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Abstract: In this review, we revisit our approach to constructing an effective theory for Abelian and
Non-Abelian gauge theories in 4D. Our goal is to have an effective theory that provides a simple
classical picture of the main qualitatively important features of these theories. We set out to ensure
the presence of the massless photons—Goldstone bosons in Abelian theory and their disappearance
in the Non-Abelian case—accompanied by the formation of confining strings between charged states.
Our formulation avoids using vector fields and instead operates with the basic degrees of freedom
that are the scalar fields of a nonlinear o-model. The Mark 1 model we study turns out to have a large
global symmetry group-the 2D diffeomorphism invariance in the Abelian limit, which is isomorphic
to the group of all canonical transformations in the classical two dimensional phase space. This
symmetry is not present in QED, and we eliminate it by “gauging” this infinite dimensional global
group. Introducing additional modifications to the model (Mark 2), we are able to prove that the
“Abelian” version is equivalent to the theory of a free photon. Achieving the desired property in the
“Non-Abelian” regime turns out to be tricky. We are able to introduce a perturbation that leads to the
formation of confining strings in our Mark 1 model. These strings have somewhat unusual properties,
in that their profile does not decay exponentially away from the center of the string. In addition,
check for the perturbation explicitly breaks the diffeomorphism invariance. Preserving this invariance in the
updates gauged model as well as achieving confining strings in Mark 2 model remains an open question.
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Received: Understanding confinement in Non-Abelian gauge theories is a long standing the-
eceived: 8 July 2021 . . . ¢ .
Accepted: 4 August 2021 .ore’.aca.l problem. There is very little doubt that QCD is conﬁn'mg. One has. very str'ong
Published: 7 August 2021 indications of that from lattice gauge theory as well as from a variety of theoretical consider-
ations. Nevertheless, a satisfactory simple understanding of the confinement phenomenon
in 3 + 1 dimensional theories is still missing. By such an understanding, we mean a simple
qualitative picture that relies on universal concepts.

In 2 + 1 dimensions, such a picture does exist. In this low dimensionality, one is able
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iations. to directly relate confinement with a universal phenomenon of spontaneous symmetry
breaking. The symmetry in question is a discrete symmetry generated by the magnetic
flux [1-3]. The equivalence between confinement and a spontaneous breaking of magnetic

symmetry provides a simple classical picture of the formation of a confining string.

There is an additional feature of gauge theories in 2 + 1 dimensions that very much
facilitates their qualitative understanding. Namely, the effective description of confining
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breaking of the discreet Zy group, unambiguously ensures an area law for Wilson loops
and thereby a confining potential at long distances [2—4].

This review is devoted to a recent work that aims at constructing an analogous
effective theory description in 3 + 1 dimensions. The goal here is to “guess” an effec-
tive description that would display features similar to the 2 + 1 dimensional case [5,6].
We design a model that embodies features of the transition between the Abelian and
Non-Abelian regimes, similar to 2 + 1 dimensions. Although it is not derived from QCD
per se and therefore is not a bona fide QCD effective theory, amusingly, it does have some
properties that have appeared before in the QCD context. In particular, the model has clear
similarities with the Faddeev-Niemi model, which has been proposed as an effective theory
of glueballs [7-11]. We note, however, that our perspective here is completely different,
and we are not concentrating on the interpretation of knots as glueballs [7-11].

Prior to introducing our effective model, we will give a short recap of the confining
physics in 2 + 1 dimensional gauge theories. Consider the simplest Abelian gauge theory—
QED with scalar Higgs fields. In addition to electric charge, it has a continuous magnetic
global symmetry. The generator of this U, (1) group is the total magnetic flux through
2D, ® = [d?xB(x). As any proper global symmetry, U,(1) has an order parameter.
In the present case, this is a complex field V, whose physical meaning is a field associated
with creation and annihilation of point-like magnetic vortices. In the Coulomb phase, its
expectation value does not vanish, (V) = v # 0, and thus, the magnetic symmetry is
spontaneously broken. One can easily write down an effective low energy theory that
fits this simple symmetry breaking pattern and describes the low energy dynamics. The
relevant model is defined by the Lagrangian

2
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The phase of the field V appears in Equation (1) as a Goldstone boson associated
with the spontaneous breaking of U, (1). This is nothing but the massless photon of
QED. Interestingly, although the electric charge did not figure prominently in constructing
Equation (1), it is indeed present in this description in the shape of the topological charge—
the winding number of the field V

1 x
]ﬂ = Eeyv)\avv 9\V (2)

A charged state of QED in the low energy description appears as a topological soli-
ton of V: V(x) = ve'®™), with § = tan~!y/x. This description is frequently called a
“dual” description as the basic fields used here are dual of the fields in the original QED
Lagrangian, but a more physical view is that the Lagrangian Equation (1) is merely an
effective low-energy long-distance Lagrangian of QED with scalar fields.

Equation (1) is a good starting point for understanding the confinement in Non-
Abelian gauge theories. Recall that in 2 + 1 dimensions, confining theories have a weakly
coupled regime. For example, the SU(N) Higgs model at weak coupling is confining in
the weakly coupled case. The appropriate low energy description for this theory is almost
identical to Equation (1), with one important difference, i.e., an additional perturbation
that breaks the magnetic U, (1) symmetry down to Zy

2
L= —3"Va,V* = M(V*V — )+ (VN + v*N) 3)

The presence of this additional potential has the effect of reducing the number of
degenerate vacua of the Abelian theory (which is infinite) to a finite number of states
connected by the Zy symmetry transformations. The effect of this reduction on the energy
of a charged state is profound. A rotationally invariant “hedgehog” configuration now
has an infinite energy proportional to the volume of the system. The lowest state with the
nonvanishing winding number (“color charge”) is not rotationally invariant anymore but
instead has the winding concentrated within a quasi one-dimensional “flux tube” [2,3]. Its
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energy is proportional to the length of the flux tube and thus leads to linear confinement
of charges.

The identification of electric (or “color”) charges with topological defects in the effec-
tive theory is intuitively very appealing. Topological defects naturally have long range
interactions due to their inherently nonlocal nature, which, in conjunction with sponta-
neous symmetry breaking, leads directly to linear confinement. Additionally, the identifica-
tion of photons with Goldstone bosons in the Abelian limit furnishes a natural universal
explanation for the fact that the photon is strictly massless.

The question arises if a similar description can be achieved in 3 + 1 dimensions. One
would like this description to encompass the Goldstone boson nature of photons in QED
as well as an interpretation of confinement in terms of topological charges in Non-Abelian
theories. Of course, life in 3 + 1 dimensions is not at all that simple. First off, photons
now are vector particles and thus, their interpretation as Goldstone bosons in the standard
sense is questionable. Even if one successfully argues in favor of this, identification of
the relevant conserved current that breaks spontaneously is far from straightforward.
Clearly, this current has to be intimately tied with the dual field strength F,, since the
photon is a spin one particle [12]. The identification of photons as Goldstone bosons of
this higher form symmetry was achieved a while ago in [12] and was revived recently
in [13]. The dual field strength, however, is an object of a very different nature than
an ordinary vector current since no local order parameter that carries its charge can be
defined even in principle. One might hope that a more conventional picture of symmetry
breaking coexists with the “generalized symmetry” explanation, and it would be useful
to clarify this. Another significant stumbling block is that we do not know of weakly
coupled confining theories in 3 + 1 dimensions. QCD is certainly strongly interacting while
a classical effective description of the type described before is directly applicable only for a
weakly interacting theory.

These are hard problems to solve, much too hard for the present modest attempt.
Instead of addressing them head on here, we will largely ignore them and instead will
simply try to construct a model that encompasses the basic properties described above:

1. The degrees of freedom of the model must be scalar fields, and no fundamental
gauge fields should be involved.

2. A well-defined “Abelian regime” should be clearly definable. In this regime, two
massless degrees of freedom should exist. These massless particles should be Goldstone
bosons and as far as possible must have the properties of photons.

3. The Abelian regime should allow for the existence of classical topological solitons
associated with the nontrivial topology of the manifold of vacua. These solitons represent
electrically charged particles. More precisely, we would like the topological charge of the
solitons to be associated with the mapping of the spatial infinity onto the manifold of
vacua and thus be identified with ITy(M). Charged particles in QED are excitations of
finite energy, and thus, the classical energy of the solitons must be infrared finite, and more
precisely, the energy density of a soliton solution away from the position of the soliton
must decrease as the fourth power of the distance. This is nontrivial in 3 + 1 dimensions
since our model has no gauge fields, while scalar fields that contribute to I1; have to be
long range.

