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I. Motivation 

• The QGP at the RHIC experiments is most likely a strongly 
interacting system.

The data of RHIC experiments are  
well described by the ideal 
hydrodynamic model

The investigation of elliptic flow 
data using a Boltzmann-type
equation for gluon scattering are 
not consistent with the pQCD.



• Meson correlators at finite temperature

1. Charmonia (S. Datta et al, Phys. Rev. D 69 (2004) 094507)
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• 1S charmonia survive up to temperature
• The spectral function implies a gradual dissolution.*
• 1P charmonia dessolve at 

cTT 25.2~

cTT 1.1~



•Another early study found an abrupt disapperance of 1S states at

(M. Asakawa and T. Hatsuda, Phys. Rev. Lett. 92 (2004) 012001)
cTT 7.1~

•A more recent study 
Charmonium at high temperature in two-flavor QCD
Gert Aarts, Chris Allton,Mehmet Bugˇrahan Oktay, Mike Peardon,
and Jon-Ivar Skullerud
(Phys. Rev. D. 76 (2007) 094513)

S-waves (J/ψ and ηc) survive up to temperatures  close   to 2Tc , 
while the P-waves (χc0 and χc1) melt away below 1.2Tc.



2. Light hadrons
(M. Asakawa et al,

Nucl. Phys. A 715 (2003) 863 )

• The spectral functions of 
light hadrons abovt Tc 
don’t show continuum-like
structure that can be identified 
as free quarks but peaks. 

• The behaviors of the spectral
function meet the common 
expectation that the pseudo-
scalar and scalar correlators 
degenerate at high temperature
due to the restoration of  chiral
symmetry. 

Spectral functions above 
deconfinement for           

i.e, for quark masses around 
the strange quark mass.
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3. Glueballs    ?????

• Gluon bound states predict by QCD 
• Well defined in pure gauge theory
• Their properties below and above the deconfinement 

phase transition is desired. 



II. Numerical details

1=tu

1. Lattices and the gauge action

• Anisotropic lattices with the temporal lattice spacing 
much smaller than the spatial one.

• The tadpole improved Symanzik’s action

(              in this work)5=ξ



2. Glueball operators

Continuum Cubic lattice

Symmetry group

Irreducible 
representations 

(3)SO P C⊗ ⊗

PCJ

O P C⊗ ⊗
PCR

2121 ,,,, TTEAAR =,...2,1,0=J
, , ,PC = ++ +− −+ − − , , ,PC = ++ +− −+ − −

• Symmetry group and corresponding quantum numbers
on the lattice

Building prototypes
(various Wilson loops)



• Smearing Schemes 

Single link smearing (APE smearing)

α

α

Double link smearing (fuzzying)

Combining the 6 smearing schemes of gauge links 
and different 4 prototypes of Wilson loops mentioned 
above, we have a set of 24 different operators for each PCR

{ }24,...,2,1, =αφα



• Variational method (VM)

The essence of the VM  is to 
find a set of combinational 
coefficients 

such that the operator 

couples mostly to a specific 
state.

{ }24,...2,1, =ααv

This can be realized by 
solving the generalized 
eigenvalue problem 



3. The deconfinement critical point

On the lattice the temperature is defined as

ttaN
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There are two ways to vary the temperature:
1) change the temporal lattice size;
2) change the lattice spacing

)(1 gfa
Λ

=

Since the bare coupling constant g can be varied continuously,
we first determine the critical coupling constant for a fixed 
temporal lattice size 24=tN

β↔g



The order parameter

on              lattice 424
after a           scan,
the critical point is 
around 81.2≈β

β

Spectral density method:

After the extrapolation,
the peak position gives 
the critical point,

808.2=cβ
With the lattice spacing

,476.3/0 =sar

MeVrTc 296724.0 1
0 ≈= −



Determination of working

• First, the spatial volume 
is large enough in order for
glueballs to be free of sizable
finite volume effects. 

