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Abstract

Weinvestigatethefinite-temperatureexcitationspectrumin thegluonsectorof SU(3)
puregaugetheory through measurementsof screeningmassesin correlationsof ioop
operators.We developtheclassificationof suchoperatorsunderthe symmetrygroupof
the“z-slice”. In theconfinedphaseof the theory,we find that thespectrumdynamically
realisesthe zero-temperaturesymmetries.We observea largethermalshift of the0~+
glueballmass. In the deconfinedphase,the spectrumdistinguishesbetweenoperators
coupling to electrically and magnetically polarisedgluon fields. The former yields a
screeningmassequal to the Wilson-line screeningmass;the latter a method for the
measurementof the magneticmassin the high-temperaturelimit.

1. Introduction

The finite temperaturedeconfinementandchiral symmetryrestorationtran-
sition in QCDandpureSU(3) gaugetheoryhavebeenthe subjectof continuing
attention.Many detailedstudiesofthe screeninglengthsobtainedfrom mesonic
andbaryonicscreeningcorrelationfunctionshavebeenperformedrecently [1—
3]. It hasbecomeclearthatthereis aqualitativedifferencebetweenthehadronic
excitation spectraaboveandbelow the phasetransitiontemperatureT~.For
T < T~,the excitationspectrumresemblesthatat zerotemperature—thereare
(nearly)masslesspions,andall thewell-knownfamilies of hadrons.For T> T~,
on the otherhand,quarksareliberated.As T increasesbeyondT~,the renor-
malisedquarkmassesapproachthosecomputedin resummedperturbationthe-
ory [4], andexternalcurrentswith mesonicquantumnumbersare almosta!-
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ways correlatedthrough theexchangeof a weakly interactingquark—antiquark
pair (threeweaklyinteractingquarksfor baryons) [2]. The exceptionis in the
channelwith pion quantumnumbers.Herethe inter-quarkinteractionremains
quitestrongevenup to 2T~,butvariousdetailedmeasurementsshowthe absence
ofapionpole [3].

Nevertheless,therearestrongspatialcorrelationsbetweenquarks [5]. A recent
computation[6] relatesthesecorrelationsto acertainnon-perturbativeproperty
ofthe gaugesectorof thetheory.ThisistheobservationthatspatialWilsonloops
exhibit arealaw behaviourat a!! temperatures[7].Non-perturbativephysics
has long beenobservedfor T —~ T~in the pure gaugetheory. This suggests
thattheonly non-perturbativebehaviourobservedin thefermionsectorof QCD
until now is relatedto theseverysamefeatures.In an attemptto furtherstudy
the gaugesectorof the theory,we haveperformedextensivestudiesof certain
screeningcorrelationfunctionsin the puregaugetheory.In the sameway that
theseareusedto studythe excitationspectrumin the fermionicsectorof QCD,
we usethem for adetailedstudyof the excitation spectrumin thepuregauge
theory,bothaboveandbelowT~.

Detailedknowledgeof oneaspectof the puregaugespectrumis available.In
perturbationtheoryit is possibleto computethe gluonpropagator.Fromsucha
computationof the polarisationtensor,the positionof the polefor the electric
gluonpropagatormaybe obtained.This is called theelectric massof thegluon,
Me. The one-loopresulthas long beenknown [8]. Foran SU (Ne) gaugegroup
with Nf (massless)flavoursofquarks,

ceg2T2, Ce = ~(N~ + Nf/2). (1)

Inthispaperweareinterestedin thecaseNj = 0. It shouldbenotedthat,atnon-
zerotemperatures,the appearanceof an electricor magneticmassin the gauge
field propagatordoesnot violatethe usual Ward identities [8]. Furthermore,
it hasbeenarguedthat the pole is agauge-invariantquantityalthoughdefined
througha gauge-dependentcorrelationfunction [9].

The electricgluon massgives rise to the phenomenonof Debyescreeningof
colourcharges.Thisisusuallyseenin thescreeningofthecolour-singletpotential
betweenstaticquarksandthe Debyescreeningmasscanbeshownto becloseto
Me in perturbationtheory [10]. It turns out to be somewhateasierto measure
thescreeningmassin Polyakovline correlations,M~.Again, in perturbationthe-
ory, it hasbeenshownthatM.p ~ 2Me [10]. Closeto T~,M~hasbeenmeasured
throughzero-momentumcorrelationsof Polyakovloops [111. Sincethis mass
is definedthrougha gauge-invariantcorrelationfunction, it canbegiven anon-
perturbativemeaning.It should be emphasisedthat screeningmassesof corre-
lationsbetweengauge-invariantobjectscanonly be connectedwith electricand
magneticgluon massesin perturbationtheory.Thus screeningmassesaremore
generalobservables,which in thehigh-temperatureandweak-couplinglimit, and
only in this limit, maybe connectedto the gluon electricandmagneticmasses.
Thispoint hasbeendealtwith moreextensivelyin ref. [101.
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Althoughtheone-loopcomputationreferredto earliershowsthatthemagnetic
partof thegaugefield doesnot acquireamass,it is possibleto arguethatatwo-
loop evaluationrevealsquite the opposite.At finite temperature,therefore,the
so-calledmagneticmass,M~,mustbe of theform

Mm = c1~g
2T, (2)

whereCm is a dimensionlessconstant.However, all higher ioop ordercomputa-
tions contributeto the sameorder in Mm, showingthat this quantitycannotbe
perturbativelyevaluated.Thus,thenumberCm aboveis afully non-perturbative
quantity. In this argumentwehaveneglectedpossibletermsin ing. That these
termscanbe resummedinto apowerof g cannotbe disproved,andindeed,has
beenconjectured.Therewereattemptslongagoto measureMm!T in latticesim-
ulations[12]. We shalldemonstratethatoneofthescreeningmassesweobserve,
in the high-temperaturelimit, goesto 2Mm, andhenceprovidesa measurement
of Mm in thesameway thata measurementof M~doesfor Me. In thisstudywe
havenot beenableto analysethe scalingbehaviourof Mm.