4. A “Non-Abelian regime” of the model is achieved by adding a perturbation that
breaks explicitly the symmetry, which leads to the appearance of Goldstone bosons in
the Abelian case. The Goldstone bosons now disappear from the spectrum or, more
precisely, acquire a finite mass. In addition, in this Non-Abelian situation, the solitons do
not disappear on small spatial scales, but they must become confined by a linear potential.
The linear potential should arise due to the formation of a “string” or “flux tube” with
finite linear energy density between the solitons.

In the first part of this review, we discuss a model (Mark 1) that exhibits all the above
features. The Abelian version of the model has, in fact, been studied some years ago
from a completely different perspective in [14] as a possible variation of Maxwell’s theory.
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The properties of this model turn out to be a little unusual. In particular, as we will see,
requiring the energy of a soliton in the Abelian regime to be finite puts a very strong
restriction on possible forms of the kinetic term for the scalar fields. This noncanonical
kinetic term results in rather unusual properties of confining strings once the symmetry
breaking perturbation is introduced. In particular, the “Non-Abelian string” is forced into
having an infinite number of zero modes. This infinite degeneracy can be avoided, but the
price one has to pay is adding another perturbation that does not have a natural place in
the paradigm described above.

Although the model has many nice features, it does not perfectly emulate many
properties of gauge theories. Most importantly, in the Abelian regime, it has more classical
solutions than allowed by the structure of Abelian gauge theories; in particular, some of
them carry nonvanishing magnetic charge density. Thus, the field playing the role of the
dual field strength tensor is not conserved in Mark1. A related problem is that we are not
able to find classical solutions that can represent arbitrary multiphoton states. Although
solutions of equations of motion that behave as single photons can be constructed, we
show that there are no solutions that correspond to a two-photon state with arbitrary
photon polarization.

This is partly due to the fact that the global symmetry group of the model turns
out to be much larger than naively anticipated. The global symmetry group turns out to
be isomorphic to diffeomorphism symmetry in two dimensions. These diffeomorphism
transformations act nontrivially on the Hilbert space even though the fields that we identify
with the electric and magnetic fields of QED are invariant under their action. QED does
not possess such a large global symmetry.

We then discuss an approach devised to eliminate this global symmetry, which
amounts to “gauging” it. The framework we work in is very different from the usual
gauge theories, where “gauging” amounts to eliminating a set of local degrees of freedom.
In our case, gauging applies only to global group of transformations and therefore does
not change the number of local degrees of freedom.

Unfortunately, although we are able to eliminate the global diffeomorphisms from
the model, it turns out not to be enough to bring it into full conformity with QED. We,
therefore, take a different track and discuss a modification (Mark 2), which circumvents this
obstacle. We show that the the model Mark 2, which shares many features with Mark 1, is
indeed equivalent to the theory of a free Maxwell field in 3 + 1 dimensions. However, even
though we are able to reproduce the Abelian limit, introducing a reasonable Non-Abelian
perturbation turns out to be quite tricky. We make some comments on how this can be
achieved, but the implementation is left for the future.

2. The Abelian Model: Mark 1
2.1. The Field Space and the Lagrangian

As explained in the introduction, our aim is to devise a model containing scalar fields
only with two massless degrees of freedom, which allows for finite energy solitons. We,
thus, zero in on a theory of two scalar fields. In order to have a chance to get Goldstone
bosons, we endow it with SU(2) symmetry. The simplest option open for us is an O(3)
nonlinear o-model.

¢, a=1,2,3 ¢*=1 (4)

This moduli space allows for a nontrivial topology IT>(S?). We will identify the
corresponding topological charge with the electric charge of QED

e .
Q=12 /d3x€ubc€ijkal¢aaj¢bak¢c @)

This identification when extended to current density suggests the following repre-
sentation of the electric current and, by extension, of the electromagnetic field in the
effective description:
¢ A b
Jh= Heubceyv Uavfpaa/\(P aU¢C (6)



Universe 2021, 7, 291

50f 26

FHY — eubceyw\(rgbua)\gbbaaqbc 7)

Our initial challenge is the following potential problem. A standard two derivative
kinetic term would lead to infrared divergent energy of a soliton carrying a nonvanish-
ing topological charge of Equation (5). Consider the simplest topologically nontrivial

field configuration:
r

”|f<|r|>,- F(r]) =1 1 ®)

|r

Ph(x) =

The derivatives of the field decrease as the first power of the distance away from the
soliton core, and therefore, the standard two derivative kinetic term gives energy, which
diverges linearly in the infrared. The only way to cure this divergence is to not allow a two
derivative kinetic term but instead consider a kinetic term with more than two derivatives.

Some reflection shows that there is a unique four derivative term that would do the
job, which is also the most natural choice from another point of view. Since our goal is to
approach the QED as close as possible, the natural choice for the kinetic term is the square
of the field strength tensor in Equation (7). When written in terms of the scalar field ¢*,
this is just the well-known Skyrme term.

We, thus, consider a somewhat unusual nonlinear o-model, which is defined by

the Lagrangian:
1

162
with F#¥ defined in Equation (7).

At first sight, it may seem strange that the sign of the F? term in the Lagrangian
Equation (9) is positive, while in QED, the same term enters with the negative sign. The
sign in Equation (9) is determined by the requirement of positive definiteness of the
Hamiltonian and is thus nonnegotiable. However, the reversal of the sign of the kinetic
term is a staple of dual models. The 2 + 1 dimensional models described in the introduction
exhibit the same feature. In the Lagrangian of the effective theory, the kinetic term is the
standard [0, V|?, while in QED, it is of course —132,. With the identification of V*9,V « F,,
the signs of the two kinetic terms are again opposite. The reason for this inversion is that,
while in QED, the electric field is proportional to the time derivative of the basic field (in
this case, Ay). In the effective dual description, it is the magnetic field that contains the
time derivative of the vertex field V. Thus, in order for the Hamiltonian of the two models
to be the same, the kinetic terms in the respective Lagrangians must have opposite signs.

In Equation (9), we have introduced a coupling A. The role of this coupling is easy to
understand. In the strong coupling limit A — oo, the isovector ¢ is forced to have a unit
length, and we are back to Equation (4). In this limit, the field strength is trivially conserved

L FFFuy + A(¢? — 1) )

3 FM =0 (10)

which means that electric current vanishes. Therefore, the strong coupling limit should
correspond to the pure Maxwell theory: the energy of the soliton Equation (8) at strong
coupling diverges linearly in the ultraviolet. At finite A, the radial component of the field
¢" can vary in space and vanishes in the soliton core. This eliminates the UV divergence of
the energy, and the soliton has a finite mass. The finite value A, therefore, corresponds to
an Abelian theory with charged matter of finite mass. We again stress that the energy of
the soliton is also finite in the infrared, thanks to our choice of the four derivative action.
For the hedgehog configuration in Equation (8), the “electric field” decreases as E;(x) o :—5,
and the energy density away from the soliton core decreases as 1/7*. This is the same as
the behavior of the Coulomb energy of a static electric charge in the electrodynamics.

Interestingly, the same model was discussed a while ago in [14] with an entirely
different motivation.
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2.2. The Equations of Motion

Given the Lagrangian, we can now write down equations of motion for our effective
theory. We work in the strong coupling limit and define two independent degrees of
freedom as

$3=2z, Y= +ipp= Meix (11)

With this definition, we have
FW = e”""‘ﬁeabcgb“aagbha,ggbc = —2emﬁa,xza,gx (12)

The Lagrangian becomes

1
L= @(ayzam — 9 x9v2)? (13)

and the equations of motion are
1
9| 59" x(3uzdux — dyzdyx) | =0
o leavz(ayzavx —3,20ux)| = 0 (14)

Interestingly, these equations can be written as

1 1
500G(2, )9 (3200 — 02ux) = 59 [G(z 00 (9uzdux —9zux)] =0 (15)

with G(z, x) being an arbitrary function of two variables. These can be thought of as an
infinite number of conservation equations, where the conserved current corresponding to a
given function G(z, x) is defined as

JS = G(z,x)0" (8,z0v)x — 9y20uX) (16)

We will see later that the existence of an infinite number of conserved currents is a
very important feature.

