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Improving flavor symmetry in the Kogut-Susskind hadron spectrum
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We study the effect of modifying the coupling of Kogut-Susskind quarks to the gauge field by replacing the
link matrix in the quark action by a “fat link,” or sum of link plus three-link paths. Flavor symmetry breaking,
determined by the mass difference between the Goldstone and non-Goldstone local pions, is reduced by
approximately a factor of 2 by this modificatiof50556-282(97)50103-3

PACS numbds): 11.15.Ha, 12.38.Gc

I. INTRODUCTION the gauge action helps this problem, but the Naik improve-
ment of the fermion action does nj@]. This is not surpris-
One of the major technical challenges facing lattice QCDing, since the motivation for the Naik action is the improve-
is the extraction of continuum physics from lattices with few ment of the free quark dispersion relation rather than the
enough lattice sites that computations are feasible. Recentavor symmetry.
there has been progress in developing “improved actions,” Here we explore a simple modification of the Kogut-
which give better approximations to continuum physics withsysskind fermion action. In particular, we replace the link
large lattice spacingfl]. Starting points for improving the matrices in the fermion matrix by weighted sums of the
gauge field action include cancellation of lattice artifacts insimple link plus three-link paths, or “staples,” connecting
an expansion in powers af (Symanzik actions[2,3] or = the noints. This is a simple modification that is consistent

reno_rmalization group _idea(q;)erfect action};_[4]. 'm_pro"ed . with gauge invariance and the hypercube symmetries of the
fermion actions which improve the quark dispersion relationy,yice - Mogifications such as this are likely to arise in any

have been introduced fof Wilson quar((ScIover_ action) renormalization group motivated improved fermion action
[5] and for Kogut-Susskind quarks$]. In particular, the S . . . ) i
. . . : —this is just the simplest possible addition. In simulations
Naik action for Kogut-Susskind quarks adds a third-nearest, ... "y o ical fermions, simplicity will be important since
neighbor term to remove an unwanted term of omfgrrela- y ) , SIMpHCity Wil P
the computation of the fermion force in the molecular dy-

tive to the desired term, from the dispersion relation. This T . . . .
produces improvements such as energy and baryon numbBfmics integration could become impossibly complicated. Of

susceptibilities at high temperature that quickly approach th&oUrse, this modification of the quarks’ parallel transport
free field (Stefan-Boltzmanplimits, and has been applied to €an, and probably should, be used in concert with improve-
QCD thermodynamic$§7]. Another of the major problems Ments in the gauge field action and the Néikird-nearest-
with Kogut-Susskind quarks is the breaking of flavor sym-neighboy improvement to the quark dispersion relation.
metry. In particular, only one of the pions is a true Goldstone In this paper we report on a study of the quenched meson
boson at nonzero lattice spacing, and at the lattice spacinggectrum using the “fat link” quark action. Quenched spec-
where simulations are done the differences in the piorirum calculations are easy to do, especially when stored con-
masses are large. Preliminary results suggest that improvirfiggurations are available, and there are many results in the
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literature using the conventional fermion action for compari-that all of the non-Goldstone pions are nearly degenerate
son. We measure masses of the “local” mesons, which in{10,11.
clude the Goldstone pion and one non-Goldstone pion, the
“SC” pion, or “ a," [9]. The splitting between these two

pions is a good indicator of flavor symmetry breaking, since  We modify the standard Kogut-Susskind Dirac operator
the calculations that have measured other pion masses fify replacing each link matri¥ , (x) by a “fat link”

Il. FORMALISM

U, () +WE ., [U, (00U, (x+ ) UT(x+ @) + U (x= 1)U ,(x= 1)U ,(x— v+ )]

Ut u(X) = TTow (@)
|
wherew is an adjustable weight for the staples. a gauge action consisting of the sum of the plaquettes minus
Symbolically, this is just 2w times the 2<1 planar loops and the>21 bent loops.

(The 2 is a combinatorial factor arising because each two-

plaguette loop can be generated in two ways, by adding a

staple to either of the two plaquettes in the Igophese

<1 . considerations indicate that the “fat link” modification of

“Tie the quark action will interact with improvements in the
gauge action, and it would be dangerous to assume that the
same fattening parameter that is optimal for the Wilson

ke gauge action will be optimal for an improved action.