Technically,ourmeasurementsaresimilarto zero-temperaturedeterminations
of glueball masses.We constructspatialscreeningcorrelatorsbetweencolour-
singletpuregaugesourceswhich areloopsof differentshapes.Thesecorrelation
functionsaremeasuredalongthe z-directionat finite temperatures.The trans-
verseslice doesnot carryrepresentationsof the cubicgroup, as atT = 0, but of
the group V~.We describethe representationtheoryof D~,as it appliesto our
measurements,in section2. The correspondingscreeningmassesyield informa-
tion on the physicalexcitationspectrumofthe hightemperaturetheoryin much
the sameway as do the hadronicscreeningmasses.

The organisationof this paperis the following. In the nextsectionwepresent
the group theory relevantto our measurements.In section3 we set out details
of oursimulationsandthe measurementprocedures.Theresultsarecollectedin
the following sectionandconclusionspresentedin section5.

2. Symmetriesof screeningcorrelators

In simulationsof equilibrium field theoriesat finite temperatures,the rota-
tional (Lorentz) symmetryof theT = 0 theory is not realised.This is reflected
in practiceby thefact thatoneuseslatticesof size N

1 x N
2 x N

1, whereN1 <

N ~ N1 andN1 = 1 !aT (hereaisthelatticespacing).Correlationsbetweenop-
eratorsatdifferentspatialseparationsmeasuredon suchan equilibrium system
revealthe spectrumof screeninglengthsin thetheory.Thus,onemeasurescorre-
lation functionsof operatorsseparatedin the z-direction.As aresult,it is imma-
terialwhetheror not N = N1 and,in fact, it maybemoreconvenientto choose
N1 >> N. In thesecircumstances,it becomesnecessaryto identify the symmetry
groupof the continuumandlatticetheorieson the “z-slices”, andperformthe
decompositionof operatorsinto irreduciblerepresentationsof this group. This
sectionsummarisesthe resultsfor loop andlink operatorsin agaugetheory.
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2.1. Thesymmetrygroup

Sincethecorrelationsextendin thezdirection,the relevantsymmetryis of the
“z-slice”. In the infinite volume,continuumlimit, the groupactionis thatof the
symmetriesof a cylinderC = 0(2) x { 1, a~}. 0(2) is a non-abeliangroupwith
two one-dimensionalrepresentationsdenoted01 and 02 and two-dimensional
representationslabeledby the angularmomentum1 (takingintegervalues).The
z componentoftheangularmomentumcanhavethe twovalues±1.Theoperator
a~denotesreflectionst —~ —t aboutthe x-y plane,andplaysthe role of aparity.
We denote its eigenvalues,{1, —l}, by the symbol P. The representationsof
0(3), describingthezero-temperatureglueballs,reduceunderC as

1O(3)_401+EiC for P= (_1)1,

/~(3)—+ 0~’ + ~Ij~” for P = _(_l)1. (3)

Ona finite latticethesymmetryofthez-sliceisdenotedby V~= V4x { 1, J~}. V4
is the groupof symmetries of a square and has 8 elementsin 5 conjugacy classes,

E: identity
C4: two rotations about the t-axisby ±ir,/2
C~: rotationaboutthe t-axisby ir
c: two reflections on the x — t andy — t planes
a*: two reflections on the planesbuilt from the t-axis

and the two diagonals in the x—y plane.

V4 has four one-dimensional irreducible representations(irrepsR) A1, A2, B1
andB2 andonetwo-dimensionalirrep E. The labelling of the irrepsof the full
symmetrygroupis asRPCwhereP standsforparityundero~andC for C-parity.
Thelowest few representationsof C reduceunderV~as

of—~Af,

2”—~Br÷B~, (4)

3”—~E”, 4’
3—+Af+Aç.

Thus, if the screening masses increasewith increasingangularmomentum,we
find inequivalentV~representationsonly for / ~ 2. Higher angularmomenta
replicatetheserepresentations.

In orderto compareto latticedataat T = 0, we alsogive theoperatorsthat
transform according to the symmetry group °hof ahypercubiclatticein x, y,t
space.Rotationalsymmetrymakesthisthespatialsymmetrygroup [13]. At any
non-zerovalueof T, thereis no symmetryargumentfortheoperatorsandmasses
to split accordingto this classification.The reduction°h to V~yields
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Table I

The4-link operators
Pg,, P~, P~

At+ At± 1 1 1
At~ —2 1

~ 0 1 —l

T~ A~ 1 0 0
E~ 0 1 0

0 0 1

Table 2

The twisted 6-link operators

T~~
1 T~~_1

Aj~ ~ 1 1 1
~ ~ 1 1 —l —1

E~ 1 —1 0 0
E~ 0 0 1 —l

B~ 1 1 —l —l
T~ A~ 1 1 1 1

E~ 1 —1 0 0
0 0 1 —1

= [At”]vh, [A~’]oh = [A~’]vh
r .4+,Ci rn-4-,Ci r A—,C1 rD—,C1[/12 JOb LL1 J~ L”~2 ‘Oh = L°2 J~~’

[E~]oh = [Ai~’]vh + [B~’
6’]vh, [E”~’Ioh = [A~’~’]vh +

[T~’~’]oh = [A~’~’1vh+ [E”~’]vh, [T~]oh = [A~’~’]vh+

= [B~~C’]vh+ [E”]vh, [T~]oh = [BI~’]vh + [E~]vb.