2.3. The Symmetries of the Model and Correspondence to Electrodynamics

Given that we have identified and infinite number of conserved currents from Equa-
tion (16), we see that the choice of the Skyrme term as the kinetic term in the Lagrangian
allows a very large global symmetry group of the model. The global symmetry group of
Equation (9) is not just the SO(3) group that we required from the outset but is isomorphic
to the group of diffeomorphisms in two dimensions.

This is easy to understand. The field strength in Equation (7) is related to an infinitesi-
mal area element on a configuration space. A given field configuration ¢*(x) defines a map
from space-time to a sphere S?. Consider a given component, such as the field strength
tensor, say Fj, at some point x. To express it in terms of ¢, we consider three infinitesimally
close points A = x#, B = x# 4 6#'a, and C = x# + §"2a. These three points in space-time
map into three infinitesimally close points on the sphere ¢*(A), ¢*(B), ¢*(C). The field
strength Fy; is proportional (up to the factor a=2) to the area of the infinitesimal triangle
on S? defined by these three points. Since our Lagrangian depends only on F*V, clearly an
arbitrary area preserving reparametrization of the sphere leaves our action unchanged.

The original SO(3) global symmetry is only a small subgroup of the area preserving
diffeomorphisms of S>—the group we will denote Sdiff(S?) [15]. As an aside, we note
that this group is also isomorphic to the group of canonical transformations on a classical
two-dimensional phase space. The infinitesimal Sdif f(S?) transformation when acting on
z and ) is written as

oG dG
z—>z—|—a,x—>x—g (17)
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The Noether currents are those given by Equation (16), and the equations of motion
are equivalent to conservation equations of these currents.

An intriguing point is that the symmetry Equation (17) is reminiscent of the world
sheet diffeomorphism invariance of the Nambu-Gotto string. Indeed, if the fields z and
x are thought as the world sheet string coordinates, the world sheet diffeomorphism
invariance is precisely Equation (17) . The model discussed here is not motivated by a string
theory and a priori has nothing to do with a string theory. Nevertheless, the similarities
may run deeper than just a coincidence since the fundamental “order parameters” of the
magnetic symmetry in 3 + 1 dimensions are indeed magnetic vortex strings [12]. The s2
topology of the world sheet would then ask for closed string loops. The analogy is indeed
intriguing and would be worthwhile pursuing further, but since this is not the goal of
our exploratory efforts here, we will return to the field theoretical approach in the rest of
this review.

The fact that the global symmetry group of the model is so large means that the moduli
space (space of all vacuum configurations) is much larger than S?, which corresponds to
a symmetry breaking pattern SO(3) — SO(2). Consider an arbitrary field configuration
¢"(x) that maps the configuration space into any one-dimensional curve on S?. Such a
configuration has a vanishing action and therefore is a classical vacuum. The full moduli
space is, therefore, the union of maps ¢“(x) that map R* to L, where L is an arbitrary point
or a one-dimensional curve on S2.

Still the important question for us is whether the topology of this moduli space is
right to support classically quantized topological charge. Indeed, from its definition, it is
clear that the topological charge Q is quantized on any smooth classical configuration of
fields ¢(x). The catch is that there are many more degenerate soliton configurations than
just the rotationally invariant hedgehog of Equation (8). Any Sdif f(S?) transformation
with an arbitrary (regular) function G of Equation (17) applied to Equation (8) generates
a configuration ¢7¢ (x), which carries the same charge Q as ¢#(x) and is degenerate with
it in energy. However, although these are different field configurations, they all have the
same electric field E; = eijke”bctp” a]-qbbak(pc since the field strength is invariant under the
action of Sdiff(S?). Thus, if one is physically only allowed to measure electromagnetic
fields, all these solitons look identical.

2.4. The Photon States-a.k.a. Plane Waves

We have constructed the Lagrangian Equation (9) so that it has the maximal similarity
to QED when written in terms of the putative electromagnetic fields. This does not yet
ensure that the content of the theory is the same as that of electrodynamics. We do know
that the field strength F#" identified in Equation (7) satisfies half of Maxwell’s equations—
the Coulomb law and the evolution equations for electric field. The other half of Maxwell’s
equations (dynamics of magnetic fields) have to follow from the equations of motions
of our model. Indeed, there is clear similarity between Equation (15) and the Maxwell’s
equations. Equation (15) can be rewritten in terms of F*" as

[0,G(z, x)]0, F =0 (18)

This ensures that for any configuration of the fields z, the x that satisfies 9, F/" =
also satisfies the equations of motion of our model. However, the converse is not assured.
In Appendix A, we give an example of a solution of Equation (15) that does not satisfy the
equations of motion of electrodynamics.

Thus, there is no full equivalence between the model Equation (9) and electrodynamics.
Nevertheless, we can ask to what extent the spectrum of solutions of Equation (9) contains
basic excitations of QED. The excitations of particular interest in the present context are of
course the photons. (Although we are dealing with a classical theory and not a quantum
theory, we will, with a slight abuse of language, refer to plane wave configurations of F/*
with light-like momentum as photons).
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We aim now to show that free wave excitations are indeed solutions of Equation (15).
Consider the following configuration

x(x) = Ae'xy;  z(x) = sinkfx, (19)
where the vector €/ is normalized as e”¢;, = —1. Calculating the field strength, we find
" = A(e"k” — €'k") cosk - x (20)
Thus,
aﬁW:—A“eHW—Hﬁkmhx 1)

If the momentum vector is light-like and the polarization vector € is perpendicular to
k, this vanishes:
=0, e k=0 (22)

For a fixed light-like momentum k;,, Equation (22) has three independent solutions for
€/, one of which is proportional to k. For €, « ky,, the field strength tensor Equation (19)
vanishes, and so, there are two independent polarization vectors eﬁ, A = 1,2 that yield
plane wave solutions for F/*V. We can always choose the polarization vectors so that their
zeroth component vanishes eét = (0,€), just like in electrodynamics. The square of the
overall amplitude of wave A in the quantum case is proportional to the number of photons
with a given momentum and a given polarization vector.
Note that the freedom in the choice of the independent polarization vectors is exactly
the same as in electrodynamics
et — et + ak? (23)

This change of polarization vector is generated by the transformation
X — X +aarcsinz (24)

which is a particular element of the Sdif f(S?) group from Equation (17). More generally,
the field configuration in Equation (19) can be transformed by any element of Sdif f(S?)
without causing a change in F/V.

The solution Equations (19)—(22) describe a state that in all respects is equivalent to
the freely propagating photon, and we will refer to it as such. The solution Equation (19)
suggests an intuitive interpretation for the properties of the photon states in terms of the
effective theory. The momentum of the photon is simply the momentum associated with
the variation of the third component of the isovector ¢, while the direction of the photon
polarization vector is the direction of the spatial variation of the phase yx.

We again note that the present formulation is easier to interpret in terms of quantities
dual to those normally used in QED. One usually introduces the vector potential A, via
FM =9, Ay — dy Ay, which potentiates the homogeneous Maxwell’s equation 9, F' = 0.
However, in the absence of electric charges, one can alternatively potentiate the other half
of Maxwell’s equation by introducing the dual vector potential via F*¥ = 9, A, — 9, A,,. In
the absence of charges, the dynamics of the dual vector potential A, is identical to that
of Ay, and it can be expanded in exactly the same polarization basis as A;. In this dual
formulation, QED possesses a dual gauge symmetry A, — A, + 9,A(x).

To make the correspondence to our model more obvious, we can introduce a “dual

vector potential” by
Ay = z0ux (25)

As opposed to the field strength tensor itself, this object is not invariant under the
Sdif f(S?) group transformation from Equation (17):

oG

(26)
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This is similar to the dual gauge transformation in electrodynamics with the gauge
function A(x) = G — z%—f.

The analogy of Equation (25) is suggestive, but one has to keep in mind that this is not
at all an equivalence. First, the transformation Equation (26) is not a gauge transformation
but rather the action of a global symmetry transformation of the Lagrangian on A, of
Equation (25). More importantly, an arbitrary vector field cannot be expressed in terms
of two scalars by a relation of the type Equation (25), even allowing for a possible gauge
ambiguity. Thus, Equation (25) cannot be considered merely a convenient parametrization
of the dual potential of electrodynamics. For this reason, the variation of the Lagrangian
Equation (9) with respect to such a constrained vector potential does not lead to directly to
homogeneous Maxwell’s equations but instead to Equation (18).

