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Abstract. The Meissner effect for the chromoelectric field E⃗a is a property of
the non-perturbative QCD vacuum medium assumed to explain the observed
confinement of color. The color dielectric function ϵ of such a medium should
vanish. By Lorentz invariance ϵµ = 1 i.e., its color magnetic permeability µ
should diverge. The assumption based on analogy is well motivated: Ordi-
nary superconductor is the physical medium with µ = 0, confining the opposite
magnetic charges (would they exist). For the first successful phenomenological
description of both the Meissner effect and superconductivity within Maxwell
equations Fritz London guessed two equations for the superconductivity cur-
rent. We adapt his arguments to QCD and come with two analogous manifestly
non-Abelian London-like equations. One equation describes the dual Meissner
effect. The analogy is, however, not perfect: We can only speculate that there is
some sort of chromo-magnetic superfluidity in QCD phenomena to which the
second equation might be ascribed. Moreover, from more advanced Ginzburg-
Landau (GL) theory of superconductivity it follows that the Meissner effect is
a consequence of spontaneous breaking of the underlying global U(1) symme-
try. This is certainly not the case of the dual Meissner effect. Fortunately, the
derived London-like equations suggest a strongly color-paramagnetic behavior.
We interpret it as a guide to the phenomenological Ginzburg-Landau-like man-
ifestly gauge-invariant low-momentum QCD with the confining vacuum which
behaves as a perfect color paramagnet (µ = +∞).

1 Introduction

Our trust in QCD relies mainly on its distinguished perturbative property of asymptotic free-
dom [1]. It perfectly describes the experimental facts in hadron physics caused by the short-
distance interactions of the colored quarks and the colored gluons [2]. Another experimental
fact, also expected to be described by QCD, the permanent confinement of the colored quarks
and the colored gluons inside the colorless hadronic jails, stays unexplained [3]. It is, how-
ever, well described by the extensive numerical lattice QCD computations. In general terms
the color confinement is attributed to the peculiar properties of the non-perturbative QCD
vacuum medium. The intuitive bag-model picture [4–6] is that the non-perturbative QCD
vacuum is a medium which does not allow for the penetration of the chromoelectric field,
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of which the colored quarks and the colored gluons are the sources: Its chromo-dielectric
function ϵ must vanish.

As in the Lorentz-invariant theories the vacuum must look the same in all Lorentz frames
[7] i.e.,

ϵ.µ = 1, (1)

the confining QCD vacuum must behave simultaneously as a perfect color paramagnet: its
chromo-magnetic permeability diverges: µ→ ∞.

An admiration deserves the old highly imaginative Copenhagen spaghetti vacuum [8] of
randomly oriented chromo-magnetic fluxes motivated by [9]. It is interesting that some lattice
calculations [10, 11] support such a picture.

Because of the enormous credit of QCD and the knowledge of the microscopic theory of
superconductivity (BCS) the majority of most ambitious attempts pretends to understand the
color confinement directly from the first principles: That the QCD vacuum should exhibit the
dual Meissner effect was suggested by G. t’Hooft, S. Mandelstam and Y. Nambu [12–14].
The analogy with superconductivity led these authors to viewing the confining QCD vacuum
as a condensate of the chromo-magnetic monopoles, the dual image of the condensate of the
electrically charged Cooper pairs. It is interesting that some lattice calculations [15] support
such a picture. The recent critical view of such a vacuum is presented in [16].

The right general idea can have several distinct realizations. Ours is humble. For finding a
description of the dual Meissner effect we develop here the dual version of the first successful
macroscopic theory of superconductivity of F. London [17]. To the best of our knowledge
such a description does not exist. It might be useful as a guide to the manifestly gauge-
invariant Ginzburg-Landau-like phenomenological model of the confining medium of the
sort advocated by R. Friedberg and T. D. Lee [18].

2 The QCD London equations

The equations of motion corresponding to the perturbative QCD Lagrangian LQCD =

− 1
4 Fµνa Faµν (QCD Maxwell equations) have the form

divE⃗a = −g fabcA⃗b.E⃗c ≡ j0a (2)

rotB⃗a −
∂

∂t
E⃗a = −g fabcA⃗b × B⃗c ≡ j⃗a (3)

Here the chromo-electric field E⃗a and the chromo-magnetic field B⃗a are defined as partic-
ular components of the covariant color gluon field tensor

Faµν = ∂µAaν − ∂νAaµ + g fabcAbµAcν (4)

In the gauge A0
a = 0 used here, in which the quantization is natural [2] they are defined as

E⃗a = −
∂

∂t
A⃗a (5)

B⃗a = rotA⃗a −
1
2g fabcA⃗b × A⃗c (6)