Smeared gauge links made from combinations of different

paths on the lattice have been used in constructing source

operators for both glueballs and ordinary hadrgbg]. In Il RESULTS

these studies only the operators were changed; the propaga- s a dimensionless measure of flavor symmetry breaking

tor computation, and hence the masses of the hadrons, wefg se the quantith = (m,,—m,)/m,. We will also use

a2

6

+m

¥, (2

3 2
D,+—~D3+a (D,F,.)

left upchanged. In contrast, changing the masses of the hagse quantityam, to define the lattice spacing, and the dimen-
rons is exactly what we want to do. Also we should note thatpnless quantityn_/m_ as a measure of the quark mass.
we do not project the fat link back onto the gauge group. |geally, to compare with the conventional quark action we
_Replacement of a link by a weighted average of links,,,|q compare simulations at the same quark mass and lat-
displaced in directions perpendicular to the direction of thg;.e spacing. This requires tuning of parameters or interpola-
link amounts to including second derivativ@%A#/a,f, with  tion among various data points.
v# u. Expressing this in a gauge and Lorentz covariant e began with a series of tests using a set of quenched
form, to lowest order ira this modifies the action by includ- |attices with the standard Wilson gauge action at
ing a term(expressed in four-component notation, before thea/92:5_85 [13]. The lattice size is 20<48. Local meson
Kogut-Susskind spin diagonalizatipn propagators were calculated from wall sources, using four
sources in each lattice. Because we are interested in survey-
E( ing various masses and smearing weights, only a small frac-
Yu 1+6w tion (30 lattices of our stored lattices were used. The result-
ing masses and mass ratios are tabulated in Table I. To better
wherew is the staple weight. The factor af, required by expose the effect of fattening the link, we have generally
the dimensions of second derivative, is the expected powethosen the same fitting range for all the valuesaoft a
of the lattice spacing for effects of lattice artifacts with stag-given quark mass(There are some exceptions where the
gered fermions.(In contrast, the clover term for Wilson fitting program did not converge for the desired fit range.
quarks is an ordea modification) The Di term, which vio-  The final column of this table is the number of conjugate
lates rotational invariance, is unchanged by the replacemeigradient iterations required to converge the quark propagator
of the ordinary link with a fat link. It is this term that is calculation to a residual of 0.00005. Table | also contains a
canceled in the “Naik” (third-nearest-neighbpderivative. selection of masses with the conventional fermion action for
Another way to think about the use of fat links in a spec-comparison. We also include a result ag%#6.5 to point
trum computation is to consider it as the result of a modifiedout that at this lattice spacing the flavor symmetry breaking
action for the gauge fields. That is, we can ask what gaughas become very smdll5).
action would produce links with the probability distribution It is clear from this table that the use of fat links reduces
of the fat links. In general, this gauge action will be nonlocal,the flavor symmetry breaking, mostly by making the
involving loops of all sizes. Also, the fat links are not unitary lighter. As an added benefit, the smoother fat links require
matrices, so this will be an unconventional gauge action. Fofewer iterations of the conjugate gradient algorithm. There
small w we could construct this gauge action as a powetare no obvious effects on the nucleongonass ratio. More
series inw. To first order inw the effect is the same as using accurately, any change in the nucleonptanass ratio is of
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TABLE I. Masses and mass ratios with fat link fermion action, and comparable spectrum results with the
conventional fermion action. The simple plaquette gauge action was used. All of the fat link masses were run
on the same set of configurations, so all of the masses are strongly correlatedy?Fh6.6/masses are from
Refs.[11,14], and the 6.5 masses from RgL5]. A “NA” indicates that the mass is not published.

Fat link masses
w m; Mz Myt Mpy My m,/m
6/g>=5.85,am,=0.01

, My/m, AL CG

0.00 0.2781) 0.43515 0.602) 0.613) 0.882) 0.44822) 1.448) 0.26628) 1413
0.10 0.2461) 0.316100 0.572) 0.561) 0.802) 0.43914) 1.434) 0.12518) 1008
0.20 0.23¢1) 0.2927) 057%2) 0.561) 0.802) 0.4278) 1.434) 0.09513) 892
0.30 0.2361) 0.2905) 0.551) 0.562) 0.792) 0.42%15 1.41(6) 0.09610) 871
0.40 0.2371) 0.2884) 0562) 0.562) 0.802) 0.42315 1.436) 0.0918) 867
6/g°=5.85,am,=0.02
0.00 0.3791) 0.4948) 0.6798) 0.67614) 0.99817) 0.5617) 1.483) 0.17412) 617
0.10 0.3421) 0.3993) 0.61712) 0.61812) 0.90313) 0.55311) 1.464) 0.0935) 463
0.20 0.3371) 0.3803) 0.60712 0.61614) 0.88513) 0.54711) 1.464) 0.0795) 427
0.30 0.3301) 0.3743) 0.60411) 0.60913) 0.88013) 0.54610) 1.463) 0.0745) 417
0.40 0.3201) 0.3743) 0.60311) 0.60513) 0.87813) 0.5%2) 1.485) 0.0696) 413