2.2. Representationsofloop operators

In this subsectionwe list the ioop operatorsrequiredto build the different
representationsof V~.We give all the 4- and 6-link operators,as well as one
groupof 8-link operatorswhichis requiredto build therepresentationA~~. This
representationcannotbebuilt out oftheshorterioops. Thecompletelist of loops
usedis
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Table 3
The planar6-link operators

~~xy ~yx ~‘yyt ‘~tty

~ ~ 1 1 1 1 1 1
~ At+ —2 1 —2 1 1 1

0 —l 0 —1 1 1
B

1~~ 0 1 0 —l 1 —l
2 1 —2 —1 —l 1

~ ~ —1 1 1 —l —1 1

A~T 1 0 —1 0 0 0
E 0 —1 0 0 1 0

0 0 0 1 0 —l
T2~ Bj~ 1 0 1 0 0 0

E 0 —1 0 0 —1 0
0 0 0 —l 0 —I

Table4
The bent 6-link operators

o Vh B
6 B6 B6 B6 B6~B6 B6~ B6 B6~ B6 B6~ B6h ~ xyt y—xt —x—yt —yxi xty xty yt—x yi—x —xt—y —xt—y —yx —ytx

~ 1 1 1 1 1 0 1 0 1 0 1 0
~ At+ —4 —4 —4 —4 2 0 2 0 2 0 2 0

~ 0 0 0 0 1 0 —1 0 1 0 —1 0
~ 1 —1 1 —1 0 0 0 0 0 0 0 0

E4 0 0 0 0 0 1 0 0 0 —1 0 0
0 0 0 0 0 0 0 1 0 0 0 —1

~ ~ 0 0 0 0 0 1 0 —1 0 1 0 —1
~ 1 —1 —I 1 0 0 1 0 0 0 —1 0

1 1 —l —l —1 0 0 0 1 0 0 0
~ 0 0 0 0 0 1 0 1 0 1 0 1

~ —1 1 1 —1 0 0 1 0 0 0 —l 0
1 1 —1 —l 1 0 0 0 —1 0 0 0

1 1 1 1 0 1 0 1 0 1 0 1
E—A 2 2 2 2 0 1 0 1 0 1 0 1

B,~ 0 0 0 0 0 1 0 —l 0 1 0 —1
TB 1 —1 1 —1 0 0 0 0 0 0 0 0

E~ 0 0 0 0 1 0 0 0 —l 0 0 0
0 0 0 0 0 0 1 0 0 0 —l 0

T
2~B,~ 0 0 0 0 1 0 —1 0 1 0 —1 0

E~ —1 1 1 —I 0 0 0 1 0 0 0 —1
—1 —1 I 1 0 —1 0 0 0 1 0 0

TA~T 0 0 0 0 1 0 1 0 1 0 1 0
E 1 —1 —1 1 0 0 0 1 0 0 0 —1

—l —l 1 1 0 1 0 0 0 —1 0 0
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Table 5

Thecombinationsof 8-link operatorswhichyield therepresentationsshown;P takesthevalues±1.

Vh T
8~ T8~ T8~ T8~ T8P T8~ T8~ T8~

4 xy—xt y—x—yt —x—yxt —yxyt x—y—xt yx—yt —xyxt —y—xyt
1 1 1 1 1 1 1 1

—l 1 —l 1 —l 1 —l
A~’ 1 1 1 1 —1 —1 —l —1
B~ 1 —l 1 —l —1 1 —l 1

1 0 —l 0 0 1 0 —1
0 1 0 —l —l 0 1 0
1 0 —1 0 0 —l 0 1
0 1 0 —l 1 0 —l 0

= ~trU(/2,v,—/1,—zJ) 4-link

= ~trU(,i,v,p,—~i,—v,—p) twisted6-link

P~,= ~trUCu,,u,v,—/i,—ji,—zi) planar 6-link

~ = ~.~trU(it,v,p,—v,—it,—p) bent6-link

= ~tr U(
1u, v, —jt, —ii, —,u,p, 1u, —p) twistedplaquettepair.

Thenotation U (ii, ii,...) denotesa productof link matricesU overa loop. The
loop is specifiedfrom an arbitrarystartingpoint by the directions~u,ii, etc., in
order.The additionaldefinitions

p

6± _n6 ±~6
fL,t,i) — /L,t,V ~,—t,ii

TS± _T8 LT8
— ~L,I),—/1,t ~L,lJ,—/2,—i

turnout to be convenient.The C = 1 representations are always obtained by
taking the realpartof theloopandthe C = —1representations by the imaginary
part.