• Secondly, the temporal lattice
has good resolution even at cTT 2~
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The latest glueball spectrum from quenched LQCD
(Y. Chen et al, Phys. Rev. D 73, 014516 (2006)

1. The glueball spectrum at T=0

III. Glueballs at finite temperature



In the T=0 case, the spectral function reduces to

Thus, we have the conventional function form of correlators

In the spectral representation

2. The glueball correlators



all the thermal states              with non-vanishing matrix elements  
contribute to the spectral function. The contribution 

is weighted by the factor

0≠T

0≠Φ nm

For the pure SU(3) gauge theory, since in the confinement 
phase the thermal degrees of freedom are hadron-like modes 
(glueballs), apart from the vacuum, the maximal value of this 
factor is 
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where M is the mass of the lightest glueball. In the scalar 
channel with M~1.6 GeV, this factor at T=T_c is estimated 
to be 0.003, which is much smaller than 1. Therefore the 
spectral function at 0<T<T_c is almost the same as T=0 case.

For finite temperature



a. The single-cosh fit

Based on the discussion above, we would like to use this function
form to analyze the glueball correlators all over the temperature
in concern:

• the thermal scattering of the glueball-like modes would result
in a mass shift, say, the deviation of the pole mass from the 
zero-temperature glueball mass, which reflects the strength of 
the interaction at different temperature.

• the breakdown of this function form would signal the dominance
of new degrees of freedom. 

Pole mass
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Effective mass plateaus
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The pole masses glueballs in all the 20 symmetry channels



The figure illustrates the behaviors
of glueball masses with respect to 
the varying temperature.

Information inferred from the
single-cosh analysis

• Below T_c, the thermal correlators of 
glueballs can be well described by the 
single-cosh function form, and the  pole 
masses are stable with the varying T;

• Glueball-like modes survive up to 1.6T_c 
in the deconfinement phase.

• The pole masses decrease gradually 
above T_c.

• These observations apply to all the 20 
symmetry channels.  



++0 ++2

(N. Ishii et al, Phys. Rev. D 66, 094506 (2002))

However, our results are different from those of a previous work



b. Breit-Wigner analysis

• Above T_c, the thermal correlators deviate more and 
more from the single-cosh function form. 

• The degrees of freedom are very different from the 
confinement phase. 

• The scattering of strongly interacting gluons may render
glueball states with thermal widths. 

• Breit-Wigner ansatz: 
( N. Ishii et al, Phys. Rev. D 66, 094506 (2002) ) 

Thermal glueballs are treated as resonance objects 
which correspond to the poles, say,
of the retarded and advanced Green’s function in the 
complex         plane. 

Γ−= i0ωω

−ω



The spectral function is parameterized as 

As a result, the theoretical function form of the thermal 
correlator can be written explicitly as 

Which can be used to analyze the simulated correlators.
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The main feature of the results 
of Breit-Wigner analysis



Here we show the spectral functions based on the best fit
results of           and 0ω Γ

• The peak positions do not change much 
• The peaks become more and more broad with the increasing 
of temperature.  



The results of the single-cosh fit and the BW analysis are 
Compared in the following tables. 



IV. Discussions and the summary
• In the pure SU(3) gauge theory, the thermal correlators 

in all the 20 symmetry channels are calculated on anisotropic 
lattices in the temperature range from 0.3 T_c to 1.9T_c.

• Both the single-cosh fit and BW analysis show that glueballs
can survive up to 1.9T_c. 

• Glueball masses keep stable when the temperature increasing.

• The thermal widths of glueballs becomes larger and larger  above T_c. 

• It seems that in the intermediate T range, the state of matter 
are dominated by strongly interacting gluons. Gluons interact 
with each other strongly enough to form gluebal-like resonances, 
in the mean time, glueballs can also decay into gluons. At a 
given temperature,  these two procedure reach the thermal 
equilibrium. The thermal widths signals the interaction strength.

• Our results are consistent with that of the studies of EOS and 
charmonia. 



Dear Tony
Happy birthday



Thank You!
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