6/g°=5.85,am,=0.033

0.00 0.4801) 0.5999) 0.76820) 0.78426) 1.112) 0.62516) 1.455) 0.15512 371
0.10 0.4371) 0.4872) 0.69911) 0.68915 1.002) 0.62510) 1.434) 0.0723) 271
0.20 0.4251) 0.4662) 0.68411) 0.68415) 0.972) 0.62110) 1.424) 0.0603) 250
0.30 0.4221) 0.4592) 0.67911) 0.68215) 0.962) 0.62210) 1.414) 0.0553) 245
0.40 0.4211) 0.4562) 0.67811) 0.68214) 0.962) 0.62110) 1.424) 0.0523) 243
0.50 0.4211) 0.4552) 0.67710) 0.68314) 0.962) 0.6229) 1.424) 0.0503) 242

Conventional masses

6/g%,am, m, m., myt Mpy my m,/m, my/m, A,

5.85,0.02 0.380@) 0.507%12) 0.693619) 0.6827) 1.0035) 0.5491) 1.451) 0.1842)
5.85,0.01 0.273@) 0.414417) 0.630642) 0.6247) 0.8888) 0.4343) 1.41(2) 0.2233)
5.95,0.025 0.387%) 0.451220) 0.595428) NA 0.89310) 0.6513) 1.502) 0.1074)
5.95,0.01 0.250B) 0.321%44) 0.515940) NA 0.72529) 0.4854) 1.416) 0.1389)
6.00,0.02 0.338) 0.3832) 0.5203) 0.5223) 0.76325) 0.6434) 1.461) 0.09724)
6.00,0.01 0.24B) 0.29%7) 0.4746) 0.4753) 0.67314) 0.5117) 1.434) 0.1072)
6.15,0.02 0.2968) 0.31719) 0.4261) 0.4271) 0.6322) 0.6962) 1.483) 0.0482)
6.15,0.01 0.2098) 0.23318) 0.3741) 0.3732) 0.5322) 0.5642) 1.437) 0.0632)
6.5,0.01 0.1578) 0.16046) 0.2391) 0.2391) 0.3543) 0.6593) 1.481) 0.0123)

the same order as the flavor symmetry breaking in ghe which we define by the mass, and the same physical quark
masses, and therefore cannot be disentangled from changesss, defined byn,/m, . In looking through the available

in the flavor symmetry breaking for thes. It can also be quenched spectrum calculations with the conventional ac-
seen that the improvement is quite insensitive to the exaaion, we find simulations at §#/=5.95 and 6.0 with
value ofw. Studies of the dependence of the flavorsymmetrmw/mp~0_65_ We therefore chose a quark mass, 0.033,
breaking of the local pions on the lattice spacing with thewhich gives a similar ratio using fat links. We can then com-
conventional action can be found in Reﬁ&ﬁ,ﬂ. In Fig. 1 _pare the fat link spectrum witm=0.033 andw=0.4 to

we plot the squared masses of these two pions as a functiQfese two conventional calculations in Table II. In this table
of quark mass at this fixed lattice spacing, and show lineaj, . <o that even though,./m, is slightly smaller for the fat
extrapolations of ther, mass to zero quark mass. Note that“nk calculation (.. incrgasgs asn,—0) and the lattice

the mter.cept as WPT” as the slppe of th.'@ squared masses IS spacing(from am)) is larger,A ., with the fat link action is
lower with the fat links, showing that improvement in flavor P . .
about half that for the conventional action.

symmetry persists in the chiral limih,— 0. . . . . .
Because the and nucleon masses are reduced wieis Motivated by t_he mfteractlon of fat links and improvement
of the gauge action discussed above, as well as the fact that

turned on, part of the improvement in flavor symmetry i f hed kind indi
breaking can be attributed to a smaller effective lattice spac?Ur studies of quenched Kogut-Susskind spectroscopy indi-

ing. To separate this effect from a “real” improvement, we cate that improvement of the gauge action results in some
want to compare calculations with the same lattice spacing{,educuon of flavor symmetry breaking, we calculated the fat
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TABLE II. Mass ratios for the fat link action at §#=5.85 and
approximately matched conventional calculations. The conventional
calculations are at similan,./m,, but at smaller lattice spacing as
defined by thep mass. However, the dimensionless flavor
symmetry-breaking parameter is considerably smaller with the fat

LIS IR N I NN NN N N B R N N N B IR B B B

0.4

0.3 link action.
o 6/g® am, w am, m,/m, A,
§ 02 5.85 0.033 0.40 0.678) 0.62110) 0.0523)