We have thus determined that monochromatic plane wave Fyv solves the equations of
motion of our effective model. In QED, which is a linear theory of F;,;, the immediate conse-
quence is that a superposition of such waves is a solution as well. However, Equation (18)
is not linear in the basic field variables, and thus, a superposition of two such solutions is
not assured to be a solution as well. Let us try to construct a “two photon state” by slightly
extending the ansatz Equation (19).

X = Auxy; z=asinkVx, + bsinp’x, (27)

with k# and p#—both light-like vectors, A¥k, = A¥p, = 0and A¥A;, = —1. The latter two
conditions can be satisfied by taking

W glen Sk, P
A =ale e k.pky} (28)

with an arbitrary vector €/ and an appropriate normalization constant «.
The dual field strength tensor is now:

Fu = a(kyek — kvel;,) cosk - x+b(puel — pyel) cosp - x (29)
with Y Y
k _ Op . P _ 0, .
€ =M= K €= PG (30)

This looks like a bona fide two-photon state. However, our ansatz does not yield a
generic two-photon state with arbitrary polarization vectors: both the polarization vectors
¥ and e” above have equal components in the perpendicular direction to the plane spanned
by p'; k. Thus, we are one degree of freedom short and cannot construct a two-photon
state with arbitrary polarizations of both photons. Although this might look merely like
a limitation of our particular ansatz, we show in Appendix A that this problem is not
restricted to the ansatz Equation (27) but is unfortunately a genuine limitation of our
effective model.

3. Going Non-Abelian: The “Confining String”

Our main goal in this project is to have a model representation of the confinement phe-
nomenon in Non-Abelian theories. We, therefore, take the same trek as in 2 + 1 dimensions.
Namely, we will add to the Lagrangian Equation (9) a simple perturbation that explicitly breaks
the global symmetry of the model. This modification of low energy description is meant to get
rid of the multiple vacuum structure inherent to spontaneous symmetry breaking and therefore
eliminate massless excitations. For convenience, we will choose a potential that (classically) sets
the vacuum expectation value of the field z to unity.

With the above considerations, we are led to consider the Lagrangian

1 2
= 1e2 P Fw = SAY(z—1)2 (31)

L
o2
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The potential we have added of course breaks the SO(3) symmetry, but in addition, it
is also not invariant under a general Sdif f(S?) transformation. However, the Sdif f(S?) is
not broken completely but only up to the subgroup

X=X~ d(;iz) (32)

We keep this in mind throughout the discussion of this section.
The equations of motion of the perturbed model are

1 4
ot [;avx(ayzavx - Bl,zayx)} = e—zAz(z —1)

1
H [;avz(ayzavx - avzayx)} =0 (33)

These equations do not have static topologically stable solutions of finite energy. How-
ever, one can still ask what is the energy of a configuration of a soliton and antisoliton
separated far in space. As the answer to this question, we expect to find a (approximately)
translationally invariant string-like configuration that connects the soliton and the anti-
soliton and produces a linear confining potential between the two. Consider a static field
configuration translationally invariant in the third direction. The only components of F,,
that do not vanish then are:

FO = 269,20 (34)

Let us take the following ansatz, which preserves rotational symmetry in the x; — x» plane:

x(x) =0(x);  z(x) = z(r) (35)

Here, r and 6 are the polar coordinates in the x1, x, plane. This ansatz parametrizes
a configuration with a unit winding in the x1, x, plane, which should be the case for a
string connecting a soliton and an antisoliton. The soliton partner of the pair is located
at a very large negative value of x3. At even more negative x3, the field must relax
into the vacuum ¢! = ¢? = 0; z = 1. Therefore, the topological charge calculated on
a surface enclosing the soliton (but not its antisoliton partner) should be given by the
two dimensional topological charge—the winding number of the phase x on any surface
crossed by the string. The same argument applies for the antisoliton, which resides at large
positive value of x3. Our ansatz, therefore, describes a confining string connecting a widely
separated soliton—antisoliton pair.

Interestingly, the equation of motion for the field x is automatically satisfied for
Equation (35). The only nontrivial equation is that for z:

47" = 4N*(z —1) (36)
withz' = dfle)
In order for the solution to have finite linear energy density, z must satisfy the bound-
ary conditions:

z(0) = —1, z(o0) = 1 (37)

The solution with these boundary conditions is

z(r?) =1 —2exp{—Ar?} (38)

Some of the properties of this solution are intuitively appealing. It has a finite width
governed by the only dimensional parameter A. Outside of this width, the fields relax to
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1
L= 16e2F

vacuum. Inside the string, the potential energy is finite, and thus, the string carries finite
linear energy density. The string tension is found to be

A

o= 8716—2 (39)
One feature of the solution, however, is rather peculiar. Away from the string core, the
fields do not approach the vacuum configuration exponentially but rather as a Gaussian in
transverse distance. The string profile is, therefore, unusual as it has a very sharp boundary,
outside of which the vacuum is reached very quickly. Such a behavior is unusual and, in
fact, is not possible in a local field theory with a finite mass gap and a finite number of
massive excitations. We can trace the origins of this behavior back to the non canonical
kinetic term in Equation (9), which has four derivatives. For simple dimensional reasons,
the kinetic energy for a rotationally invariant configuration is given by the second derivative
with respect to 2 rather than r, which results in a Gaussian rather than exponential decay

of the solution fields.

4. The Zy Preserving Perturbation

The potential of Equation (31) breaks the SO(3) as well as the Sdiff(S?) symmetries
but leaves an O(2) subgroup of SO(3) and a large subgroup Sdif f(S?) (Equation (32))
unbroken. On the other hand, if we follow a direct analogy with 2 + 1 dimensions, we
expect the effective theory in the Non-Abelian regime to preserve only a Zy subgroup of
SO(3). We can easily implement such a perturbation in the effective theory. Let us modify
the Lagrangian to

1

SN (z—1) {1 —u(yN + gb*N)} =P e%Az(z —1)? {1 —2u(1 — 22)N/2 cos Nx} (40)

T 16e2

For large enough y, the additional perturbation shifts the lowest energy value away
from z = 1. For simplicity, we will only consider values

1
H<3 (41)

for which the vacuum configuration remains at z = 1.

We will now study the effect of the additional perturbation on the structure of the
“confining string”.

Assuming a long string in the direction x3, the energy per unit length can be written as

1 2
_ 2 2 2 2 2\N/2
E= /d x5 (€020 + A%z 1) {1 —2u(1 —z2)N/2 cos NX] (42)

4.1. Perturbative Solution

For small values u < 1, we can find corrections to the string solution perturbatively.
Let us take the following ansatz for the perturbative solution:

z(r,0) =z(r); x=0+x1(r,0) =0+ f(r)sinNO (43)

where z(r) is given by Equation (38). Although this is not the most general possible
form of the perturbative correction, it nevertheless yields a solution to first order in y, as
we now show.

The leading order perturbative equation for f is

eleNz(z’)zfsinNG = el—zNyAz(z —1)2(1 - 22)N/2sin N (44)

which is solved by
2 . 2.1N/2
f0?) = £ [2e7 0 (1= )| (45)
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In principle, we have to consider also the minimization equation for z(r). It reads
1 ne o] 1 2\N/2 2 2\N/2-1
6—28N[22 f—i—zf}:e—zélyA{Z(z—l)(l—z) — Nz(z —1)%(1—2?) } (46)

One can explicitly check that this equation is satisfied by the perturbative expression
of Equation (45) and z(r) of Equation (38).
The longitudinal electric field inside the string is given by

N/2

F% = _4pe [1 +u (2(3_/\72(1 - e_Ar2)> cos NQ} (47)

As before, the electric field is concentrated within the radius A1/2 in the transverse
plane, with an angular modulation of the transverse profile due to the additional Zy
invariant potential.

4.2. General Solution

We now demonstrate the string solution beyond the simple perturbative approxima-
tion discussed above. Minimizing the energy functional Equation (42) yields the equations:

1 ou

e—zeijaj)(ailf = g

1 ou

e—zeijajzail-" = —a (48)
with ,

F = §F03 = €i]‘aiza]')( ’ (49)
where U is the potential of Equation (42).
These equations can be combined into:
' (F?) = U (50)
202 k — Ok

Requiring that the electric field vanishes at transverse infinity, as should be the case
for any finite energy density configuration, we find

F?2 =202U; F=+V2e2U (51)

Let us work in the modified polar coordinates (T = r2,6). We then have

1
07209 X — 09Z0cX = Eezu (52)
This equation has infinite number of solutions. This infinite degeneracy results from
an unusual symmetry of the energy functional Equation (42). Consider the group of
area-preserving diffeomorphisms on a plane SDif f(R?)

