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Althoughlotsofeffortshavebeenmadetoundestandthetemperature-and/ordensity-

dependentphasetransitioninthermalQCD/QED,wecannothaveyettrulyunderstoodeven

therelationbetweenthechiraltransitionandtheconfinement-deconfinementtransition.

BeginningoftherelativisticheavyioncollisionexperimentsatBNL-BRIGhasattractedan

increasinginterestinstudyingthephysicsinthermalQCD,thushasgivenusanencouraging

timetoproceedtofurtherinvestigationsofthemechanismofphasetransitioninhotand

densegaugetheories,especiallyinQCDandQED.

TheDyson-Schwinger(DS}equationisproventobeapowerfultooltoinvestigatewith

theanalyticprocedurethephasestructureofgaugetheories,especiallyinthevacuumgauge

theories[1,2,3].However,wecannotsaythat,atfinitetemperatureand/ordensity,theDS

equationanalysesofchiraland/ordi-quarkcondensationhavebeencarriedoutsuccessfully.

IntheprecedingDSequationanalyses[4$],thelessonsfromvacuumtheorieshavebeen

sosimplyappliedtothermaltheorieswithoutcloseexamination.Inmostanalysestheladder

approximationwasusedbysimplyneglectingalltheHTLeffects[5,6,7],oronlybytakingthe

improperHTLeffectsintothegaugebosonpropagator[$].Asaresulttheyhavemissedthe

essentialcontributionofthermalgaugefieldtheories,especia皿ytheimportanteffectfromthe

"dynamicallyscreened"magneticmode{havingingeneralamomentum -dependent"mass",

thoughbeingmasslessinthestaticlimit).Manyanalyses,byfixingintheLandaugauge,

ignoredthefermionwave-f皿ctionrenorma』zationconstants(WFRCs)bytakingtheirnaive

treevalues[5,6,7].Furthermore,mostanalysesdoneintherealtimeformalismdidnotdiscuss

thephysicalfermianmass血motionΣRitselfoftheretardedpropagator【7β 】,withthe
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neglectionofitsimaginaryparts,togetherwiththeinaccurateuseoftheinstantaneous

exchange{IE)approximationtothegaugebosonpropagation[7,8].Allsuchimproper

approximationmethodshavecausedtheneglectionofwould-be-largecontributionstotheDS

equationotherwiseexsisted.

ThenweshouldseriouslyaskwhetherwecouldrelyonthepreviousresultsoftheDS

e叩ationa皿alysisonthechiralphasetra皿sitionastherealconsequencesofthermalgauge

fieldtheories.Consideringthetroublesinthepreviousa皿alyses【4-8】mentionedabove,we

shouldmakeare-analysisbystudyingthehard-thermal-loop{HTL)resummedDSequationin

therealtimeformalism,thusmightgivinganewunderstandingonthephasestructureand

themechanismofphasetransitioninthermalgaugetheories.

Maininterestofthepresentinvestigationliesinclarifyingwhataretheessential

temperatureeffectsthatgovernthephasetransitionandalsoinfindinghowwecanclosely

taketheseeffectsintothe"kernel"oftheDSequation.Essentialproceduresofouranalysis

canbesummerisedasfollows;

i)Firstlyweusetherealtimeclosed-time-path(RT-CTP)formalism[9],andstudythe

physicalmassfunctionERitselfnottheE1,,oftheretardedfermionpropagator,becausewe

areinterestedinboththerealandimaginaryparts.

ii}Secondlyweaccuratelytakeintooura皿alysisthefactthatΣRisthemassfunctionof

"unstable"quasi -particleinthermalfieldtheories ,thushavingnon-trivialimaginarypartsas

weUasnon・trivialWFRCs.Neglectionofimaginarypartsandnon・trivialWFRCsactua皿ygive

constraintequationstobesolvedsimultaneously,totallydismissedintheprecedinganalyses.

'
iii}Thirdlyandmostimportantly,devotingourattentiontocloselyestimatingthe

dominanttemperature-dependentcontributions,wefocusonstudyingtheDSequationbeing

exactuptoHTLapproximation:Boththegaugebosonpropagatorsandthevertexf皿ctions

aredeterminedwithintheHTLresummation[10,11,12],withwhichthegaugeinvarianceof

theresultatleastinthepe血rbativea皿alysisisguaranteed.WiththeHTLresummedvertex

functions[12]wecanexplicitlywritedowntheHTLresummedDSequation.

iv}Fina皿y,thegauge-paremeterdependentcontributionmustbecarefu皿ystudied

withoutfixingthegaugeintosomedefiniteones,suchastheLandaugauge.

