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Introduction

1 Two new and surprising results from lattice gauge calculations

 Lattice spectral function analyses in quenched QCD indicate
that J/y may be stable up to 1.6T¢

« Lattice Q-Q “potential” appears to be very strong between 1
and 2 Tc

L We would like to use the potential model to check the lattice
spectral function analyses

1 We would like to inquire whether light quarkonia may be stable
in QGP to provide new insights into

 the recombination of QGP constituents

 the equation of state of QGP

* the nature of phase transition

* the nature of chemical equilibrium and chemical yields



Lattice gauge spectral analyses in the quenched
approximation show that the width of J/@ remains

narrowupto T =<1.6 T,
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The drastic change of the spectral function
suggests the occurrence of spontaneous

dissociation between 1.62 and 1.70Tc.



Kaczmarek et al. calculated the color-singlet F, and U, in
the quenched approximation [hep-lat/0309121]
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U, is much deeper and broader than F,
and can hold many more bound states
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Using U, as the potential, Shuryak, Zahed, Brown,
Lee, and Rho suggested that even light quarkonia
may be bound in quark-gluon plasma



What is the Q-Q potential?

As ansatzes:
1. F,(r,T), the free energy
(Digal et.al 01, Wong "02, Blaschke "05)

2. U,(r,T)=F,(r,T)+TS,(1,T), the internal energy
(Kaczmarek et al."02, Shuryak et al "04, Alberico "05)

With theoretical justifications:

3. A linear combination of F, and U,
o0 B 3 a(T)
Yee B D) =gy " D 3y

(Wong , PRC 72, 034906 * 05)

U,(R,T)



What is the Q-0 interaction U'''! in LGT?

Qg

e~ BRET) = zcr,r)/zut'r), (1)

Z(x,T) = f:d.;l]i-l’qé[_i,‘r,r), (2)

Zo(T) = [1aAIWo(A,T), (3)

Wog(A,T,r) = tr {Pexp{ / " a(rydran(S.m) yexpl / " gtr)dr Ao ETT}}} Wa(A, T), (@)

re]
WolA, T} = exp {—}Z f v [ds.a:F,wF“"} , (3)
o

We rewrite Eq. (1) as

Zo(T) = f[_(b—‘l]cd“lr e {Pet‘p{f q(f)d;,q.o{— )} exp{f (7']d~r;lu{—— .j}} exp {—— f dr fdgxr r‘“’} A6}
1]
Taking the derivative of this equation with respect to 8, we obtain for the derivative of the left-band side

—3{25;5} 22uT) f [dA] {—— f dstMyF“"}T‘Vn{‘i T, (1)

and for the derivative of the right-hand s1de._ we get

% = /[(:A](.ﬁ"’-"-"'l [{E(r,T) + 3M ) fdngr.wF”“} Wog(A,T,r)

™ r - 8 T a r
+f-r{Q{T)(A%{TT]—Ao{—ﬁsT})Pexp{]; o(r)dr o5, 1)} expd [ s}('ﬂ)dw-io(—a.?)}}“f’-::(fl-.'-‘"fl- (®)

We equate the above Eq. (7) to Eq. {(8) and get

Fi(v,T)+ TS {x.T) = Uhr,T), (9)
where 5 (r, T} = —3F (v, T) /T —and LL{r T is the total colovsinglat intarnal eneroy given explicitly by
Uhir,T) = (,"52—3(1'._ )+ U e, T) — Upa(T), (10)
UgolT) = f[d_-i] {ifdamf;,.,F‘”’} W-’n(.a:T)/ [[dA]H’h(:&,TJ, (11)
Uie, Ty = f [dA] {% f d"’.r:F,_,.,F“"} Waa(A,T,1) / f [A]Woa(A, T, ), (12)

and

T T = 8 T 0 T
Uil T) = [[d; {g(T}[An{E,T} Ao E:T)]chp{fn g(T}dT.‘ln(E,T}]cxp{fe ol ekl E,T]}}H"ﬂ(.—i,T}

+ f[ru]tr{ﬁexp{f g{ﬂdmu(g,r)}em{j;g(r)dr.aot—g,r}}-}Wu[A,T), (13)

C.Y.Wong,PRC72,034906 ('05)



To extract Q - Q potential
from lattice gauge F, and U ?

