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We describe a method to construct irreducible baryon opesatsing all-to-all quark propaga-
tors. It was demonstrated earlier that a large basis of drtbaryon operators on anisotropic,
quenched lattices can be used to reliably extract the madse®r more excited states in the
nucleon channel. All-to-all quark propagators are expktbebe needed when studying these
excited states on light, dynamical configurations becaast&ibutions from multi-particle states
are expected to be significant. The dilution method is useabfroximate the all-to-all quark
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colour-singlet operators. The sparseness of the dilutess: vectors also afford several computa-
tion simplifications. Some preliminary results are presérior nucleon effective masses.
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1. Introduction

The theoretical determination of the hadron spectrum frost firinciples is one of the goals
of the Lattice Hadron Physics Collaboration. Lattice QClxgkations have provided reasonable
agreement with the physical ground state masses of difféayons (for a review, see Ref. [1])
and the excited state baryon spectra in the quenched apmtian has been reported by several
groups [2, 3,4, 5, 6, 7]. Inthe presence of light, dynamicelrs, it is expected that multi-particle
states will have to be included for a thorough study of thetescstate spectra of hadrons.

One of the difficulties of studying multi-particle stateshe formidable number of contrac-
tions that one has with conventional point-to-all quarkpagators. All-to-all quark propagators
solve this problem since colour and spin contractions am@peed on the sinks and sources sepa-
rately. One also gains access to disconnected diagram atedifficult to evaluate with conven-
tional propagators. In this work, we test the “dilution” tmed of Ref. [9] for approximating the
all-to-all quark propagators.

The low-lying nucleon spectrum obtained through groupthtical projections ([8]) in the
guenched approximation has been reported in Refs. [LOQir]aim is to compare the point-to-all
and all-to-all constructions of these nucleon correlatiwaitrices. We find comparable (or better)
signals in the single-particle sector and verify that @itball-to-all propagators can be used to study
excited baryons.

2. Construction of Operators/Correlators

2.1 Point-to-All Construction

We follow the group-theoretical construction of baryon igpers outlined in Ref. [8]. A nu-
cleon correlation matrix is formed by combining variousaealcontracted three-quark propagators,
(uud(Pp) - _\where the indices denote the spin and displacements oftibe guarks (sink|source
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with the various projection coefﬁcienléﬁ,r andé%%. Our notation follows closely that of Ref. [8].

The (smeared) three-quark propagators are formed fromucalantracting the source and sink
colour indices of the quark propagators,

~(ABC)(pP) _ e ) A®B) A(©)
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(2.2)

wherngjX)ip‘aﬁm(x,ﬂxo,O) are the (smeared) quark propagators as defined in Ref. [8].
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2.2 All-to-All Construction

An expression for the nucleon propagator in terms of aldtaguark propagators is obtained
by replacing each quark propagator mat@¢, in the previous expression with

N Nai
Quaripfazip(%,tIXo,to) = lim ; Z g%a"“p xt)®n[(A])a_l,p(xo to)

where n[(A]) are the (smeared) diluted random noise sources for s\l cq(] are the corre-

sponding (smeared) solutions (see Ref. [9]). The summatien the dilution set is no more than

Ngii = NiNcNg in this study and we takid = 1 (separately) for each of the three quark propagators.

(In other words, each of the three quark propagators armatsd independently.) The nucleon

propagator then takes the form (after some symmetry tremsfiions),
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are colour-singlet three-quark operators and

B (x.X) = U} (%) Ty (x+ ). 0} (0 (p—1) D)8 . pf-

The tilde’s indicate that the fields have been smeared.

The task of computing correlation functions has therefagenbreduced to computing the
source and sink operatorg;; (to;i~jT<) and &, (t;TjT() separately and then contracting the remain-
ing dilution indices to form correlation functions. Thetatstep does not require large resources
and hence can be performed as a post-production operatlin.s@enario is very different from
the point-to-all construction which requires one to malkedbrrelation functions directly from the
quark propagators.

2.3 Optimization

The dominant computational effort is to make the colouglgnthree-quark operatonBirLkBq v
for each dilution index combination. We are interested irkimg a correlation matrix with many
baryon operators. There are three-quark operators tharesent in a large number of different
baryon operators. This is especially the case if we were teerttee baryon operators for all differ-
ent isospins, irreps and rows of irreps at once. Therefobrg,crucial that we only compute each
three-quark operator once in order to optimize the comjaual time. In this first study, we shall
only consider common the three-quark operators that haveame spin indices. Common quark
displacements will be considered in a subsequent study.
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3. Simulation/Results

3.1 Parameters

We have used the same configurations as in our earlier stwilethe conventional, point-to-
all quark propagators (Ref. [10, 11]) for comparison pugsosThese are the anisotrop% = 3)
quenched, Wilson gauge actioi £ 6.1) on 12 x 48 lattices. Anisotropic Wilson fermions with
pion masses of roughly 700 MeV were used for the valence guark

3.2 Operators

In this first test, we have focused on the nuclétg channel with one operator of each “dis-
placement type" (apart from the single-site case where we hiéd all three). These are the
Single-Site (SS-0,1,2), Singly-Displaced (SD-0), Doubigplaced-1 (DDI-0), Doubly-Displaced-
L (DDL-1) and Triply-Displaced-T (TDT-3) type operators.ekefer to Ref. [8] for further details
on these operators.

