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What is confinement? [1]
I First answer begins with an experimental result : the apparent absence of free

quarks in Nature.
I These are searches for particles with fractional electric charge.
I Suppose existence of a scalar which lives in the same representation of quarks and

can form a bound state with quarks. If this scalar is not heavy then till date
experiments would have detected fractionally charged particle.

I Even absence of such phenomenon still leaves the possibility of detecting such a
scalar in future.

I Despite the fractional electric charge, bound state systems of this sort hardly
qualify as free quarks! So the term “quark confinement” must mean something
more than just the absence of isolated objects with fractional electric charge.

I Fact : Low-lying hadrons can nicely be described in a scheme in which the
constituent quarks combine in a color-singlet.

I Fact : No evidence for the existence of isolated gluons, or any other particles in
the spectrum, in a color non-singlet state.

I Quark confinement ⇔ color confinement.
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What is confinement? [1]

There are no isolated particles in Nature with non-vanishing color charge.

i.e. all asymptotic particle states are color singlets.

I This definition confuses confinement with color screening, and applies equally well
to spontaneously broken gauge theories, where there is not supposed to be any
such thing as confinement.

I Discussions on gauge-Higgs theories [2] and “convenient fiction”[3] ........
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Regge trajectories [4]

What really distinguishes QCD from a Higgs theory with light quarks is the fact that
meson states in QCD fall on linear, nearly parallel, Regge trajectories. This is a truly
striking feature of the hadron spectrum, it is not found in bound-state systems with
either Coulombic or Yukawa attractive forces.
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J(m) = α(0) + α′m2.

α(0) : Regge intersect and α′ : Regge slope.

From the particle data,

α′ =
1

2πσ
≈ 0.9 GeV−2 ⇒ σ ≈ 0.9 GeV/fm

σ is called the “string tension”.
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Regge trajectories : A model [4]

A simple explanation of the linear behavior
is provided by the relativistic string model :

I imagine a rotating string of length 2d
with a constant energy density per
unit length, σ.

I string spans between (approximately)
massless quarks, which move at
(almost) the speed of light, c = 1,
w.r.t. the CM.

I The velocity as a function of the
distance from the center of the string,
r , in this set-up is given by,
v(r) = r/d .

σ

2d
r

qq
_

   v

Energy stored in the rotating string,

m = 2

∫ d

0

dr σ√
1− v2(r)

= πdσ

and angular momentum,

J = 2

∫ d

0

dr σ rv(r)√
1− v2(r)

=
π2d2σ

2
=

1

2πσ
m2

Improvement : allow rest mass of the
quarks.
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String breaking

QCD can be made agree with the simple phenomenological model if, for some reason,
the electric field diverging from a quark is collimated into a flux tube of fixed
cross-sectional area.

In that case the string tension is simply

σ =

∫
d2x⊥

1

2
~E a · ~E a

where the integration is in a plane between the
quarks, perpendicular to the axis of the flux tube.
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If a heavy quark and antiquark were separated by a large distance (compared to usual
hadronic scales), the string would not last for long. Instead light quark-antiquark pairs
will pop out of vacuum as a energetically favorable process called “string breaking”,
producing two or more meson states.

The color field of each of the heavy quarks is finally screened by a bound light quark.
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The confinement problem [1]

I Energy stored in the flux tube over a length L is σL.

I Energy required for pair production is 2mq where mq is mass of the light quarks.

I flux tube states will be stable against string breaking up to quark separations of
approximately L = 2mq/σ.

Show that in the limit that the masses of all quarks go to infinity, the work
required to increase the quark separation in a quark-antiquark system by a

distance L approaches σL asymptotically, where σ is a constant.

I How to realize this behavior?

I What signals confinement?
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Wilson loop

I In continuum, Wilson line is defined as :

W (y , x) = P exp

{
i

∫ y

x
Aµ(z)dzµ

}
I A Wilson loop is a Wilson line over a

closed loop, planer or non-planer.

I Wilson loop on lattice :

WC[U] = Tr
∏

(n,µ)∈C

Uµ(n)

I Wilson loop expectation value at large is
related to the potential energy of a static
quark-antiquark pair.