* We need to understand the meaning of U,.
* We need to understand the meaning of TS=U,-F,.
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Why such behavior? :



Implications of S,(R) increases as R increases

We have a system of Q, Q, and gluons

Si(R) = S,5(R) + S o (R)
But, Q and Q are held fixed, so S oo® =0.
Therefore, SR =8 ,..R).

S, (R) increases as R increases

= S (R) increases as R increases

gluon

= Questions
N

U

number of gluons, increases as R increases?

gluon

,gluon 1nternal energy, increases as R increases?
9

gluon



Analogous model of Debye screening

« Q (charge +q) at -R/2
e Q (charge —q) at R/2
 medium: e, (charge +(), €. (charge —(Q)
* particles interact with an e,e,/r interaction
We assume e, and e_ are massless and are fermions.

We also assume local thermal equilibrium

N ++ ;,gh : +*£g+l
I i 0 + ;‘f 5
=t b
-R/2 R/2
-q




V(%R)

2l i,

+ o4 Wy by
At 0 Bl

-R/2 R/2

The potential at r is V( #,R) ,due to Q, Q, and the charge medium.

Under the potential V( #,R) at ¥ and local thermal equlibrium

f.GF p Ry =1/{exp[ (p+e V(7 R)IT] + 1 }

n,(F,R)=(g,/2z")| p*dp f.(F,p.R)
= n{1—ae,V(F,R)IT +a,le,V (7, R)ITT }
N.(R) =[di(n,(F,R)~n)=nla,[ dFleV (7, R)ITT

0. (F. R)= 2o [ pldp{~ f.In f. - (1~ £.)In(1- £.) }
= o{1-be, V(7 R)IT +b,[e,V (i R)ITT }
1S, (R) =T [ di(o. (F, R) - 0)= To b, [ dFle.V (7, R) I TT
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Need V(#,R) to obtain ni(iﬂ',ﬁ), O'i(f,]_é)

But, how to determine V(¥,R) ?

Charge density :

p(F,R) = qS(F + R12)+ (-q)8(F — R 2)+qn (F,R)+ (-q)n_(F,R)
gn,(F.R)+(-q)n_(F,R)= 0 + yoaquV(f,ﬁ)/( + 0

lowest order 2nd order
Ist order

Poisson equation :
V V(F,R) = —47z(q5(17 —R/2)+(—q)q8(F—R/2)+ ny,a,q’V(¥,R)/ T)
Define 47 nya,q° | T = u° = (Debye mass)*

Solution 1s

ViR) = 1 exp(—pur,) _qexp(—pr)

r, r

r,=|FtRI2]

12
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TS(R) / TS(R—)
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Schrodinger equation for QQ bound states

Hamiltonian for Q and Q
2 2
H = Po +—2 4 (all interaction energy, acting on Q and Q)
2m, 2mg
P2 2
= = +Pr Ly —(R)

- 2my+my) 2u,, 00

All interactions acting on Q and O are

— —

U, (R)= % j df[ej(? + g) +e O(F - g)} V (7, R)

1 L= = . pe . :
= {eJrV(r, R)| ;+eV(r,R)| R} except infinite self-interaction

2 -l Fe X

V(?,R)z‘IeXp(—WJr)_lep(—,w'_)’ r, = |l7i1_é/2|
r, r
‘Iz e " 2

Therefore, U - (R)=- —

f oo (R) FE

15



U (R) = | df[ o [ prap {f (. 0. R)+ £ (7 p. R)} p }
T

+ %jdf e.n, (F, R)+en (f,ﬁ)] V(F,R)

+% [ ar e+a(f+’2‘)+e5(f—§>} V (7, R)

—Idf[uf +u8]

U, (R) = [ [, (F, R) + u_(F, R) |+ U 5 (R)

+

—Idf:uo +u’ ]
8

u,(F,R) =

- = eV P R
—| p’dp f.(F,p,R)A p+— (r, R)
27" ¢ 2

=ul {1-c,e,V(F, R)IT +c,[e,V (7, R)ITT }
Ui (R) = U ;5 (R)+ U i
cf previous results in lattice QCD, C.Y.Wong, PRC72,0349 06 (05)
U/(R) =U,(R)+U,(R)-U,, s

