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Abstract: This review discusses confinement, as well as the topological and critical phenomena,
in the gauge theories which provide the condensation of magnetic monopoles. These theories
include the 3D SU(N) Georgi-Glashow model, the 4D [U(1)]¥~!-invariant compact QED , and the
[U(1)]N!-invariant dual Abelian Higgs model. After a general introduction to the string models of
confinement, an analytic description of this penomenon is provided at the example of the 3D SU(N)
Georgi-Glashow model, with a special emphasis placed on the so-called Casimir scaling of k-string
tensions in that model. We further discuss the string representation of the 3D [U(1)]V -1
compact QED, as well as of its 4D generalization with the inclusion of the ©-term. We compare
topological effects, which appear in the latter case, with those that take place in the 3D QED extended
by the Chern-Simons term. We further discuss the string representation of the 't Hooft-loop average in
the [U(1)]¥~!-invariant dual Abelian Higgs model extended by the ©-term, along with the topological
effects caused by this term. These topological effects are compared with those occurring in the 3D
dual Abelian Higgs model (i.e., the dual Landau-Ginzburg theory) extended by the Chern-Simons
term. In the second part of the review, we discuss critical properties of the weakly-coupled 3D
confining theories. These theories include the 3D compact QED, along with its fermionic extension,
and the 3D Georgi-Glashow model.

-invariant

Keywords: magnetic monopoles; Abelian-type models of confinement; string representation of the
Wilson- and the 't Hooft-loop averages; Aharonov-Bohm and other topological effects; Casimir scaling
of k-string tensions; critical properties of the 3D weakly coupled confining theories

1. Topological Effects in the Abelian-Type Confining Theories

1.1. Introduction

In this review, we discuss various non-perturbative phenomena that take place in the Abelian-type
confining gauge theories. We start this discussion with recalling some basic facts about confinement,
the large-distance static quark-antiquark potential associated with it, and the related models of
the confining string. As is well known, because of confinement in QCD, quarks and gluons do
not exist as individual particles, but appear only in the form of bound states (for recent reviews,
see [1-3]). The latter include mesons, baryons, glueballs, and the so-called hybrids consisting of
a quark, an antiquark, and one or several gluons. Confining interactions that take place between
the constituents of the bound states, can occur through string-like Euclidean configurations of the
Yang-Mills field. Such effective strings can be viewed as the microscopic tubes that carry fluxes of
the gauge field from one constituent to another, which is the reason for calling them “the QCD flux
tubes” [4-7]. Similar flux tubes, called Abrikosov vortices [8,9] (for a relativistic generalization, see [10]),
exist in type-II superconductors, in which case they represent stable cylindrically-symmetric solutions
to the classical equations of motion. This observation inspired 't Hooft and Mandelstam [11-13] to
put forward their famous scenario of confinement as a dual superconductor. To describe this scenario,
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we recall that the vacuum of the usual superconductor contains electron-electron Cooper pairs, whose
condensation is modeled by an electrically charged Abelian Higgs field. Once two external monopoles
of the opposite magnetic charge are immersed into the superconductor, they get confined through an
Abrikosov vortex extending between them. Close to the center of the vortex, namely inside its so-called
core, the magnetic field created by the monopole-antimonopole pair, partially destroys the condensate
of Cooper pairs. Accordingly, the confinement scenario of Refs. [11-13] suggests the QCD vacuum
to be of the type of a dual superconductor, which can be characterized by a magnetically-charged
dual-Higgs condensate . The insertion into such a magnetically charged medium of a static pair of the
mutually opposite electric charges leads to the formation between them of a dual Abrikosov vortex,
which represents a tube of the electric flux. In the case of the group SU(N), the corresponding dual
Abelian Higgs model allows one to describe confinement of particles which are charged with respect to
the maximal Abelian [U(l)]N ‘1—subgroup of SU(N) 2 The dedicated lattice simulations [2,3,6,7,16-18]
indicate that the transverse-distance dependence of the chromo-electric field in the QCD flux tube is
indeed very similar to that of the magnetic field in Abrikosov vortices, which is known from the theory
of type-II superconductors [8-10].

In reality, however, static sources of the (chromo-)electric field do not exist, and even heavy quarks
are always dynamical. The dynamics of the quark-antiquark bound states can be described in terms
of the gauge-invariant amplitudes of the vacuum-to-vacuum transition. For illustrative purposes,
let us disregard quark spin degrees of freedom, and take into account only quark electromagnetic
interactions. The corresponding Euclidean Lagrangian is that of a complex-valued scalar field coupled
to an Abelian gauge field, namely £ = %Ffw + |D,1g0|2. Here, F,, = d,A, — 0,4, is the strength tensor
of the gauge field, and D, = d, —ieA, is the covariant derivative, with e being the electric charge.
We consider further the simplest amplitude, which describes the propagation of the corresponding
Coulomb bound state from the point x to the point y. Such an amplitude, given by the Green function
of this bound state, has the form

1
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With the use of the world-line representation for (x| # ly) (see e.g., [19]), Equation (1) can further
H

be explicitly written as the following integral over trajectories z,(r) and z,(r) of the quark and the
antiquark [20,21]:

) ) z(s)=y Z(5)=x B ) s . y x
Gx,y)= [ds[ds [ Dz, [ Dzethdrs-ilidz <exp [ie(f dz, Au(z) +fd2HA,l(z)>}>. )
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Here the average over the gauge field is defined as
(...)Ef@A#e—%fd‘leﬁv(...), )

and the dot denotes the derivative with respect to the proper time 7. As we see, the gauge field
enters Equation (2) only through the exponential exp|- - - |. This exponential, representing the phase
factor taken along a closed contour C, which is formed by the trajectories z,(r) and z,(r), is called
the Wilson loop [22]. One can parameterize the entire contour C by some vector-function x,(r), and
consider the corresponding Wilson-loop average (W(C)) = <exp [ie fﬁc dx, A, (x)] > In the case of only

Note that the dedicated lattice simulations [14,15] have confirmed this scenario of confinement with a very high accuracy.
Note, however, that, unlike the Abelian Higgs model, the Yang-Mills theory does not possess any string-like solutions to the
classical equations of motion. That is, no indications exist that, in the absence of external static sources of the gauge field,
the Yang-Mills vacuum can contain stable classical string-like field configurations.
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electromagnetic interactions at issue, the average (3) is Gaussian, and the Wilson-loop average can be
readily calculated. The corresponding leading result has the form [23,24]

2 L)

(W(C)) ~e 8 ~a, (4)

where L(C) is the length of the contour C, and a is the inverse ultraviolet cut-off. The latter appears
due to the fact that the leading contribution to the Wilson-loop average in electrodynamics stems from
the two-point interactions mediated by the photon propagator, being therefore ultraviolet-divergent.
The exponential fall-off of (W (C)) with L(C), given by Equation (4), is called the perimeter law.

Let us further mention another important example of a gauge-invariant vacuum-to-vacuum
transition amplitude. To this end, we integrate over the fields ¢ and ¢* in the partition function

Z=fDA,,Z)qoZ)(p*e_fd4x£.

This integration yields Z = (exp[-tr ln(—Di)]), where “tr” in the Abelian case at issue stands only
for the functional trace over the space-time coordinates. Retaining in the cumulant expansion of this
mean value only the first term, one calculates the partition function in the one-loop approximation.
This approximation accounts for an infinite set of diagrams containing one loop of the ¢-field and a
certain number of external lines of the A,-field. The corresponding expression for the partition function
reads Z ~ exp(—(T'[A,])), where I'[A,] is the one-loop effective action, which can be written as

*d *d o
rad=-| S«lelim=-a| = D, et b 405w (o). 5)
o S 0o S

Xu (0):xu (s)

Here Q is the four-dimensional volume occupied by the system, and we have disregarded an
inessential additive A, -independent constant. Thus, the free-energy density of the ¢-field, given
in the one-loop approximation by (I'[A,]), is completely expressed in this approximation through the
Wilson-loop average.