We assume that the chromo-electric and chromo-magnetic fields remain the appropriate de-
grees of freedom also in the strong-coupling regime. Consequently, the QCD Bianchi identi-
ties which follow from the form of the covariant gauge field tensor (4) must remain intact. In
the chosen gauge they have the form

divB⃗a = +g fabcA⃗brotA⃗c ≡ k0
a (7)
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rotE⃗a +
∂

∂t
B⃗a = +g fabcE⃗b × A⃗c ≡ k⃗a (8)

The pseudo-scalar chromo-magnetic density k0
a is a sign for the existence of the chromo-

magnetic monopoles [19, 20]. Their condensate, as an analog of the condensate of the Cooper
pairs in superconductors, is at the heart of papers [12–14].

It is our understanding that the pseudo-vector chromo-magnetic current k⃗a is another indi-
cation of the relevance of non-trivial chromo-magnetic configurations in the confining QCD
vacuum medium. In any case its rot will be present in the time derivative of the QCD London
current.

In accord with London’s prediction we assume that there is an appropriate, yet un-
known, manifestly gauge-invariant effective QCD Lagrangian at strong coupling which
yields, upon appropriate, yet unknown, condensation, the QCD Maxwell equations in the
form

divE⃗a = J0
a (9)

rotB⃗a −
∂

∂t
E⃗a = J⃗a (10)

Our intention is to fix the form of J0
a and J⃗a in such a way that they result in the Meissner

effect for the chromo-electric field.
The analogy is not perfect: In superconductivity the right hand sides of the Maxwell

equations are the quantities external to the Maxwell equations, being determined, often ap-
proximately, by the matter fields. In QCD the right hand sides of the QCD Maxwell equations
are heavily restricted by the gauge and Lorentz invariance. For their construction we can use
merely E⃗a, B⃗a and A⃗a.

As a consequence, we cannot set J0
a equal to zero. The Gauss law for divE⃗a is a constraint

on the physical states of the ’Great Big’ Schroedinger equation of QCD at strong coupling
[2]. It could provide an information about the confinement in the London approximation.

First we apply the operation rot to the Eq.(8), use the QCD equations (9) and (10) modi-
fied for the strong coupling, and get

∇⃗J0
a + (

∂2

∂t2 − ∇
2)E⃗a +

∂

∂t
J⃗a ≡ rot⃗ka (11)

This equation suggests to postulate the first QCD London-like equation in the form

∂

∂t
J⃗a = −∇⃗J0

a − µ
2E⃗a + rot⃗ka (12)

provided we define the Meissner effect of the chromo-electric field as an effectively mas-
sive vector field

[(
∂2

∂t2 − ∇
2) − µ2]E⃗a = 0 (13)

Here µ is the scale in the current J⃗a, and λ = 1/µ is the London penetration length of the
chromo-electric field. It should be of the order of the typical hadron size. We should keep
in mind that, although rather natural, it is just an assumption based on analogy. Its reliability
can be justified only a posteriori.

Second, we apply rot to ∂
∂t J⃗a, use the identity k⃗a = −

1
2g fabc

∂
∂t (A⃗b × A⃗c) and get the second

London equation

rotJ⃗a = +µ
2B⃗a +

1
2g fabc[µ2 − rot rot](A⃗b × A⃗c) (14)
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Third, checking the consistency of (14) with the modified QCD Maxwell equation (10)
we obtain

(
∂2

∂t2 − ∇
2)B⃗a = rotJ⃗a +

∂

∂t
k⃗a − ∇⃗k0

a (15)

We interpret this equation as the London-type indication that the medium which exhibits the
Meissner effect for the chromo-electric field behaves at the same time as a phenomenological
perfect color paramagnet.

Unfortunately, as far as we can see the London-like approximation does not offer any
useful constraint on J0

a .

3 The chromo-magnetic super-fluid?

In ordinary superconductivity one London equation describes superconductivity, the other
describes the Meissner effect. We believe it is legitimate to ask whether the QCD London
equation (14) describes some chromo-magnetic super-flow of the strongly interacting color
gluon matter. We are aware of only one candidate. It is suggestive to speculate that it might be
responsible for the observed almost perfect fluidity of the strongly interacting colored gluon
plasma [21, 22]. As the analysis of the corresponding experimental data is behind our ability
we merely add three supportive remarks.

First, the perturbative QCD Maxwell equations (2) and (3) are certainly appropriate for
the description of the short-distance color-gluon phenomena. The current j⃗a then can hardly
be compared with a macroscopic Ohm-like flow. On the other hand the QCD Maxwell equa-
tions (9) and (10) are the effective ones, intended for the description of the large-distance
color-gluon phenomena. Hence, the long-distance flow property associated with the London-
like equation (14) could have the reasonable macroscopic physical sense.