3.3 Cost Comparison

Twenty configurations were analyzed for time-dilution ainget-spin-dilution schemes. Time-
spin-colour-dilution has been tested on a single configamahus far. Since the traditional method
requires one to compute the correlation functions direatsycompare the number of quark inver-
sions required for each computation as an indication of st of the simulation time. We note,
however, that the construction of operators (correlatiorctions) consumes most of the simulation
time when using all-to-all (point-to-all) propagators foe heavy quark mass used here.

Time-dilution The lattice size in the time-direction of the anisotropittitgs used here was
N; = 48. The total number of inversions is then 144\, x 3 (for three quarks) to generate the
time-diluted all-to-all quark propagator set. In the cami@nal point-to-all construction, one needs
N¢ X Ng x 7= 84 inversions in order to make all of the displaced operators

Time-Spin-dilution The number of inversions in this scheme is increased by arfat¥ to
576= 3 x Ng x N; ~ 7 x 84, when we dilute in spin as well as in time. The cost of exivalisions
for the time-spin-diluted all-to-all propagators is therarly a factor of 7 compared to the point-
to-all construction.

3.4 Effective M asses

The effective masses are collectively shown in Fig. 1 foretidilution and Fig. 2 for time-
spin-dilution. The effective masses with time-dilutioroé have large error bars indicating that
a higher dilution scheme is necessary. On the other handjntieespin-dilution scheme shows
error bars which are already compatible with the pointit@#ective masses on the same config-
urations. It is important to note that even though the cogfenferating extra quark propagators is
not compensated by a reduction in the error bars, the mapoparof using all-to-all propagators
is to construct explicit multi-particle operators and etamtion-functions on dynamical configura-
tions, not just to reproduce the quenched spectra of Ref.J1p It is sufficient to have error
bars which are comparable to those of the point-to-all neefbothe purpose of analyzing single
particle states, although further reduction can be acHidyegoing to a higher dilution scheme
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Figure 1: Time-diluted effective masses for variousFigure 2: Time-Spin-diluted effective masses for
operators in thé&, g irrep with isospin 1/2. various operators in thyq irrep with isospin 1/2.

if necessary (see Fig. 3 for an example of colour dilutionk &0 note that the added statistics
obtained by having source operators on every timeslice erdttiice have been utilized in the
all-to-all simulations (see Fig. 4).

3.5 Diagonalization/Excited States

The main idea behind using a matrix of correlators with maiffernt operators is to find a
good basis of operators which overlap well with excitedestaSince the diagonalization procedure
involves correlation matrices on two different timeslictere is a possiblity that the stochastic
noise on the two timeslices will make the diagonalizatiostahle. So it is necessary to test whether
time-diluted noise vectors can be used in the variationdhote We have taken one operator of
each kind (just the first operator for SS) and diagonalizedctbrrelation matrix on timeslice 5.
The effective masses of the first three states are shown ifbFigjgure 6 shows the corresponding
results for the point-to-all method. One can see that thgadialization procedure based on the
all-to-all method is as stable as the one based on the pmimt-tnethod. The correlation matrix
for time-dilution alone was too noisy to be diagonalized.isTie an example where time-dilution
alone is not sufficient to even reproduce the point-to-alhts.

4. Summary

The efficacy of nucleon operator construction using grdwgmitetical projections and noise-
diluted all-to-all quark propagators has been illustrdtadselected operators. It was found that
time and spin dilutions were both necessary to obtain ssgioalthe nucleons that are comparable
to those of the point-to-all method. We also have a good atidin that diluting in colour will
further reduce the stochastic noise for some of the noigeratiors.

The independenZ, random sources on each timeslice coming from diluting tbehststic
source vector did not pose a problem for extracting excitates with time-spin dilution. The
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Figure 3: The nucleon propagator for time-spin-Figyre 4: The error of the nucleon effective mass
dilution, time-spin-colour-dilution and point-to-all for the SS(0) operator on timeslice 4 as a function of

quark propagators for the Single-Site-#2 operator ifhe number of sources used on each configuration.

the Gy irrep with isospin 1/2 on a single configura- The dashed line is-1—.
tion. Vo

signal for the first three states was clearly seen with thé@dinnumber of operators and config-
urations which were used in this first study. The importarfcsgtudying the dilution scheme was
illuminated by the failure of only diluting in time.

The next step in our study is to construct explicit multitjude operators with diluted, all-
to-all propagators. This will enlarge the basis of opesishich may be used to obtain a good
overlap with excited states on dynamical configurationdWlight" quark masses. It may also
become useful to include low-lying eigenmodes togetheh dilutions (the hybrid method) when
studying lighter quarks. Work is in progress in these diosist
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