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INTRODUCTION

The workshop "Fermion Frontiers in Vector Lattice Gauge Theories" was held
from May 6th through 9th, 1998, at the RIKEN BNL Research Center, Brookhaven
National Laboratory. The inclusion of fermions into simulations of lattice gauge
theories is very difficult both theoretically and numerically. With the presence of
Teraflops-scale computers for lattice gauge theory, we wanted a forum to discuss
new approaches to lattice fermions. The workshop concentrated on approaches
which are ripe for study on such large machines.

Although lattice chiral fermions are vitally important to understand, there
is no technique at hand which is viable on these Teraflop-scale machines for
real-world problems. The discussion was therefore focused on recent develop-
ments and future prospects for QCD-like theories. For the well-known fermion
formulations, the Aoki phase in Wilson fermions, novelties of UAO-) symmetry
and the rf for staggered fermions and new approaches for simulating the de-
terminant for Wilson fermions were discussed. The newer domain-wall fermion
formulation was reviewed, with numerical results given by many speakers. The
fermion proposal of Friedberg, Lee and Pang was introduced. We also were able
to compare and contrast the dependence of QCD and QCD-like SUSY theories
on the number of quark flavors.

At the time of the workshop the RIKEN BNL Research Center was com-
pleting its new 0.6-Teraflops QCDSP (Quantum Chromodynamics on Digital
Signal Processors) parallel supercomputer. This computer is a larger copy of
the 0.4 Terafiops QCDSP computer, designed and built at Columbia Univer-
sity and in full operation for about a month before the workshop. Along with
the CP-PACS computer at the University of Tsukuba in Japan, these QCDSP
computers allow at least an order of magnitude larger numerical calculations of
lattice gauge than earlier machines.

These proceedings consist of several transparencies and a summary page
from each speaker. This should serve to outline the major points made in each
talk.

In closing, we would like to thank the RIKEN BNL Research Center and its
Director, T.D. Lee, for making this workshop possible. Special thanks goes to
Pam Esposito. the RIKEN BNL Secretary, whose creative assistance made the
workshop run smoothly, and to Isabel Harrity, the BNL Theory Group Secretary,
who made sure these proceedings were published in time. We would also like
to thank the Computing and Communications Division of BNL, who kindly
hosted a visit to the 0.6-Teraflops computer and a reception for the workshop
participants. We also thank Brookhaven National Laboratory and the U.S.
Department of Energy for providing the facilities to hold this workshop.

Finally, we like to thank all participants, those at home at BNL, and those
who traveled so far to take part, for attending and for exchanging ideas.

Bob Mawhinney and Shigemi Ohta, Organizers
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Workshop on Fermion Frontiers in Vector Lattice Gauge Theories

Welcome: N.P. Samios

It is my pleasure to welcome you to this Workshop on Fermion Frontiers in Vector
Lattice Gauge Theories sponsored by the RIKEN BNL Research Center. I thought I
would take this opportunity to give you a very brief review of the RIKEN BNL Center
and its status. This center at BNL was formally established on October 1, 1997 with the
planning for its inception having begun a year prior to this date. We are fortunate to have
Professor T.D. Lee as the Director whose plan is to start with a theory group, focusing on
the investigation of hard QCD processes, especially the study of spin dependent properties
of quarks and gluons. This is to be followed by the setting up of an experimental group
dealing primarily on the spin dependent processes occurring with high energy polarized
proton collisions at RHIC. At present there are three fellows and six postdocs on the
staff in theory with an array of visitors. These visitors include M. Gyulassy, B. Jaffe and
E. Shuryak. As will be discussed shortly there is also a computer component involving
B. Mawhinney and S. Ohta. This computer initiative, a one teraflops machine was easily
incorporated into the RIKEN BNL Center concept. The timing was very fortuitous since
Columbia, under the leadership of T.D. Lee and N. Christ, had designed and was building
a 0.4 teraflops computer at Columbia under DOE auspices. The addition of a 0.6 teraflops
capability at BNL of an identical design was a natural. The Columbia part is operational
and in a few weeks, under the able management of Bob Mawhinney and the support of the
BNL CCD division, the RIKEN BNL component will also be operational. This will provide
an enormous capability for lattice gauge theory calculations as well as other problems that
lend themselves to this computor architecture.

As you are aware RHIC is primarily a facility in which fully stripped ions of all vari-
aties up to Gold are allowed to collide at very high energies, 200 GeV/nucleon. It was also
realized early on that with the already demonstrated AGS capability of accelerating po-
larized protons it would be possible to have transverse and longitudinal polarized protons
in RHIC. An agreement was signed in 1995 between BNL and RIKEN whereby RIKEN
would fund both the additional accelerator hardware to achieve such polarizations as well
as augmenting the detectors as to be able to explore the experimental consequences of spin
considerations. This is a five year project and will be completed by 2000. As part of the
concept of RIKEN BNL to have an experimental as well as theoretical component on the
scientific staff, advertisements announcing two such experimental positions are out with
the expectation that these individuals would come to the Center this coming September-
October '98.

I will conclude my remarks by noting that workshops are an important component of
activity of the RIKEN BNL Center. There are already seven such workshops that have
taken place with an additional five more planned. These, with the names of the organizers
are listed below:

PAST WORKSHOPS
Open Standards for Cascade Models for RHIC
Organizer: Miklos Gyulalssy (Columbia University)

June 23-27, 1997



Perturbative QCD as a Probe of Hadron Structure
Organizers: Robert Jaffe (MIT) and George Sterman (SUNY-Stony Brook)

July 14-25, 1997
Hadron Spin-Flip at RHIC Energies

Organizers: Larry Trueman (BNL) and Elliot Leader (London)
July 21-August 22, 1997

Non-Equilibrium Many Body Dynamics
Organizers: Mike Creutz (BNL) and Miklos Gyulassy (Columbia University)

September 23-25, 1997
Color Superconductivity, Instantons, and Parity (Non?)-Conservation at

High Baryon Density
Organizer: Miklos Gyulassy (Columbia University)

November 11, 1997
Quarks and.Gluons in the Nucleon

Organizers: Toshiaki Shibata (TITech/RIKEN) and Koichi Yazaki
(Tokyo/RIKEN)

November 28-29, 1997
RHIC Spin Physics

Organizers: Gerry Bunce (BNL), Yousef Makdisi (BNL), Naohito Saito (BNL),
Mike Tannenbaum (BNL), Larry Trueman (BNL), and Aki Yokosawa (ANL)

April 27-29, 1998

CURRENT AND FUTURE WORKSHOPS

Fermion Frontiers in Vector Lattice Gauge Theories
Organizers: Bob Mawhinney (RIKEN BNL/Columbia Univ.) and Shigemi Ohta

(RIKEN BNL/KEK)
May 6-9, 1998

High Density Matter in AGS, SPS and RHIC Collisions
Organizers: Klaus Kinder-Geiger (BNL) and Yang Pang (Columbia University)

July 11, 1998
Quarkonium Production in Relativistic Nuclear Collisions

Organizer: Dmitri Kharzeev (BNL)
September 28 - October 2, 1998

Quantum Fields In & Out of Equilibrium
Organizers: Dan Boyanovsky (Univ. of Pittsburgh), Hector de Vega

(LPThe, Univ. Pierre et Marie Curie), and R.D. Pisarski (BNL)
October 26-30, 1998

QCD Vacuum and Phase Transitions
Organizer: Edward Shuryak (SUNY-Stony Brook)

November 4-7, 1998

I believe this present workshop on Lattice Guage Theories is timely and important and
wish you much success in the days ahead.
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Probing finite density on the lattice
M. Alford, A. Kapustin, F. Wilczek

Standard lattice gauge theory algorithms run into the well-known sign problem
at real chemical potential, and the Glasgow method suffers from premature onset
of baryon number at low chemical potential. We investigate the use of imaginary
chemical potential \i = iv. This avoids the "overlap problem" which arises because
the Glasgow method uses the n = 0 ensemble for measurements at all fj,.