Instead of the perimeter law (4) for the Wilson-loop average, which holds for both small and
large contours in non-confining gauge theories, in confining theories the so-called area law holds
for sufficiently large contours [22]. As follows from its name, the area law corresponds to an
exponential fall-off of the Wilson-loop average with the area X, of the minimal surface bounded by
the contour C, namely (W(C)) — e~ Zmin for in = %, where the coefficient ¢ has the dimensionality
of (mass)?. This coefficient is called the string tension, since it represents the energy-per-unit-length
of the above-discussed confining string, which is formed between a quark and an antiquark at their
separations 2 \% In general, the string tension depends on the representation of the gauge group
under which the confined particles transform. This dependence will be discussed in Section 1.3
below. In QCD, for quarks transforming under the fundamental representation of the SU(3) group, the
numerical value of the string tension, o ~ (440 MeV)?, can be obtained from the Regge phenomenology.
Notice also that in QCD, as well as in other non-Abelian gauge theories, the vector-potential is
matrix-valued, so that the exponential in the definition of the Wilson loop should be path-ordered and
traced. That is,

W(C) = %tr? exp [igsgc dxy A,,(x)] , 6)

where “tr” stands for the trace over color indices, # denotes the path ordering, g is the gauge coupling,
Ay, = TYAj, with T? being a generator of a given representation of SU(N) under which the quark
transforms,anda=1,...,N2—1.
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For a flat contour C, whose extension T in the 4-th direction is much larger than its spatial extension
R, the Wilson-loop average can be used for a derivation of the static quark-antiquark potential V(R)
through the formula

V() =~ WO, )

Since Zmin = RT for such contours, one has V(R) = oR. That is, in the Yang-Mills and other gauge
theories where the Wilson-loop average exhibits the area law, the static potential at large distances
is the linear confining one °. Regardless of the shape of the contour C, this contour unambiguously
defines the corresponding minimal surface Smin. This surface, being the world sheet of the maximally
stretched string, should appear as a saddle point in the representation of the Wilson-loop average
in the form of a functional-integral sum over all surfaces bounded by the contour C. For the case of
Ymin = % at issue, such a sum can be formally written as

(W(C)) = e™Pmin = " eI, ®)
S

Here Xpin is the area of Syin, and A is some action associated with the surface S. Thus, the problem of
string representation of a certain confining gauge theory implies the derivation from that theory of
both the action A and the measure in the functional-integral sum }.

S

Clearly, Equation (8) resembles the known representation of the partition function of a point
particle in terms of the integral over all possible trajectories of that particle [cf. Equation (5)]. Within this
analogy, Smin corresponds to the classical trajectory of a particle, while all other surfaces S correspond
to quantum trajectories. However, while the measure in the sum over paths of a particle is known %, the
measure in the functional-integral sum % is unknown. Fortunately, at least the string action A|[Smin|

can be explicitly derived in the certain limits of Abelian gauge theories with confinement, such as the
3D Georgi-Glashow model (26) or the 4D dual Abelian Higgs model (75) °. These models, along with
the corresponding string representations, will be discussed in full detail in Sections 1.3 and 1.6 below.
The resulting action A[Smin| turns out to have a non-local form of the interaction of two infinitesimal
world-sheet elements do,,,, which is mediated by the propagator D, of a dual vector boson of mass
m, namely

ﬂ[smin]ocmzj‘;l do',uv(x)fs. do'pv(x,)Dm(x_x,)- )

The way in which this mass is generated depends on a particular confining gauge theory. For instance,
in the case of the 3D Georgi-Glashow model, a non-vanishing value of the mass m is provided by the
Debye screening of the dual vector boson in the monopole-antimonopole plasma, while in the dual
Abelian Higgs model a non-vanishing mass appears owing to the Higgs mechanism.

In the physically interesting case of the Yang-Mills theory, a non-local action of the form (9) appears
within the Gaussian approximation to the so-called Stochastic Vacuum Model [26-28] (for reviews,
see [29-31]). There, m?D,,(x — x") becomes replaced by a certain function D(x — x"), which is regular at
x = x’. This function turns out to be proportional to the Green function of a thought bound state, called
a 2-gluon gluelump, which is formed by two gluons together with a static source of the gauge field

In full QCD, the quark-antiquark string breaks at a certain distance by converting its energy into a production of a meson
constituting of a light quark and the corresponding antiquark. These light quark and antiquark further recombine with
the initial static quark-antiquark pair to form two heavy-light mesons. This leads to the screening of the color charge of
the static quarks and to the flattening of the linearly rising static potential at large distances. Accordingly, the Wilson-loop
average associated with a static quark-antiquark pair, ceases to be an order parameter for confinement in full QCD.

4 _ .
Namely [25], Dx, = ’lnn

n
im m kljl f dPxF), where ¢ = +,and D is the dimensionality of the Euclidean space-time.

In this review, we do not discuss string representation of supersymmetric gauge theories, which is based on the so-called
AdS/CFT-correspondence. For a recent review of this topic see Ref. [1].
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transforming under the adjoint representation of the group SU(N). The distance at which this Green
function exponentially falls off, defines the correlation length A of confining stochastic background
Yang-Mills fields (cf. Refs. [32-35]). Such fields, whose typical momenta are smaller than 1/2, lead
to the formation of the confining string which sweeps out the surface Smin. Accordingly, one can
expect that gluons with momenta larger than 1/4 can lead to the formation of the so-called gluon
chain [4,36,37], in which several such gluons are interconnected by strings. Since these high-momentum
gluons possess their own degrees of freedom, they can produce various types of excitations of the
gluon chain, which would quantify the functional-integral sum %“ in Equation (8). Nevertheless, the

dynamics of such a many-body bound state of massless relativistic particles, with linear interactions

between the nearest neighbours, appears quite complicated (cf. Ref. [38]), hindering the construction

of an explicit analytic formula for the functional-integral sum .. Still, the approximate result which
S

can be considered reliable in the Yang-Mills theory, is the above-mentioned phenomenological action
of the form (9), which describes the string that sweeps out the minimal surface Smin. Thus, given
the exponential fall-off of both D,,(x) and D(x) at large |x|, one can say that, when proceeding from
confining Abelian gauge theories to the Yang-Mills theory, the mass of a dual vector boson in the string
action essentially becomes substituted by the mass of a 2-gluon gluelump.

1.2. The Large-Distance Static Quark-Antiquark Potential and the Models of the Confining String

As discussed above, the static potential V(R) resulting from the area law for the Wilson-loop
average (W(C)) rises linearly at large distances. Indeed, applying Equation (7) to the case where the
contour C has the form of a rectangle, C = Rx T, one obtains V(R) = oR. Thus, for quark-antiquark
separations R 2 \/L;, the leading term in the static potential is the linear one. This term represents
the free energy of a straight-line confining string of length R. In reality, however, the string is a
dynamical object, so that the straight-line string can only appear in the semi-classical approximation
to the functional-integral sum (8) over string world sheets. Depending on the dynamics of the
confining string, which is defined primarily by the action A[S], one can obtain various corrections to
the linear potential.

In general, the length of the confining string significantly exceeds its thickness. Therefore, in the
leading approximation, the effects produced by the string thickness can be disregarded altogether.
This leads to the so-called Nambu-Goto string action [39-41], A[S] = 0%, where X is the area of the
surface S. Explicitly, this action has the form

AlS| =0 f d*¢ \Jdet gap. (10)

Here g, = dux, - dpx, is the tensor of the induced metric corresponding to the vector-function
Xy = xﬂ(g) which parameterizes the string world sheet S. Henceforth, the indices a and b take
the values 1 and 2, while y = 1,..., D, where D is the dimensionality of the embedding Euclidean
space-time, and f = (&, &).

In order to obtain the leading correction to the linear potential, which is produced by
small fluctuations of the Nambu-Goto string about the flat surface lying in the (1,4)-plane, one
parameterizes the string world sheet by the vector-function x, = (x1,x;,x4), where x; = R{,
xg = T&, with & € [0,1], & € [0,1]. Since fluctuations of the string occur in the directions
perpendicular to the (1,4)-plane, they are described by the components x; = (x,x3) of the
vector-function x,. Using the explicit form of the components of the induced-metric tensor,

ﬂx,— 2 6x,- 2
1 (52 (327,
where the O(|x;|*)-terms have been disregarded. This yields for the Nambu-Goto action,
AlS| =0 fol dé fol dé, y/det gqp, the following expression: A[S] = oRT + & fOR dx fOT dx;;[(‘;—;)Z + (3—2)2].

g11 = R2 + (61)(,-)2, gn = T2 + (62x,~)2, g12 = go1 = 61xi . 62x,-, one has detgab = (TR)2
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Accordingly, in the D-dimensional Euclidean space, where the index i acquires D — 2 values, the
Wilson-loop average (8) has the form

w(C)) = f@xi ef‘ﬂ[s] ~ e_”RT_DTQ'tr ln[—(0/()3(1)2—(19/6x4)2] )

Using further the representation of the logarithm in the form Inx = _ o and sending T to infinity,

one has

- 2_ . g0 [Tde 1
tr In [~(8/9x1)* = (8/0x1)?] = Taﬂ;j:w 5 [w2+(%)2}ﬁ

The w-integration in this formula can further be carried out by exponentiating the denominator, which
yields [42]

-0

2 21 _ 7T __aT
trIn [~(@/6x1)° =0/ 0z ] = 7 {(-1) =~
Here, the value {(-1) = —11—2 of the Riemann (-function, {(z) = § iz, obtained via the analytic

continuation, has been used. Thus, integrating over string ﬂuctuatlons x;’s, and regularizing the
so-emerging functional determinant via the {-function, one obtains the following static potential:

R_JT(D—Z).