The tables can be usedto gettwo relatedpiecesofinformation.Theentriesare
the coefficientsfor linearcombinationsof loopoperatorsrequiredto obtainthe
indicatedrepresentationof V~.The combinationsfor 4-link operatorsaregiven
in Table 1; for twisted 6-link operatorsin Table 2; for planarandbent6-link
operatorsin Tables3 and4respectively;andfinally forasetof 8-link operatorsin
Table5. For4- and6-link operators,thebreakupof°hrepresentations(the T
0 symmetrygroup)for thesesetsof operatorsinto representationsof V~arealso
specified.For the 8-link operatorsthis decompositionis not given. In ourlater
analysiswe shallrequirethis informationfor the Bj~.+ andB~+ representations
built out oftheseoperators.In thesetwo cases,the containingrepresentationsof

areuniquelyfixed to beE+ + andT~++~
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Table 6
IrreduciblecomponentsD of twofold productsD

1 ® D2 of representationsof V~.Note that the
+ statevectorcannotbecombinedinto acolourlesssymmetricstateandis thereforeforbidden.

®D~ D Statevector

,4~®A~ ~ A1A1
Aj~®E~ E~ A1Ax + A1A,

A1A~+ AMA,
~ A~+A

2
A~—A~
AXAY+AYAX

(~A~) (AXAY—A~A~)

Table7

IrreduciblecomponentsD of threefoldproductsD
1 ®D~® D3 of representationsof D~.

D1®D2®D3 D

A®A~®A~ A~
A®A~®E~ E~

A+A+B~+B~
E~®E~®E~ 4E~

2.3. Link operatorsandtheir directproducts

At high temperatures one mayexpect the observed correlations to be explained
in terms of multiplegluon exchanges.Thereforeit is necessary to performare-
duction of multigluonstatesto theirrepsof V~.In orderto derivethe correspond-
ing selectionruleswe startfrom the definition of a gluonfield on the lattice,

~ (6)

foragluon operatorin anyappropriatelyfixed gauge.Thusthe electricgluon,A1,
transformsaccordingto the irrepA~of V~andthe magneticgluons,A~and
4,,, according to the irrep E+ — of V~.

The reduction of the direct product representations is straightforward.Fortwo-
gluon states the results are listed in Table 6. Sinceeachgluon is acolour octet,
there is only one symmetric combination of two gluonsto acoloursinglet.Hence
the A~+ stateof Table6 cannot be combinedinto acolourlessstate.However,
the At+, E+, ~ and ~ areallowedas two gluon states.The reduction
of the three-gluon states is listed in Table 7.

We notethatthereductionoftwo- andthree-gluonstatesin Tables6 and 7 does
not takeinto accountthe possiblerelativemotion of thegluons. It thusapplies
directly only to gluonsthatarein an orbitals-state.We wereableto observean
~ state (seesection4), which doesnot appearin Tables6 and7. It is easyto
seethat it canbebuilt of two gluonsin an orbitalp-state.
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Table 8
Lattice sizesN

1 xN~,Wilson coupling /1, numberof measurementsNm andsize Nb of onejack-
knife bin for analysis.

N~xN~ fi Nm Nb

4x l6~ 5.93 13000 1300
8 x 16~ 5.93 5000 500
6 x l6~ 6.101 6300 630

The two possiblechannelsin theAt + sector can thus be separated by splitting
operators into two groups—thosecontaininglinks in the time direction, and
those that do not. These two sets should give, in general, unequal screening
masses. In the g ( T) —~ 0 limit, these screening masses are then equal to

2Me
and 2Mm. In this limit theBt+ and B~+ screening masses should also yield
2Mm; although for any finite T there should be splittings betweenthesethree
screening masses. Similarly, the A~+ masses should be asymptotically degenerate
with these masses. In the T —~ ~ limit, obviouscrosschecksshouldbeprovided
by the screening masses in the E + and the negative C-paritychannels.

3. Simulationsandmeasurements

Simulationswerecarriedout in pureSU(3) gaugetheoryattwo temperatures.
Onewas chosento be in the confinedphase,at about0.75T~,andtheotherin
the deconfinedphase,at about 1.5T~.Sincethe phasetransitionfor N

1 = 6
occursat J3~~ 5.9 [14], we choseto work with 8 x l6~and4 x l6~latticesat
fixed fi = 5.93. Scalingwas investigatedby aseparaterunon a 6 x 16~latticeat
fi = 6.101.Both theN1 = 4 and 6 lattices were at the same physical temperature
in the deconfinedphase.Furtherdetailsof therunsarelistedin Table 8.

The simulationswere performedwith an SU (2) subgroupover-relaxation
(OR) mixed with aCabbibo—Marinaripseudo-heatbath(HB) update[151.We
used4 steps of OR to eachof HB. The HB stepuseda Kennedy—Pendleton
SU(2) heatbath[16]. The time for 4 OR + 1 HB updatesis 115 jts per link on
a CrayY-MP. Measurementswereperformedon configurationsseparatedby 50
HB steps.The auto-correlationstimes away from T~are expected to be rather
small,andeachoftheseconfigurationsis essentiallyuncorrelatedwith theothers.

