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FIG. 1. The pseudopotentials Vir(R) minus the (constant) FIG. 3. The ratio of the critical temperature and square
self-energy contributions Vo [Eq. (4}] on lattices of size root of the spatial string tension versus temperature for

N, x 32 for # = 2.74 as a function of the spatial separa- B = 2.74. The line shows a fit to the data in the region
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G.S. Bali, et. al, PRL71,3059(1993)
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& HEFE

Direct Maximal Center Projection (MCP) by Debbio, et. al,
PRD58,094501(1999)
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aximize R :W;TF[Uﬂ(X,t)]Z
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de Forcrand — D’Elia, PRL82,4582(1999)
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Non-perturbative
physics of QCD

/ Confinement

/ Chiral condensate

/ Strongly

interacting
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Thermal monopole and vortex

€ Thermal magnetic monopoles and vortices ?
1 Interesting idea: Magnetic plasma made of monopoles
and/or center vortices:
|. Liao and Shuryak, PRC75(2007)054907;PPNP62(2009)48.
Magnetic monopoles near the critical temperature cause
some confinement even in the deconfinement phase.
Il. Chernodub and Zakharov, PRL98(2007)082002.
Degrees of freedom of center (magnetic) vortices have
been introduced by elucidating the sQGP physics.
Ill. Chernodub, Nakamura, Zakharov, PRD78,074021(2008).
Vortices provide a large contribution to eos of sQGP.
0 Here, we investigate how the vortices affect color-screened

gluons, transport coefficients, eos, etc.



<P>

RN TEDZE L

1
0.8 ~
0.6 -
0.4 _

o—o Normal; L=12
02 o—o Removal; L=12
: o-- Normal; 1.=16
=--8 Removal; L=16
0 ................................................................................................................................................................ 1
0 | | | | | | | | | |
A% 19 2 21 22 23 24 25 26 27 28 29




BIE (TN RToIVIL

T/T =3.04
T T T T T T T T | T T T T I T T T T | T T T T
04+ e Color average qqb —
= Singlet qgqb
i Octet qqb |
02 s Color average qq _
| Symmetric qq

- Anti-symmetric qq .
VIT OF

Screening potentials between two quarks in each color-channel:
Nakamura, Saito PTP112(2004)183; PTP111(2004)733



Gluon propagators
in the Coulomb gauge

10

T/T =1.4
v

o—o Original oo Original
#-e Removal 200 =& Removal
Magnetic " Electric
5+ Coulomb gauge E, 100 Landau gauge
A

T/T =14
<

Gribov-Zwanziger confinement scenario for the Coulomb gauge QCD survives in QGP.
( Greensite, et. al, PRD67,094503(2003),PRD69,074506(2004);
Nakagawa, et.al, PRD73 (2006) 094504 )
&® Time-time (electric) propagator is singular in the infrared limit.
- Instantaneous interaction and non-zero string tensions




Vinst(R)

Example for center vortex removal

€ Numerical study of Coulomb gauge QCD via center vortex (Greensite, Olejnik,
Zwanziger, PRD69, 074506 (2004) )
OGribov-Zwanziger scenario in the Coulomb gauge QCD: Instantaneous
interaction (link-link correlator on the lattice ) produces a confining potential
even in the QGP phase.

Instantaneous potential - Full polyakov potential

123x4, 100 confs, coulomb gauge 123x4, 100 confs., coulomb gauge
17 [ [ [ [ ] 2.57 T T R T T
- Large difference oo Original | ' Polyakovline correlators ]
- o & Removal - 2 e o
.5 because this is b g NS00 0000eells
" magnetic. g
i 1: c-o Original
ol 2 & Removal
B oSS > B
0.5 -
i OE Small difference, i
03 ] : because this is
; V(R,0) =log(U (R,0)U " (0,0)) 1 osh , ]
] 0. electric.
| | | | L | | | | 1
Iy 1 2 3 4 5 1o 5
R/a R/a
Color instantaneous potential Color -Debye potential

(magnetic and spatial) (electric)



Transport Coefficient

€ Formulation of transport coefficients
. . Exchange momenta frequently

coming from linear response theory.
€ Hydro-model analyses shows ideal gas, ‘ O ‘
zero-shear viscosity.
€ Frequently exchanging momentum ‘ ‘
among elements; short mean-free path.
@ Perturbative expression for the viscosity ’ O ‘
is

n K [27.126(N, =0) 90— large

T° g‘log(g™) _{86-473(Nf =2) g —> ;17— zero; perfect liquid

@ sQGP picture has been established but why it is so small ?

Refs. for perturbation : G. Baym, et. al, PRL16(1990)1867,P.Arnold, et. al, JHEP0O011(2000)001,
P.Arnold, JHEP0305(2003)051.



Formulation of transport Coefficient

€ Energy-momentum tensor A

Vv X+v X+ [+v

T, =2Tr(F,,F,—>90,F,F.)T,=0 Uw(x):exp(iangW(x)) —

Ho' vo 4 HV' po’ po

@ Green function on shear viscosity > U

n=—[dX [ dte [ dt (T, (x OT,,(x 1)) U, (x) =exp(iagA, (x))
¥ However, we can only calculate thermal Green function on the Euclidean
lattice and have to find retarded Green function, which is a very hard task. So
usually we assume the following spectral function,

_A 4 N 4
P= 2 2 2 2
7\(M-w) +y° (M+w) +y
€ and, for instance, on the shear viscosity,

2ym
n= 2A(7/2 T etc.

Refs: F.Karsch,H.W.Wyld, PRD35,2518(1987), A.Nakamura, S. Sakai, PRL94,072305(2005)




Gluon propagators at finite temperature (2)

@ Electric and magnetic gluon propagators

D, (k,k, =0)=D" = L
F+

k2

F(0,0)=mZ ~ g(T)T

~ i 1 P
Dy (k,k, =0)=D" = 2 G((),O):ml?/l ~92(T)T

G+k?
@ Gauge field, correlator and unequal time propagators
a _ a = _ 1 a ' a "\nlq(x-y)
Al (x,t)=Tro*U ,(x,t) D, (q,t) VN ZX:Aﬂ(X,t YA (y,t)e" I

@ After taking a sum of t with q,=0,
_ 1 _
D, (8,4, =0) ==~ .D,.(@1)
t t

@ Note that for Coulomb gauge case we use equal-time propagators here.



Lattice setup

€ SU(2) lattice calculation with quenched Wilson-gauge action
€ Landau (Coulomb) gauge on the lattice in the path-integral formula

satisfies the following condition:
2

<107

. 1 a A
0,A,(xt)=0 = MammlzeR:V—TZReTrUﬂ(x,t) ;TFG (Uﬂ(X)—Uy(X—,U)

Wilson-Mandula Method (PLB185,127(1987))

& Parameters:

@ Lattice size : 24x24x24x4

@ beta : 2.2-2.6, corresponding to the temperatures T/T_ are approx.

1.40, 3.00 and 6.00.

@ Configurations: 10k discarded and about 20-30 confs. are used to

measure.

@ Convergence criteria: eps = 108 for gauge fixing and eps = 101 for

maximal center projection.
@ Procedure:

Gauge updated --> Maximal center projection --> Gauge fixing