V(R) ~ 24R

(11)
The obtained correction to the linear potential, — (22R2) ,is called the Liischer term [43] Being produced
by the fluctuating confining string, this term is developed at the distances R 2 \F This feature of the
Liischer term distinguishes it from the Coulomb term in the static quark-antiquark potential,

92Cr

z 12
1R’ (12)

Veoul(R) = —
which is also o %. In fact, the Coulomb term dominates the full quark-antiquark potential at the
distances R < %, whereas the Liischer term is only a correction to the linear potential at the distances

R2 \/LE In Equation (12), g stands for the Yang-Mills coupling, and C, is the quadratic Casimir operator
of the representation r of the group SU(N) under which the quark and the antiquark are transformed.
The proportionality of the Coulomb potential to the quadratic Casimir operator, V(R) « C,, means
that the Coulomb quark-antiquark potential respects the so-called Casimir scaling [44]. Clearly,
the Liischer term does not respect this scaling, which is one more feature distinguishing it from
the Coulomb potential in QCD. Furthermore, unlike the Coulomb potential, the Liischer term is
coupling-independent altogether, i.e., “universal”. Yet another distinguishing feature of the Liischer
term is that it depends on the space-time dimensionality only via the factor (D - 2), being otherwise
« % in any number of dimensions. On the contrary, the R-dependence of the Coulomb potential
changes with the Euclidean space-time dimensionality D in a non-trivial way, namely as Vo (R) o ﬁ
for D > 2.

Furthermore, owing to the same fluctuations of the confining string that yield the Liischer term,
the thickness of the string increases (albeit only logarithmically) with its length R. Specifically, at
R > T’ the followmg expressmn holds for the mean squared transverse size of the string [43]:
(Yo -InR —,, where o’ = 271'0' is the slope of linear hadronic Regge trajectories. This slope appears
in the asymptotic Regge behavior of the high-energy scattering amplitudes, A — e**I"/%) ats > ¢,
where s and ¢t are the Mandelstam variables. The Regge behavior with a linear trajectory a(t) = a’t of
zero intercept, «(0) = 0, is associated with the classical string. Once fluctuations of the string are taken
into account, a non-vanishing Reggeon intercept appears. Since these fluctuations are the same ones
as those which yield the Liischer term, the intercept turns out to be related to the coefficient of the
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Liischer term as [45-47] a(0) = Dz—f. Although this result has been rigorously obtained in the large-D
limit, there exist convincing arguments [47] that it can be valid for D ~ 1 as well. Note also that the
bosonic string can be consistently quantized only in D = 26 dimensions [48] ©, in which case a(0) = 1,
while the above-quoted result can be written as a(0) =1 + Dz;f(’.

Owing to the negative sign of the Liischer term, the potential (11) respects the inequalities [49]

dv d>v
E >0 and W < O,

which should be respected by any confining potential 7. The same is true for the full static potential
produced by the Nambu-Goto string, which can be obtained in the limit of D > 1 [42] 8. Such a full

potential has the form
V(R) = 6 |R2—R2, (13)

where R, = 4/ % is the minimum quark-antiquark separation for which it is still legitimate
to consider small fluctuations of the string. Clearly, the large-R limit of the above-quoted
potential (13) recovers both the linear quark-antiquark potential and the Liischer term, namely
-2
V(R) = oR - 252 4 0( s ).
Equation (13) can be represented in the equivalent form V(R) = o(R)R, with the effective

R-dependent string tension
d(R) = o+/1—-(R:/R)2. (14)

By virtue of this formula, one can obtain the critical behavior of the string tension at temperatures
close to the deconfinement one [50]. Indeed, the static potential at finite temperature T is related to the
connected two-point correlation function of the so-called Polyakov loops as

(PT(R)P(0))conn = e PV (15)

Here f is the inverse temperature, and P(ﬁ) = % tr 7 exp [ig foﬁ dxy A4(ﬁ, x4)| is the Polyakov

loop [51] °. In this formula, 7 stands for time ordering, and we have assumed for concreteness
that quarks are transformed under the fundamental representation of the group SU(N), so that
Ayq = AJT?, where T is a generator of that representation. Considering the correlation function (15)
in the limit of R > f, and comparing it with the zero-temperature formula (7), we observe that
the Euclidean time T at zero temperature corresponds to the quark-antiquark separation R at finite
temperatures, while R at zero temperature corresponds to . Accordingly, the Wilson-loop average
(W(C)) = e @B®RT at zero temperature corresponds to the two-point correlation function of Polyakov
loops (Pt (ﬁ)P(G))Conn ~ e BB R 4t finite temperatures, and o(f) is given by Equation (14) with
R replaced by f. Thus, the Nambu-Goto model of the confining string yields the following critical

behavior of the string tension:
o(T) > o4/1-(T/T,) at T> T, (16)

Cf. also the discussion around Equation (21) below.

These inequalities are, however, not respected by the potential V(R) o« R'** with « > 0. In particular, they are not respected
by the harmonic-oscillator potential, which means that this potential cannot describe confinement.

Note, however, that strings can unlikely provide confinement of point particles in the spaces of dimensionality D > 4.
This issue is discussed in more detail at the end of Section 1.5 below.

This operator is also called the Polyakov or the Wilson line.
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30
"= \=o-2 "

is the critical temperature of the deconfinement phase transition. As we see, the model at issue leads to
the deconfinement phase transition owing to the negative sign of the Liischer term, i.e., owing to the
fact that the force exerted by this term on the quark and the antiquark, is attractive.

Notice also the factor of V3 in T, instead of V12, where the latter would correspond to
the naive use of the above expression for 1/R.. The value of this coefficient is determined by
the fact that the confining string is in general described by a two-dimensional conformal field

where

theory, which is characterized by the so-called conformal-anomaly number ¢ (also called the central
charge). In particular, for the bosonic string at issue, one has ¢ = 1. In terms of such a conformal
field theory, the Liischer term, — C(g;}g)” , represents the zero-point energy of the corresponding
two-dimensional system of the spatial extension R, which is subject to the Dirichlet boundary
conditions. Rather, the correlation function (15) yields the zero-point energy of the system which
is confined in a long cylinder of circumference . This zero-point energy reads [52,53] —C(D%T.
Accordingly, while the Liischer term stems from the large-R expansion of the effective string
tension (14), 6(R) = o — %R’z +O(R™*), an analogous large-f expansion of the finite-temperature
string tension has the form o(T) = o — %TZ +O(T).

Notice further that, on the purely theoretical grounds, one cannot exclude the possibility for the
confining string to be described by some fermionic extension of the bosonic Nambu-Goto string theory.
In such a case, massless fermionic modes propagating over the string world sheet, change the central
charge, so that its value becomes 1/4 for the fermionic string and 3/2 for the so-called Neveu-Schwarz
string [54-58]. Since in both cases the central charge remains positive-definite, the Liischer term in
these string theories has the same negative sign as in the Nambu-Goto case, i.e., the presence of
fermionic string modes does not affect the existence of the deconfinement phase transition. This is,
however, no longer the case for the so-called supersymmetric string, for which the central charge is
equal to zero (cf. Ref. [54-58]). Anyway, regardless of these theoretical possibilities, the coefficient of
the Liischer term obtained in the lattice measurements [59] corresponds to the purely bosonic case. We
notice that the accuracy of these lattice measurements is high enough as to safely exclude all possible
fermionic extensions of the Nambu-Goto string from the list of potential candidates of the confining
string in QCD.