3.1. Fuzzedoperators

Pastexperience,at T = 0, indicatesthat the signal to noise ratio for loop—
loop correlationsdecaysextremelyfastwith separation.It seemsnecessaryto
usea signal enhancementtechniquein order to measurecorrelationfunctions
at distancesgreaterthan2 or 3 lattice spacings.Accordingly, we usedloops
constructed out of fuzzed links [17]. This is a well-known technique. For each
configuration,the link matricesgeneratedareconsideredto be the level / = 0
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of fuzzing. Thenalink Ub (i) at fuzzinglevel 1 is given in termsof thoseatthe

previouslevel, / — 1, by the relation

U~(i)= [U~1(iU~1i+~

~

V~/2 SU(3)

(7)

wherethesubscriptdenotesaprojectiononto SU (3).Thisprojectionis obtained
throughthepolardecompositionof thegeneralcomplex3 x 3 matrix, M, on the
right: M = wUH. H is ahermitian matrix, cv a complex number and U the
requiredspecialunitary matrix We let the indices a and ii in Eq. (7) range
over thex, y andt directions. In eachdirection weperform fuzzingup to level
(log2 N— 1), whereN is the lattice size. Thus, for N1 = 4 we perform fuzzing
up to level 1 for links in the t direction.

We constructedtheoperatorslistedin section2 out of the fuzzed links obtained
by thisprocedure.Notealsothat theexclusionof the z-directionlinks from the
sum in Eq. (7) implies that the separation in the correlation functions measured
is a well-definedquantity. Further,since the z links do not enter any of the
operatorswe study,the loss in fuzzingis probablynot very important.

3.2. Massmeasurements

Sincedifferentoperatorsrealisingthe samerepresentationof V~can be corre-
latedthroughthe exchangeof thesamestate,we havemeasuredall elementsof
the full correlation matrix

Ca,fl(Z) (La(0)Lp(z))—(La)(Lfl), (8)

wherea and fi label the ioop operatorsin a given symmetrysector.The loop
operatorsweresummedover all siteson a z-slice,in orderto projectontozero
momentum.We canobtain the lowest lying excitationby avariational proce-
dure,seefor instanceref. [20]. This involvessolvingthe generalisedeigenvalue
problem

CQ,p(zl)Yp=2(zi,zo)C0p(zo)Yp. (9)

Thenthequantity

g(z) = YaCa,fl(Z)Yfl, (10)

* ThoughU might not alwaysbethe“nearest”SU(3) matrix to M [18], thepolardecomposition

is fast andfor our purposessufficient. Another,moreelaborateprocedure,wouldbe to maximise
ReTr(UfM) iteratively [19].
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whereY belongsto the lowesteigenvalue,projectsonto thecorrelationfunction
with the smallestmass.Local masses,m(z), wereextractedby solvingthe equa-
tion

g(z) — cosh[m(z)(N1!2—z)] (11)

g(z—1) — cosh[m(z)(Nz!2— (z— 1))]’
wheretheleft-handsidewas obtainedfrom themeasurements.Jackknifeestima-
tors wereusedfor the localmassesandtheir errors.If the diagonalisationproce-
dureexactlyisolatesthe lowestmassinto g(z), thenm(z) shouldbe indepen-
dentof zwithin errors.In practicethisdoesnot happen,andwehaveto identify
the lowestmassthrougha plateauin m(z). The effectivenessof the diagonali-
sationprocedureis neverthelessseenin the extensionof thisplateauregion.

We restrictedourselvesto diagonalisingfor z1 = 1 and2 at z0 = 0 in orderto
determinethe leadingeigenvectorY for eachsetof quantumnumbers.Thetwo
differentsetsof eigenvectorswere foundto be reasonablysimilar. It is usefulto
recallthat thiseigenvectorgives the weightof eachloop to the loweststate,and
henceis an analogueof the modulussquaredof the “wavefunction”.

3.3. Polyakovloops

We havealso measuredthe zero-momentumcorrelationfunctionsbetween
Polyakovloops

C~(z)= (Qt(z)Q(0)) — (Qt)(Q). (12)

Thezero-momentumprojection is achievedthroughtheuseof the walls

Q(z)=~Q(x,y,z), Q(x,y,z)=trfJUo(x,y,z,t). (13)

Theconjugatewall operatorQt is definedby replacingthe link operatorsin Eq.
(13) by theirhermitianconjugates.The staticpotential V(r) betweena quark
andan antiquarkatdistancer = (x,y,z) is usuallymeasuredthroughpoint to
point correlationfunctionsin the form

(Qt (r)Q (0))
exp(—V(r)/T)= (Qt)(Q) (14)

In perturbationtheorythecolouraveragedpotentialaboveisexpectedto havethe
formexp(—Mpr) !r

2. Expandingtheexponentialin Eq. (14) andsubstitutingthe
perturbativeform forthepotential,onecanthenderivetheappropriateform for
C~.In thelong distancelimit it is givenby the exponentialintegralE

1 (Mpz).
We actuallyusethe symmetrisedform

C~(z)ocEi(Mpz)+Ei(Mp(N1—z)), (15)

anddetermineM~by an appropriategeneralisationof alocal mass.
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In the confiningphase,V(r) oc rKe~/T. The appropriatesymmetrisedform

for the zero-momentumcorrelationfunction is then

C~(z)= Acosh [~(~— z)]~ (16)

whereA issomeconstant.It is clearthatalocalmassmeasurementyieldsK~ff!T
and hence a plateau in this can be used for a measurement of the string tension
at finite temperatures.