, , a(x/l’xIZ)
(z(x), x(x)) = (z(x"), x(x")); W =1 (53)

These transformations leave the energy functional Equation (42) invariant. Therefore,
any string solution can be transformed by a transformation Equation (53), generating an
infinite number of degenerate solutions. Note that the longitudinal electric field is itself
invariant under Equation (53), and thus, all the degenerate solutions have identical electric
field and energy density profiles.

Interestingly, the transformations SDif f (R?) of Equation (53) are diffeomorphisms on
the coordinate space rather than on the field space. Thus, this is a different diffeomorphisms
than Sdif f(S?), which we discussed in the previous section and is explicitly broken by
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the potential U. The symmetry SDif f(R?) is in a sense accidental since it only exists for
configurations translationally invariant in one direction.

Let us now discuss two solutions related by SDiff(R?). We can utilize the large
symmetry by prescribing a simple dependence of x on the angle : x = 6. The equation for
z then follows from Equation (52).

9z = ,/%eZU = \/AZ(z ~1)2[1-2u(1 — 22)N/2 cos NO | (54)

The coordinate 6 enters here as a parameter, and for a given value of 8, the solution is

1

= /_ 1@ dz \/ (55)

A%(z—1)? {1 —2u(1 —z2)N/2cos NG}

This has correct large distance asymptotic behavior since as T — oo, the function z has
to approach unity for the right hand side to diverge. It is easy to find the large distance
asymptotics of the solution. When z is close to unity, the term proportional to y in the
denominator can be neglected, and we have

z(1) 1
e~ e (6

which is solved by
Z2(T = 0) =1—2e A7 (57)

This is identical to Equation (38), and thus, the IR asymptotics of the solution is not
sensitive to the Zy perturbation.

As an example of another solution, we assume that z has no angular dependence. We
then have:

0720px = \/Az(z—l)z{l —2u(1 —ZZ)N/2COSN)C:| (58)
This determines 0 as a function of r:

Z'dx

"X (7.6)
6 — / (59)
0 \/A2(zl)2[12y(1 —ZZ)N/ZcosNX}
The explicit solution is
/ _ ,2\N/2
=% : M ) ©
VA2 (z = 1)2(1 - 2u(1 - 22)N/2) "
where F(¢, m) is the incomplete elliptic integral of the first kind:
¢
F(¢,m) :/ (1— msin6?)~1/2dg (61)
0
Imposing on the solution the boundary condition
x(0+2m) = x(0) +2m (62)

and using F( %”, m) = kK(m), with K(m)—the complete elliptic integral of the first kind, gives

B 47 4u(1 —z2)N/2
VA2 —1)2(1 - 2u(1 —22)Nv2)  2H(1 = 22)N/2 -1

27 ) (63)
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It is easy to check that for z — 1, this reduces to

7 =A(1-2) (64)
and thus, the IR asymptotics again is the same as in Equation (38).

5. Discussion of the Model Mark 1

In constructing our model, we have tried to follow the guide of 2 + 1 dimensional
gauge theories and, based on several requirements, “guess” a theory of scalar fields that
may emulate the effective theory of 3 + 1 dimensional gauge theories. The model we were
led to is not quite satisfactory, but it does have several interesting and intriguing features.

First off, already in the Abelian limit, it is quite peculiar. It possesses an infinite
dimensional global symmetry group, which is spontaneously broken by classical solutions
of lowest energy. On the other hand, the observables that we would like to identify
with physical quantities in QED turn out to be invariant under this symmetry. This
may seem problematic; however, we note that a somewhat similar situation occurs in
2 +1 dimensions and, in general, in dual type descriptions. In 2 + 1 dimensional gauge
theories, the electromagnetic field is invariant under the action of the magnetic U(1)
symmetry, which does act nontrivially on the magnetic vortex field—the basic degree
of freedom in the effective/’dual” description. In the present 3 + 1 dimensional model,
likewise, the electromagnetic field does not feel the action of the (infinite) global symmetry
group Sdif f(S?), which does act nontrivially on the “fundamental” scalar fields of the
effective theory.

The global Sdif f (S?) symmetry is classically broken by the lowest energy configurations.
This is similar to 2 + 1 dimensions, but the situation is more involved. In 2 + 1 dimensions,
we had to deal with a standard symmetry breaking pattern of symmetry with a finite number
of generators. In our 3 + 1 dimensional model, on the other hand, the symmetry group is
infinitely dimensional, and thus, the space of vacuum configurations is very large. It includes
not only translationally invariant field configurations but also configurations with nontrivial
spatial dependence. These configurations break translational invariance in addition to the global
Sdif f(S*) symmetry. This is not a unique situation, and in fact, such a situation is ubiquitous
in condensed matter systems, but in relativistic field theories, it is quite rare. As a result, since
the vacuum set has large entropy, it could well be that classical analysis fails in this model
quite badly. Many of the classical vacua differ from each other only in the finite region of space.
Generically in cases like this, upon quantization, these configurations become connected by
tunneling transitions of finite probability. One, therefore, may expect that the quantum portrait
of moduli space is very different from the classical one. This question is worth investigating on
its own, but this goes far beyond the scope of the present work.

With a symmetry breaking perturbation, our model exhibits a simple classical mecha-
nism of confinement of topological defects, such as in 2 + 1 dimensions. However, some
peculiarities are present again. We have discovered that string solutions are infinitely
degenerate. The static energy of configurations translationally invariant in one direction
has an additional diffeomorphism invariance. This is not the same invariance as in the
Abelian limit, as the diffeomorphisms in question are transformations in coordinate space
and not in the field space. Nonetheless, this symmetry leads to degeneracy between an
infinite number of solutions, all of which have the same electric field. As far as the electric
field profile is concerned, the solution, as far as we can ascertain, is unique. This infinite
degeneracy makes one wonder about the fate of such strings in a quantum theory, given
that they carry large entropy associated with the degeneracy.

All the peculiar features of the model stem from the nonconventional, higher deriva-
tive kinetic term required to have finite energy of a soliton in the absence of the poten-
tial. One could add the standard two derivative kinetic term 9" ¢"d,¢" as a perturbation.
Although we have not explored this possibility in detail, it is clear that this would lift the
degeneracy between the different string solutions. With this additional kinetic term, our
model becomes identical with the model proposed by Faddeev and Niemi in [7-11] as an
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effective theory of QCD. Note, however, that our proposed picture of confinement is very
different from and in a way complementary to that of [7-11]. The authors of [7-11] are
mostly interested in closed string solutions meant to represent the glueballs, while in our
way of thinking, it is the open strings, with the endpoints representing “constituent gluons”
that play the main role in analogy with 2 + 1 dimensions [2,3,16]. In the Faddeev—-Niemi
model, stability of closed string solutions is ensured by nontrivial twisting of the phase
of the scalar field along the string. Open strings, on the other hand, are not associated
with twist and in principle can break into shorter strings, which is the case in QCD. The
stability of classical strings solutions in a quantum theory is not absolute but is rather an
approximate feature that arises dynamically provided the string endpoints are sufficiently
heavy [17]. This endpoint mass suppresses quantum tunneling, which is responsible for
the decay of long strings.

Finally, it is worthwhile noting that the addition of the two derivative kinetic term
makes our model similar to the CP! model, which has been recently discussed in the
literature in relation to effective models of confinement [18].

The large global symmetry of our model in the Abelian, which has no obvious parallel
in QED, is worrisome. One can wonder if it is responsible at least partially for the absence
of an arbitrary “two-photon state”, as we have found here. It is, therefore, natural to try
and eliminate this symmetry from the model. In the next section, we describe an approach
to doing so by “gauging” this global symmetry. This amounts to restricting the Hilbert
space of the model to states that are invariant under Sdif f(S?).

6. Gauging Sdiff(S?)

In this section, we show how the global Sdif f(2) symmetry can be eliminated from
the theory. The standard way of going about such a task is to “gauge” the symmetry, i.e., to
impose the vanishment of the appropriate charge. It is usually employed to eliminate local
symmetries; however, as a matter of principle, it can also be done for global symmetries.
We will now describe this procedure.