The square-root fall-off (16) of (T) at T — T. means that the critical index v characterizing
the corresponding deconfinement phase transition, is equal to 1/2, i.e., the phase transition in the
Nambu-Goto model of the confining string is second-order and of the mean-field universality class.
Clearly, this result does not depend on the number of colors N, which contradicts the so-called
Svetitsky-Yaffe conjecture [60]. According to that conjecture, the deconfinement phase transition in the
D-dimensional SU(N) Yang-Mills theory should be of the same universality class as the deconfinement
phase transition in the (D — 1)-dimensional N-state Potts model. The conjecture is based on the
observation [51] that the deconfinement phase transition in the SU(N) Yang-Mills theory corresponds
to the spontaneous breaking of the center-subgroup symmetry of SU(N). The center subgroup, which

consists of those elements of the group SU(N) that commute with all the elements, is the same discrete
Zn group as the one that characterizes the N-state Potts model. Hence, according to the Svetitsky-Yaffe
conjecture, the deconfinement phase transition in the four-dimensional SU(2) Yang-Mills theory should
be second order, with the universality class of the three-dimensional Ising model, which corresponds to
v = 0.63 (cf. Ref. [61]). For N = 3, one has the so-called weak first-order phase transition, in which case
it is still possible to formally attribute to the critical exponent v the value of 5 = % (cf. Refs. [62,63]).
For N > 3, the phase transition is first order, so that it can no longer be characterized by the critical
exponents. Thus, only for N = 2 is the deconfinement phase transition in the SU(N) Yang-Mills theory
second order. Even in that case, the value of v =~ 0.63 corresponding to the universality class of the
three-dimensional Ising model, exceeds the above-obtained value of v = 1/2, which follows from the
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Nambu-Goto string model and corresponds to the mean-field universality class. One can also compare
these values of v with the value of v = 1, which can be obtained within the deconfinement scenario
based on the condensation of long closed strings [51]. In this scenario, the linear fall-off of o(T) at
T — T, comes out as a mere consequence of the formula ¢(T) = o0 — TTS, since the entropy S of a closed
string is proportional to its length L. Indeed, the entropy S in this case is given by the logarithm of
the number of possibilities to realize on the lattice a closed trajectory of length L. In particular, for
a hypercubic lattice of spacing h, it reads S = % - In(2D — 1). Thus, the free energy of a closed string,
F = oL - TS, vanishes linearly at T — T., where T, is given by the formula T, = %. Since the
value of v = 1 implies the universality class of the two-dimensional Ising model, the corresponding
phase transition cannot take place in the 4D Yang-Mills theory.

The static potential (13) can be identified with the ground-state energy Ey in the representation

of the Wilson-loop average as a partition function of the Nambu-Goto string. That is, one represents
(W(C)) as the following sum over the string states of definite energies: (W(C)) = Y wye EnT.
=0

The contour C here has a rectangular shape, with the temporal extension T being muchnlarger than
the spatial extension R. Furthermore, the “eigenenergies” E,,’s are R-dependent functions, while the
coefficients w,’s are just integers. The canonical quantization of the Nambu-Goto string with fixed
ends yields then the following energy spectrum [64]:

2 D-2 7 D-2 1
E"(R)_GR\/1+ﬁ(n_7)_0R+§(H_T)+O(ﬁ)' (18)

The coefficients w,’s, which account for level multiplicities, read [65-69]: wop = 1, wi = D=2,
wy = %(D —-2)(D+1), etc. In the particular case of D = 3, w, is just the number of partitions of n,
so that [70]

1
W~ o7 V2n73 (19)
" 4/3n

for n > 1. Together with Equation (18), this formula yields the following lower bound for the temporal
extension of the contour C: Ty = ./ 310 We note that, at finite temperatures, where the Euclidean
time becomes periodic with the period S, this expression leads to an upper bound for the temperature:

Tmax = ,BmLm =4/ 3”—" Remarkably, this expression coincides with Equation (17) at D = 3, which was
obtained without recourse to the asymptotic formula (19).

The Nambu-Goto string action (10) is semiclassically equivalent to the so-called Polyakov string
action [48]

ol
Ap =7 f PENTY gan,

where y,;, is an auxiliary metric, and y = dety,;, '°. Owing to this equivalence, one can perform
the string quantization by integrating over x,, which yields the string partition function in the form
of a functional integral over y,;. Furthermore, since the Polyakov action is invariant under the
reparametrizations of the surface, a certain gauge in the group of reparametrizations should be fixed,
which yields an additional integration over the ghost fields. It is convenient to use the so-called
conformal gauge, in which the metric y,; is diagonal, namely y,; = +/ydap- In this gauge, one has

A= f P (0ux,)’, (20)

10" This equivalence can be proved by using the formula 8y = —y - y,p - 5y ??, which yields § Ap = 3z f d*¢ VY 6 yet Tap,
where Typ, = gap — % gcdyCdyab is the energy-momentum tensor. The corresponding classical equation of motion, T,; =0,
defines the stationary point in the functional integral over auxiliary metrics. This equation has a solution y,; = g4, for
which Ap is indeed equal to the Nambu-Goto action (10).
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which represents the theory of a free massless bosonic field x,. Integrating over x,, one arrives at the
so-called Liouville theory:

f Z)x,l e~ = e&fdz‘f[%(aalp)z+pze¢],

where ¢ = 1 Iny and yi* = 322
2
Faddeev-Popov determinant a parametrically similar result, namely e x| ¢ . Combining

these two expressions together, one obtains the sought string partition function in the form [48]

The subsequent integration over the ghosts yields for the corresponding
[3(0a0)?+p%e?]

z- [ Dpe B [Edmor e 2

This result clearly indicates that the conformal anomaly cancels only for D = 26, which means that the
bosonic string can be selfconsistently quantized only in 26 dimensions. The existence of such a unique
critical value for the space-time dimensionality makes the Nambu-Goto model of the bosonic string
radically different from the field-theoretical models of point particles, which can be quantized in the
space-time of any dimensionality where their renormalizability is provided. Accordingly, when used
as a model of the hadronic string, the Nambu-Goto string can at most be treated semiclassically, as it
was done above in the present Section, but not at the fully quantum level.

An attempt to make the Nambu-Goto string quantizable in the physically important case of D = 4
can be based on the observation that the partition function (21) can be equivalently rewritten as

o &2 _26-D [ 250251 1 7 o
szﬂq)e [ 2evT-%ep [ ey iR (-4), VYR

Here, (% is the Green function of the Laplacian A = %Ba \/Yy“bab, R = —e?9%p is the

) &,
conformal-gauge expression for the scalar curvature of the world sheet, and y’ = y(¢’), R" = R(¢’).
Given the semiclassical equality y,, = gap (cf. Footnote 10), one can say that, starting from an extension

of the Nambu-Goto model by the non-local term ! f d*Ed?E" YR (—%) L vy'R’, one can hope to
have the situation with x = ‘19;—27?, which would make such a string model qﬁahtizable at D = 4. Clearly,

the mentioned non-local term can naturally emerge from the integration over some scalar field ®(F)
coupled to the world sheet of the Nambu-Goto string as f d*& ® \/gR[gap]. However, in the Yang-Mills
theory of interest, a possible origin of such a scalar field “living” on the string world sheet, is unknown.

The Polyakov string action suggests a yet another model of the deconfinement phase
transition [72]. It is based on the idea that, due to the compactification of the Euclidean time at finite
temperature, the confining string should also be compactified on the corresponding cylinder of the
radius R = (22 T)~!. Upon such a compactification, the action (20) takes the form Ap = "TRZ [ d*£(8a9),
where ¢ € [0,27). Thus, one arrives at the 2D XY model, which contains vortices that exist in the
molecular phase at low temperatures and in the plasma phase at high temperatures. The two phases
are separated from each other by the Kosterlitz-Thouless phase transition, which takes place at the
temperature T, = % \/g . One can compare this critical temperature with the critical temperature (17)
of the Hagedorn phase transition, which occurs due to the exponentially growing number of string
states of a given mass. As has been noticed in [72], the two critical temperatures become equal to
each other precisely at D = 26. In spite of this remarkable coincidence, such a model based on the
compactified bosonic string, is unlikely to be a realistic model of the deconfinement phase transition in
the 4D Yang-Mills theory. Indeed, the Kosterlitz-Thouless phase transition predicted by this model is
of infinite order (i.e., an arbitrary-order temperature derivative of the free energy is continuous across

11 This term can be viewed as a non-trivial 2D theory of gravity (cf. Footnote 26 below). Once written in the quasi-local form

-K f d2E(Hq In \/7)2, it is sometimes called the Polchinski-Strominger term [71].
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the critical temperature), while the deconfinement phase transition in the Yang-Mills theory is either
first or second order, as discussed above.