Monte-Carlo methods can be used to compute ratios of the partition function,
so one can calculate Z(ii/)/Z(ivo), using the /j, = ii/o measure, for some range of
imaginary chemical potential v close to'v0. By chosing several "patches", each
centered on a different UQ, one can calculate ratios of the partition function at
different v without encountering any overlap problems. The canonical partition
functions ZN can then be obtained by a Fourier transform. This is where the
main limitation of the imaginary chemical potential method arises: the Fourier
transform will become very sensitive to errors in Z(iv) for large N. However the
Glasgow method also suffers quickly increasing errors as N rises.

As a feasibility study, we performed a Monte-Carlo calculation of the partition
function of the two-dimensional Hubbard model with imaginary chemical potential.

The results for Z(iv) are given on transparency no. 13. The upper plot shows
Z(iv)/Z(ii/o) for the three patches separately: VQ = 0,0.5,1 in units of T//3. We
see remarkably small error bars, even when v and VQ are quite different. The lower
plot shows the unified result, where the results from the overlapping regions are
used to express all the ratios in terms if VQ — 1.0.

Fourier transforming, we obtained the canonical partition functions ZN:

0.1

0.01

0.001

*

•

i -

It is encouraging that we were able to obtain the first few ZN with reasonable
errors. It will be interesting to see if this method is equally successful in more
complicated theories.
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III. Imaginary chemical potential

M = 7/*-D/i + vD2 + m + iz/70

= —7/4I?At + r£>2 + ra - ii/70 = 75M75

So if we use imaginary chemical potential \i = iv, det M is

real.

det Af (in,)
U(x) sampling weight

Unlike the Glasgow algorithm, we don't have to use ji = 0

determinant as measure for all simulations.

Could Fourier transform to get

ZN =

Only practical for Icwv AT (like Glasgow).

But some physics may be visible directly in Z{iv)
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The Hubbard model

Can we do this with real Monte-Carlo data? The simplest

system with a "sign problem" is the repulsive Hubbard

model: non-relativistic electrons on a lattice with a hopping

term and on-site repulsion.

= -K
i.a

By a particle-hole transformation, fi = 0 gives half-filling.

Z(fi) = ^ e~A"/2 det MO) det M ( -

For real //,, M are real matrices.

For fi zero or imaginary, this is |de tM| 2 , and is positive.

Again, we can calculate ratios of partition functions

Z{%V)
= > e det

%<j

and use several values of Z/Q to reduce measure-mismatch



II. Lattice QCD at finite density

-fiN

N

U(x) configs sampling weight

Sferm = fx

M = 7^DM + rD2

When can we guarantee that the sampling weight is positive?

If we have Np flavors, each with matrix M ,

det M € R and NF even

- M

M

"Sign Problem:" for p # 0, M
so d e t M is not necesariJy real (let alone positive).
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model Z{iv) [very preliminary]
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IV. Summary

Treating QCD at finite density is hard, but important.

Phenomenological models (NJL, sigma models, instanton

liquid) indicate interesting phenomena: pion condensation,

diquark condensation, color breaking, modified

electromagnetism, baryon number violation.

Could study isospin density, coupling chemical potential to I3.

Conventional Glasgow algorithm for finite quark density yields

onset of baryon number at unexpectedly low /1.

Imaginary chemical potential:

• Can calculate without "measure-mismatch" problem

• Can get some information dirctly from Z{iv), but...

• Will need high statistics for Fourier transform to

• Appears to be feasible in Hubbard model

• Try it in 2D 17(1) ? 4D 517(3) ?
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Spontaneous Flavor and Parity Breaking
with Wilson Fermions

Robert Singleton
University of Washington

We discuss the phase diagram of Wilson fermions in the mQ-g2 plane for two-flavor
QCD. We argue that, as originally suggested by Aoki, there is a phase in which flavor and
parity are spontaneously broken. Recent numerical results on the spectrum of the overlap
Hamiltonian have been interpreted as evidence against Aoki's conjecture. We show that
they are in fact consistent with the presence of a flavor-parity broken "Aoki phase." We
also show how, as the continuum limit is approached, one can study the lattice theory
using the continuum chiral Lagrangian supplemented by additional terms proportional to
powers of the lattice spacing. We find that there are two possible phase structures at
non-zero lattice spacing: (1) there is an Aoki phase of width Amo ~ a3 with two massless
Goldstone pions; (2) there is no symmetry breaking, and all three pions have an equal non-
vanishing mass of order a. Present numerical evidence suggests that the former option is
realized for Wilson fermions. Our analysis then predicts the form of the pion masses and
the flavor-parity breaking condensate within the Aoki phase. Our analysis also applies for
non-perturbatively improved Wilson fermions.

21
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R.G. Edwards

Spectral Flow, Chiral Condensate and
Topology in Lattice QCD

Robert G. E d w a r d s / R a j a m a n i Narayanan

Work in collaboration with Urs Heller and Rajamani Narayanan

Abstract: We briefly review the overlap formalism arid use it to
define a topological index on the lattice. We then study the spectral
flow of the hermitian Wilson-Dirac 75 W operator on a variety of
lattice gauge backgrounds. We comment on the flow structure,
namely the lack of existence of a spectral gap, and its implications
for the topological susceptibility and for domain wall fermions.
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Overlap formula

Chiral determinant is obtained by embedding the Weyl fermion
inside a Dirac fermion

r- / Gl
H" = 75 =

0
0 - 1

Let |0=b) be the ground states of 7i± obtained by filling all the
positive energy states of H*.

|0—) is obtained by filling all the positive energy states of 75,

which are of the form (

|0+) is obtained by filling all the postitive energy states of H +

which are of the form
Nk IJUk )

where

The relationship is formal and needs to be regulated.

Valid only in the limit m —* 00 and one should think of m as a
pre-regulator.

Formula strictly valid only for ratios of determinants since there
is a gauge field independent normalization in the formula..

SCRI
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R.G. Edwards

Lattice RegularizationJ

• (7 denotes the lattice gauge field background.

• C(U) is naive discretization of the continuum C(A).

• B(U) is the standard Wilson term on the lattice.

• Let

V = a /
7 5

be the unitary matrix that diagonalizes Ht on the lattice.

a
1

'P
5

Then

spans the subspace of positive eigenvalues.

spans the subspace of negative eigenvalues.