Thethirdpointlistedaboveisbettertobetakenstepbystepintotheactualanalysisof

theDSequation.Inthepresentanalysiswepresenttheresultofour丘rststepinvestigation

instrongQED;focussingonwhathappenswhenwetakeintoaccountexactlyatleastthe

HTLresummedgaugebosonpropagators.AnalysisinQCDandeffectsoffullyincludingthe

HTLresummedverticeswillbepresentedintheseparatepaper[13].

TheDSequadon」brthephysica1,i.e.,theretardedfernuonself-energy血nctionΣRinthe
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HTLapproximationcanbeobtainedbyapplyingthefo皿owingapproximationtothefUllDS

equation;

i)replacethefullgaugebosonpropagatorwiththeHTLresummedpropagator,and

ll)approximatethefu皿vertexfunctionstotheHTLresummedvertexfunctions.

ThenintheRT・CTP丘)malismwegetinQEDthedesiredDSequation口21Atzero

temperature,thewavefunctionrenormalizationconstantA(P)coincideswithB(P)andequals

tounityintheLandaugauge,whileatfinitetemperatureitisnotAppearenceoftheHTL

resummedvertexfunctionstogetherwiththeHTLresummedgaugebosonpropagators

assuresthattheHTLapproximationisconsistentlycarriedoutinstudyingtheHTL

resummedDSequation[12],andguaranteestheresultbeinggaugeinvariant,atleast,inthe

effectiveperturbationregime.NeglectionoftheHTLcontributiontothevertezfunction,

δ.P、 βγ,simplybringsustotheladderDSequationwiththeHTLresummedgaugeboson

propagator.ItsignificantlysimplifiesthestructureoftheDSequationtobeexaminedthus

reducingthetechnicaldifficultytohandletheDSequationitselfThepricetopayistolose

theassurenceofgaugeinvarianceoftheresults.

Inthepresentanalysisasalreadymentionedabove,weinvestigatetheconsequencesof

theladder(pointvertex}DSequationwiththeHTLresummedgaugebosonpropagator.The

DSequationobtained,isstillquitetoughtobeattackedforcingusfurtherapproximationsfor

theanalysistobeeffectivelycarriedoutHowever,theapproximationmadeuseofmustbe

consistentwiththeHTLapproximation,withoutmissingtheimportantthermaleffectsoutof

thekerneloftheDSequation.

Hereitisworthnoticingthattheinstantaneousexchange(IE}approximationfrequently

usedintheprecedinganalyses【6,7,81isnatcol珂patiblewiththeHTLapproximationinthe

strictsense.IntheenactIEr血mit止eHTLresummed廿anseversemass血notionvanishesand

thetranseverse(magnetic)modebecomestotallymassless.NamelytheIEapproximation

discardstheimportantthe皿aleffectcorm皿gfromtheLandaudamping,thusdismissingthe

dynamicalscreeningofthemagneticmode.Thiscausesthefamousquadraticdivergenceof

theRutherfordscatteringcrosssection,Thereasonwhyinthepreviousanalysesthis

divergencedidnotappear,isthattheimaginarypartofERiscompletelyneglectedthere

fromthebeginning,namelythattheequationforImEaistotallydiscarded.

Takingtheaboveintoaccount,theapproximationwefurthermakeuseofisthe

unprovedIEapproximationtothelongitudinalgaugebosonpropagator,bykeepingtheenact

HTLresummedtranseversepropagator.IntheI(rlinuttheHTLresummedlongitudinalmass
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血nction,'nRL{K),hasadefinitethermalmassmg2～(gT)2,representingtheDebyescreening

duetothermalfluctuation,thusevenintheIElimitthelongitudinalmodecantakeinto

acounttheessentialthermaleffectInthepresentanalysisthegaugeisfixedtotheLandau

gauge(ξ=0).

Itisfairtonotethatinthepointvertexladderapproximation,asalreadymentioned

above,thegaugeinvarianceoftheresultsisspoiled.Tomaximallyrespectthegauge

invariance,weshouldsolvetheDSequationswiththeconstraintA(P)=1,whichguarantees

Z2=1,beingconsistentwiththeWardidentityZ1=ZZ.Thiscanbedone【161bysuccessively

adjustingthegauge-parameterginsolvingtheDSequations.

NowweshouldsolvenumericallytheDSequationswiththeIEapproximationtothe

longitudinalmode[1?].Resultofthepresentanalysisshowsthetwofacts;i)Thechiralphase

transitionisofsecondorder,sinceafermionmassisgeneratedatacriticalvalueofthe

temperatureToratthecriticalcouplingconstantawithoutanydiscontinuity,andii)the

criticaltemperatureTcatfb【edvalueofαissignificantlylowerthanthepreviousresults

[6,7,8],namelytherestorationofchiralsymmetryoccursatlowertemperaturethan

previouslyexpected.Thesecondfactshowsthatinthepreviousanalysestheimportant

temperatureeffectsareneglectedduetotheinapropriateapproximations.