Accounting for the thickness of the string, one obtains corrections to the Nambu-Goto action. Of
those, the leading one is the so-called rigidity term, which corresponds to the bending energy of a rigid
stick [73]. Its action has the form

Ana= 5o [ PENG @R, @)

where g = det g, is the determinant of the induced-metric tensor, A = \/Lyo"'a \/ﬁg“hab is the Laplacian
associated with the induced metric, and « is a dimensionless coupling constant. The static potential
stemming from the full string action,

A = Ap + Arid, (23)

recovers Equation (13) in the limit of « — oo, while going over to the strictly linear potential
V(R) = o - (R—R.) in the opposite limit of @ — 0, where the rigidity of the string fully suppresses
its fluctuations [74-76].

Furthermore, the action (23) can be used to determine the scale dependence of the coupling a.
To this end, following the usual renormalization-group procedure, one splits x,,(E ) into a low-energy
part and a high-energy fluctuation, and integrates over such fluctuations in the Gaussian approximation.
This yields for « the following one-loop expression [48]:

a0
alp) = ———, (24)
@ 1—%ln%

where ap = a(A), and p = |p|. Thus, the running coupling a(p) in the theory (23) is asymptotically
free, which makes this theory similar to the two-dimensional O(N) sigma-model. The dimensional
transmutation, which takes place because of the asymptotic freedom, leads to the appearance of a
mass parameter m = Ae~¢’% where A is an ultra-violet cut-off, and ¢ is some positive dimensionless
constant. Accordingly, it is natural to expect that two unit vectors orthogonal to the string world sheet
get correlated at the distances ~ 1, i.e., the correlation length in the theory (23) is as small as 1. This is
the essence of the so-called problem of crumpling of the string world sheet. Had the running coupling
a(p) possessed an infra-red stable fixed point a. such that a. < c, the problem of crumpling at a’s close
to a. would be solved, since the correlation length, estimated as % = % e/ ®, could be exponentially
larger than 1. However, no indications of possible existence of an infra-red stable fixed point for the
rigid-string running coupling have been found [77,78], which forces one to seek alternative solutions
to the problem of crumpling 2.

One such possibility can be based on the so-called string #-term [48], which can be introduced in
the physically relevant case of D = 4, and reads 0n, where

1 ~
n=5e [ PENTIOut) 0E) =

is the number of self-intersections of the string world sheet. In Equation (25), t,,,, = gb (0axy)(Obxy)/ g
is the so-called extrinsic-curvature tensor of the world sheet, and a tilde denotes the dual tensor. Thus,
for the case of 6 = x, the contribution of the #-term to the string partition function, given by the factor
%" becomes equal to (—1)". Accordingly, the sum of contributions to the partition function which
are produced by some two world sheets with nearly the same string actions, but with n’s differing

12 Such a non-trivial infra-red fixed point exists though in the extension of the rigid-string theory by a Wess-Zumino term
o tr(Q71dQ)3, where the elements of matrix Q are pairwise products of tangent and/or normal vectors to the world
sheet [79].
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from each other by 1, vanishes. Thus, the string 8-term at § = 7 can provide a mechanism of mutual
cancellations among contributions to the string partition function which are produced by highly
crumpled world sheets.

Of course, it looks desirable not just to add the rigidity- and the #-term to the Nambu-Goto action,
but to derive them from an underlying confining gauge theory. It turns out that, for a variety of
confining theories, the resulting string action has a non-local form of Equation (9). Furthermore, the
subsequent derivative expansion of this non-local action leads to the appearance of the rigidity term
with a negative coupling o '3. An advantageous feature of the negative sign of the rigidity coupling is
that it allows one to consistently define the correlation length between the unit vectors orthogonal to the
string world sheet. To illustrate this, one represents x,, (£) asasumof a low-energy part, which yields a
surface with a constant induced metric g,5, and a fluctuation yy(f ) about this surface. The correlation
length between the unit vectors orthogonal to the world sheet with the constant induced metric, is
defined then by the infra-red behavior of the correlation function (y,, (g? )y, (0)). To obtain this correlation
function, one can use the conformal gauge, go» = /s, in which the action (22) yields the following
O(y?)-term: 5 [ d*¢ ‘/L?(GZyy)z. Then, owing to the fact that g = const, one obtains from the action (23)
in the case of « < 0 the following correlation function:

eiPE

> = d? S S
Yu(©)yv (0)) = 8y f (2;;2 =%[Ko(m|§|)—ln|£a]-

wgpt—op? 2o

Here m? = |a| \9g0, and 5 has been attributed the dimensionality of [length], so that L = If Imax is the
inverse infra-red cut-off. Using the known behavior of the Macdonald function Ky(x) at x < 1 and
x > 1, one can readily see that the correlation function (y,l(g? )yv(6)> stays finite at |§ | = 0, while the
corresponding correlation length, equal to 1/m, is indeed well defined for @ < 0 !%. An analogy with
the rigid-string running coupling (24) suggests further that |a(p)| in confining gauge theories can also
grow in the infra-red limit. Accordingly, the problem of crumpling of large world sheets in these
theories is likely to persist, necessitating for its solution the above-discussed string #-term, which
should be derived within the same theories. This issue will be addressed in detail in Section 1.5 below.

1.3. SU(N) Georgi-Glashow Model: Area Law and k-String Tensions in 3D

The Yang-Mills theory extended by the Higgs field ®“, which transforms under the adjoint
representation of the gauge group SU(N), is called the Georgi-Glashow model. In the (2+1)-dimensional
Euclidean space-time, classical equations of motion in such a model possess a non-perturbative solution,
called the 't Hooft-Polyakov monopole [83,84]. In the limit of a sufficiently small electric coupling,
monopoles together with antimonopoles form a dilute quantum plasma, which provides the Debye
screening of a test magnetically charged particle immersed into it, along with the generation of
the Debye mass Mp of the dual-photon field [84]. Accordingly, the appearance of a finite vacuum
correlation length 1/Mp leads to confinement. We discuss first the generation of the Debye mass
in the simplest case of the SU(2) 3D Georgi-Glashow model, proceeding further to the quantitative
description of confinement in the general SU(N) case.

The Euclidean action of the SU(2) 3D Georgi-Glashow model has the form

1 1 A
S = fd3x [@( @)+ 5 (D) + 1 ((q>a)2—r72)2], (26)

13 Cf. Refs. [30,80,81].

14 At the same time, one can show [82] that the one-loop contribution to the zero-point energy of the static quark-antiquark pair
is negative for any sign of «. For this reason, the negative sign of « is not associated with the formation of any metastable
quark-antiquark state.
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where the covariant derivative acts on the Higgs field according to the formula D, ®* = 9,®% + £ CAZ(I)C_
The actual reason for which confinement in the model (26) allows for an analytic description is the
fact that it holds in the so-called weak-coupling regime of g <« 1, which will be assumed henceforth.
Clearly, this limit parallels the requirement of having sufficiently large n’s in order to ensure the
spontaneous SU(2)—U(1) symmetry breaking. Expanding then the action (26) around its minimum,
which is provided by the Higgs configuration ¢ = §%35, one obtains the perturbative spectrum of
the resulting U(1)-invariant model. This spectrum consists of a massless photon Af’,, as well as the
vector bosons Wy = (A}, F Ai) / V2 with the masses m = g1, and a scalar particle o = ® — 5 with the
mass M = 1 V2A. While the photon and the o-particle and neutral with respect to the U(1)-group, the
W-bosons are charged with respect to that group, with the corresponding electric charges equal to +1
(in the units of g).

To obtain the 't Hooft-Polyakov monopole solution to the classical equations of motion, one
assumes that the Higgs part of this solution is directed along the 3-rd axis, i.e., ®* = §%3u(r), where
r = |X|. The equations of motion then yield u(0) = 0 and u(r) - n - e;\rh at r — oo. For the off-diagonal
components of the vector-field part of the monopole solution, the equations of motion yield an
exponential fall-off with the distance, namely A}J ~ Ai = O(e™™"). Instead, the diagonal component
Ai of the monopole solution falls off as O(1/r), yielding the long-range Coulomb interactions in the
monopole-antimonopole plasma. Furthermore, the action of a single monopole has the form

So =4 o e(M/m). 27)
g

Here 47 - & is the classical monopole action, while the correcting function ¢ is produced by quantum
fluctuations in the monopole background. This function turns out to be monotonic and very slowly
varying, so that [85,86] ¢(0) = 1, while at M > m one gets numerically a very close value [87] ¢(c0) =~ 1.8.

