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QCD=color SU(3) gauge theory describing quarks and gluons
Quark confinement in Yang-Mills (YM) theory

(pure gauge theory describing gluons without dynamical quarks m, = o)

confinement criterion: area law of the Wilson loop average

| T
W(C) =explaT/R—cRT —c(R+T)+---] ~ exp[—VQ@(R)T]TQ c
Quark-antiquark static potential V55(/2)= Coulomb-Linear: :
Q Q

o) S

Voo(R) = — 5+ ok +c
o: string tension [mass?], a: dimensionless [mass’], ¢: [mass!],
YE?/&{
- LA AUy

Cornell

;}@W AUR 7 P~

[V(n)-V(ro)l ro

A b N B O P N O w
T T T T



Dual superconductor as a mechanism of confinement
The hypothesis: QCD vacuum=dual superconductor is checked by showing

* Dual Meissner effect

In the dual superconductor, the chromoelectric field connecting ¢ and ¢ (color
charges) is squeezed into the flux tube (no chromomagnetic field). [« In the ordinary
superconductor, magnetic field is squeezed|
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* Magnetic-monopole condensation (chromomagnetic) [+~ Cooper pairs (electric)
condensation]

For this, we must introduce the magnetic monopole ...

Duality and magnetic-monopole in Yang-Mills theory

* How to introduce magnetic monopoles in the YM gauge theory without scalar fields?
cf. 't Hooft-Polyakov magnetic monopole

* How to define the duality in the non-Abelian gauge theory?

* How to preserve the original (non-Abelian) gauge invariance?



Two methods are available:
(1) Abelian projection (by ' t Hooft 1981)
partial gauge fixing of G to the maximal torus subgroup: G — H = U(1)" (naive)

(2) Field decomposition (by Cho 1980, Duan and Ge 1979, Faddeev and Niemi 1999)

gauge-invariant decomposition of the gluon field for separating the dominant mode
for confinement (involved) [spin-charge separation]

What is the topological defect (configuration) responsible for quark confinement?

Recent studies support the non-Abelian magnetic monopole for SU(3) Yang-Mills
theory! (cf. Abelian magnetic monopole for SU(2) Yang-Mills theory). In fact,

* SU(3) YM theory, New formulation of LGT + numerical simulations ... 5¢H (Talk 2)
gauge-invariant non-Abelian magnetic monopole, type | dual superconductor
* SUSY YM theory: analytical approach, exact solution, BPS state ... fii# (Talk 7)

non-Abelian magnetic monopole, non-Abelian vortex string, magnetic-monopole
confinement, applicable also to finite temperature and density, color superconductivi’cy,..6



Perturbative QCD vs. non-perturbative QCD

By including higher order corrections up to 3-loops, even the perturbative approach
reproduces the

Voo (R)= Coulomb+-Linear for 0.1fm < R < 0.5fm
due to renormalon cancellation,

deviation from the 1-dim. flux tube!? ... [EE7 (Talk 6)

Confinement /deconfinement at finite temperature T

1

T = 0: confinement Wilson loop average
T < Ty: confinement (hadron phase) - zi
— T > Ty: deconfinement (gluon plasma phase) ; 04|
Polyakov loop average ® =0 0.2 f SU@R) ------ :
(center symmetry Z3 restoration) 0 ' S

0.9 0.95 1 1.05 11 1.15 1.2
TIT,

— ® #£ 0 (center symmetry broken)

The phase transition is of second order for SU(2) and of first order for SU(3).
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Quark-gluon plasma phase (QGP) phase

Center vortex as a topological defect is responsible for the infrared behavior of the
gluon propagator and the temperature dependence of the string tension for the spatial
Wilson loop, ... 7% (Talk 3) LGT numerical simulations
also affects transport coefficient (viscosity), equation of state for gluon plasma.

The non-perturbative effects survive even at high temperature T' > T,; where the
asymptotic freedom is exptected to work.

Chiral symmetry: spontaneous breaking/restoration
For m, = O:
T < T,: chiral symmetry spontaneously broken with chiral condensate (gq) # 0

— T > T, chiral symmetry restoration with (gg) =0 {T ,
For 0 < m, < oo, it is known (by numerical simulations) o |

(dq)

the two transition-temperatures agree T,; ~ T, ! (crossover)

120 140 160 180 200 220 240
T [MeV]

Relationship between chiral symmetry and confinement

What relationship exists between the chiral symmetry and confinement?



(qq) is related to eigenmode of the Dirac operator v#D,, through the Banks-Casher
relation. Use a gauge-invariant expansion and projection of the Wilson loop and
Polyakov loop operator by the eigenmodes.

= The Wilson loop obeys the area law and the Polyakov loop remains zero (unbroken
center symmetry Z3) even after removing the low-lying Dirac modes.

— No one-to-one correspondence between confinement and chiral symmetry breaking

. H{A (Talk 4)
Spontaneous breaking of a continuous symmetry ¢ -

— massless Nambu-Goldstone (NG) modes (zero modes) emerge,
e.g., ™ meson, spin wave, phonon, ...

NG theorem (1961): *Dispersion relation: E is linear in p, * Nyg = Npg
Nng:=#(NG mode), Ngg:=# (broken symmetry, generators of G/H)

How about the NG theorem for the system without the Lorentz symmetry (e.g., finite
temperature) ?

Nielsen-Chadha(1976): type-l NG mode, type-Il NG mode N1, + 2Ni'w > Nps

Recent achievements 2001, 2011, 2012, ... H & (Talk 5)



Of course, there are many topics on confinement that are not mentioned in this
symposium.

But ...

No questions, please.

‘ Thank you for your attention. |
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