( 0 - = deta

SCRI



R.G. Edwards
34

Gauge field topology

is obtained by filling all the positive energy states of the

single particle Hamiltonian

/ B ( t 7 ) - m C(U)
L

• H i s a 2 x J V x S x V size matrix on a lattice of volume V. 5 is

the appropriate number of components for a Weyl fermion (one

in 2D and two in 4D). N is the size of the gauge group

representation for the Weyl fermion under consideration.

• If H has an equal number of positive and negative eigenvalues,

the ground state is half filled and the chiral determinant is

non-zero.

• If H has only (N x S x V) — Q positive energy eigenvalues then

|0—) and |0+)c/ have an unequal number of filled states and

therefore (0 - \0+)u = 0.

• Any perturbation of U will not change the above zero.

• (0 — |at - - • a^ |0+)*7 will be non-zero.

• Such a gauge field background contributes to a process that

violates fermion number by Q units in each Weyl sector.

• U is a gauge field background that has a non-trivial topology.

SCRI
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R.G. Edwards

Spectral flow of Hj(ra)

(B{U)-m

V
lim

m->-oo

\The number of positive energy eigenvalues of H \ (m) is equal to
(N x S xV + n+ - n~) where
n+ are the number of levels that crossed from below zero to
above zero in the region [0,ra].
n~ are the number of levels that crossed from above zero to
below zero in the region [0,ra].

• One way to compute the index of H^ (m) is to count the
number of (JV x S x V) — Q positive eigenvalues.

• A simpler way to compute Q above is to compute the lowest
eigenvalues of H \ (m) at some suitably small m where there are
no zero eigenvalues. Then slowly vary m and count the number
and direction of crossings. The net number at some m is the
index of the chiral Dirac operator.

• We want level crossings as a function of m in the spectral flow
of the eigenvalue problem

= \k{m)<j>k{m)

SCRI
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Expectations for SU(3) ensembles

• Wilson term shifts crossings from m = 0, to some mi in
0 < mi < 2.

• Around the mass points m = 0,2,4,6,8, the degeneracies of
1,4,6,4,1, respectively, should be preserved.

• Region m < mi describes physical quarks with a non-zero mass.
Region m > mi is unphysical for spectroscopy, but of interest
for chiral and vector gauge theories with massless quarks in the
overlap formalism and domain wall approach.

• In the continuum limit, mi and rrt2 go to zero.

• Since Wilson term is O(a), one might expect at finite lattice
spacing the spectral distribution of H£ (m) to be characterized
by three regions:

— For 0 < m < mi, the physical region, the spectrum has a
gap.

— For mi < m < m.2, the spectrum is gapless.

— For 77i2 < m < 2, the spectrum has a gap again.

SCRI
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R.G. Edwards

Spectral flow of SU(SJ)

Spectral flow of Hj(ra) for quenched Wilson (3 = 5.85 and 6.0 and
Wilson fermion discretization.

0.4

0.2

< 0.0

-0.2

-0.4

1 ' 1 ' ' ' '
0=5.85,

M
L

• , , 1 , , ,

63 i2 -.

, i , , , , i-

- 0.4 -

-0.2 -

- -0.4 -

0.4 h-

0.2 j ^

0.2 P

0.4 f-

1.0

' 1 ' ' ' '
jS=6.0,

•^

1.5

1 ' '
8316•
•

2.0
1 ' 1-

—

, , i-

0.4

0.2

0.0

-0.2

-0.4

1.0

1 " " *
/3=6.0,

1.5 2.0
• 1 • • • • 1 -

16332 ~

1.0 1.5
m

2.0 1.0 1.5
m

2.0

SCRI



R.G. Edwards
38

C hired condensate

Used the ten lowest eigenvalues at fixed external field h (adding
ihtp^ip to the fermionic action) and volume V to approximate the
chiral condensate

lim — h
V ^ \l (m) + /i2

n

as a probe for the closing of the gap. No estimate of the true chiral
condensate attempted in this work.

Chiral condensate of H \ (m) for quenched Wilson j3 = 5.85 and 6.0
and Wilson, fermion discretization.

0.06

0=5.85, 6d12, 0^=0

0.04 -

0.02

0.00

0.06

0.04

0.02

0.00

0.06

0.04 -

0.02 -

0.00

• I
*

• f

I • • • ' I ' • •

0=5.85, 8316, 0^=0

k

•^ffliHiBMHipillli

I . . . . I . . .

-

-

, |

1.0 1.5 2.0
1 T 1 r 1

j8=6.0, 8S16, c_=0

0.06

0.04

0.02

n nn

-1

1.0
1 ' '

0=6.0,

t

1 . .

1.5
1 • 1 • '

16332, <;„=(

i*""wiiii«muuiMiWwi

2.0
1 ' 1

-

-

BBssssas

1.0 1.5 2.0
m

1.0 1.5 2.0
m

SCRI



R.G. Edwards
39

Implications for domain wall fermions

• The extent of the fifth direction is a parameter, we call Ls.

• Physical quantities should be independent of Ls.

• Dependence of physical quantities on Ls is directly related to
the gap in Hj(m). Reference: Neuberger, Phys. Rev. D57
(1998)5417.

• For example the determinant of the five dimensional Dirac
operator p in a fixed gauge field background is given by

1 - mq 1 - TLs 11
2

75
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Spectrum of T close to unity is same

as spectrum of H close to zero

Eigenvalue problem for T

u
—v

H+ u
V

u
—v

= 0

One can also show that

dT u
dm \ —v dm

u
v

The above connection between T and H + shows that

• An unit eigenvalue of T at some m corresponds to a zero
eigenvalue of H j at the same m

• The change in the above eigenvalue around m is the same for
both T and H j .

SCRI



R.G. Edwards
41

Insights from the transfer matrix

Fermion expectation values in QCD with domain wall fermions.
Reference: Narayanan and Neuberger, Nucl. Phys. B412 (1994)
574-606.

J
>= E.

E.

\n-\-) are the many body eigenstates of a"*" In Ta with eigenvalues
A j . We assume that Aj < A^+1 for all n.

• |0— > is the boundary state obtained by filling all the states
with a definite chirality.

• |0+) is the ground state obtained by filling all the single
particles eigenstates of T with eigenvalue less than unity. This
state dominates in the limit of Ls —* oo.

• 2Xg = (Af — Aj) is equal to the gap in lnT and the suppression
of the first excited states is proportional to e~2AgLa.

• A gapless spectrum for lnT implies no exponential supression
as a function of Ls.

SCRI
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If we find that H J (m) is gapless at values of m used in domain wall
simulations it means that there is no gap in ln(T) either. As such
one is in situation where the determinant of the five dimensional
dirac operator with mq = 0 changes significantly with Ls.

Note:

• The space time dependence of the eigenvectors of T with
eigenvalues close to unity are not relevant in the above
discussion. There will be a dependence on Ls as long as there
are eigenvalues close to unity.

• Gapless spectrum of ln(T) does not imply that the five
dimensional Dirac operator has zero modes.

• Increasing mq reduces the effect of the Ls dependence. This is
because one has effectively increased the gap in HJ (m) from Xg

to i /A | + tan2 (2 tan"1 mq).

needs to study the spectrum
Hj to understand the Ls dependence

of physical observables in domain wall
V fermions ;

SCRI
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Evidence for fractional topological

charge on the lattice

• A first step toward studing supersymmetric Yang-Mills theories
on the lattice using the overlap formalism.