Second, association of (14) with the macroscopic flow of a strongly coupled color-gluon
super-fluid calls for the interpretation of the genuinely non-Abelian pseudo-vector magnetic
current k⃗a contained in it. At the London phenomenological level such a description should
incorporate unspecified chromo-magnetic degrees of freedom in the strongly interacting
gluon plasma. We find encouraging that in more explicit realizations of such a ’magnetic sce-
nario’ the plasma contains, besides the colored gluons, also the chromo-magnetic monopoles,
dyons or the magnetic strings [23]. In their condensed form these topological objects are
suggested for the explanation of the color confinement. The reliability of such a picture is
supported by the lattice QCD simulations [10, 11].

Third, our ultimate task which refers to (1) is to describe a Lorentz-invariant vacuum
medium of QCD which behaves as a perfect para-magnet. According to our understanding
it means that, when disturbed, the vacuum medium should willingly transmit the chromo-
magnetic field over macroscopic distances.

4 Towards the GL-like perfect color para-magnet

Presentation of this subject here [24] differs slightly from the oral one. It tries to reflect and
incorporate into the text the critical remarks of Jeff Greensite during the talk at the Confer-
ence. I am grateful to Jeff Greensite and Dima Antonov for useful discussions.

Our intention is to identify the important differences in our analogy [25], and extract the
possible useful lessons for the description of color confinement by an effective GL-like theory
provided the first step, the London-like description of the dual Meissner effect, makes sense.
The analogy remains useful, but we have to identify where it falters.
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1. The effective mass µ, common to the whole octet of the chromo-electric fields E⃗a,
which appears in the QCD London equations (12) and (14) cannot be a consequence of any
spontaneous breakdown of global symmetry: There are no interacting matter fields which
could condense when the gauge interaction is switched off. When the (strong) gauge inter-
action would be switched off there would remain only the free gluon fields A⃗a. How at the
strong coupling the chromo-electric field acquires the extra degree of freedom remains at the
London level unclear. To quote J. D. Bjorken [2]:"It seems necessary to solve QCD in order
to formulate it."

But nothing prevents us to consider the non-zero vacuum condensates of the gauge-
invariant combinations of the gauge fields exhibiting in the GL-like effective Lagrangian the
long-range order [18] characteristic of quantum super-fluids. In fact, namely the properties
of the confining vacuum described by R. Friedberg and T. D. Lee we would like to convert
into appropriate formulas. Later it might be useful to refer to their rather tolerant statement
"there is no reason why it (the confining vacuum) should remain invariant under a local color
gauge transformation".

2. The Monte Carlo simulations of the quenched S U(2) QCD [26] apparently support the
heuristic value of our London-like equations: (i) They understand the dual Meissner effect
for the chromo-electric field in terms of its effective mass. (ii) They suggest to describe it
by the dimension 2 colorless condensate of two gauge potentials of Gubarev and Zakharov
[27, 28]

⟨AµaAµa⟩0 (16)

in accord with the remark of Ref.[18].
3. Our idea is to relate the scale µ in our London-like equations with the gauge-invariant

condensates of the uniform generically non-Abelian uniform gauge fields [29]: Their defini-
tion is that all their gauge-invariant combinations are constant in space-time, and are gauge-
equivalent to constant, non-commuting gauge potentials.

At the Conference I have presented an attempt to find an effective gauge-invariant GL-like
theory for S U(3) arguing intuitively as follows.

4.1 Towards GL-like S U(3)

Looking at the general definitions

E⃗a = −∇⃗A0
a −
∂

∂t
A⃗a − g fabcA⃗bA0

c (17)

B⃗a = rotA⃗a −
1
2g fabcA⃗b × A⃗c (18)

we conclude that in the canonical gauge A0
a = 0 the chromo-electric and the chromo-magnetic

fields around the constant non-commuting vector potentials behave differently: The chromo-
electric field is a small field and its vacuum value is zero; the chromo-magnetic field is the
large field, and its vacuum value equals the constant commutator term.

The basic argument in favor of the effective GL-like description of color gluon dynam-
ics at strong coupling is the following: For an intuitive, physical understanding of the non-
perturbative QCD quantum ground state the QCD Lagrangian LQCD = −

1
4 Fµνa Faµν, clearly

appropriate for the perturbative expansion around the zero value of the fields, is impracti-
cal (though possible, as the lattice QCD documents). An effective low-momentum QCD
Lagrangian seems much more efficient. When the gauge fields Fµνa become large at small
momenta, their higher powers should be equally important as the lowest, second power in
LQCD.
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Consider the effective Lagrangian in the simplest possible form

Le f f = −
1
4 Fµνa Faµν + κ1t + κ2t2 (19)

where
− 1

4 Fµνa Faµν =
1
2 (E⃗2

a − B⃗2
a) (20)

t ≡ 1
6 fabcF ν

aµ F ρ
bν F µ

cρ =
1
2 fabcB⃗a.( 1

3 B⃗b × B⃗c − E⃗b × E⃗c) (21)

The first term in (19) is necessary, including the sign. The second term is the only dimen-
sion six 6 term provided we do not consider the term with covariant derivatives. The third
term is sufficient to guarantee that the corresponding Hamiltonian is bounded from below. In
general the Hamiltonian is

He f f = ∇⃗.(A0
aε⃗a) + E⃗a.

