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Content of my talk
Part1: Lattice calculations of electric and magnetic gluons in 

the QGP phase by the SU(3) lattice simulations.
Part2: Lattice calculations of infrared behavior of gluons  in 

center vortex mechanism above Tc in the SU(2) lattice 
simulations.
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Part1: 
Lattice calculations of electric and magnetic 

gluons in the QGP phase 
by the SU(3) lattice simulations

1.Strongly interacting QGP

2.Color-screening effect in the QGP

3.Lattice calculations of color-screening 
masses



Quark gluon plasma (QGP)

cT T<

New matter made 

by the Heavy ion collision experiments, RICH, 2004

cT T>
Hadron( confinement ) phase QGP ( deconfinement) phase
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Points:
I. QGP is not a weekly interacting gas; non-perturbativemethod is still important.
II. Through many studies (hydrodynamicalmodel, jet-quenching, transport 

coeffcient, etc.), a picture of strongly interacting quark-gluon plasma (sQGP) has 
been established.

III. sQGPmay provide a great hint for understanding of non-abelianYang-Mills 
theory.



Gluons at finite temperature (1)

ÉStudy of QGP in Lattice QCD : Critical temperature, nature of phase transition, 
equation of state, etc. have been studied extensively.

ÉScreened gluons
ÉGluons would have finite masses in the QGP phase 
ÉHeat-bath system breaks Lorentz invariance and favors some rest frame.

ÉElectric gluon
ÉColor-Debye screening and Yukawa-type potential among quarks. (imporant
for model calculation, J/psi suppression, etc.)
ÉPerturbatively, the electric mass is calculable gauge-invariantly

ÉHTL calculation (Brattenand Pisarsky)

TTgme )(~0,

mass magnetic :mm
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Gluons at finite temperature (2)

ÉMagnetic gluon
ÉMagnetic screening for QCD ( do not exist in QED)
ÉPerturbativelynot calculable ( depend on a gauge parameter)
ÉThermal perturbation theory spoils if the magnetic mass vanishes; therefore 
we hope it has a non-zero value.
ÉNon-zero magnetic masses would have non-perturbativeorigin.
É3D reduction arguments

ÉEnergy hierarchy
ÉSimple perturbativepicture fails.
ÉEmergence of energy hierarchy of QGP:
ÉTemperature scale
ÉElectric scale
ÉMagnetic scale

TTgmm )(~ 2
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Polyakovcorrelators

Stochastic quantization 
with the Lorentz gauge. 

We have calculated 
singlet, octet, symmetric 
and antisymmetric
potentials. 

All the color channels 
are screened at finite T.

Color-screening potentials between two quarks

A. Nakamura and T. 
Saito, PTP. 111, 
(2004), 733; PTP. 112, 
(2004), 183 
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Electric gluon propagators

Stochastic 
quantization 
with the Lorentz 
gauge. 
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Stochastic 
quantization 
with the Lorentz 
gauge. 

Magnetic gluon propagators
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T/Tc=1.0~6.0, whose 
regions might be reached by 
RHIC or LHC.

At most regions, electric 
mass is larger than magnetic 
one, and magnetic mass has 
non-zero value. 

Scalingswork well (black 
dots line). These change 
monotonically with the 
temperature.

Dashed line (green) means 
LOP and Solid (orange) HTL. 

Screening masses vs. temperature

A. Nakamura, S. Sakai, and I. Pushkina

PLB549,133(2002); PRD69,014506(2004)
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Short summary
ÉIn the QGP phase, we obtained the color-screened quark potentials 
(electric part) by using  a Polyakovline correlator in each color channel.  That 
gives a base of the previous studies of the QGP. (J/psi suppression, etc.)

ÉThe gluon propagators above Tc also were calculated and they give finite 
screening masses in electric and magnetic parts. Those values changes with 
the temperature monotonically. It seems that we have no drastic change for 
gluon dynamics of QGPon the temperature regions T/Tc =1-6 (RHIC and LHC) 

ÉQuestion:From these observations, it is hard to go to the understanding 
of strongly interacting QGP.  Therefore, on the next, we would like to discuss 
infrared behavior of magnetic gluon propagators more, which may be 
relevant to the non-perturbativeproperties surviving above Tc such as the 
spatial Wilson loop with no-zero string tension, an instantaneous force in the 
Coulomb gauge, etc.
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Part2: 
Lattice calculations of infrared behavior of gluons  
in center vortex mechanism above Tc in the SU(2) 

lattice simulations.

1.Spatial Wilson loop in the QGP phase

2.Center vortex mechanism

3.Gluon propagators after removal of 
center vortices.

For this study, in collaboration with M.N. Chernodub, A. Nakamura, V.I. Zakharov



Magnetic degree of freedom 
in the QGP phase

ÉQuestion:How to understand properties of strongly interacting Quark Gluon Plasma.
ÅSome lattice calculations (spatial Wilson loop, instantaneous potential, etc. ) show a 
confining behavior above Tc. Are magnetic degrees of freedom important  in the QGP 
phase?