Thecorrelationfunction

Caa(z) = (1Qf (z)(IQ (0)j) — (~Qt~)(1Q(), (17)

on the otherhand,hastrivial triality, andhencefurnishesan alternativemea-

surementof themassin theAt+ channel.

4. Results

The local massesobtainedfrom eqs. (9) through (11) are listedin Table 9.
We haveunderlinedthe valueswhich we considerto be the bestestimatesof
the asymptoticmasses.In all our measurementsan At + massturnedout to be
thelowest.Thecorrespondingcorrelationfunctionswerethe leastnoisy,andthe
local massescouldbe followed out to distance5 or 6. In this caseit seemsquite
likely thatweareableto identify the lowestmassin thischannel.Apartfrom this,
local massesatdistancegreaterthan 1 could only be measuredwith reasonable
accuracyin the channelswith quantumnumbersA~,Bt+ and B~+.In these
caseswecould follow the local massesup to aboutdistance3. It is likely that the
extractionof a massin theselatterchannelsis contaminatedby the presenceof
higherstates.Thereis morestructurein our measurementsthanis seenin the
grouptheory presentedin section2. This is good news,sinceit indicatesnon-
trivial dynamics.

4.1. TheAj~channel

Note that theAt+ mass obtained through the trivial-triality correlationsof
Polyakovloopsis alwaysequalto thelowestmassin theAt+ channelextracted
usingioopoperators.Thisprovidesa crosscheckon theproperextractionof this
mass.

Below T~thischanneldescendsfrom theE ‘ + andAt + representationsof the
°hgroup.GroupingtheoperatorsconstitutingthisrepresentationofV~into two
sets,onefor eachof the T = 0 symmetries,wefind that the lowestmassin the
formergroupis abouttwice that in thelatter. Sucha splitting is alsoindicated
by the eigenvectors,Y~,definedin Eq. (9). The low-temperaturesystemthus
seems to realise the T = 0 symmetries dynamically.
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Table 9
Local masses,m(z), for the different representationstabulatedas a function of z. We takethe
underlinedvaluesasourbestestimatefor theasymptoticmasses.In the confinedphase(N

1 = 8)
we list the °h representationto whichtheoperator belongs, while in the deconfined phase (N1 = 4
and 6) we indicate for the representation whether the operatorcontainstime-like links or not.

N1 fi Rep Operator I z

1 2 3 4 5 6

8 5.93 AJ~~local, At~ 2 0.87(1) 0.78(2) 0.77(4) 0.7(1) 0.46(8) 0.5(2)
At+ local, ~ 2 1.39(2) 1.07(5) 1.0(2) 0.6(3)
At+ C~ 2 1.23(2) 0.63(3) 0.58(5) 0.51(8) 0.6(1) 0.6(2)

local 2 1.84(2) 1.6(1) 1.2(5)
~ local, ~ 2 1.38(2) 1.21(6) 1.0(1) 0.8(3)
~ local, T2~~2 1.45(2) 1.27(6) 1.2(1) 1.2(4)

4 5.93 Aj~ local,t 2 1.012(6) 0.80(3) 0.73(5) 0.8(1) 0.7(3)
At+ local,not 2 1.36(1) 1.27(4) 1.3(1) 0.7(2)
~ local 2 1.54(1) 1.12(3) 1.0(1) 0.8(2)
Bt~ local 2 2.22(2) 2.0(2)
~ local 2 2.37(2) 1.9(2)

6 6.101 At
4 local, t 2 0.97(1) 0.64(4) 0.61(8) 0.51(13) 0.43(11)

At4 local,not 2 1.063(7) 0.96(2) 0.97(7) 1.1(2)
At+ C~ 0 1.0(1) 0.56(1) 0.46(2) 0.51(4) 0.49(7) 0.48(6)

~ local 2 1.40(2) 1.00(3) 0.83(6) 0.8(2)
Bt+ local 2 1.82(1) 1.6(1) 1.3(2)
~ local 2 1.82(2) 1.57(7) 1.5(5)

This is most easily demonstratedby the eigenvectorsrestrictedto the two-
dimensionalspacespannedby plaquettecorrelations,wheretheplaquetteopera-
torscouldhavealink in theeuclidean-timedirection (P

1 = P~+ P~)or no links
in this direction (P~= Pt). An operatorin the E+ ÷representation of °h can
beformedby the combination—2P5 + Pt. We denotethis in theshorthandnota-
tion (—2,1).TheAt+ representationof °h isgivenby (1,1).Diagonalisationof
the correlationmatrix in this subspacegivesthelowestmassof 0.5±0.1 with the
correspondingeigenvectorequalto (0.91±0.03,1.00±0.03).The nextmassis
roughly 1.0 andthe eigenvectorcorrespondingto thisis (—2.093±0.007,1.00+
0.02). Similar resultsareobtainedin the three-dimensionalsubspaceof planar
6-link operators.

SincetheT = 0 symmetriesseemto be generateddynamically,it isof interest
to askaboutthe temperaturedependenceof glueballmassesbelowT~.Our best
estimatefor theAt~ (Oh representation)massatT = 0.75T1is 0.49(8). This
mass has been measured at T = 0 [21] to be 0.81(3) at fi = 5.93on a 24~x 36
lattice. Measurementsat /3 = 5.90 on l2~latticesverify that finite size effects
nearthis couplingaresmall.Our measurementyields
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m(T = 0.75T~)= 0.6±0.1 (At~, /3 = 5.93). (18)
m(T = 0)

Thus,the thermalshift is muchlargerthanthat seenin quenchedhadronmasses
[22].