I Calculating Wilson loop
expectation in the strong coupling
limit and relating to the
asymptotic form gives a linearly
rising potential between static
sources.
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Polyakov loop
I Polyakov loop closes in time direction due to periodic boundary condition :

L(r) =
1

Nc
Tr

[
P exp

{
i

∫ β

0
A0(t, r)dt

}]
I Polyakov loop on lattice :

L(n) =
1

Nc
Tr

Nτ−1∏
j=0

U4(n, j); Φ =
1

N3
σ

∑
n

L(n)

I free energy of a static test charge, FQ , is related to the Polyakov loop by [5, 6]

〈Φ〉 = e−βFQ

I In a confined phase (free) energy of a test quark will be infinite resulting a
vanishing Polyakov loop, where as both of them are finite in a deconfined phase.

I Polyakov loop can act as an order parameter for the confinement-deconfinement
transition.

I It is important to understand its relation to any possible symmetry breaking.
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Center symmetry
Gauge transformation on lattice :

Uµ(n)→ U ′µ(n) = Ω(n)Uµ(n)Ω†(n + µ̂)

We know gauge fields obey periodic boundary condition in (imaginary) time direction :

Uµ(n, n4 + β) = Uµ(n, n4)

Interestingly the gauge transformations themselves do not have to strictly periodic;

U ′µ(n, n4 + β) = U ′µ(n, n4)⇒ Ω(n, n4 + β) = z · Ω(n, n4)

where z , being space-time independent, is also an element of SU(Nc) and commutes
with every other element of the group.

z = e2πik/Nc INc×Nc , k = 0, 1, 2, · · · ,Nc − 1

form the the center of the group, which in this case is Z (Nc).
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Center symmetry

I Under this gauge transformation Polyakov loop transforms as :

L(n)→ zL(n)

I The symmetry under the gauge transformation with the boundary condition of the
gauge transformations, called the center symmetry.

I Being independent of spatial indices, center symmetry is a global symmetry.

I The demand that the vacuum should be center symmetric is equivalent to the
condition :

〈Φ〉 = z〈Φ〉

which immediately gives 〈Φ〉 = 0, i.e. confining vacuum.

I Thus the deconfinement of the color charges is indeed related to the breaking of
the center symmetry and 〈Φ〉 an be the order parameter corresponding to the
spontaneous breaking of the center symmetry.

I Dynamical properties are expected to be similar to 3D-Z (Nc) spin systems.
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Example calculation

Polyakov loop plots taken from GL book.

I There are Nc possible broken ground state for pure gauge system, out of which
one is favored after spontaneous symmetry breaking.

I For finite lattices there will be tunneling among different sectors.

I Similar to spin model calculations, here also 〈|Φ|〉 used for analyses.
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Adding dynamical fermions

Fermion fields transform under gauge transformations as :

ψ(n)→ ψ′(n) = Ω(n)ψ(n)

We know fermion fields obey anti-periodic boundary condition in (imaginary) time
direction :

ψ(n, n4 + β) = −ψ(n, n4)

Under the ‘twisted’ gauge transformation :

ψ′(n, n4 + β) = Ω(n, n4 + β)ψ(n, n4 + β) = −zψ′(n, n4)

Hence the presence of dynamical quarks breaks the center symmetry explicitly.

I Role of dynamical quark is like external field in Z (3) spin system.

I After explicit symmetry breaking system resides in the real sector of Z (3).
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Static quark potential

Parameterization : V (r) = A +
B

r
+ σr

I First term : Irrelevant normalization of
energy.

I Second term : At short distances field
strength tensor,

F a
µν(x) = ∂µA

a
ν(x)−∂νAa

µ(x)+gfabcA
b
µ(x)Ac

ν(x)

Figure taken from hep-lat/0312015.
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is almost abelian ⇒ Coulomb potential is naturally expected.

I Third term : Calculate the Wilson loop expectation value for strong couplings

〈WC〉 ∼ exp (−tV (r)) with V (r) = σr

Linearly rising potential ⇒ confinement through the physical mechanism of
formation of flux tube.
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Recap and outlook

I Quark confinement ⇔ color confinement.

I Broken QCD spectrum falls in Regge trajectories which can be explained by
formation of flux tubes.

I Color confinement is related to center symmetry for pure gauge theory.

I Polyakov loop serves as an order parameter for pure glue system.

I How to characterize deconfinement in QCD?

I Is there any relation to chiral crossover?

I Even in pure gauge system, whether it is fair to talk about deconfinement of test
charge which is not a part of dof of the system.

I · · · · · ·
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