• Question: What causes gluinos to condense in finite physical
volume?

• Puzzle: Weyl fermions in the adjoint representation of SU(N)
has 2NQ zero modes in a gauge field background that carries a
topological charge equal to Q. This can give rise to a fermionic
condensate with 2N. fermions but not a fermion bilinear.

• Need to dynamically generate fractional topological charge to
resolve this puzzle. Is it necessary to have twisted boundary
conditions for the gauge fields? Or, should we generate gauge
fields using the adjoint Wilson gauge action (proposal of
Neuberger, Phys. Rev. D57 (1998) 5417).

Rajamani Narayanan
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We compare the spectral flow of adjoint and fundamental
hermitian Wilson-Dirac operator on an ensemble of pure SU(2)
gauge fields generated at /3 = 2.6 on a 164 lattice using the
fundamental plaquette action and periodic boundary conditions
on the gauge fields. The fermionic operator used for the
spectral flow obeys periodic boundary conditions.

The spectrum of the adjoint Wilson-Dirac operator is doubly
degenerate in an arbitrary gauge field background. This is due
the fact that the fermion is in the real representation of the
gauge group. As such the background remains the same under
charge conjugation leading to a spectrum that is doubly
degenerate. Therefore the adjoint index can only occur in
multiples of two.

Table showing the index of the adjoint fermion (Ja) versus the
index of the fundamental fermion (If). For each gauge field
background, its parity transformed partner is also considered to
symmetrize the distribution of Ia and

Rajamani Narayanan
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Conclusions

• The study of spectral flow is a good method for measuring the
topological content of gauge fields. Wilson fermions are
essential for this purpose.

• The spectral gap will be closed in the volume limit at all gauge
couplings. Small localized objects are responsible.

• These small localized objects do not affect the topological
susceptibility.

• The spectrum in gauge backgrounds generated with dynamical
quarks show the same qualitative behavior. The effects of small
localized objects should still persist.

• The study of the spectrum of H j provides information about
the Ls dependence of physical observables in domain wall
fermions. Since the gap is closed, an exponential suppression is
not expected in the massless limit.

SCRI



Stepping between the cracks . . .

Richard Friedberg
Columbia University

We introduce a. lattice not as a new basis for physics but as a computational tool for
studying continuum physics (or physics on a much finer lattice).

Our lattice is used to decompose continuum functions into a piecewise linear (or some-
times quadratic) part and a quasi-fourier part restricted to short wavelengths.

The uv (short-wavelength) part can be organized in various ways. For example, in
fermion physics it is possible to arrange that the spurious fermions are completely removed
by a calculation restricted to the piecewise and 1 or 2 adjacent uv bands (Brillouin zones).

In treating gauge fields, it is possible to choose the piecewise functions so that Coulomb
(or Lorentz) gauge can be achieved for them separately without uv admixture.

The underlying aim is to treat nonlinear theories (especially QCD) by eliminating the
uv variables via perturbative integration and handling the residual nonlinear theory on
the piecewise sector by numerical lattice computation using coefficients of local piecewise
functions as lattice variables.
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Lattice QCD with domain wall quarks

Tom Blum

May 13, 1998

We have presented results at this workshop that show domain wall fermions
(DWF) are an attractive alternative to Kogut-Susskind and Wilson quarks
for lattice QCD calculations where chiral symmetry is crucial. For weak ma-
trix elements in particular, DWF yield excellent agreement with expectations
from chiral perturbation theory, i.e the left-left operator for the kaon B pa-
rameter BK vanishes linearly with the quark mass m without the complicated
mixing of operators required with Wilson quarks, or the entanglement of fla-
vor and space-time degrees of freedom as with Kogut-Susskind quarks. Such
a convincing demonstration has not been shown for Wilson(-like) quarks.

Up to exponentially small corrections, DWF maintain the full chiral sym-
metry of QCD at relatively strong couplings, and thus should exhibit more
continuum-like behavior at large lattice spacings. DWF are an improved
action to an effective order O(a2) since no four dimensional operators with
mass dimension five exist that are chirally symmetric. Our data presented
for BK indicate this scaling behavior, though future studies with improved
statistics and smaller quark masses are needed to confirm this. ^From these
simulations we find for half the bare strange quark mass, ms/2 fa 0.01, 0.015
and .025 at Q/g2 = 6.3, 6.0 and 5.85, respectively. Our determination of BK
using DWF is already consistent with the precise Kogut-Susskind value which
shows DWF can be used reliably to calculate physical quantities in QCD. It
is clear from the present data that the cut-off dependence is much reduced
over the Kogut-Susskind calculation. We see no reason to expect this not to
hold for other quantities as well. We note that the lattice volumes required
to see the asymptotic cut-off behavior for Kogut-Susskind quarks are quite
large compared to the DWF case which more than makes up for the cost of
the extra dimension.
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QCD and kaon

weak matrix elements
with domain wall quarks

Tom Blum and A. Soni
Brookhaven National Lab

M. Wingate
RIKEN-BNL Research Center
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The PCAC Chiral Ward Identity. Exactly satisfied
on a single configuration since it is an operator
identity. In large time limit, averaged over con-
figurations, 2sinh ( a m * / 2 ) ^ r | r = 2m + ^ 3

10'

10 - 1

A

O
V

to

O
V

10 - 3

10 - 4

_ 0

1 
1

EJ

10

0=5.85, 11=1.0

0=5.85, M=1.7
1

©

m

(D

0=6.0, M=1.7

20 30
N.

I

40



56

Anomalous contribution to the PCAC CWI
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The pion mass squared
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The kaon B parameter
BK = (K\OLL\K) I (K\OLL\K)VS

We dont' expect O(a) corrections, tfp2^ and
^ are not chirally symmetric.
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Staggered and Domain Wall Fermions:
Classical Configurations

Adrian Kaehler

Columbia University

1 INTRODUCTION AND OVERVIEW

• Study quenched QCD above Tc looking for anoma-

lous effects.

—y Dilute instanton picture suggests that {tytjj) should di-

verge as 1/m in the chiral limit.

• Do staggered studies at Nt = 4 and Nt = & find any

sign of this divergence?

—)• No, perhaps instantons and topological effects simply

can not be seen at such coarse lattice spacings.

• Investigate topology in staggered fermions

—y Only at Nt > 8 is there a strong signal from fermibn

"zero modes" in the chiral condensate. ''

• How much better can we do with domain wall fermions?

—> A strong signal exist for topological zero modes at Ls

as small as 6!

• Conclusions

—)• Domain wall thermodynamics seems very well suited

investigations of anomalous effects in quenched QCD.
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Figure 3: 1998 323 x 8 QCDSP data (840 correlated sources per mass)

Of course, Nt = 4 implies a very coarse lattice for (5

near the transition region, and so it was natural to expect

that the small modes were simply being obscured by the

finite lattice spacing errors.

In 1997 and 1998, a new run on a Q = 323 x 8 volume

with (3 = 6.08 (P — Pc again 0.02) found once again a

very good fit to a fractional power. Again, no sign of the

expected divergence appeared.
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5 Staggered Topology

At this point one begins to wonder if topological modes

will appear in the staggered spectrum at these lattice

spacings even under ideal conditions. —> Study an in-

stanton.