Above T~,the situationis quitedifferent.Thereisno evidenceof a splitting of
theAt + level accordingto the T = 0 symmetry.On theotherhand,adefinite
splittingisobservedwhentheoperatorsaregroupedinto two sets,onewith loops
containingno links in the t direction,andtheothercontainingatleastonesuch
link. From the decompositionof the multi-gluonstates(seeTable 6) it is seen
thatthesetwo setscorrespondto the exchangeof two magneticandtwo electric
gluons respectively.This interpretationis furthersupportedby the agreement
of the secondof thesetwo masseswith ~ It shouldbe noted,however,that
loopscontainingbothspace-likeandtime-like links cancoupleto magneticand
electricgluonswith thelighteronesdominatingthe correlationfunctionat large
distances.For our parametersthe electricgluonsseemto be lighter andhence
dominating.

Theeigenvectorsalsogive evidenceof suchadecomposition.Thetwo dimen-
sionalspaceof plaquettecorrelationsfor the N1 = 6 latticeagaindemonstrates
thisverywell. Thelowestmasscorrespondsto the eigenvector(0.2+ 0.2,1.01±
0.05), i.e. to an operatorwith largeoverlapwith P~.Thenexteigenvectorseems
to havealargeroverlapwith P~thanwith P1. Similar resultscan alsobeobtained
in thethree-dimensionalspaceof planar6-link operators.Finally, notethatm/T
is the samefor the N1 = 4 and 6 lattices,showingthatfinite lattice-spacingef-
fectsareundercontrol.

4.2. Polyakovloops

The resultsfor the effective string tensionKeff below T~and the massM~
aboveT~arelisted in Table 10.For the effectivestringtensionat a temperature
T = 0.75T~we find ~/Keff(T) = 0.197(6).Although thereis no measurement
of ~/K~ at preciselythis couplingat T = 0, it is possibleto estimatethis value
from aninterpolationof the datagivenin ref. [21]. We find

~/Keff(T__0.75Tc) = 0.83(4). (19)

As aconsequence,we find that the ratio m(At+ )/~/K~ is itself temperature
dependent,changingfrom 3.5(2)at T = 0 to a valueof 2.5(5)atT = 0.75T~.

The simulationsfor N1 = 4 and6, correspondingto a temperatureof about
1.5 T~,yield consistentvaluesfor M~/ T. Fromthe datain the table, it is seen
that we obtain

M7,=2.0(2)TatN1=4 and Mp=2.0(4)TatN1=6. (20)
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Table 10
Local valuesof Keff for N

1 = 8 andMy, for N1 = 4 and6.

N1/1 1 z

1 2 3 4 5 6 7

8 5.93 2 0.071(1) 0.043(1) 0.041(1) 0.040(3) 0.039(3) 0.036(4) 0.043(3)
4 5.93 0 0.400(8) 0.47(3) 0.51(5) 0.66(12) 0.5(2)
6 6.101 0 0.241(8) 0.24(1) 0.34(4) 0.34(6) 0.33(6) 0.3(1)

Theseshouldbe comparedto the value 1.63(8),obtainedat 2T~in [23] from
measurementsof thestatic inter-quarkpotential,andthe one-loopperturbation
theory result2 Me/T = 2 g ( T) whereg(T) 1.

4.3. Otherchannels

At T = 0 the measurementof excitedglueballmassesis not easy.Nor does
a finite temperaturerenderthis measurementanyeasier.Correlationfunctions
in channelsotherthanAt+ cannotbe followed very far. As aresult, evidence
for a genuineplateauin thelocal massesis not conclusive.Althoughweareable
to tentativelyassignscreeningmassesto correlationsin thesechannels,more
detailedwork will be necessaryto achievethe reliability obtainedin theAt+

channel.
A very interestingphenomenonis theobservationof non-trivial correlations

in theA~+ sector.Asymptoticallyin T this massshouldbegivenby

mA_+ —+ 2 M~+ sin
2 (v), (21)

where2ir/N is the lowest non-zeromodefor an electricgluon.This goesto M~
only in the limit of the spatialvolume goingto infinity (N —p oc). Thisformula
workssurprisinglywell evenat the temperaturewe study. Forour latticesizes
(N = 16), taking Me to behalf the lowestAt~ mass,wefind mA_+ ~ 0.90 for
N

1 = 6 and1.06 forN1 = 4.
It is alsointerestingthatbelowT~theAt+ massoriginatingfrom theE~+ rep-

resentationof °h seemsto be degeneratewith theBt + massoriginatingfrom
the samerepresentation.This is consistentwith otherevidencethat the zero-
temperaturespectrumis realiseddynamically in this phase.Further investiga-
tion of theseotherglueball channels,atasequenceof temperatures,would be
rewarding.

5. Conclusion

In this paperwe havepresentedfirst measurementsof screeningmassesfor
pure-glueoperatorsathightemperaturesin SU(3) gaugetheories.We haveiden-
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tified the symmetryof the “z-slice group”, V~,andpresentedthe reductionof
loopoperatorsunderthissymmetry.In orderto understandthedynamicsgiving
rise to the measuredscreeningmasses,wehavealsoperformedthe reductionof
theserepresentationsunderthe symmetriesof the zero-temperaturetheory.Fur-
thermore,wehaveexaminedthe symmetriesofthelink operators,“gluons”, and
performedthe reductionof direct productsof theserepresentations.