ThecriticalcouplingconstantαcasafunctionofT,andthecriticaltemperatureTcasa

functionofa,canbealsodetermined.Fromtheseresultswecanestimatethecritical

couplingconstantαcinthelimitT→0,αc(T→0),andthevalueofcouplingconstantα

wherethecriticaltemperatureTcbecomeszero,α{Tc=0).Ourresultshowsthat,asT

becomessmaller,thecriticalcouphngconstantαcalsobecomessma皿erandseemsto

consistentlydecreasefromabovetothezerotemperatureresultHowever,theestimated

values,αc(T→0)～2.5andα{Tc=0)一 一2.5,aresignificantly且arger血anthevalueαc{T30)=

n/3determinedbytheoreticalanalyses[1]oftheDSequationforthefermionself-energy

partE(P)atzerotemperature,T=0,intheladderapproximationintheLandaugaugewith

thetreelevelphotonpropagator.SincetheHTLresummedgaugebosonpropagator'G°'is

simplyreducedtothetreelevelphotonpropagatorinthelimitTAO,wearenotquitesure

whysuchdi血erenceemerges.

Presentresultshowsthecorrectnessofourresearch-strategy,namely,theimportanceof

thefullHTLresummedDSequationanalysisofthechiralphasetransitionatfinite

temperature/density.Furtherinvestigationalongthelineofourstrategyisneededtoanswer

thequestionhowwecancloselytaketheessentialthermaleffectsintothe"kernel"oftheDS

equation,whichisnowunderinvestigation.

一206一



Nakkagawa:ChiralPhaseTransitionsinQEDatFiniteTemperature:

References

[1]T.MaskawaandH.Nakajima,Prog.Theor.Phys.52.1326{1974};54,$60(1975);

R.FukudaandT.Kugo,NucLPhys.8117,250(1976).

[27KYamawaki,M.BandoandKMatumoto,Phys.Rev.Lett.56,1335(1986);

K,1,Kondo,H.MinoandK.Ya皿awaki,Phys.Rev.D38,2430〔1989)。

L37W.A.Bardeen,C.N.LeungandS.T.Love,Phys.Rev.Lett.,56,1230{1986};

C.N.Leung,S.T.LoveandW.A.Bardeen,Nucl.Phys.8273,649{1986);

W.A.Bardeen,C.N.LeungandS.T.Love,Nucl.Phys.8323,493{1989).

[4]A.Barducci,RCasalbuoni,S.DeCurtis,R.GattoandG.Pettini,Phys.Rev.D41,1610{199(}}.

[5]S.K.Kang,WニH.KyeandJ.K.Kim,Phys.Lett8299,358{1993).

[67K.-LKondoandK.Yoshida,IntJ.Mod.Phys.A10,199(1995).

L7]M.HaradaandA.Shibata,Phys.Rev.D59,014010(1998).

[8]K.Fukazawa,T.Inagaki,S.MukaigawaandT.Muta,Prog.Theor.Phys.105,979(2001).

[9]K.-C.Chou,ZニB.Su,BニL.HaoandL.Yu,Phys.Rep.118,1(1985);

LV.Keldysh,Zh.Eksp.Teor.Fiz.47,1515(1964)[Sov.Phys.JETP20,1018(1965)1

[107E.BraatenandR.D.Pisarski,NucLPhys.8337,569(199(});8339,310{199(});

J.FrenkelandJ.C.Taylor,NucLPhys.8334,199(1990).

[ll]M.E.Carrington,andU.Heinz,Eur.Phys.J,C1,619(1998);

HouDefU,M,E.Carrington,R.Kobes,andU.Heinz,Phys.Rev.D61085013{2000).

[12]Y.Fueki,H.Nakkagawa,H.YokotaandK.Yoshida,Prog.Theor.Phys.107,759(2002).

L13]Y.Fueki,H.Nakkagawa,H.YokotaandK.Yoshida,workinprogress.

[14]V.V.Klimov,Sov.J.NucLPhys.33,934(1981);Sov.Phys.JETP55.199(1982};

H.A.Weldon,Phys.Rev.D2g,1394(1982};Phys.Rev.D2g,2789{1982}.

[157H.A.Weldon,Ann.Phys.{N.Y.}271,141(1999}.

[167Y.Fueki,H.Nakkagawa,H.YokotaandK.Yoshida,toappear.

[17]Preliminaryresultswerepresentedatthe4thInt'1ConferenceonPhysicsandAstrophysicsof

Quark-GluonPlasmas¢CPAQGP-2001},Y.Fueki,H.Nakkagawa,H.YokotaandK.Yoshida,hep-

ph/0112290,toappearintheproceedings.

一207一