Recall that the symmetry in question is

0G(z, x) . oG

z—>z+T, X=X~ 3,

(65)

with G being an arbitrary function of the two variables z and x but does not explicitly
depend on space-time coordinates.
This symmetry is associated with the conserved currents

]5 =Gz, X))y = G(ZrX)a%(ayzaVX - ayXavZ)~ (66)

where
Jy = o (ayzav?( - aMXaVZ) (67)

The corresponding charges are

Q¢ = / BxG(z,x)Jo = / d°xG(z, x)9" (9,zd0x — 9ux02) (68)

We note for future use that the symmetry transformation can be written as a canonical
transformation on a phase space spanned by z and .

0z ={z,G};, Sx={x,G}; {A,B}= a—Aa—B — B—Aa—B (69)

To gauge this symmetry, we first introduce the analog of the zeroth component of
vector potential A(z, x,t). Note that A is not an arbitrary function of space-time coordinates
but only a function of the field variables z and ) and time .
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We now change our definition of the “magnetic field” to
oA oA
By = 2(9kxd0z — dox0kz) — O A = 2(9xd0z — dox9kz) — 5 -0z — o 70
Defining “covariant derivative” as
19A
Vox = dox+ 392
10A
= - o= 7
V()Z a()Z 5 8)( ( 1)
we can write this as
B = 2(9kxVoz — Voxdiz) (72)

Note that this definition of covariant derivative implies for any function of z and x

d
Vod(z,x) = 50— 2{®,A} 73)

With this altered definition of the magnetic field, and the electric field is still defined as

Ei = Zeijkajzak)( (74)
we now write the Lagrangian
1 - -
L= —E(E2 - B?) (75)

As we show now, this Lagrangian is gauge invariant. First, let us consider time
independent transformations from Equation (69). Under this transformation, we define the
transformation of A as

SA = —{A,G) = — |2A9C _9AJG 76)

Note, that this equation should be understood as the change in the functional form of
A as a function of z and . With this definition and taking into account that the values of z
and x change according to Equation (69), we find

AN (2 X) = Az x) (77)

Thus, it is easy to see that both E; and B; are invariant under the time-independent
transformations Equations (69) and (76).

Now, consider time-dependent transformations, G(z, x,t). The electric field is in-
variant under the time-dependent transformations as well. For the magnetic field, a
straightforward calculation gives

dG oG oG JdG
2(8”{302 — aoxakz) —2 [ak <)( — az>80 <Z + a)() — 80 (7( — az> ak <Z + a)(>:| (78)

=2(9x90z — Aox%z) +20;00G + O(G?)
Thus, if we define the transformation of A as

SA = 200G — {A, G} (79)

we find that the magnetic field in Equation (72) is invariant.

To summarize, we have now constructed the Lagrangian, which is invariant under
arbitrary time-dependent Sdif f(S?) transformations. Physically, this gauge invariance
means that the Sdif f(S?) charges are required to vanish on physical configurations. Indeed,
we can see that the equation of motion for A is indeed equivalent to this constraint. We note
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that variation with respect to A should be done with care since A is not an independent
field. One cannot vary space-time dependence of A arbitrarily; instead, one has to vary the
functional form of the dependence on the field z and yx.

Let us derive equations of motion for Lagrangian Equation (75). Varying with respect
to z and yx, we obtain

9ix [aoBi + eijkajEk} —09;BiVox =0 (80)
0z [aoBi + €ijka]‘Ek} —09;B;Voz=0

or in relativistic notation

VYxo'Fy =0;  V'zd"Fy, =0 (81)
These can be combined into a covariant conservation equation
VI =0 (82)
with the current
Jg =G(z,x)0"Fyu =0 (83)

with arbitrary function G.

In addition, there is an equation obtained by differentiation with respect to A. To
understand how to derive this equation, we can expand A(z, x) in a complete basis of func-
tions on a two-dimensional space, for example, by writing A(z, x) = [ dpdge’P**9XA(p,q)
and substituting it into the action, then differentiate with respect to A. The resulting
equations are

/ PrJS = / PxG(z, x)9;B; = 0 (84)

This equations are rather interesting. They put a large number of constraints on the
divergence of the magnetic field. Unfortunately, the number of constraints is not large
enough to ensure that magnetic monopole charge vanishes, as G is only a function of two
variables (at any given time), while the coordinate space is obviously three-dimensional.

One could ask whether the modification we made can help us find arbitrary two gluon
states in the spectrum. Unfortunately, the answer is negative. The simplest way to see
it is to realize that one can gauge fix the “vector potential” A to zero—the Hamiltonian
gauge of sorts. In this gauge, the dynamical equations of the model are identical with
the equations of Mark 1. Thus, we do not have new solutions to the equations of motion.
The gauging does eliminate those solutions that do not satisfy the constraint Equation (84),
but it does not generate any new solutions to the equations of motion.

Thus, although it feels like gauging Sdif f (S?) may be a step in the right direction, it
is not sufficient. In the next section, we discuss a further modification of the model-Mark 2,
which starts from the same premise but successfully reproduces the theory of free photon.

7. The Model Mark 2

The model of [5], despite having some interesting properties, fails to describe ad-
equately the low energy dynamics of the Abelian limit. As we have learned from the
previous section, gauging the Sdiff(S?) symmetry does not solve the main problems
of [5], i.e., on one hand, the constraints it imposes are not sufficient to ensure vanishing of
magnetic charge density, and on the other hand, it does not allow for additional solutions
of equations of motion that can be identified with multiphoton states of arbitrary polar-
ization. Both of these deficiencies are associated with the fact that the “vector potential”
A is not a bona fide local degree of freedom but only a function of two variables z and yx.
Let us extend our approach by allowing A to become an independent function of space
time. We, therefore, change our definition of magnetic field to [6]

FHY — hvap [e”bcgbga,xgbbaﬁgbc +(n- a)nlxaﬂ¢] (85)
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Here, n = (1,0,0,0) is a time-like vector of unit length and ® is a scalar field [19].
This is a generalization of Equation (70) with A — 9¢®.

We stress that, as opposed to the discussion in the previous section, ®(x) is now a
bona fide field that has a general dependence on space-time coordinates.

The Lagrangian, as before, is

1 1,4 =
L= FuF" = —E(EZ — B?) (86)

One may worry that since n is chosen to be a time-like vector, the model is not a
Lorentz invariant. Nevertheless, we will show below that the model possesses a Lorentz
invariant super selection sector, and it is this sector that will turn out to be equivalent
to QED.

We now have to understand what effect the modification has on the Abelian limit of
the model. We will analyze its canonical structure and will demonstrate that it is identical
to that of free electrodynamics. This applies to the commutators between the “electric”
and “magnetic” fields and the Hamiltonian. We, thereby, demonstrate that the model is
equivalent to the theory of a free noninteracting photon, even though it is not formulated
in terms of a covariant vector potential field. We also derive the Lorentz transformation
properties on the degrees of freedom of the model. We demonstrate that the fields ¢’ are
not covariant scalar fields but instead transform nontrivially and noncovariantly under
the Lorentz group. We confirm that due to these modified transformation properties, the
model retains Lorentz invariance.

8. Equations of Motion and Canonical Structure
8.1. Equations of Motion

As before, we use the following parametrization of the basic fields x and z via ¢3 = z
and ¢y + iy = V1 — z2e'X. The electromagnetic field can now be written as:

FIV = e"*F[—205X0az + 10050 D] (87)

or explicitly
Ei = 2eijk8jzak)( (88)
By = [2(9xx00z — doX0%z) — 040D (89)

Varying the action, Equation (86) yields the following equations of motion

aoak |:P,']‘€ij0k} =0= aoakBk (90)
aﬁxaa(FweW‘"ﬂ) =0= akxaa(l-"we””‘k) = 0k X(90Bi + (0 x E)y) (91)
a,gza,x(l-"we””"‘ﬁ) =0= akzaa(FWeW"‘k) = akz(aoBk + (a X E)k) (92)

The main difference with our previous attempt is Equation (90). This equation now
means that the “magnetic charge density” 0¢ By is locally conserved. In the current model,
therefore, the magnetic charge density is time independent at any space point. Equation (90)
imposes the existence of “super selection sectors” characterized by the value of the magnetic
charge density at all spatial coordinates. Clearly, most of these sectors are not translationally
invariant. In order to preserve translational invariance, we limit our consideration to the
trivial sector with 9y By = 0. The rest of our discussion pertains exclusively to this super
selection sector.