Correlationsin theAt + channelwere the leastnoisyand, hence,the easiest
to study. We were able to reachadetailedunderstandingof the dynamicsin
this channel.Ourobservationsarecompletelyconsistentwith the usualpicture
of a deconfinementphasetransitionin QCD. In thelow-temperaturephaseone
finds a (strong) perturbationof the zero temperaturespectrum,whereasthe
high-temperaturephasecanbeunderstoodin termsof multi-gluonexchanges.Of
course,as is well-known, at temperaturesof 1.5T~,whereoursimulationswere
performed,the deconfinedtheory is not weaklyinteracting.

In the confinedphasethe correlationfunctionswere seento dynamicallyre-
producethesymmetriesof thezero-temperaturetheory.We observedthisbothin
thespectrumandthe “wavefunctions”—thelowestmassin theAt+ channel(of
D~)originatedfrom the correlationsof operatorstransformingunder theAt +

channelof thesymmetrygroupof the zero-temperaturetheory,andthe next ex-
citedstatein thischannelcouldbe identifiedasthe correlationsofthe operators
transformingas theE+÷representation.As aresult it is possibleto talk of ther-
malshifts in glueballmassesfor T < T1. We found thatat T = 0.75T~the mass
of the0~+ glueballdroppedto abouthalf its zero-temperaturevalue. This is a
largermassshift thananythingseenin the mesonspectrum.

The dynamicalbehaviourof thesecorrelationsin the deconfinedphaseare
completelydifferent.Boththemass-spectrumandthe“wavefunctions”indicatea
splittingbetweencorrelationscarriedby the electricandmagneticpolarisations.
Group theoretically,the At+ representationof V~can arisefrom either two
electric or two magneticgluon exchangesin a relatives-wavestate.Thus, to
O(g

2(T)), the screeningmassin thischannelgiveseither 2Me or 2Mm. Sucha
splitting is seenin the spectrum,andis correlatedwith the useof operatorswith
andwithouttime-likelinks. Furthermore,theAt + screeningmassin the electric
sectoragreesverywell with the measuredWilson-linescreeningmass.Hence,we
canwrite

mA++ = 2.8(4)T~2Mg,

= 5.8(4)T 2Mm (T = l.5T~). (22)

Thesestatementscomewith the usualcaveat.The non-perturbativemeasure-
mentsofthetwodifferentkindsofscreeningmassesin theAjf + channelarevalid
at all temperatures,but the identificationof thesewith twicethe gluon electric
andmagneticmassesis valid only athigh temperatures.

Within the contextof perturbationtheory, correctionsto the identifications
madeabovearisefrom multi-gluonexchanges.Sincedirectproductsof threeglu-
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onsdo not containAt +, the0(g~(T)) correctionscanbe obtainedby resum-
mation.Of course,theseandhighercorrectionsarenot negligibleatthecouplings
whereour simulationsareperformed.Such correctionsresult in the mixing of
electricandmagneticchannels,as is seeneasilywhenthe perturbativediagrams
arewritten out. Similar argumentsmay explain the fact, a little surprisingat
first sight, thatMm turns out to be largerthanMe. Theirratio is expectedto be
proportionalto g(T), but we work at ratherlargevaluesof g(T); it is entirely
possiblethatathigher temperatures,andhenceweakercouplings,oneobtainsa
differentorderingof thesemasses.

TheA~+ channelis correlatedthroughsimilar two-gluonexchangesin a rela-
tive p-wavestate.Thus,in perturbationtheoryat ordergreaterthang2 (T) the
screeningmassis split from theAt + channel.On lattices of finite spatialvol-
umesthis screeningmassis split from theAt~evenin the limit g(T) —~ 0.
Surprisingly, evenfor our simulationsat 1.5T~,the observedsplitting between
the screeningmassesin thesetwo channelsseemsto be dueentirelyto thisfinite
volumeeffect. It wouldbe extremelyinterestingto continuethesemeasurements
to highertemperatures.

A crosscheckon aperturbativeinterpretationwould be providedby an un-
ambiguousmeasurementof theBt+ andB~+ screeningmasses.Thesearealso
correlatedby the exchangeoftwo magneticgluons,andhenceshouldbe (asymp-
totically) degeneratewith the largermassmeasuredin theAt+ channel.Present
measurementsdo not supportthisstrongly,but measurementsatlargerphysical
distancesandat highertemperaturesareclearlyneeded.We found the negative
C-paritycorrelationsextremelynoisy.Bettertechniquesfor signalenhancement
in thesechannelsare clearlydesirable,sincethe leadingcontributionsto these
aredueto three-gluonexchanges.

In summary,we haveperformedmeasurementsof screeningmassesin the
puregaugesectorof QCD atfinite temperatures,andidentified themain change
in dynamicsacrossthe phasetransitiontemperature.In the low temperature
phasewe havemeasuredthe thermal shift in the 0+ + glueball mass.In the
deconfinedphasewe havebeenableto identify screeningmasseswhich, in the
high-temperaturelimit, measureelectricandmagneticgluon masses,and seen
that they arenot degenerate.In a sense,thesedefine“non-perturbative”gluon
masses.Furtherstudiesof thesescreeningmassesareclearlyof major interest.
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