ÅAs one of the approaches, for magnetic plasma made of monopoles (center vortices), 
there are some references:

I. Physics of strongly coupled quark-gluon plasma;
Liao and Shuryak, PPNP62(2009)48;PRC75(2007)054907.

II. Magnetic component of Yang-Mills Plasma;Chernoduband Zakharov, PRL98(2007)082002.
III. Center vortices, the functional Schrodinger equation, and CSB.

J.M.Cornwall, arXiv:0812.0359[hep-ph] 
IV. Manifestations of magnetic vortices in equation of state of Yang-Mills plasma, 

M.N.Chernodub, A. Nakamura, V.I. Zakharov, Phys.Rev.D78:074021,2008 
V. EOS in the magnetic monopole and center voretex; Chernodub, Ishiguro, Nakamura, Sekido, 

Suzuki, Zakharov, PoS(LATTICE 2007)174.

ÉHowever,  we have no evidence that such topological objects are directly related to the magnetic degree 
of freedom of QCD ( or magnetic gluons ).
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Spatial Wilson loop in the QGP

ÉSpatial Wilson loop (gauge invariant) gives a linearly rising potential in 
the QGP phase.

)exp(~),( RSSRW ss- TTcgTs )()( 2=s

G.S. Bali, et. al, PRL71,3059(1993)

cTT>
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Fitted by magnetic scaling
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Example of the Coulomb gauge QCD

¸ In the Coulomb gauge QCD, 
one can obtain a linearly rising 
potential in the QGP phase. 

¸ The non-vanishing string 
tension is fitted by magnetic 
scaling.

Properties of color-Coulomb string 
tension, Y. Nakagawa, A. Nakamura, 
TS, H. Toki, D. Zwanziger, 
PRD73,094504(2006)

14

Instantaneous potential



Center vortex
ÉWe focus on center vortex mechanism, which provides a good numerical tool to 
understand various non-perturbativecharacteristics of QCD such as color 
confinement and chiralsymmetry breaking.

ÉCenter vortex is topological object and can be defined via center group Z(N). 
( originally, by ǘΩIƻƻŦǘΣ aŀŎƪΣ /ƻǊƴǿŀƭƭ ƛƴ мфтлΩǎύ

ÉRecently, Debbio, et. al (PRDv58,094501), center vortex degree can be identified 
using the center projection.

ÅSome important points:
I. Center-projected lattice configurations are confining,
II. After center removal, no confining linear potential exists.

ÅCenter vortices play an important role for understanding of confinement.

ÉHere, we investigate gluon propagators for electric and magnetic parts, through the 
lens of center vortex picture,  in order to study physics of the sQGP.
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ÉNumerical technique

Å Direct Maximal Center Projection (MCP) by Debbio, et. al, PRDv58,094501
Å Greensite, Olejnik, Zwanziger, PRD69, 074506 (2004)

ÉWe apply the MCP to all configurations of the SU(2) gauge field

ÉRemoving center vortex from the projected configurations

ÉNumerical procedures

Link UpdateĄMCP ĄGauge fixing ĄMeasure gluon propagators

Maximal center projection
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Landau-gauge propagators

ÉThe projected-lattice configurations reproduce the original gluon propagators completely.
ÉAfter the center vortices were removed, 
ÅThe magnetic propagator display a suppression at low momenta.
ÅThe electric propagator at low momentachanges slightly.

40.1~/ cTT
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Results at high temperature

É At high temperature (may be relevant to LHC experiment), we get the same 
result. ( Note that the lattice size is very small compared with the simulations 
of T/Tc~1.40.)

0.6~/ cTT
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Summary of this talk

ÉWe studied gluon propagators and its screening masses. 

I. Those (electric and magnetic) values are finite and they depend on 
the temperature monotonically, so that there is no drastic change at 
least up to the LHC temperature regions.

ÉWe investigated infrared properties of gluons at finite temperature,  
through the lens of center vortex picture,  which are responsible for a non-
perturbativephysics.

I. After removal of center vortices, the magnetic gluon propagators 
change drastically at low momentaand may be relevant to strongly 
interacting QGP, while the electric gluon does not change 
significantly.

II. At high temperature (T/Tc=6.0) we obtained the same results as at 
low temperature.
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Buck-up slides
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Example for center vortex removal
ÉNumerical study of Coulomb gauge QCD via center vortex (Greensite, Olejnik, 
Zwanziger, PRD69, 074506 (2004) )

ÅGribov-Zwanzigerscenario in the Coulomb gauge QCD: Instantaneous 
interaction(link-link correlatoron the lattice ) produces a confining potential 
even in the QGP phase.

Large difference, 
because this is 
magnetic.

Small difference, 
because this is 
electric.
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