In general, interactions in the monopole-antimonopole ensemble are mediated not only by the
vector-field part A:Z of the monopole solution but also by the Higgs-field part u(r). In what follows,
however, we will be interested in the limit of M > m, where the interaction mediated by u(r) is
exponentially suppressed with respect to the interaction mediated by A3, so that the action of a
configuration consisting of n monopoles and antimonopoles reads

n

2
aqb
Sn = nSg+ 28 ;l %. (28)

a#b
In Equation (28), q,’s are the monopole charges in the units of the magnetic coupling g,,,. The energy
of a given configuration of monopoles is proportional to the square of the magnetic-field flux they
produce, so that the energy of some k > 1 monopoles of a unit charge is lower than the energy of one
monopole of charge k. For this reason, all monopoles carrying magnetic charges k > 1 dissociate into
monopoles of charge 1. Accordingly, when constructing the grand canonical monopole-antimonopole
partition function, it suffices to perform the summation over monopoles and antimonopoles with
magnetic charges g, = +1, and to disregard all those with |g,| > 1. Hence, the partition function of

such a grand canonical ensemble reads

m7/2 n

oo 3 7
Zoon =1+ %(0{ - e-So)" [ f Pza Y e . (29)
n=1 """

a=1 qa==%1

15 Notice also that the superposition of n (anti-ymonopoles interacting with each other Coulomb-like in the limit of M > m,
whose action is given by Equation (28), can be shown to be an approximate solution to the classical equations of motion, the
corrections to which are suppressed at least as O(e~M/™) [84].
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The dimensionless function a = a(M/m) in this formula stems from quantum fluctuations around the
monopole solution.

To calculate the partition function (29), it is convenient to represent Coulomb interactions between
(anti-)monopoles by means of an auxiliary scalar field y(X) as follows:

2 n
_9m dadp
871 Z

L Za—Zpl
a,b=1 .
e azb — f@){ e—fd3x[%(6u)()2+z)(p],

n

where p(X) = gm X ¢a8(X — Z,) is the density of magnetic charge. This representation readily
a=1

yields an expression for the grand canonical monopole-antimonopole ensemble in the form of a

three-dimensional sine-Gordon model 1
Zo = f Dy e ] (300028 costam )] (30)

Here, we have introduced the monopole fugacity { = « - %/ze‘sf), which has the dimensionality

of (mass)?. Clearly, in the weak-coupling regime of g < 7, this quantity possesses an exponential
smallness. Notice that this smallness takes place regardless of whether M > m or not. Namely, as
was shown in Ref. [88], although the function a(M/m) increases for M < m, this increase is slower
than O(e%).

Expanding the cosine in Equation (30), we obtain from the leading term of this expansion (equal
to unity) the mean density of the monopole-antimonopole plasma. It follows from the standard

L a?—]f?’“, where Q is the 3-dimensional volume occupied by the system, and has

formula pmean =
the form pmean = 2¢. The approximate equality in this expression corresponds to the neglection
of Coulomb-exchange corrections, and the factor of 2 stems from the fact that the mean density of
either monopoles or antimonopoles is equal to {. The second term in the expansion of the cosine
in Equation (30) yields the magnetic Debye mass Mp of the field y, which reads Mp = g /2.
The corresponding Debye radius, 1/Mp, defines the distance at which the Coulomb field of a test
magnetic charge immersed into the monopole-antimonopole plasma, becomes Debye screened by
the random fields produced by monopoles and antimonopoles. Accordingly, the correlation length
in the monopole-antimonopole plasma is also equal to 1/Mp, being therefore exponentially larger
than the mean distance between the constituents of the monopole-antimonopole plasma. Indeed,
the correlation length is of the order of O({ -1/2) ‘while the mean distance between the constituents
-1/3 4

of the plasma is ~ ppay, i-e., it has the order of O({7/3). Notice also that the Debye volume R
D

contains 3‘11\—’;]3 * Pmean ﬁ monopoles and antimonopoles. Owing to the exponential largeness of
this number, fluctuations of individual (anti-)monopoles can be safely disregarded. This fact fully
justifies the adopted mean-field description of the plasma in terms of the field y.

We proceed now to the general case of the SU(N) Georgi-Glashow model. Similarly to the
SU@2)—U(1) symmetry-breaking pattern considered above, the SU(N) symmetry in that model
is spontaneously broken down to the maximal Abelian subgroup [U(1)]¥ ~1 of the group SU(N).
The generators of this so-called Cartan group [U(1)]V~!
diagonal generators of the group SU(N), which form an (N - 1)-dimensional (matrix) vector
H. The remaining off-diagonal generators of SU(N) can be grouped pairwise into certain linear
combinations which, in analogy with the SU(2)-case, are called step (rising and lowering) generators

E.;, wherei=1,..., % 22‘ N The algebra of SU(N)-generators resulting from such a decomposition

are given by the mutually commuting

reads [ﬁ, Eﬂ] =q,,Esi, [Ei E-i] = ﬁiﬁ, where the vectors g, and q_, are called respectively positive

1
16 The path-integral measure D y in Equation (30) is normalized by the condition f Dye 2 Jdx@ux? _ 1.
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and negative root vectors of the group SU(N). Accordingly, one can represent the entire matrix-valued
vector potential AjT* (wherea=1,...,N 2 —1) as a sum of the off-diagonal and the diagonal parts,
AGT = (W; )l E_; + (W#’ )l E; + 1&”];:)1 That is, W-bosons in this decomposition are charged with
respect to the unbroken [U(1)]¥~! symmetry group, whereas “photon” fields A,, are neutral with
respect to this group. Similarly to the case of the SU(2) Georgi-Glashow model, the SU(N)—[U(1)]N~!
symmetry breaking keeps photon fields massless, while giving masses to W-bosons. Due to the
latter fact, W-bosons are unable to mediate long-range interactions in the monopole-antimonopole
plasma. Noticing also that the magnetic charges of monopoles are g,,G;, while the magnetic charges of
antimonopoles are g,,q_,, and using the fact that §_;, = —q,, one obtains the following generalization of
(N2-N)/2

the partition function (30) (cf. Ref. [89]):
ZNn = [ 01 exp{ [ l— ooy 3 cos(ond) } (1)

The Debye mass of the (N — 1)-component “dual-photon” field y can be obtained by using the
(N2-N)/2
formula[90] X q¢"'q} = 5 50™" (where the indices m and n run from 1 to N — 1), which complies
i=1
with the normalization of the root vectors |q,| = 1 Vi. This Debye mass reads

Mp = gm NT. (32)

Furthermore, similarly to the SU(2)-case, one can use the formula pmean = é mglf“él"“ to calculate the

mean density of the monopole-antimonopole plasma. This mean density reads

Pmean = (Nz - N)§, (33)

in agreement with the number of species of monopoles and antimonopoles, equal to N> — N.
4r
3M3,

The exponential largeness of this quantity, which is provided by the

The corresponding number of monopoles and antimonopoles contained in the Debye volume

\/_

factor of $, ensures the validity of the mean-field approximation.

We proceed now to the quantitative description of confinement of the static quark-antiquark
pair in the SU(N) Georgi-Glashow model. To this end, we notice that the charges which the quarks
possess with respect to the maximal Abelian [U(1)]V~! subgroup of SU(N), have the form gji,, where
the (N — 1)-component vectors ﬁa’s are called the weight vectors of the group SUN),and a = 1,...,N.

appears proportional to

By virtue of the relation tr i QH _ Z eiQfia , which holds for an arbitrary (N — 1)-dimensional vector Q,
a=1
one can calculate the contribution produced to the Wilson-loop average by a configuration consisting

of some n > 0 monopoles and/or antimonopoles. To do so, we consider the magnetic-charge density
corresponding to this configuration. It has the form g,,5,(X), where

Pn() = D §,, 8~ Z), (34)
k=1

and Z;’s are the positions of (anti-ymonopoles 7. One can further introduce a strength tensor IELHV)
which violates the Bianchi identities in a way yielding the magnetic-charge density g,,5,(X), namely as

Teu ,10#15(;1) = gmpn(X). Noticing that the strength tensor IELT:,) is produced entirely by monopoles, so

17" Clearly, monopoles correspond to those k’s for which iz > 0, while antimonopoles correspond to k’s with iy < 0.



