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Chiral symmetry is one of the most subtle 

features of massless Dirac fermion,  

as a consequence of relativity + QM.

Chiral symmetry leads to the conservation 

of the chiral charge (handedness).

If the chiral symmetry is spontaneously broken, then there 

exists masslessGoldstone bosons (the number of GBs is 

equal to the number of broken generators).
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A longstanding problem in particle physics is to show 

Dt  hat the chiral sym. in C is spontaneously brQ oken.
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Now, if the fermion has a small mass (e.g., from EW breaking),  

then the mass of the Goldstone boson behaves a
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0  chiral symmetry is spontaneously brokenS¸ Ú
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Spontaneous chiral symmetry breaking in QCD was 
reproduced on the supercomputer IBM BlueGene/L  
(57 Tflops peak performance)at KEK, Japan.

[JLQCD and TWQCD Collaborations, Phys. Rev. Lett.98(2007)172001; 

Phys. Rev. D76 (2007) 054503, Phys. Rev. Lett. 101(2008) 202004]

T.W. Chiu, Trento, Sept 9, 2009 4



Eigenvalues of quarks : QCD in a small box has discrete 
eigenvalues of quarks. This plot shows their ratios. "2/1", 
"3/1" etc. denote the ratio of second-to-first or third -to-
first eigenvalues. 

MS 3(2 GeV) = (251 7 11 MeV)S ° °

[JLQCD and TWQCD Collaborations, Phys. Rev. Lett.98(2007)172001; 

Phys. Rev. D76 (2007) 054503, Phys. Rev. Lett. 101(2008) 202004]
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OUTLINES 

ÅIntroduction 
ÅTopological charge in QCD

ÅTopological susceptibility and 
Second Normalized Moment 
ÅTopological Clusters in the QCD Vacuum

ÅConclusions and Outlook
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The Challenge of QCD

At the hadronic scale,                , perturbation theory is
incapable to extract any quantities from QCD, nor to tackle
the most interesting physics, namely, the spontaneously
chiral symmetry breaking and the color confinement

() 1g r .

To extract any physical quantities from the first principles
of QCD, one has to solve QCD nonperturbatively.

A viable nonperturbative formulation of QCD was first
proposed by K. G. Wilson in 1974.

But, the problem of lattice fermion, and how to formulate 
exact chiral symmetry on the lattice had not been 
resolved until 1992 -98. ɍ+ÁÐÌÁÎȟ .ÅÕÂÅÒÇÅÒȟ .ÁÒÁÙÁÎÁÎȟȣɎ
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Lattice QCD

,

The QCD action         

where     is the action of the gluon fields
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The Challenge of Lattice QCD

 

So far, the lightest u/d quark cannot be put on the lattice.

   Rely on ChPT to extrapolate lattice results to physical ones. 

   

To have lattice volume large enough such tha t 1.m LpY 2

    l  To have attice spacing small enough such that 1.qm aY 0

3

  

  The lattice size should be at least .

   The computing power should be at least 

 

 

To meet the above two conditions:

100 200

Petaflops year

³

³

Y

T.W. Chiu, Trento, Sept 9, 2009 9



The state-of-the-art in the simulations of 

unquenched LQCD with exact chiral symmetry  

ÅRBC and UKQCD Collaborations  (~20 -25 members) 

QCDOC,  ~(10+10) Tflops(peak), ~(2+2) Tflops(sustained)
lattice fermion:  Domain-Wall Fermion
lattices:                        ,                         ,  

ÅJLQCD Collaboration (~10 -15 members)
IBM BlueGene/L,  ~ 57 Tflops (peak),  ~ 8 Tflops (sustained)
lattice fermion:  Overlap Fermion (with fixed topology Q=0)                          
lattices:                , 

ÅTWQCD Collaboration (~7 -10 members)
GPU cluster,  ~ 120 Tflops (peak),  ~ 14 Tflops(sustained)
lattice fermion:  Optimal Domain-Wall Fermion
lattices:  

316 32 16³ ³

316 32³

316 (32,10,8,6,4) (16,32)³ ³
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The Hardware of TWQCDõs DWF Project

Å16 units of Nvidia Tesla  S1070 

(total 64 GPUs, 64 x 4 GB) 

connected to 16 servers 

(total 32 Intel QC Xeon, 16 x 32 GB) 

ÅPeak performance is 120 Tflops

ÅAttained 14 Tflops (sustained) 

with a price US$200,000. 

ÅDeveloped efficient CUDA

codes for unquenched lattice QCD.
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Å54 Nvidia GTX285 (total 54 GPUs, 

54 x 1 GB), connected to 40 servers   

(total 40 Intel i7,  40 x 12 GB) 

ÅHard disk storage > 300 TB

(Lustre cluster file system)   
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