Using this constraint on the magnetic field, we can invert Equations (91) and (92).
(One has to be careful since there is an ambiguity in the inversion of Equations (91) and (92).
In general, we find 9By + (9 X E)x = aEy, where a is an arbitrary constant. Nonetheless,
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since B and d x E are pseudovectors, while E is a vector, a nonvanishing value of & would
violate parity. Imposing parity invariance on the solution sets « = 0.)

0By + (X E)r =0 (93)

7

Recall that with the field strength components given by Equation (87), the “electric”
equation
0 F'"" =0 (94)

is satisfied identically. Thus, the equations of motion of the model Mark 2 are the full set of
Maxwell’s equations.

8.2. The Hamiltonian

Let us now turn to the Hamiltonian description of the model. The canonical momenta
as calculated from Equation (87) are given by :

oL

P2 = 5o0z Fije " 9x = 2Bidgx = 20X [2(9xd0z — doxdkz) — %o (95)
oL ijko
Px = 5onx = F;je"" 0z = —2Bdxz = —20;z[2(9xx0z — doX0kz) — 04 P] (96)
oL 1 0k
Po = 59, = Eak(Fi]'e ) = 0 Br = 9k [2(9kx0z — 9o x9kz) — 0x0D] (97)
The time derivatives of the fields can be expressed as:

, 1 .
X=m [p=(2X) + pxX” + €k PiEjxi] (98)

) 1 .
‘=g [P22" + px(2x) + e DiEjzi] (99)

Using these equations, we express pg as:

1

1 .

Po = | gz €kmE1(p2zm + pxatm) — gz EkEii (100)

or in terms of a “vector potential”

1
Dy = zeumEi(pzzm + pxxm) (101)
as
po = 0k (D — ExEid;) (102)
The Hamiltonian is then calculated as:
3 . . ; 3 1 2 2

H:/dx[pzerprerq)CD—L}:/dxi(E +B> (103)

In arriving at this expression, we have neglected a boundary term [ d®xd (By$).

8.3. Canonical Structure

In order to prove the equivalence between Mark 2 and QED, we have to show that the
canonical commutation relations of E; and B; are identical in the two theories. We do this
in the present section.

Since all components of the electric field in Mark 21 are functions only of coordinates
and not canonical momenta, they clearly commute with each other

[Ei(x),Ej(y)] =0 (104)
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[Ei(x), Bv) = [E:(x), Du(w)) — Ee(y) [ ic™™

In order to calculate the commutation relations between electric and magnetic fields,
we restrict ourselves explicitly to the zero magnetic charge density super selection sector
and set pp = 0. Equation (102) then becomes

aka N E[qbi
—— =E0 105
E KOk ( 3 (105)
where we have used 0, E; = 0.
Formally, the solution is written as
aka

Eid; = E(x / a1 2Kk (106)

E
In this expression, the integration contour C starts at x and ends at some point at
spatial infinity. The direction along the contour at every point is parallel to the direction of
the electric field at this point.
Using the definition of D, we have:

OmDm
E

X
B, — Dy — E; / dic (107)

Consider first the following auxiliary quantity

F2(y) Sinbkim [020(x = y)xp (x)zm (y) + 950 (x = y)za (¥) xm (y)]

=2i Ség) €iab€kim9a0 (X = ¥) [Xo(¥)2m (Y) = 25 (¥)xm (y)] (108)
Ex(

~—

WEc(Y)eiverimempdd(x — y) = i[eiax — £y () Ex(y)eian] 050 (x — )
Using this, we calculate

[ Ei(x), D (t)]
E(t)

= [Ei(x), Di(y)] — Ex(y / dlCE ) O (€iom — Eo(8) Em(P)eian) 370 (x — 1)] (109)

= [E(x), D)) + Eely) [ dicEn ()2, ; embam—t>)
— e dS(x — )

Here, it was important that the integration contour C is parallel to the electric field
everywhere. In addition, we have assumed that all the fields vanish at the spatial boundary.

The commutator Equation (109) is identical to the commutator of corresponding
quantities in QED.

We now consider the commutator of the magnetic fields.

It is easy to see that [B;(x), B,(y)] = 0 as long as the curve Cy that enters the definition
of B;(x) in Equation (107) does not pass through the point y, and C, does not pass through
x. If this condition is not satisfied, direct evaluation of the commutator is not easy. Instead,
we argue indirectly. One can straightforwardly obtain a number of relations involving the
commutator of interest. Consider, for instance,

[Bi(x)9ix (x), Bj(y)9jz(y)] = [p=(x), px(y)] = 0 (110)

Trivially:
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B;(x)9jz(y)[9ix (x), Bj(y)] + B;j(y)9ix (x)[Bi(x), 9jz(y)] + 9ix (x)9;z(y) [Bi(x), Bj(y)] =

T
]
(8.2l SR~ a3l 92 ) 430303200 5,0, By )] = )

px(x)
(Bi()aV5(x — y) + By(x)as ( x —y)) +9ix(x)0jz(y) [Bi(x), Bj(y)] =
9;x(x)9;z(y) [Bi(x), Bj(y)] =

Similarly,

9iz(x)9;z(y) [Bi(x), B;j(y)] = 9ix(x)9;x (y)[Bi(x), Bj(y)] = 0 (112)
Using 9By = 0, we obtain:

9;z(x)9] [B;(x), Bj(y)] = 9;x(x)a/[B;(x), Bj(y)] = 8}/ [Bi(x), B;(y)] = 0 (113)

\_/

Defining the matrix M;;(x,y) = [B;(x), Bj(y)], we, therefore, find that it is antisym-
metric under the exchange (i, x) <> (j, ) and satisfies the set of equations (Equations (111)-
(113)). The general solution for these constraints can be written as

Mij(x,y) = Ei(x)F(y) — Ej(y)Fi(x) (114)

with F;(x) being an arbitrary vector function. However, we already saw that when x does
not belong to C, and y does not belong to Cy, then M;j(x, y) = 0. This determines F;(x) = 0,
so that finally:

[Bi(x), Bj(y)] = 0 (115)
for all x, y.

9. Lorentz Transformations of the Fields

We now wish to discuss the properties of the fields z and )y under Lorentz transforma-
tions. The rotational transformation properties of z and x are clearly those of a scalar field.
This is obvious since the rotational invariance is represented in our model in the standard
linear manner. This is not the situation with Lorentz boosts. The electric and magnetic
fields are components of a covariant Lorentz tensor, and therefore, it is clear that z and x
cannot be covariant scalar fields.

We take the following parametrization of infinitesimal Lorentz transformations:

z(x) = z(A71x) = (14 BA)z(x) +a
x(x) = x(A™'x) = (1+ BA) x(x) +b (116)
O(x) = 9@ — O(A1x) =O(x) +¢
Here, B is the boost parameter and A = w#,x"0 u With wf,l —an antisymmetric generator
of Lorentz transformation. The boost in the direction of a unit vector 7 is generated by
wg = fi;. The terms involving 4, b, and c are not canonical, and we will determine them
requiring that F#*V transforms as a covariant tensor.

Let us consider first a boost in the direction of the first axis, # = (1,0,0).
The components of the field strength tensor transform as

Ex(x) — Ex(A~'x) — BB3 (A 1x) (117)
Writing this in terms of z, x, and ® and using Equation (116), we have:

E(x) = 2[032(x)01x(x) — 912(x)93(x)] — 2[03z(A~"x)a1x (A~ 'x) — 91z(A ™' x)a3(A ™' x)] (118)
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Comparing the two we obtain:
— B30 + 2[03201b + 93091 X — 01203b — 01a93x] =0 (119)
Similarly, the transformation of E; yields
2(02203b + 02a93x — 93202b — d3ad,x) =0 (120)

and that of Ej:
020 + 2[8128217 + 0d1adyx — 02z01b — azaal)(] =0 (121)

Introducing f; = 2(ad;x — bd;z), and u; = (0, 030, —B020), the above equations
combine into

€ijk9jfr = U (122)
The general solution for f is:
o _Gijka]‘uk 5
fi= 02 dit (123)
= B0 + 0;A
where 0o
3 nigi
)\—‘882(9:)\ (124)

with A still to be determined.
Noting that Equations (123) and (89) become the same under the substitution,
Equation (123) for a and b can be solved as

doz — a
dox — b
0P — A
By — BOy

(125)

Using Equations (98) and (99), we find:

1 .
0= 75 (BOR; + Ai)eiEjz
. (126)
b= 5 (PO + Ai)eijiEjxi
Now, Equation (123) becomes an equation for A:
E;(BOfn; +9;A) =0 (127)
which yields:
x A
Ax) = —B / dicE:n:© (128)

where as before, the contour C is locally parallel to the vector E;.
The function ¢ can similarly be determined by considering the transformation of the
magnetic field.

