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IntrodutionJ= (harmonium) states| important signal for fomation of quark-gluon-plasma (QGP)CERN 2000: \formation of QCD" in heavy ion experiment.f. NA50, Phys. Lett. B 477 (2000) 28Theoretial understanding2 Potential modelT. Hashimoto et al., Phys. Rev. Lett. 57 (1986) 2123T. Matsui and H. Satz, Phys. Lett. B 178 (1986) 4162 Lattie QCDÆ Stati potentialM. Gao, Phys. Rev. D 41 (1990) 626Æ Meson CorrelatorsSpatial orrelation of Q and �Q| T. Umeda et al. hep-lat/0011085Spetral funtion! Hatsuda's talkWe perform a ombined study of lattie QCD andphenomenologial approahes for de�nite understandingof harmonium properties.



Our ApproahesLattie QCDÆ diretly founded on QCDÆ to obtain ingredients of phenomenologial approahes!spatial orrelation between Q and �Q!stati quark potentialPhenomenologial approahes� Potential model with V (r) measured in lattie QCD{ Stationary state analysisT -dependene of bound state energyWhat is a ondition of existene of bound state at T > T ?{ Non-stationary state analysis (in progress)Time evolution governed by Shr�odinger equation!In whih time sale Q and �Q desolve ?In this stage, alulations are at the quaenhed level of lattieQCD simulation (Nf = 0).



Lattie QCD (1). IntrodutionLattie QCD: nonperturvative analysis founded on QCDDisretization of (Eulidean) spae-timewith exat loal gauge invariane!Path integral formalism has a well-de�ned meaning) Monte Carlo MethodAt Finite Temperature lattie:
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Lattie QCD (2): SetupWe employ the anisotropi lattie.2 LattieGauge �eld ation: Anisotropi Symanzik (tree) ation162 � 24�Nt, � = 4:56,  = 3:45,in quenhed approximation (Nf = 0).Æ Anisotropy: � � as=at = 3:95(2)Æ Cuto�: a�1� =1:61(1) GeV (a� � 0:125 fm),a�1� =6:36(5) GeVT = 1=NtatNt =96 (T ' 0), 28 (0.87 T), 26 (0.93 T),20 (1.22 T) (for stati potential),16 (1.52 T) (for orrelator analysis).Quark ation:O(a) improved Wilson ation onanisotropi lattie!harm quark is treated in relativisti manner (mQ � a�1� )Quark paramters are set to be roughly m.Refs:Umeda et al., hep-lat/0011085 (harmonium at T > 0)Matsufuru et al., hep-lat/0010071and Proeedings of Con�nement 2000, in press.(stati quark potential)



Lattie QCD (3): Correlator analysis-1.Meson Correlator:GM(~x; t) = Xx;y1;y2 !1(~y1)!2(~y2)�hTr[S(~y1; 0; ~z; t)M5Sy(~y2; 0;~z + ~x; t)5yM ℄iS(~x1; t1; ~x2; t2) : quark propagatorM = 5 ; 1 ; 1 ; 15( M = PS ; V ; S ; A )ÆGauge �xing : Coulomb gauge
soure !(~y) � exp (�ayp) (exp)� Æ(~y) (point)GM(~x; t) =

t=0 t

x
0

a; p are hosen to give appropriate size of meson.



Lattie QCD (4): Correlator analysis-2.2 t-dependene of the wave funtionw�(r; t) = X~x h�q(~x + ~r; t)�q(~x; t)Oy(0)iIf there is no bound state (like free quark ase),wave funtion beomes broader as t (Eulidean time).
t

xIn this ase, ��(r; t) = w�(r; t)=w�(r = 0; t)(normalized at spatial origin)inrease as t.
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Lattie QCD (5): Stati potentialPolyakov loop (order parameter of deon�ning transition)P (~x) = TrN��1Yt=0 U4(~x; t)Stati quark potentialP2(~r) = hP (0)P y(~r)i '  � exp(�VQ �Q(~r)N� )
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! Fit: V (r) = onst.�A=r + �rN� T Fit range onst. A � �2=Ndof96 � 0 r � 2:8 0.0587(49) 0.0587(49) 0.01781(29) 78.12/1828 0:87T r � 2 0.2817(70) 0.119 (11) 0.0089 (11) 25.2/2126 0:93T r � 2 0.2934(41) 0.1253(63) 0.00638(69) 23.5/21Lattie uto�s: a�1� ' 1:6 GeV, a�1� ' 6:4 GeV.String tension slowly dereases toward T.



Lattie QCD (6): Stati potential-2
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Æ Q- �Q system | Debye sreeningVQ �Q = Vsinglet + Votet! �A exp(��r)=r : Yukawa potential[ Gao, PRD41(1990)626 ℄� � sreening mass � 0.5-1 GeVFit (lattie unit):range onst A � �2 / Ndofall r 0.20755(88) 0.0469(15) 0.803(40) 5.29 / 24r � 2 0.20794(87) 0.0217(33) 0.385(73) 1.03 / 21



Potential Model (1)Shr�odinger equation for stationary state (spin averaged):0�� �2mR + V (x)1A (x) = E (x)(mR: redued mass)For S-state, 0B�� 12mR d2dr2 + V (r)1CA u(r) = Eu(r)u(r) = r r(r),  r(r): radial wave funtionSolve this equation numerially with V (x) measured in lattiesimulation.



Potential Model (2): Stationary state (T < T)Potential V (r) from lattie data (�tted paramters):V (r) = �Ar + �rharm quark mass m ' 1:3 GeV.Fit of lattie data (physial unit):T A � [GeV℄� 0 0.24 0.180:87T 0.48 0.0910:93T 0.50 0.066Binding energy:
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Preise determination ofA is signi�ant to obtain T -dependeneof harmonium mass.(present result is at preliminary level.)



Potential Model (3): Stationary state (T < T)Sreened potential V (r) = �A exp(��r)rAt T ' 1:22T (lattie data):�t range A � [GeV℄all r 0.088 0.628r � 2 0.188 1.288(paramters strongly depends on the �t range)For A = 0:088 and mQ = 1:3 GeV,�-dependene of binding energy:
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Similar result for A = 0:188 and mQ = 1:3 GeV|  and � are not bound at this temperature..f Karsh, Mehr and Satz, Z. Phys. C 37 (1988) 617



Potential Model (4): Toward non-stationary stateTime-dependent Shr�odinger equation:i ��t (x) = 0�� �2mR + V (x)1A (x)
| In whih time sale, Q and �Q are well separated ?To avoid singularity of Coulomb(-like) potential at x � 0,modi�ed ylindrial oordinate is appropriate.x = �2=3 os�; y = �2=3 sin �; z = zKono et al., J. Comput. Phys. 130 (1997) 148| Work in progress.



Conlusion and OutlookWe investigated harmonium state from two points of view.Lattie Results:Æ Even above T (T ' 1:5T), wave funtion shows qualitativelydi�erent behavior from the free quarks.!Q- �Q strongly orrelate even at T ' 1:5T in the time saleof 1=T .Æ Stati quark potential was measured.Potential model:Stationary state problem was studied with the potential obtainedin lattie simulation.At T ' 1:22T, no bound state is formed for  and �.+Puzzling resultsMore studies are needed.Æ Non-stationary state problem:evolution of wave funtion along Shr�odinger equationOutlooksÆ Preise determination of potential is signi�ant.Æ Lattie simulation with Nf > 0Æ Charmonium spetrosopy in the potential model at T > 0