∂Le f f

∂E⃗a

− Le f f (22)

where ε⃗a is a given function of E⃗a and B⃗a.
The vacuum energy in the canonical gauge takes the form

⟨He f f ⟩0 = −⟨Le f f ⟩0 = ⟨
1
2 B⃗2

a − κ1[ 1
6 fabcB⃗a.(B⃗b × B⃗c)] − κ2[ 1

6 fabcB⃗a.(B⃗b × B⃗c)]2⟩0 (23)

First, because of the Lorentz invariance of the Lagrangian the vacuum is Lorentz-invariant.
Consequently, it fulfills the important property (1). Second, because the second term can
be both positive and negative, the energy is minimal at non-zero value of the colorless scalar
fabcB⃗a.(B⃗b× B⃗c) characterized by a constant chromo-magnetic field. It is tempting to conclude
that the vacuum behaves as a perfect color paramagnet i.e., it behaves simultaneously as a
confining medium (ϵ = 0). The problem is that the Lagrangian (19) does not allow one
to compute the necessary components of A⃗a in terms of the dimension-full parameters in
the Lagrangian to get the fixed constant B⃗a. To the best of my knowledge for S U(3) the
classification of the uniform gauge fields does not exist. Below we outline the road to the GL
S U(2) following closely the classification done by L. S. Brown and W. I. Weisberger [29]
(we use the metric (+ − −−)).

4.2 Towards GL-like S U(2)

General analysis of the S U(2) uniform gauge fields is done in terms of the three eigenvalues
of the symmetric matrix

Yab = AµaAbµ

To characterize the fields we shall work in the gauge which diagonalizes Y and gives

AµaAµb = λaδab (24)

Here we restrict ourselves only to the purely "magnetic" configuration characterized by all
three λa < 0. In the fixed gauge and Lorentz frames

Aµ1 = (0, i⃗
√
− λ1)

Aµ2 = (0, j⃗
√
− λ2)

Aµ3 = (0, k⃗
√
− λ3)
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In accord with the previous subsection in the gauge A0
a = 0 the constant chromo-magnetic

fields

Bz
3 =
√
λ1λ2

By2 =
√
λ1λ3

Bx
1 =
√
λ2λ3

are non-zero and the chromo-electric fields vanish.
According to the definition all gauge invariant (and Lorentz-invariant) quantities formed

from the uniform fields are expressed in terms of Y and its eigenvalues. For example,

Fµνa Faµν = (trY)2 − trY2 =
∑
a,b

λaλb

1
2 DσFµνa DσFaµν = trYtrY2 − trY3 =

∑
a

λa

∑
b,a

λ2
b

1
3 ϵabcFµaνFνbλF

λ
cµ = detY = λ1λ2λ3

The program for S U(2) seems well defined: Find the minimal effective GL-like Lagrangian
with the Lorentz-invariant ground state characterized by the fixed gauge-invariant conden-
sates of constant chromo-magnetic field:

Le f f = −
1
4 Fµνa Faµν + A 1

2 DσFµνa DσFaµν + B 1
3 ϵabcFµaνFνbλF

λ
cµ + ... (25)

The ingredients are: (i) Eight algebraically independent gauge-invariant polynomials of the
S U(2) field tensor F found by Roskies [30]. (ii) Their covariant derivatives. (iii) The
dimension-full parameters A, B, .... Unfortunately, the price for the departure from S U(3)
is not low. The colorless baryons are the bosons, the colorless diquarks.

5 Conclusion and outlook

We consider our primary task fulfilled: Employing the popular analogy we came to one
London-like equation describing the Meissner effect for the chromo-electric field. Such a
view at the color confinement is in accordance with the successful bag model [4–6]. More-
over, it is apparently also supported by some lattice simulations [26].

The other London-like equation, in accordance with the analogy, suggests that there
should be a sort of the chromo-magnetic superfluidity in the QCD phenomena at strong cou-
pling i.e., at large distances.

I thank Tom Brauner for valuable suggestions, and Petr Beneš and Adam Smetana for
pleasant collaboration.
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