Bi(x) = Bi(A™"x) = 2[01x (A" x)ap (A~ x) — dx (A~ %)91z(A"x)] — 9:0(A ') (129)

yields
2[81)(8061 + albaoz - ao)(alﬂ - aobalz] - 81c + IBA81® =0 (130)
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Similarly, the transformation of B, and Bs gives
2[d2x90a + 09zdab — 9024 — 02200b] — 02¢ + BAIL,O = 0 131)
2[03x00a + 09z03b — dgx93b — 9320 — 93¢ + PAI3O =0
These can be combined into a single vector equation
dofi — 9difo — dic + BAI;® =0 (132)
Using Equation (123), we write this:
9;[0pA — fo —c+ BAB] =0 (133)
yielding
¢ =2(adpx — bdpz) — A — BAO
(134)

2 . x .\ x L
=p ?eijkE]‘(ao)(Zk — aozxk) |:@Tll' — 81/ dlcEﬂ’ll®] + 80/ dlcE;n;© — A©®

To summarize, the fields z, x, and ® under Lorentz boost transform according to
Equation (116) with a,b, and ¢ given in Equations (126), (128), and (134). These somewhat
complicated transformation properties ensure that electromagnetic fields are components
of the covariant Lorentz tensor.

10. Discussion of Model MARK 2

Our amended model (Mark 2) is equivalent to the theory of a free photon. We were
led to this model by our wish to eliminate the global Sdif f(S?) symmetry but had to go
further from the original model in order to achieve equivalence with QED. What is the fate
of Sdif f(S?) in Mark 2? It is indeed easy to see that this symmetry is gauged. In order to
see that, let us write

90D = A(z, x, t) + P (135)

Assigning to A the same transformation properties under Sdiff(S?) as before and
requiring ® to be invariant, we see that the Lagrangian Equation (86) is indeed invari-
ant under the Sdiff(S?) global gauge transformation. Note that the decomposition
Equation (135) is always possible, given that ® is an arbitrary function of space-time
coordinates. It is important that we have been able to obtain the theory of a free photon.
Our main goal, however, was (and remains) to understand confinement in the Non-Abelian
case. Here, the road is still very long and winding, and at this point, there are mainly
questions. We need to generalize our model in several directions. First, charged states have
not been included in the model. This should be relatively straightforward to mitigate. As
suggested in [5], we should relax the constraint of constant length of the sigma model field
¢ and instead endow the modulus field ¢? with nontrivial dynamics. This will soften
the classical behavior of the model in UV and will lead to UV finite energy of charged
states. The configuration space of our model is SO(3) x R, with the SO(3) symmetry
broken spontaneously to O(2). The moduli space should, therefore, have a nontrivial
homotopy group IT;(M) = Z and allow for a nontrivial topological charge, which is
identified with the electric charge. (There may be some subtlety in this argument related to
the fact that the global gauge group Sdif f(S?) has to be modded out. However, since the
gauge transformation is global, we do not anticipate any problems.)

The more complicated question is how to extend this model into the Non-Abelian
regime. Following the logic of [5], we should add a perturbation thats explicitly breaks the
global symmetry of the model and via this breaking generates a linear potential between
the charges. Here, first of all, we need to understand whether this perturbation should
preserve the Sdif f(S?) gauge symmetry or should break it explicitly. Such a global gauge
symmetry was not present in 2 + 1 dimensional models [2,3], and we lack guidance on
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this question from 2 + 1 d. It seems likely that the Sdiff(S?) should be preserved by
the perturbation. If that is the case, the type of perturbations considered in [5] do not fit
the bill. Perhaps one should deal directly with the breaking of the generalized magnetic
symmetry—the symmetry generated by the magnetic flux [12,13] in terms of its order
parameter—the t Hooft loop [1].

A rough idea of how this can work is the following. Let us try to define an operator
that breaks the generalized magnetic symmetry. This should be an analog of a t Hooft loop
operator, except it should have end points, so rather a t Hooft line operator. We write the
following bilocal expression

=—00

V(x,y) =exp <i /ti:O thO(x,t)> exp (i /xy Ai(z,t = O)dzi> exp (i /t:)_oo thO(y,t)> (136)

Here, the components of dual vector potential are chosen as A; = zd;x and
Ayg = zogx + %aoé(x). Given the Sdiff(S?) transformation properties of the various
operators, we have

A — A+ 0; |:G — ZaG] (137)
0z
d oG
AO — A() + E |:G(Z,X, t) — Zaz:| (138)

Under the assumption that the fields vanish at infinity, it is easy to see that the operator
Equation (136) is invariant under Sdif f(S?). In terms of its quantum numbers, this operator
essentially creates a monopole—antimonopole pair at points x and y. For infinitesimally
close points y = x + ¢, this becomes

. 0 1 0 1 -0
Vi(x,€) =1+ie; {zai)( —9;® —0; /_oo dtzao)(] + €€ {zai)( — Eaicb —0; /_Oo dtzao)(} {zajx - EE),(D —0; /_Oo dtzaox] (139)

We could contemplate averaging this operator over the direction of the point splitting
vector €, which would kill the linear in € term and would result in a term reminiscent of
the gauge invariant Stueckelberg mass for the dual vector potential [20]. Adding an n-th
power of such an operator as a perturbation to the Lagrangian would seem a reasonable
way to proceed in order to break the generalized magnetic symmetry to the Zy subgroup.

Unfortunately, Equation (139) contains a term that is nonlocal in time. Thus, adding it
to the Lagrangian would lead to nonlocal in time theory, which amounts to adding extra
degrees of freedom in disguise. Although this may turn out to be necessary, it is clearly
outside the rather tight framework that we have set out to ourselves from the beginning.
Thus, before taking this route, a better understanding is necessary. We hope to be able to
make progress in this approach in the future.
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Appendix A

In this appendix, we show that the model considered in this paper does not admit
two-photon solutions with arbitrary polarizations. We are looking for two-photon solutions
for which the electromagnetic tensor is of the form:

Fuy = 9),20,)x = Akye} — kve}l) coskx + B(puel — pvei) cos px (A1)

For simplicity, we choose the case when the first photon has momentum k in
x-direction and polarization 4 in y-direction, while the second photon has momentum
p in y-direction and polarization b in z-direction. Note that this case is not covered by our
construction of two-photon states in the body of the paper.

Now, for components of Fyv, we have:

djpzdy X = 0 = d[1zd3x =0 (A2)
8[0282])( = kacoskx = —8[1282})( (A3)
9)0z03]X = pbcos px = —dpzd3 X (A4)

Introducing new coordinates (x,y,z,t) - (X =t—x,j =t—y,f =tz = z) and
using unbarred symbols for notational simplicity, we have:

a[tzay])( = a[tzaz])( = 8[xzaz])( =0 (A5)
0120, X = 0[x20,)X = —ka cos kx (A6)
9,20, X = pbcos py (A7)

These equations have no solutions. Assuming d;z # 0, the first two equations in
Equation (A5) imply dyzd;x — d;zdyx = 0, which contradicts Equation (A7). Alternatively,
assuming d;z = 0, implies vanishing of either d;x or two other partial derivatives of z .
It is then easy to see that both these options are in conflict with the rest of the equations.
The result is that a two-photon state with this polarization pattern cannot be constructed in
this model.

The model also contains solutions that do not satisfy the homogeneous Maxwell
equation. As an example of such a solution consider the configuration

x=sinp-x; z=sink-x (A8)
It is easy to see that this configuration satisfies equations of motion provided
(p-k)> = p?k* =0 (A9)

A simple example is a light-like momentum k¥ and a space-like momentum p* satis-
fying p - k = 0. This yields the dual field strength

Fuy o (kupy — kypy)[cos(p + k) - x 4+ cos(p — k) - x| (A10)
which is not conserved

I Eyy o pPky[sin(p + k) - x +sin(p — k) - A] (A11)

In fact, both momenta k + p and k — p are space-like, and thus, £y, looks tachyonic.
However, as mentioned in the Discussion, since the model classically has many degenerate
vacua with broken translational invariance, the interpretation of classical solutions as
excitations is not so clear.
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