lattice action
algorithm

algorithm: Dov mult / solver

multiplication of Dov ) sgn[HW ]
� [H W ] ) [� min ; � thrs ] [ [� thrs ; � max ]

low mode preconditioning
Lanczos ) eigenmodes w/ � 2 [� min ; � thrs ]

Zolotarev approx. of sgn[H W ] for � 2 [� thrs ; � max ]
N ' 10 ) accuracy of ' 10� 7

Dov solver
nested CG solver

inner: partial fraction + multi-shift CG (Frommer et al., 1995)

outer: relaxed CG (Cundy et al., 2004)
factor � 2 faster than unrelaxed CG
haven't tried recursive preconditioning (Cundy et al., 2004)

5D solver (Edwards et al.,2005)

factor 2 faster w/ our simulation parameters
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simulation method
production run

static potential and potential

lattice action
algorithm

algorithm: HMC / assembler code

HMC algorithm
Hasenbusch preconditioning
Hasenbusch, 2001; Hasenbusch-Jansen, 2002

multiple time scale in MD
Sexton-Weingargen, 1992; QCDSF, 2003; Peardon-Sexton, 2003

no re¯ection/refraction steps
about factor 3 slower w/ re¯ection/refraction

assembler code by IBM for HW multiplication on BG/L
double FPU instruction for PowerPC 440D
double pipelines enable complex number add/mult

use low-level communication API
3 times faster than fortran code

(more details: talk by H.Matsufuru)
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simulation method
production run

static potential and potential

simulation parameters
performance
autocorrelation

simulation parameters

N f = 2 QCD

Iwasaki-gauge + overlap + extra-Wilson (� = 0:2)

� = 2:30 ) a � 0:125fm
preparatory studies at � = 2:35; 2:50

1000 traj., a' 0:10– 0:11 fm

163 � 32 lattice ) L ' 2 fm

6 sea quark masses 2 [ms;phys=6; ms;phys]
msea = 0:015; 0:025; 0:035; 0:050; 0:070:0:100

� = 0:5 : 1 HMC trajectory
larger � is better? (RBC, 2006; ALPHA, 2006)

current statistics � 2000 – 4000 trajectories
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simulation method
production run

static potential and potential

simulation parameters
performance
autocorrelation

eigenvalue distribution for HW

extra-Wilson ) suppress (near)zero modes of H W

) locality, reducing simulation cost

effect is clear in production run ( a' 0:125 fm, msea ' ms; ph ys )

w/ extra-Wilson

0 100 200 300
HMC trajectory

0

0.01

0.02

0.03

0.04

|l
|

0 300 600
hitogram

w/o extra-Wilson

0 100 200
HMC trajectory

0

0.01

0.02

0.03

0.04

|l
|

0 50 100
hitogram

T.Kaneko JLQCD's dynamical overlap project



simulation method
production run

static potential and potential

simulation parameters
performance
autocorrelation

reversibility

dynamical overlap ) enormous �oating-point operations

stopping conditions in MD

low-mode precond.: jH W un � � n un j2 � � eigen ; � eigen = 10� 13

multi-shift CG in Dov mult.: j(H 2
W + c2l � 1) x � bj2 � � ms

Dov solver: jD ov x � bj2 � � ov

measure:

� U =

s
1

4N 3
s N t

X

a;x;�

jUa
x;� (� + 0:5 � 0:5) � Ua

x;� (� )j2

�(� H ) = jH (� + 0:5 � 0:5) � H (� )j
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simulation method
production run

static potential and potential

simulation parameters
performance
autocorrelation

reversibility

� U vs �
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msea=0.015

our productions run:
� ms = � ov = 10� 7 ) � U . 10� 8 ; �(� H ) . 10� 4

� previous simulations (SESAM/T� L, UKQCD, CP-PACS, JLQCD)

T.Kaneko JLQCD's dynamical overlap project



simulation method
production run

static potential and potential

simulation parameters
performance
autocorrelation

Hasenbusch precond. + multiple time scale

Hasenbusch preconditioning

det[D ov (m)2 ] = det[D ov (m0)2 ] det
�

D ov (m)2

D ov (m0)2

�
= “pf1” � “pf2”

m0 = 0:2 (at msea = 0:015; 0:025); 0:4 (at heavier msea)

force at msea= 0:015

0 200 400
HMC traj

0.1

1

10

F
av

e

gauge
pf1

0 200 400
HMC traj

0.1

1

10

F
m

ax

pf2
ex.-Wilson

ave. max.

hierarchy in force
gauge � pf1 � pf2

CPU time
(sec./512nodes(BG/L)):

pf2: 136.56 pf1: 20.03
gauge: 0.04 extra-Wilson: 0.16

max. for extra-Wilson
' max. for gauge
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simulation method
production run

static potential and potential

simulation parameters
performance
autocorrelation

Hasenbusch precond. + multiple time scale

multiple time scale

pf2 : NMD updates per 1 traj.
pf1 : NMD � Rpf updates
gauge : NMD � Rpf � Rg updates
extra-Wilson : NMD � Rpf � Rg updates

msea N (pf2)
MD R(pf )

