1

Flux tube dynamics in the dual superconductor
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We have studied plasma oscillations in a flux tube created in a dual superconductor.
Starting from a static flux tube configuration, with electric charges at either end, we
release a fluid of electric charges in the system that accelerate and screen the electric
field. The weakening of the electric field allows the flux tube to collapse, and the inertia
of the charges forces it open again. We find strong radiation of electric flux into the
superconductor in all regimes of couplings.
1. INTRODUCTION
’t Hooft [1] and Mandelstam [2] proposed long ago that quark confinement in QCD
would come about as the result of the confinement of color electric flux into flux tubes,
and that such flux tubes would form in a dual superconductor. One possible pathway
to formation of this dual superconductor was offered later by ’t Hooft [3]. He showed
that an Abelian projection of a non-Abelian gauge theory contains magnetic monopoles.
Though the effective interaction among these monopoles is hard to calculate, it is not
unreasonable to suppose that they form a condensate like that of the Cooper pairs in a
superconductor. This magnetic condensate would then bring about an electric Meissner
effect, confining electric flux and electric charge.
In order to study particle dynamics in QCD, one has to study dynamics of the flux
tube. Casher, Kogut, and Susskind [4] argued that particle creation in the flux tube is
the soft process responsible for the inside–outside cascade in e+ e− annihilation; Casher,
Neuberger, and Nussinov [5] calculated the particle spectrum via WKB (generalizing
Schwinger’s [6] famous formula), and this picture then entered phenomenology via the
Lund Monte Carlo program [7] and its descendants. The flux tube has also been much
studied in the context of pA [8] and AA [9,10] collisions. These and subsequent studies
generally lacked any dynamics for the structure of the flux tube itself. We have taken the
first step of studying the dynamics of classical charges moving in an electric flux tube and
the reaction of the flux tube in the dual superconductor [11].
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2. THE DUAL SUPERCONDUCTOR
To specify the model, we begin with Maxwell’s equations coupled to both magnetic and
electric currents,
∂µ F µν = jeν
∂µ F̃ µν = jgν .

(1)
(2)

Eq. (2) is no longer just a Bianchi identity; thus a vector potential can be introduced only
if a new term is added to take care of the magnetic current, viz.,
F µν = ∂ µ Aν − ∂ ν Aµ + ²µνλσ Gλσ ,

Gµν = −nµ (n · ∂)−1 jgν .

(3)

This vector potential can be coupled to electric charges as usual; in order to introduce
magnetic charges, one introduces a dual potential [12] via
F̃ µν = ∂ µ B ν − ∂ ν B µ + ²µνλσ Mλσ ,

M µν = −nµ (n · ∂)−1 jeν .

(4)

Now we can write a model for the monopoles, for which the simplest is an Abelian Higgs
theory [13,14],
DµB DµB ψ + λ(|ψ|2 − v 2 )ψ = 0 ,

(5)

where
DµB ≡ ∂µ − igBµ .

(6)

This theory should produce the desired magnetic condensate to confine electric charge.
The magnetic current appearing in (2) is
jgµ = 2g Im ψ ∗ DµB ψ .

(7)

We envision a long flux tube with some charge distribution ±Q(r) at the ends. Far from
the ends, the flux tube is initially the well-known cylindrically symmetric solution of the
field equations above (and we impose cylindrical symmetry on the subsequent evolution).
We release into this flux tube a fluid of electrically charged particles, realized via simple
two-fluid MHD.2 The two fluids (+ and −) obey the Euler equations
1
∂v±
+ (v± · ∇)v± = ±eE ± ev± × H − ∇P
m
∂t
ne
#

"

and the continuity equation
∂ne
+ ∇ · (ne v± ) = 0 .
∂t
The electric current is thus
³

je = n e e v + − v −
2

´

.

This means no Schwinger pair creation as yet; it absolves us, however, of the need to calculate the
electric vector potential Aµ .
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This fluid will flow under the influence of the initial electric field and will screen the
charges at the ends; the fluid’s inertia will set up plasma oscillations. Since the flux tube
geometry is dynamic, the tube itself will react to the weakening of the field by contracting
under the pressure of the vacuum field |ψ(∞)| = v; then it will be forced open as the fluid
overshoots and oscillates.
The final ingredient is the equation of state of the fluid, which we take to be that of a
quark–gluon plasma.
3. PLASMA OSCILLATIONS
√
The superconductor
√ has two length scales, the vector mass mV = 2gv and the scalar
(Higgs) mass mH = 2λv. In condensed matter language, we have the London penetra−1
tion depth λL = m−1
V and the coherence length ξ = mH ; their ratio κ = λL /ξ determines
whether we have a Type I (κ < 1) or a Type II (κ > 1) superconductor. Another
q scale in
our problem, introduced by the charged fluid, is the plasma frequency ωp = 2ne e2 /m.
If ωp < mV , one expects that electromagnetic radiation will be unable to penetrate into
the superconductor, with the Meissner effect providing dynamical confinement as well
as static; the regime ωp > mV , where photons (i.e., Abelian gluons) propagate freely is
presumably outside the range of applicability of the model.
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Figure 1. Plasma oscillations: the electric field E(0, t) on the axis of the flux tube.

Our numerical results, presented in the figures, belie our expectations. We show in
Figure 1 the on-axis electric field for the Type I case, with ωp < mV . There is strong nonlinear modification of the plasma oscillations. Figure 2 presents snapshots of the electric
field E(r) and the Higgs field ρ(r) = |ψ(r)|. It is clear that electric flux penetrates far
outside the initial radius of the flux tube, accompanied by strong oscillations in ρ. (The
Type II case is not too different, though less spectacular.) This surely casts doubt on the
usefulness of this model for the study of dynamical confinement phenomena.
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Figure 2. The electric field E and scalar monopole field ρ at times corresponding to
maxima in the oscillations shown in Figure 1.
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