The simplest field is the constant self-dual Abelian field

of Smit and Vink. Here there is expected to be an exact

zero mode as a result of the linear nature of the gauge

potential. In the background of such a field, the partially

quenched condensate (il)tjy) (m) displays the dramatic ef-

fect that would be expected.

Figure 4: Constant self-dual Abelian field on Q = 84, line is a fit to lone
eigenvalue hypothesis consistent with Amin = 0.
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The signal that we are looking for is discernible then

for smooth classical configurations on 84 volumes, but

extremely weak. If we go to 164, the signals become much

stronger and we begin to see the kind of behavior we had

originally imagined.

1 O - -

I D -

Figure 8: Q. — 164, Constant self-dual Abelian field, compactified instantons,
and singular gauge instantons.
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COMPACTIFIED INSTANTON FIELD Q = 164

C I ©" mo=1 .2
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»cr" t cr* Tar* tor*

iff3 10-* to"" to—=

Figure 10: fi = 164 Domain wall compactified instanton constant mo = 1-2

It is clear here that the domain wall formalism very
naturally reproduces the divergent condensate that would
be expected from topological configurations, and is ex-
tremely robust when we consider the addition of noise.



Quark Masses with Domain Wall Fermions

Matthew Wingate, with Tom Blum and Amarjit Soni

The first Monte Carlo simulations using domain wall fermions [1] have shown
that this formulation is a practical and useful one, worthy of further study. At
this workshop there have been many talks regarding more stringent tests of this
new method. Certainly the parameter space must be thoroughly mapped, and the
effect of zero modes of the four-dimensional hermitian Wilson-Dirac operator on the
stability of the light-mode separation needs to be resolved. In addition to making
these checks, one needs to explore the application of domain wall fermions to lattice
phenomenology.

In this talk, I discuss the one-loop calculation of the fermion self-energy for the
case of massive fermions. The wavefunction renormalization has been computed pre-
viously [2]. We complete this calculation by including the mass renormalization. The
result demonstrates that the perturbative matching between the domain wall regu-
larization and continuum dimensional regularization is small. Therefore, we should
soon have a computation of the light and strange quark masses.

Some open questions remain. In particular, how does one take into account the
large additive renormalization of the domain wall mass, M?

Slide 1 is my introductory slide. Slide 2 shows lattice quark masses determined
from different methods. For the domain wall case, we take simply the mj which (when
divided by 2 due to our use of degenerate quarks) gives the physical kaon mass. Slide
3 shows how to match to continuum regularization, taking M = 1 for illustration.
Slide 4 gives the finite integrals explicitly, and slide 5 plots their values for different
values of M.

References

[1] T. Blum and A. Soni, Phys. Rev. D56 (1997) 174; Phys. Rev. Lett. 79 (1997)
3595.

[2] S. Aoki and Y. Taniguchi, hep-1 at/9711004; Y. Kikukawa, H. Neuberger, and
A. Yamada, hep-lat/9812022.
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Domain Wall Quarks on QCDSP(I)
Robert D. Mawhinney

The group at Columbia has been doing preliminary studies of quenched
QCD with domain wall quarks on the Columbia QCDSP computer. These
calculations, done over the last two months, have been directed at seeing
whether the basic low-energy physics (confinement and chiral symmetry
breaking) expected from QCD could be reproduced with domain wall quarks.
The answer so far is yes.

We have also probed matters of principle. One example is whether one
can distinguish, from simulation data, when the transition from a single light
quark bound to the four-dimensional walls, to four light quarks, occurs. The
number of states bound to the wall depends on the domain wall height (Mo)
and we see regions of MQ where the chiral condensate is insensitive to Mo
and other regions where it is varying rapidly. A second question is the role
of translationally invariant modes in the fifth dimension. These undamped
modes can mix the two quark chiralities. This mixing could destroy the
chiral properties of the formulation, but such modes can also be only one of
many modes contributing to the basic low-energy physics of QCD. We have
explicitly calculated the contribution of such modes to the chiral condensate
and the contribution is at or below the one percent level.

Preliminary hadron mass measurements have been done and, with the
limited data available to date, we can only say that we see no problems that
will stop precise measurements of these masses.

This work has been done in collaboration with Ping Chen, Norman H. Christ,
George Fleming, Adrian Kaehler, Catalin Malareanu, Chengzhong Sui, Pav-
los Vranas, Yuriy Zhestkov,

73



74

V\A# l e

C "-

r«

d\

"B
0

+ (3-0 r ^

H (



0.005

8 x32, p=5.85, t-apbc, 51 configs
linear extrapolation to mf=0

0.004

0.003

A

V

0.002

0.001 -

0

Ls=16
D D Ls=24
O - - O Ls=32

I ^ r I I [

I . , . , I . . . . I . . . . I

0.4 0.65 0.9 1.15 1.4 1.65 1.9 2.15 2.4 2.65 2.9 3.15

Oi



8 x32, (3=5.85, t-apbc Thermal Quench Config 0

-0.005 -

=0.02



77

10o
f = I i i I i I i i I r i i i i 1 I i r i g

mf=1.0e-2 Ls=90 mn=1.45
10

10 - 2

A
10 - 3

10 - 4

10 - 5

10 - 6 i i i i

•o

I I I I I I I I I I I I I I I I I

0 20 40 60 80
s



78

mo=1.65 (5=5.85 8x8x8x32 Ls=10
fitting range 8 - 1 6 , ®Q coniguraiions

©,0© 0.02 0.04 0.06 0.08 0.10
m,

mo=1.65 0=5.85 8x8x8x32 Ls=10
fitting range 8 -16 , 80 configurations

0.00 0.02 0.04 0.06 0.08 0.10
m,



79

See.
V

•'j

Uv\daw\pec)

4k
p

ese.

Ow

4 , K

fcw

a. Tr ^



80



Spectral Decomposition of

George Fleming

In the standard spectral decomposition of the Eu-
clidean Dirac operator (Banks aad Casher, Leutwyler
and Smilga)

roo
7 M 4- A2

where N,zm>
psj.

When 1, we expect that

for iV> > 2.

For quenched configurations, p(0) may be estimated
by extrapolating from a range of moderate values of
rrif.

For ra/ such that {ijifymfV <$C 1, spontaneous chiral
symmetry breaking disappears. For quenched config-
urations, -{ify} May diverge as rrif —>'O.

No lattice feri3ak)n formulation has clearly demonstrated
this behaviour.

Fermion Frontiers '98
81
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The Zero Temperature Chiral Phase
Transition in SU(N) Gauge Theories

Thomas Appelquist
Yale University

I describe the chiral phase transition in SU(N) gauge theories as the number of quark
flavors, Nf, is varied. I argue that the transition takes place at a large enough value of
Nf so that it is governed by the two-loop infrared fixed point of the (3 function. I describe
the nature of the phase transition and discuss the spectrum of the theory as the critical
value of Nf is approached in both the symmetric and broken phases. Since the transition
is governed by a conformal fixed point, there are no light excitations on the symmetric
side. I describe the physical spectrum in the broken phase using dispersion relations,
the momentum dependence of the dynamical fermion mass and resonance saturation. I
show that near criticality, the second Weinberg spectral function sum rule is substantially
affected by the continuum contribution, allowing for a reduction of the axial vector - vector
mass splitting with respect to QCD-like theories. In technicolor theories, this feature can
result in a small or even negative contribution to the electroweak 5 parameter.
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Supersymmetric Field Theories

and QCD

Matthew J. Strassler
Institute for Advanced Study

BNL-RIKEN Workshop, May 1998
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• Pure J\f — 1 Yang-Mills theory has a number of
interesting properties. Studying these properties as a
function of the SUSY-breaking effects of temperature
and gaugino mass tests SUSY ideas and helps
establish whether non-SUSY and SUSY Yang-Mills
are smoothly connected.