(R)-U’® in Debye screening

medium



What is the

Wk . 1) = Ty
-} interaction [QQ in LGT?

ar
e fAF

=Ty z(r,I')/Zu(TL

Ziv, Ty = f [dA]Wos (4, T, 1),

Zo(T) = f [EA] W (A, T,

a2 i}
H'Qé[_il..T. r) tr {}-’exp{jj g[T}dT.‘h(%,T}}EXD{[j glm)dr Ag( E.T}}—} Wald, T,

re]
WolA, T} = exp {_all f o [ds-i:F,mF“"} ,
o

We rewrite Eq. (1) as

Zo(T) f[i&]cd‘ll“”cr{fjem{f a(r)dr Ao(3, xn}exp{f g(r)dr Ao(~ 3, 13}}e=fp{——f ar [ #2r r} ©
o

Taking the derivative of this equation with respect to 8, we obtain for the derivative of the left-band side

S{LHS} dzn(T]

BE

agd

r r ” & r o r
+r {Q{T)(Ao{?’n‘")—A%{—§=T})Pwp{]; .fa('!)dvAe[i:v}}exp{fﬁ g(v)d-:.ao(—a.m}%(A..'m .

We equate the above Eq. (7) to Eq. {(8) and get

(e, 1

Jf[d,;] {_—fﬁzrwrw}ﬁ (A, T,

and for the derivative of the right-hand s1de._ we get

N+ TS . T) = Uh(r. T,

nd iy {.-)'r*u i

flag fotal Loy Qng] dintarnal an

where 5 (r, T} = —8F (x,T)JOT

Uy(r, ) = tc‘;

S0, T) + UM (2, T) — Upa(T),

S{RHS} = /[(:A](.ﬁ"’-"-"'l [{E(r,T) + 3M ) fdngr.wF”“} Wog(A,T,r)

gy given explicitly by

Upo(T) = f [dA4] {i f da;mP;,.,F""} Wa(A, T) / . f [dA]Wa (A, T,
Uie, Ty = f [dA] {% f d"’.r:F,_,.,F“"} Waa(A,T,1) / f [A]Woa(A, T, ),

and

T T = 8 T 0 T
Uil T) = [[d; {g(T}[An{E,T} Ao E:T)]chp{fn g(T}dT.‘ln(E,T}]cxp{fe ol ekl E,T]}}H"ﬂ(.—i,T}

+ f[ru]tr{ﬁexp{f g{ﬂdmu(g,r)}em{j;g(r)dr.aot—g,r}}-}Wu[A,T),

C.Y.Wong,PRC72,034906 ('05)

(1)

(11)

(12}

{13)
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How to subtract U (R)- U ,from U,?

The Q - 6 potential 1is
Ué%(R) =U,(R)-[U, (R)-U ,] in quenched QCD
Ué% (R)=U,(R)- [UQGP (R) - UQGPO] in full QCD

By the first law of thermodynamics for the medium
3p €

&
& o—p P . 3 a( )3

information on a(7) = 3 p/e can be taken from the equation of state

3
g=[3+a(T)} To

We | 3 | oo+ ) TS.(R

v | 3+a(T) (0= +0y), (®)
CL

Ug(R)—_3+a(T)_ T[dV(c-0o,)| + TjdVao}

3 3
So, Ug(R)—Ugo=_3+a(TJng(R)=[3+a(TJ (U,(R) - F,(R))

1) — _ - - — 3 -
Hence, UQQ(R) =U(R)-[U,(R)-U,]= U(R) |:3 N a(T):| (U,(R) - F,(R))
M (p) — a(T)
UQQ(R)_3+a(T)F1(R)+3+a(T)U1(R) N




Quenched QCD equation of state

.* I 1 I 1 I || 1 I ILI- _I_I_I_l_l_:_l_l__,_—
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=S (@ 3
b 3 1 1 | 1 I
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50 ®)
: | I i | i I -
- | ] 1 1 1 | 1] I IE
nEE I F1 fraction =
I-a-. = (E) 3
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S L s ML e O it et s e e =
ﬂ ;'-III—LI 1 I | I T | I 1 11 I | I | I | I | 1 | | I I | I | [ T I |
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T/T.