Universe 2017, 3, 50 16 of 52

that it does not contain any contribution of free “photons”, one can readily write down a solution to the
latter equation: ﬁLnV) (X) = ~Gmeuva 03 f d3y Do(X = ¥) 5 (¥), where Dy(X) = 1/(4z|X]) is the 3D Coulomb
propagator. In analogy with the Stokes’ theorem for the electromagnetic field, one can further write
down the corresponding contribution to the Wilson-loop average:

1 lg - >(n) 1 N
(n) — — (n)
W(C) = tr exp ( : Hfsdcerw) == ;:1 w(0), (35)

where WD(,") (C) = exp (% Lo fs daﬂvl_ﬁ(n) ), and S is some surface bounded by the contour C. Using further

pHv
(n)

v, along with the quantization condition gg,, = 47 18, we can represent

the above expression for F
WO(,")(C ) in the form

WG(,")(C) = exp (iﬁa f dx ﬁnn) ,

where (X, C) = f sdoy &) ay I?<+)7I is the solid angle under which the contour C is seen from the point

X, and do,, = %gﬂv 2doyy 1. We can now prove that WOE") (C) does not depend on a particular choice
of the surface S. To this end, one can consider the ratio of two WUE") (C)’s which are defined at some
two different surfaces, S; and S,, bounded by the same contour C. Using the explicit form of g,,
Equation (34), one obtains for this ratio the following expression:

n

nexp(—iﬁaqik f dq,()?)@ﬁﬁ). (36)

k=1 S1US,

According to the Gauss’ theorem, the integral in this expression can only be non-vanishing (and equal
to —4r) for those points Zi's that lie inside the volume bounded by the surface S; U S,. In order to find
the scalar product /i, q,,, it suffices to notice that

N 1 1
fain = 5 (90~ 7). @)
and that every root vector is a difference of two weight vectors (cf. e.g., Ref. [91]). Therefore, instead of
labelling a root vector g, with the index i, one can label it with a pair of indices « and f as

qaﬁ = ﬁd _ﬁﬁ' (38)

Consequently, as can be seen from Equation (37), the only non-vanishing values of the scalar product
fiaq;, are equal to +1. Therefore, those exponentials in Equation (36) which are not equal to unity for
the trivial reason of having vanishing arguments, are nevertheless still equal to unity as e*2"!. Thus,
we conclude that Wo({") (C) is indeed independent of a particular choice of the surface S.

The summation over the grand canonical ensemble of monopoles and antimonopoles promotes

N
Equation (35) to a complete expression for the Wilson-loop average, W(C) = % > W,(C), where [92]
a=1

18 Here, the factor of 47 stems from the fact that the Georgi-Glashow model allows for the inclusion of fields transforming under

the fundamental representation of the group SU(N). The electric charge acquired by such fields upon the SU(N)—[U(1)]N~1
symmetry-breaking, would be g/2, so that the Dirac quantization condition for this minimal admissible electric charge
becomes g, - § = 2.
In particular, expanding the contour C and then shrinking it so as to form a closed surface surrounding the point X, one
can readily prove through the Gauss’ theorem that the full solid angle corresponding to the above formula reproduces the
expected value of 47.

19
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2 R 5 oy oy
Wa(C) = 2 [ DFDFexp { ~ % [ PxdPy FER)Do( - §)FF)+

} (39)

In this formula, § is a dynamical monopole density, the integration over which in the case of = 0
recovers the grand canonical partition function (31), so that the normalization W, (0) = 1 is respected.
Alternatively, one can express the Wilson-loop average in terms of the magnetic field, whose divergence
yields this dynamical monopole density, i.e., 6,,]3# = p. The corresponding expression reads

3 1. -= (N?-N)/2 > L o
[ dx|ignip+20 % cos(gmd;¥) + ifiapn

i=1

N N N 2 2
Wa(C) = 53— [ DB 6 (4028.81) [ DF exp{fdax[_ B+
. 5 (NZ—N)/Z L . R (40)
ign 70,8, 420 3 cos (gud x)] +4rifi, [ do,B,t,
i=

where we have taken into account that the field E’u obeys the Maxwell equation ¢, Aﬁvﬁ 2 = 0, since
monopoles do not produce any electric fields.

Let us further choose C to be a circular contour located in the (1,2)-plane. Since the monopole
contribution to the Wilson-loop average has been proven independent of a particular choice of the
surface S, we take for S a planar surface bounded by the contour C. We can now proceed to the
saddle-point integrations over the fields ¥ and ﬁﬂ. Clearly, a non-trivial solution to the saddle-point

2

equations exists only for those points X for which ,/x? + xJ is smaller than the radius of the circular

2
contour C. For such points X, the solution to the saddle-point equations is expected to depend only on
the distance to the (1,2)-plane, i.e., it can be sought in the form ]§,, = 5ﬂ3]§(z), X = ¥(z), where z = x3.
This ansatz leads to the following saddle-point equations:

(N2-N)/2

igm ¥+ g5 B = 4rifiz8(z), 1B -20 3 §sin(gmd,¥) =0, (41)
i=1

where * = d/dz. Noticing further the distinguished role played in these equations by the vector
Ha, we seek B and ¥ in the form B(z) = [i,B(z) and ¥ = fiy x(z). Multiplying then the second of the
two saddle-point Equations (41) by ji,, and using Equations (37) and (38), we cast the saddle-point

equations to the form
2i¢’ +¢2,B = 47id(z), B +2i{Nsin$ =0, (42)

where ¢ = g,,, y /2. A solution to this system of equations has the form

8Mp e Mp |21

g2, 1+e2Mplel’

B(z) =i #(z) = 4sgnz - arctan (e*MDM) , (43)
where the Debye mass Mp, is given by Equation (32). In particular, we see that the function ¢(z) jumps
from the value of 7 to the value of —7 when z changes from +0 to —0, while the magnetic field B(z)
exponentially falls off above and below the (1,2)-plane at the distance 1/Mp, which is equal to the
vacuum correlation length. Thus, we explicitly see that the radius of the confining string in the 3D
SU(N) Georgi-Glashow model is equal to the vacuum correlation length in that model.

The value of the string tension ¢ in the fundamental representation can be determined up to an
overall numerical factor, which depends on whether one defines o through B(0) or through the mean

value of the magnetic field that can be obtained by averaging B(z) over the interval —ﬁ <z< %
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Apart from this factor, the string tension reads o o ji%|B(0)], so that its dependence on the parameters
of the model has the form
N-1
oo ——- ﬁ (44)
VN 9m

Notice that this result depends on g as o o« g-e~°"t7/9 where the exponential cannot be expanded in a
Taylor series, since we work in the weak-coupling regime of g < 7. For this reason, the dependence of
o on g appears non-analytic, i.e., the obtained string tension is manifestly non-perturbative. This result
resembles the one for the string tension in the 4D Yang-Mills theory. There, the string tension is
proportional to the square of the only dimensionful parameter of the theory, called the QCD scale
parameter, i.e., o « AéCD. Since Agcp appears as a consequence of the dimensional transmutation,

it depends on the Yang-Mills coupling constant g as e <o"st/ 9", Thus, although the string tension
in both the 3D SU(N) Georgi-Glashow model and the 4D Yang-Mills theory has a non-analytic
coupling-dependence, the origin of this non-analyticity in these two theories is different. Namely, in
the first case the non-analyticity stems from the monopole fugacity ¢, while in the second case it stems
from the dimensional transmutation, which itself is a consequence of the asymptotic freedom that
holds in the Yang-Mills theory.

We proceed now to the calculation of the so-called k-string tensions in the 3D SU(N)
Georgi-Glashow model with N > 3. Here, k = 1,...,N —1 denotes the so-called N-ality of a given
representation of SU(N). It is defined as the modulo-N difference between the number of quark and
antiquark fields which constitute an object transforming under a certain higher representation of
the group SU(N). Accordingly, representations with N-alities k < N/2 and N - k are related to each
other via the complex conjugation, which corresponds to the replacement of quarks by antiquarks
and vice versa, so that confining strings associated with these representations have equal tensions.
The representations relevant for confinement are given by rank-k antisymmetric tensors, while all
other representations are contained in a tensor product of some number of adjoint representations, and
have zero N-ality. These representations are irrelevant for confinement since an N-ality-zero static
object gets screened by gluons, so that its Wilson-loop average exhibits only the perimeter law for
sufficiently large contours. In general, any representation of a non-zero N-ality is contained in a direct
product of a certain rank-k antisymmetric representation and some number of adjoint representations.
Accordingly, for all possible representations of the color source, there exist only N string tensions o’s
which characterize confinement. Of those, o7 is the string tension corresponding to the fundamental
representation, while o5 = 0. The quantity o, can be interpreted as a tension of a k-string, i.e., a
confining string which interconnects k quarks with k antiquarks. As mentioned, the equality ox = on_
takes place, owing to which only [N /2] of all string tensions o¢’s are mutually independent. Thus,
the full information about confinement is encoded in these [N /2] numbers.