• There may be non-SUSY models with fermions which
have similar properties to those of M = 1 SUSY.

• The monopole condensation model of confinement
should not be accepted blindly. These models are not
universal, despite the universality of confinement
itself. Abelian projection should be used sparingly, as
it cannot reproduce the physics of QCD strings. A
better approach might involve the study of the
Georgi-Glashow model and the search for fully
gauge-invariant descriptions.

• Ratios of string tensions in confining gauge theories
are as interesting to compute as hadron spectra and
are easier for theorists to study... one must compute in
SU(4) and higher!
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SUSY theories have complex zero-T phase structure;
new phenomena including duality, large classes of fixed
points, a free magnetic phase, instanton effects, and
confinement without chiral symmetry breaking.

It would be useful (perhaps essential?) to explore the
zero-T phase structure of vectorlike non-SUSY
theories, varying gauge group, matter content, and
interactions.

There are lots of difficulties in such a lattice project;
the techniques and the appropriate questions require
considerable refinement.

Three-dimensional gauge theories, including abelian
ones, are an arena for study which should not be
overlooked.



Confinement

• Add extra massive matter (still same univ. class)
• broken Af = 2 Y-M ; Seiberg and Witten,

• broken Af = 4 Y-M ; Donagi and Witten, MJS

• Use duality to go to a magnetic description

• Demonstrate monopoles condense, causing confinement

• ZN Confining flux tubes as string solitons

Seems to confirm old lore on Dual Meissner... BUT:

Caution: These theories are not Af = 1 Y-M!

• Confinement, energy gap universal

• Monopoles not universal. Properties depend on the added
matter. Monopoles can be non-abelian, not like those of
the abelian projection!

• Hadron spectrum, string tensions not universal.

• Dual description only reliable if it is, weakly coupled; not so

for pure Af = 1 Yang-Mills.
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Infinitely Long Confining Strings

In SU(N) AT = 1 Y-M these carry quantum number k in ZN-
String tension Tk function of &, N, A; note Tk =T^-k, TN = 0.
Source of charge k (e.g., fc-index antisymmetric tensor
• representation) confined by ̂ -string.

Compute ratio : a basic property of SU(N > 3) Y-M.

Strong coupling expansion:

Tk oc k(N - k)/N

Weakly broken Af = 2 (Douglas and Shenker)

(6)

oc sin
N (7)

Is either formula accurate for J\f = 1 Y-M?

Is Y-M a Type I or Type II superconductor (is X2 less or

greater than 2Ti)?

Note that SU(2), SU(3) have only one tension => Type I.

Must study 5(7(4) (and higher) to examine this question.

• Compare 4 - 4 potential (V44 - Txr) V»- > » V

• to 6 — 6 potential (V66 ~ T2r). k • >-—*6



What about Vectorlike Non-SUSY Gauge Theories?

Consider theories with only gauge bosons and fermions. We
still have G, Ri, masses, and non-renorm. interactions to vary.
What is the zero-temp, phase as a function of these
parameters?

• Non-Ab. Coul. Phase: certainly exists at large Nc when
one-loop beta function almost zero. Its true range? Its
patterns of operator anomalous dimensions? Its properties
at energies above the fixed point energy regime?

• Confinement and chiral symmetry breaking: which theories
demonstrate them, and in what patterns? Hadron
spectrum? String tensions?

• Free Magnetic Phase: Does it exist in non-SUSY case? or
does it require the massless scalars of SUSY?

• Effects of instantons, fractional instantons, monopoles: can
these be identified, isolated?

• New Phenomena? Duality?

NOTA BENE: This is not necessarily an academic

question! The explanation of Electroweak Symmetry

Breaking (or of other real-world phenomenology) may

require this knowledge!
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Numerical Studies of Large N Reduced Models

Jun NISHIMURA

IIB matrix model, which is the reduced model of ten-dimmensional su-
persymmetric Yang-Mills theory, is expected to be a nonperturbative for-
mulation of superstring theory based on type IIB superstring background.
We hope that we can explain basic physical laws including the space-time
dimension by solving this model. In this talk, we report on numerical studies
of large N reduced models of Yang-Mills theory, which we call as "bosonic
models" since they are nothing but the bosonic part of IIB matrix model.

It is known that perturbation theory gives attractive potential between
all the pairs of eigenvalues when D > 2. Due to this, the integral / dA is
convergent without any cutoff for D > 2. This property, together with the
fact that the action is homogeneous with respect to A^ enables us to absorb
the coupling constant g by rescaling A'^ = -j^A^. Hence g is nothing but a
scale parameter, and the dependence of expectation values on g is completely
determined on demensional grounds. This is also the case for the IIB matrix
model.

We investigate the dynamical aspects of the model related to the eigenval-
ues of A^ which correspond to the space-time coordinates in the IIB matrix
model. One of the most important quantity is the extent of the space time
defined by R = J(jjTr(A^)}. Since R should be proportional to y/g on
dimensional grounds, we parametrize its large N behavior as R ~ ^/g~N". In
the IIB matrix model, the value of u plays an important role when we deduce
the space-time dimension, which is to be determined dynamically within the
model. We find through Monte Carlo simulation that u; = \ for the bosonic
model.

We then define a quantity which represents the uncertainty of the space-
time coordinates and show that it is of the same order as the extent of the
space time, which means that the classical space-time picture is maximally
broken in the bosonic model.

We also address the issue of the SSB of the Lorentz invariance. This
is of paramount importance in IIB matrix model, since if the space-time is
to be four dimensional in IIB matrix model, the Lorentz invariance must be
spontaneously broken. We show the absence of the SSB in the bosonic model
by considering an order parameter and point out that this fact is actually
related to the large N factorization.
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The Flavor Dependence of QCD
Norman H. Christ

May 8, 1998

As the previous talks have suggested, there may be much to learn from examining the
behavior of QCD-like theories for a variety of light quark flavors. Since the number of light
quarks in nature is fixed, these questions cannot be studied experimentally. However, in
lattice simulations the number of light quarks can be easily varied, allowing us to study
these questions directly.

In 1992, the Columbia group made a serious effort to study QCD with eight light
quark flavors1 using staggered fermions. However, the presence of a strong bulk phase
transition, shown in Slide # 1 , prevented an unambiguous study of the zero temperature
region. Although we able to investigate 163 volumes, the physical length scale (measured
in lattice units), was so large on the weak-coupling side of this transition that a study of
even larger volumes would have been necessary to establish the zero-temperature behavior
of the theory.