5.95 0.025 0 0.59528) 0.6513) 0.1074)
6.00 0.02 0 0.52(3) 0.6485) 0.0907)

||||l|l||||lll||

0.1

| | | FULO0¢(x+ m) — 25U ,00U (X + i)
0.0 1 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 N ~
0.00 0.01 0.02 0.03 0.04 XU L (X+20) (X +3u). (4)

amq

This produces a rapid convergence of quantities like the free

FIG. 1. The squared pion masses versus quark mass for tH€!d €nergy and baryon number susceptibility as a function
Wilson gauge action at §#=5.85. The plusses and crosses are the®f the number of time slices, and has been used in a high
7, and Goldstoner masses with the conventional fermion action, témperature QCD simulation by the Bielefeld gro[if).
and the squares and octagons aretheand Goldstoner masses However, in our quenched spectrum calculatip@k addi-
with a staple weightv=0.4. The lines are linear fits to the squared tion of the third neighbor term had little effect on the flavor
non-Goldstone pion masses. symmetry breaking. Since high temperature calculations are

typically done with larger lattice spacings than zero tempera-
link spectrum on a set of stored configurations with an im-ture calculations, it is especially important to improve the
proved gauge actiof8]: actions here. We may hope that a combination of the Naik
improvement with fat links or similar improvement in the
B coupling of the quarks to the gauge fields could produce a
Sg=§ E (plaquettes simulation with an accurate continuum free field behavior at
high temperature and a gas of the right number of light pions
1 at low temperature. As a first step, we calculated the spec-
— ——(1+0.4805,) >, (2X1 loops trum at amy;=0.02 using a third nearest neighbor term.
20up There are several decisions to be made here. How should
1 tadpole improvement be applied to the third neighbor term
— —20.03325132 (1X1X1loops;. (3 when fat links are used? Should the fat link in the third
Uo neighbor term be the product of three of the single fat links,
or some other weighted combination of paths? We began
Results are in Table Ill. Again we see a dramatic improvewith a spectrum calculation using just the product of three
ment in the flavor symmetry breaking. Curiously, in this casefattened links, with the unimproved coefficientl/24 for the

the Goldstone pion mass increases with fattening, while ithird nearest neighbor, using the samg?6/5.85 lattices.
decreased in the §7=5.85 calculation. Results are in Table IV.

It is also interesting to combine the fattened links with
Naik’s improvement to the fermion action. The Naik im- V. EXTENSIONS AND CONCLUSIONS
provement removes the orde’ (relative to the leading : U

term) error in the quark dispersion relation. It simply consists e find that the replacement of the simple gauge link by

of replacing the nearest neighbor term iD,,  afattened link in the fermion action reduces the flavor sym-
U, (X)#(x+u) with a combination of nearest and third- metry breaking of the local pions by roughly a factor of 2 for
nearest-neighbor terms: the parameters used here. Since flavor symmetry breaking is

TABLE lll. Masses and mass ratios for fat link quarks with an improved gauge action.

6/gZ=7.40,amq=0.04, improved gauge action
- m,, myt Mpy My m,/m,  my/m, A, CG

0.00 0.5347@) 1.063) 1.231) 1.3712) 1.814) 0.4354) 1.473) 0.42725 298
0.10 0.56273) 0.89413 1.171) 1.221) 1.732) 0.48%14) 1.482) 0.28311) 225
020 0.5718) 0.8427) 1.161) 1.191) 1.701) 0.4934) 1.472) 0.2336) 206
030 0.57764) 0.8246) 1.151) 1.181) 1.681) 0.5024) 1.462) 0.2146) 201
040 0.5818) 0.8175 1.151) 1.181) 1.681) 0.5084) 1.462) 0.2055) 198

w m,
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TABLE IV. Masses and mass ratios for a fat link action including the Naik third-nearest-neighbor term.
The gauge configurations are the same as in Table I.

6/g%=5.85,am,=0.020, with Naik derivative
w m, m,, My Mpy my m./m,  my/m, AL CG

0.00 0.365%7) 0.4878) 0.68320) 0.704) 0.98317) 0.53515 1.445 0.17813) 733
0.10 0.3281) 0.38743) 0.61113) 0.655 0.89014) 0.537112) 1.464) 0.0916) 529
0.20 0.3191) 0.3683) 0.60013) 0.665 0.87414) 0.532712) 1.454) 0.0826) 488
0.30 0.3161) 0.3623) 0.59913) 0.664) 0.86414) 0.52912) 1.454) 0.0716) 476

expected to be proportional &, this corresponds to a mod- empirica) determination of the coefficients will be neces-
est increase in the lattice spacing at which simulations of &ary. It would also be very interesting to see how this action
prescribed quality can be carried out. However, the computesffects rotational invariance.

time required is proportional to a large power of the lattice We expect that an improvement of flavor symmetry in
spacing, so a small increase in lattice spacing can translatfienched spectrum calculations is a strong indication that
into a large gain in computer time. dynamical simulations with this action will better reproduce

The action considered here was primarily motivated by itshe physics of a pion cloud. This needs to be tested.
simplicity and consistency with the lattice symmetries. It is

plausible that this works because using the fat links in the
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