F, and U, fractions depend on T
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Full QCD (2 flavors) equation of state
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Solve for Q-Q bound states
, | FED-FrowT)
\ W W
20 + UQa(r,T)—UQa(r—)w,T) Ww(r, T)=¢(T)w(r,T)
red U1(r,T)—U1(r—>oo,T)
0.0- ﬁié, - °
-0.2
2
<)
w  -0.4 Jh, n, states
mc=f.5(;eV
-0.6 —
—0.8_—,,.|l L 3 Lo§ g 1% g g
1.0 1.2 1.4 1.6 1.8 2.0
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T<Tc
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Spontaneous dissociation temperatures in

quenched QCD
Heavy Spectral Uos |F U,
Quarkonium | Analysis Potential | ptential | Potential
Jhy T | G2 | 140Tc | 2.60T
Xe >V ' 0.7 to 1.1 T, | unbound | unbound | 1.18T
Y above 3TC 410TC 3.50 TC ~5.0 TC
Xo @D (@®» | 10T | 17T
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Quenched QCD & Full OCD

Quenched QCD 1s mmadequate as 1t neglects the
effects of dynamical quarks

Dynamical quarks provide additional screening

F, and U, for full QCD (with 2 flavors) have been
obtained by Kaczmarek et al. "05

The equation of state for full QCD (with 2 flavors)
has been obtained by Karsch et al. "02.
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Full QCD with two flavors

Ul(R,T)=——Rs fF(RT)+C(T)[1- f(R,T)], a,=0.23,
1
exp{ (R—r(T))/d(T)}+ 1
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4.0F ] 34 40 T,
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Spontaneous dissociation temperatures in

quenched QCD & full QCD
Heavy
Quarkonium Quenched | 2-flavor
QCD QCD
U oo U
Jhy 1.62T 1.42T,.
Xe o ¥V ! unbound unbound
Y 4.10T, 130T,

Xb 1.18T, 1.22T,.




Quarkonia in quark-gluon plasma

We can treat t

he quark mass as a variable and obtain

the binding energies of a quarkonium as a function

of the reduced

| mass .4 and temperature T.

Stability represented by ‘quark drip lines’

* Inthe (T, quark reduced mass p4) space,

the quark drip line is the line below which a
quarkonium is unbound.

e There are 1s drip line, and 1p drip line, etc,...
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Quark drip lines 1n quark-gluon plasma

Ip drip line Is drip line
f

](I_Ef

Quark reduced mass p_ . (GeV)

Unbound Region

0_IIII|IIII|IIII|IIII|IIII|IIII|

I 15 2 25 3 35 4
T/T,




Use quark drip lines to determine the
stability of light quarkonia

* Because of the strong interaction, light quarks
become quasiparticles and they acquire masses

* These masses can be estimated by studying the
equation of state (Levai et al. "98, Szabo et al. 02,
Iavanov et al."05).

* They found that the quasi-particle masses of u, d,
and s quarks are

m,~ 0.3-0.4 GeV for Tc<T<2Tec.
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Light quark quarkonia

T[MeV]
200 400 800

600 —

400

300 1 1 1

T/T,

Szabo et al. JHEP 0306, 008 ('03)
Results from Levai et al 98

and Ivanov et al 05 are similar.

For light quarks with
a mass of 300-400
MeV, the quark drip
line shows that
quarkonia with light
quarks can be stable
up to 1.06Tc.
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Conclusions

« The potential model is consistent with the spectral function analysis, if the Q-
Q potential is a linear combination of F, and U,,with coefficients that depend
on the equation of state.

» The effects of the dynamical quarks modify J/y stability only slightly. In
quenched QCD, J/y dissociates spontaneously at 1.62 T_. In full QCD with 2
flavors, J/y dissociates spontaneously at 1.42 T,

* Light quarkonium states may be stable up to ~1.06 T..

The stability of these light quarkonia near T, provides support to the
recombination model at temperatures just above T..

Approach to chemical equilibration may start at the end of the QGP phase
before the phase transition.
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