More recently, we2 have made a careful comparison of QCD with zero, two and four
light quark flavors on 163 x 32 and x40 lattice volumes using staggered fermions. We
adjusted the coupling constant (or j3 — 6/g2) so that for each calculation the p mass was
the same in lattice units (f3 = 6.06, 5.7 and 5.4, respectively). For the Nf = 0, quenched
simulation we used valence quark masses of 0.004, 0.01, 0.015, 0.02 and 0.025, while we
performed two independent four flavor calculations with quark masses of 0.01 and 0.02.
We then compared with our older Nf = 2 calculations3.

In Slides #2-4 we compare the masses of the chiral partners ir — a, p — Ax and N — N'
and see a very interesting flavor dependence. As the number of flavors increases the mass
difference between these pairs of states, related by the chiral symmetry of staggered
fermions, decreases dramatically suggesting near chiral symmetry in the spectrum for
Nf = 4. This reduction in chiral symmetry breaking can also be seen in Slide # 5
where the mass dependence of the chiral condensate is compared between these three
cases. This apparent reduction in the strength of vacuum chiral symmetry breaking with
increasing Nf can be explained in the context of the Banks-Casher formula relating the
chiral condensate to the density of Dirac eigenvalues, p(X), at A = 0. The increasingly
dominant Dirac determinant should suppress configurations with a non-zero p(0).

Although we believe that 0 = 5.4 is significantly below 0C for the Nf = 4, finite-
temperature transition, it is possible that what we are seeing is an effect of finite volume.
Further study on larger volumes will be necessary to establish this behavior.

It is important to recognize that these nearly parity-doubled states are still all quite
massive. Therefore, even if they are actually degenerate for Nf = 4 or were to become so
for slightly larger Nf, the 't Hooft anomaly conditions would still require vacuum chiral
symmetry breaking. However, one might speculate that this vacuum breaking could arise
from a more complex, higher dimension, chiral condensate that would preserve a discrete
subgroup of the full flavor symmetry—a subgroup mixing these parity partners.

1Prank R. Brown, et at, Phys. Rev. D46, 5655 (1992)
2This work was done in collaboration with Shailesh Chandrasekharan, Dong Chen, Weonjong Lee,

Yubing Luo, Robert Mawhinnney and Greg Kilcup
3Erank R. Brown, et al, Phys. Rev. Lett. 67, 1062 (1991)
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The QCDSP Computer at Columbia and RIKEN/BNL
Norman H. Christ

May 8, 1998

This talk gives a brief overview of the QCDSP architecture and construction1. The
following talk of Bob Mawhinney will describe the programming environment and per-
formance that we have been able to achieve from these machines.

The name QCDSP identifies a scalable computer architecture, designed2 at Columbia
University and now constructed for a number institutions ranging from a 64-node, 3.2
Gflops machine installed in the spring of 1997 in Wuppertal, Germany, the 8,192-node, 0.4
Tfiops machine just commissioned at Columbia and the 12,288-node, 0.6 Tflops machine
nearing completion here at Brookhaven. Slide #2 gives an outline of the architecture
and construction of a machine with the size of the computer at Columbia. Perhaps the
most outstanding feature of this computer architecture is its cost/performance: the 0.6
Tflops machine at Brookhaven was manufactured for $1.8M or at a cost of $3/Mflops.

The basic computer node in this parallel machine, shown in Slide #3 , is made up
of a CPU, in this case a Texas Instruments digital signal processor or DSP, 2 Mbytes
of memory and a specially designed chip that manages the memory and off-node com-
munication, the Node Gate Array or NGA, diagramed in Slide #4. Communication in
a four-dimensional, nearest-neighbor grid is supported by the NGA which manages a
separate. 50MHz serial link to each of the eight neighbors in such a 4-D grid. The NGA
also contains a 32-word circular buffer that can be instructed to fetch ahead, efficiently
anticipating further DSP accesses from sequential addresses in memory.

The node is constructed on a small 2.7" x 1.8" daughter board which is then a complete
50 Mflops computer costing about $80. Sixty four of these nodes are mounted on a
mother board which plugs into the backplane of the basic 8-slot crate out of which a
larger machine can be assembled. The interconnection provided to a group of three
mother boards is shown in Slide #5 . Here the rectangular, 2-dimension mesh represents
the serial communication network described above, with the number of nodes reduced
from 64 to 16 and the dimension from 4 to 2 to simplify the diagram. Two additional
networks are also shown in this slide. The first is a tree of SCSI busses that exploits
the two SCSI ports built into each mother board. This tree permits the host computer,
a UNIX workstation at the top of the tree to indirectly interrogate the node on each
mother board connected to these SCSI ports, typically identified as "node 0". The
second network is the serial boot network which allows node 0 to communicate directly
with each of the daughter boards on its mother board. This permits node 0 on each
mother board to boot and run diagnostics on each daughter board.

Planning for these machine began in 1993; the first pair of daughter boards were
working in 1995, followed by the first pair of mother boards in 1996. We have been
running physics code on portions of the machine at Columbia for the past couple of
months. At present we are attempting to exploit the power of our new machines to use
the more computationally intensive domain wall fermion algorithm which promises to
give a significantly more physical chiral behavior than the present staggered or Wilson
approaches to lattice fermions.

1For a further discussion of these machine, see Dong Chen, et al., Nucl. Phys. B63A-C 997 (1998)
and references therein.

2The collaborators participating in this project are listed in Slide # 1 .
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COLLABORATORS

Dong Chen, Ping Chen, Norman Christ
George Flemming, Chulwoo Jung, Adrian Kaehler,

Steve Kasow, Roy Luo, Catalin Malureanu,
Robert Mawhinney, ChengZhong Sui, Pavlos Vranas,

Yuriy Zhestkov """

John Parsons, Alan Gara (Nevis Labs)

Columbia University, New York, NY

Robert Edwards and Anthony Kennedy

SCRI, The Florida State University
Tallahassee, Florida

Sten Hansen
Fermi National Accelerator Laboratory

Batavia, Illinois

Greg Kilcup

Ohio State University
Columbus Ohio

James Sexton

Trinity College, Dublin

SLIDE #1
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Computer Architecture

• Based on TI 's TMS320C31 Digital Signal Proces-
sor:

— 32-bit IEEE floating point.

— 50Mflops peak.

— 25Mwords/sec I /O.

— 2K words internal memory.

— $51,25 -> $48.69 — $37.53

• Arrange 8K nodes as 1 6 2 x 8 x 4 mesh with 50MHz
serial, nearest-neighbor communication.

• Construction:

— Make a node of one DSP, a 90K gate array
and 2Mbytes of DRAM.

— Place 64 nodes on a mother board as a
2 x 2 x 4 x 4 mesh

— Cable 128 boards as 8 x 4 x 4 mesh.

— Put two SCSI interfaces on each board.

* Connect peripheral disks and tapes.

* Connect host computer.

SLIDE #2
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The QCDSP Computer at RIKEN BNL (II)
Robert D. Mawhinney

The majority of the hardware work on the QCDSP computers at Columbia
and RIKEN BNL has been completed. A large amount of software has also
been written. The two major components of this software are the QCDSP
Operating System (QOS), which includes the Q-SHELL running on the host
workstation and kernels on each node of QCDSP, and the Columbia Physics
System, which is the code which implements the calculation of lattice QCD
on QCDSP.