MD R(g)
MD traj. PHMC time[min]

0.015 9 4 5 2150 0.89 6.1
0.025 8 4 5 4320 0.90 4.7
0.035 6 5 6 4150 0.74 3.0
0.050 6 5 6 3500 0.79 2.6
0.070 5 5 6 3500 0.81 2.1
0.100 5 5 6 3590 0.85 2.0

whole BG/L � 1 month ) 2000 traj. at all msea

HMC w/ 5D solver: 2 times faster than above

T.Kaneko JLQCD's dynamical overlap project



simulation method
production run

static potential and potential

simulation parameters
performance
autocorrelation

autocorrelation

� int vs msea
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Ninv

plaquette: local
) small mq dependence

N inv;H : long range
) rapid increase as mq ! 0

precise determination of matrix elements:
O(10; 000) trajectory ' 100conf is needed
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simulation method
production run

static potential and potential

static quark potential
meson masses

static quark potential

determined from smeared Wilson loops

�t V (r ) = V0 � � =r + � r ) r 0 =
p

(1:65� � )=�

V (r ) vs r
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form a universal curve

chiral extrapolation
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r 0 = 0:49 fm ) a= 0:1199(14)fm

T.Kaneko JLQCD's dynamical overlap project



simulation method
production run

static potential and potential

static quark potential
meson masses

� shift

inclusion of dynamical fermion
) smaller � with a �x ed ) unphysical phase trans. (?)

(T.Blum et al., 1994; F.Farchioni et al., 2004; JLQCD, 2004)

in our simulations : due to overlap and extra-Wilson

1.6 1.8 2.0 2.2 2.4 2.6
b

0.05

0.10

0.15

a 
[fm

]

Nf=2,  Iwasaki + ovr + ex.Wilson
Nf=0,  Iwasaki  (CP-PACS,2004)
Nf=2,  Iwasaki + tad.impr.clv (CP-PACS, 2002)
Nf=0,  Iwasaki + ex.Wilson

due to overlap:
� � � 0:10

due to extra-Wilson:
� � � 0:05

signi�cantly smaller
than tad.impr. clover
� � � 0:40
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simulation method
production run

static potential and potential

static quark potential
meson masses

meson masses: effective mass

local and exponential smeared source: � (r ) = a exp[� br ]

tuned b at each msea

# independent conf.: � 20 conf at msea= 0:015,
& 50 conf at msea � 0:025

very preliminary!!

msea = 0:070 (2nd heaviest)
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simulation method
production run

static potential and potential

static quark potential
meson masses

meson masses: chiral extrapolation

with current statistics
no signi�cant deviation from
simple linear �t

M 2
PS = B ps msea

M V = A v + B v M 2
PS

) � 2=dof . 1:0

a from M V vs M 2
PS

a = 0:1312(23)fm
� ar 0 with 10 % accuracy

FSE?
M PS L & 2:6

) FSE / exp[� M PS L ] � 1– 2%

M 2
PS vs msea
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simulation method
production run

static potential and potential

static quark potential
meson masses

chiral symmetry breaking

ratio from AWI

� AWI =
hr 4A4 P y i

hP P y i
= AAWI + BAWI m + CAWI m2 + :::

� AWI vs m

0.00 0.05 0.10
m

0.00

0.05

0.10

0.15

0.20

r A
W

I

linear
quad.

AAWI

linear: 0:0010(7)
quad.: � 0:0007(9)

) small symmetry breaking

BAWI

ZA = 2=BAWI = 1:394(20)(81)
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simulation method
production run

static potential and potential

static quark potential
meson masses

decay constant

with NP ZA from AWI

r 0 f PS vs (r 0 mPS )2

0.0 2.0 4.0 6.0

(r0mPS)
2

0.2

0.4

0.6

r 0 f P
S

Nf=2,  plaq. + NP O(a)-impr.Wilson
chiral log + quadratic

Nf=0,  plaq. + NP O(a)-impr.Wilson

Nf=2, Iwasaki + overlap
experiment

at heavy msea

consistent with prev. results
) small scaling violation (?)

at small msea

msea-dep. is not smooth
( small statistics
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summary summary

summary

JLQCD's dynamical overlap project: just started!

Iwasaki + overlap + extra-Wilson

algorithmic improvements: 4000traj/month at 6 msea's

current statistics : no clear sign of chiral log

autocorrelation: need O(104) trajectories

future directions

accumulate aimed statistics

hadron spectrum w/ partially quenched measurement

� -regime (talk by H.Fukaya)

matrix elements (BK ,...)

effects due to �x ed topology (talk by S.Hashimoto)

extension to larger volume, N f = 3
(arbitrary N f : DeGrand-Schaefer, 2006)
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