Both of these systems are work in progress, but quite complete initial, im-
plementations exist which allow testing and debugging of the hardware and
support a wide variety of physics calculations, many of which have been men-
tioned at this workshop. The majority of the code in both systems is written
in C++ (we use a commercially supplied, single node, C++ compiler), with
high performance parts of the physics system written in assembly.

This code has been developed over many years by Dong Chen, Ping Chen,
George Fleming, Chulwoo Jung, Steve Kasow, Adrian Kaehler, Yubing Luo,
Catalin Malareanu, Robert D. Mawhinney, Chengzhong Sui, Pavlos Vranas
and Yuri Zhestkov.
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Fermions

Maarten Golterman

Washington University
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Ginsparg-Wilson relation, Anomaly
and

Singularities of the quenched chiral condensate

Shailesh Chandrasekharan

If a lattice Dirac operator obeys the Ginsparg-Wilson Relation (GWR),
the fermionic theory has an exact chiral symmetry on the lattice, except for
anomalous effects which arise from the fermionic measure due to the zero
modes of the lattice Dirac operator like in the continuum [1].

The GWR allows for the prediction of Goldstone bosons when the chiral
symmetry is spontaneously broken. It can also be used to predict formal re-
lations of the continuum explicitly on a finite lattice. For example there exist
relations between the topological susceptibility and the chiral condensate if
the anomaly removes infrared divergences in the pseudo-scalar axial-singlet
correlator.

Being related to the anomaly, the exact zero modes of the Dirac operator
must be physical at finite physical volumes, and must occur with non-zero
weight in the path integral. Thus the quenched chiral condensate must di-
verge like — at small masses in small physical volumes. This feature expected
from continuum arguments have not been observed in staggered fermion for-
mulations and will be naturally observed in the new fermion formulations
which obey the Ginsparg Wilson relation. Simple two dimensional simula-
tions show this result for the fermions introduced by Neuberger [2]. Other
quenched singularities must also be natural in such formulations.

It is likely that the expected interesting chiral properties of the domain-
wall fermions at large Ls (the distance between the walls) arises due to the
GWR. This is because at Ls —> oo one can derive a Dirac operator in closed
form using overlap techniques [2], which obeys the GWR.

Thus the fermion formulations that obeys the GWR can show interesting
properties of QCD which have not yet been observed with staggered or Wilson
fermions. In particular the finite temperature transition and effects of the
quenched approximation are among the important points to be studied with
such fermion formulations.

(1) . M. Liischer, hep-lat/9802011.

(2) . H. Neuberger, Phys. Lett. B417, (1997) 141,
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Ginsparg-Wilson Relation

• Look for a lattice D that obeys

j5D + D75 = aD-y5D

a is the lattice spacing.

Ginsparg and Wilson (1981).

• Chiral Symmetry:

Infinitesimal Chiral Transformation:

Action is invariant:

8S = ^

=

= 0

Measure is not invariant:

= -aetr(75D)

On a finite lattice

• A bit of algebra shows that

need not be zero!

= 2(n+ — n_

where n± are the number of zero modes of D which are
simultaneous eigenvalues 75 with eigenvalue ±1.

Liischer February (1998)
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Chiral Condensate

• The Ginsparg Wilson Relation Implies

= 0

To see this consider

along with the change of variables

We see that

4-

• Thus (#(1 - a|D)SI/) is chiral condensate.

• For one flavor zero modes break this symmetry explicitly

For more than one flavor

is possible.

A non-zero value signals the spontaneous breaking of
chiral symmetry.
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Flavor-Singlet Pion Correlator

Zero momentum Flavor singlet correlator

x,y

Doing the Grassmann Integration we find

G(p = O) =

After averaging over gauge fields we get

G(p = 0) =

If the flavor singlet mass is non-zero we need

1
~a2

lim 2> - lim ^

Such a connection between the topological susceptibility
and the chiral condensate also emerges in the continuum

• The presence of fermion determinant is very important.

limm_>.o n ^
2) depends on the fermion mass through the

fermion determinant
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Quenched Singularities at finite Volumes

• Quenched singularities also occur at finite volumes.

At small finite volumes due to asymptotic freedom one can
use a semiclassical approximation quite accurately!

• At finite volumes we expect

(u2) ~ Q (\u\) ~ &

• Due to the index theorem, the topological sectors produce
zero modes of the Dirac operator.

• In the continuum

= I /tr
m

= fdX p{\) -r^
m

Foe Nf = 0 exact zero modes can produce singularities in
the chiral condensate at small volumes

At small volumes we expect the quenched chiral condensate

Staggered fermions do not produce these singularities,
fermions which obey the Ginsparg- Wilson relation do!



154

• 2d Simulations on a 12 x 12 lattice at j5 = 3.0

Gauge Action: SQ = Ylv P[l —

Fermion Action: Proposed by Neuberger
obeys Ginsparg-Wilson Relation

0.40

0.00
0.1 0.2

m

Figure 1: Chiral condensate vs quark mass. The stars represent quenched
staggered fermions. The filled circles and the opaque diamonds show the
quenched and full chiral condensate defined using the Neuberger fermions.
The dashed line is the free chiral condensate using Neuberger fermions.



Lattice Formulation of Super Yang-Mills Theories
without Fine-Tuning

Jun NISHIMURA

Supersymmetry is important in two respects. In phenomenology, super-
symmetry is motivated as a natural solution to the gauge hierarchy. From
purely field theoretical points of view, supersymmetry enables analytic study
of nonperturbative aspects of field theories. On the other hand, lattice for-
malism has been a powerful tool to extract nonperturbative dynamics of field
theories. It would be nice to use this formalism to explore the nonperturba-
tive dynamics of supersymmetric theories.

A practical proposal given by Curci and Veneziano is to give up manifest
supersymmetry on the lattice, and instead, to restore it in the continuum
limit. It has been shown that this can indeed be done for four-dimensional
A* = 1 super Yang-Mills theory using the Wilson-Majorana fermion for the
gluino and fine-tuning the hopping parameter to the chiral limit.

Instead of fine-tuning a bare parameter to the chiral limit, we could im-
pose chiral symmetry on the lattice theory. But this is not possible through
standard formalisms such as the Wilson fermion or the KS fermion. The over-
lap formalism can be used as such a formulation. The method we propose
provides an alternative way, which is more suited for numerical study.

The domain wall formalism perserves almost exact chiral symmetry and
its violation vanishes in the limit of the infinite extent in the extra dimension.
We would like to propose a Majorana version of it. What we consider directly
is Weyl fermion in a real representation, which is equivalent to Majorana
fermion in four dimensions.

Since the Weyl fermion is in a real representation, we can introduce a
gauge-invariant Majorana mass term only for the mirror fermion. Fermion
number violation in the physical fermion sector comes only from anomalous
currents which pick up the violation due to the additional Majorana mass
term for the mirror fermion. Restating this feature in terms of Majorana
fermion, which is equivalent to Weyl fermion in a real representation, we have
chiral symmetry up to the anomaly. Using this formalism for the gluino, we
can obtain four-dimensional Af = 1 super Yang-Mills theory in the continuum
limit without fine-tuning.
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