Clearly, a k-string can only be stable provided the inequality ox < koj holds. In the large-N limit,
interactions between strings composing a k-string are suppressed, so that oy — ko at N — oo and
a fixed k. In the 2D Yang-Mills theory, where confinement stems just from the one-gluon exchange
between the sources of the gauge field, one has o} « C(k), where C;k) = w
the quadratic Casimir operator of a rank-k antisymmetric representation. For this reason, the ratio 2&
in the 2D Yang-Mills theory obeys exactly the so-called Casimir-scaling formula [93], Z—’; = k(ly__lk) ,ie,
indeed % < k. We demonstrate now that the Casimir scaling of k-string tensions holds also in the 3D
SU(N) Georgi-Glashow model. To this end, we consider a generalization of Equation (40) to the case of
a k-string. Such a generalization is given by the k-th power of Equation (40), and reads

is the eigenvalue of

Wi(©) = Do > Way, o (O). (45)



Universe 2017, 3, 50 19 of 52

Here Wy,,...a, (C) is given by Equation (40) with ji, replaced by the sum My = Z Ha,, in which some

i=1
of the vectors ji,, can be the same. Accordingly, the vector M; substitutes the vector f, in the first
of the two saddle-point equations (41), so that B o« M. For this reason, one gets the area law of the
form Wy,, .« (C) = e‘<l\7[1<)2"/Z with some k-independent string tension ¢’. Clearly, this law holds for
sufficiently large areas X of the planar surface bounded by the contour C. Hence, the nested sum (45)
consists of exponentials of the form 2

2

n

—(fllﬁa1+"'+”pl7ap+_2 ﬁaj) o'

e =1 , where ny+---+n,+n=k. (46)

That is, every group of mutually coinciding weight vectors is characterized by some integer n;, where
i=1,...,p. Instead, all the vectors ji,,'s with j = 1,...,n are mutually different. In Appendix A, we
calculate the square of the sum entering the exponential (46),

P n 2
S= (Zl“ Nifla, + Zl“ﬁaj) , 47)
i= j=

which yields

1L , n (k—n)?+kn
S=3mt Ty 4s)

In order to identify the exponential that yields the dominant contribution to the sum, we should find
p
the value of n and the set {ny, ..., n,} that minimize S. We notice first of all that the sum 3’ n; is a
i=1
P
fixed number for a given n. Therefore, n;’s which minimize the sum n%, should all be equal to each
i=1
other, i.e. n; = k;” Vi=1,...,p. Indeed, let us assume the opposite, namely that for a certain index j,

nj =% p” +a w1th some a # 0. This means that some other index [ exists, such that n; = k’%” —a. Then
P
Z =k p") + 242, which is larger than the value (k p") of this sum in the case where all n;’s are equal

i=1
to each other.
Furthermore, the number of possibilities to represent the integer (k — n) as a sum of p equal

(k=n)?

P
integers varies from 2 to (k —n),i.e., 2 < p < (k—n). Therefore, the value of the sum Y, n? = >

i=1

varies from (k — n) to ¢ , so that

Smin = + == = = N

k-=n n (k-n)?+kn 1k_n2—kn+k2
2 2 2N 2 '

The maximum of the function Sy, (n) is achieved at n = %, while its minimum is achieved at n = k, and

reads % KN - )
S (k) = — 7
mln( ) 2N
Hence, the minimum of Spin, and therefore of S, is achieved in the case where all k weight vectors in

Equation (46) are mutually different [94,95]. For this value of n, the exponential reads e~ I

We can further calculate the number of occurrences of the term (46) in the nested sum (45). To this
end, we notice that CZ1 = m possibilities exist to choose out of k weight vectors n; coinciding

o))

20 The corresponding pre-exponentials are also calculated below.
21 The value of Spin (1) is larger than that of Spin (k), namely Spin(1) = Smin (k) + ’; Nl
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ones, whose index can acquire any value from 1 to N. Once these vectors are chosen and their index
is fixed, C,'f_ n possibilities exist to choose out of the remaining (k — n1) vectors ny coinciding ones,

whose index can acquire any of the remaining (N — 1) values, and so on. At the last step, C

k ny=—--=np_q
possibilities exist to choose n, vectors, and their index can acquire any of the remaining (N — (p 1))
values. After that, k —ny —---—n, = n mutually different weight vectors remain. The number of

possibilities to choose one of them is equal to n, and the index of that vector can acquire any of the
remaining (N — p) values. Once this vector is chosen and its index is fixed, (n — 1) possibilities exist
to choose the next vector, whose index can acquire one of (N —p — 1) possible values. Finally, the last
vector out of this group of n mutually different vectors can acquire (N — p — (n — 1)) values. Altogether,
we obtain for the sought number of occurrences the following expression:

CZlN*CZZ_nl(N—l) = CP (N-p+1)=

k—nij—-—ny_q
BN =p) % (n=1)(N=p=1) %« I(N=p—n+1).

Explicitly, this product reads

k! (k —nq)! (k=ny—---—np1)! N! .
ni!(k—n1)! nyl(k —ni—ny)! npl(k—ny—---—mnp)! (N—-p-n)!
k!N!

m!---ny! (N=p—n)l’

In the above-discussed case of n = k, this expression takes the form ¢ AINL AL' r. In the particular case of

k ~ N, this ”entropy factor” grows as strongly as O(k!), so that the Stirling’s formula yields for the full
exponential: ef!nk- R o' . Consequently, for a given N > 1, the area X should be at least as large as

> O(lr;—],‘]) in order to ensure the stability of k strings even for k ~ N.

Hence, we restrict ourselves to 1\7Ik's consisting of mutually different vectors ji,,’s, and replace ji,
by My in the saddle-point equations (41). Setting further B= 1\7[kB(z) and y = Mg x(z), we see that the
first of equations (41) takes the same form as in the case of the fundamental representation. To simplify
the second saddle-point equation, we represent positive root vectors entering that equation by using
the relation (38). This yields

D Mi(fie — fig) - sin[gm M (jio = fig) ] = chB (49)
p<a

where the square of the vector My consisting of mutually different weight vectors fi,,’s reads

-2  k(N-k)

Using further the @ & f symmetry of the expression standing under the sum in Equation (49), we can
rewrite the left-hand side of Equation (49) as

5.

a=1

Mz

Mijia [$i0(gmMejia x) cOS(gmMifip ) = COS(gmMejia x) sin(gmMyjis )] -
1

=
1l

We should now calculate the four sums in this expression. Starting with the first one,
N -
> My jiq sin(gmMgfiq x), we notice that this sum contains k terms for which ji, coincides with some

a=1
of the k weight Vectors entering M. Using Equation (37), we have in the case of every such term:
Mkya = —(k-1)5~ N = 2N For the remaining N — k terms in the sum, the vector i, does not
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coincide with any of the weight vectors entering My, so that in the case of every such term we have:
My jiy = —%. Altogether, the sum reads

21 Mkpa sm(gka,ua)() k- N k sin (gm AZIN )() 51)
(N-k)- 2N sin (ngN)() Cr - [sm (gmm)() + sin (gmﬁ)()] .
In the same way, we obtain for the three other sums the following expressions:
icos( My ji ) =k-cos N-k + (N —k) - cos L (52)
~ ImMEHpX) = 9Im N X ngNX ’
N
N-k k
; kela COS gkaya)() [cos (gmw)() cos (gm N )()] , (53)
isin( Myjigy) = k - sin N-k —(N—k)-sin k (54)
ImMEHBX) = Im ON X ngN

p=1

We notice that each of the sums (51)—-(54) is invariant under the interchange of quarks and antiquarks
that are confined by the k-string, which corresponds to the replacement k < (N — k). Bringing these
sums together, we find that the left-hand side of Equation (49) is equal to CtNsin £2%, so that
Equation (49) coincides with the second of Equations (42). Accordingly, the saddle-point fields
B(z) and ¢(z) are given by Equation (43), so that the resulting string tension & o« |B(0)| is manifestly
k-independent. This yields Wi (C) =~ e‘%f’z, and therefore Z—’l‘ = k(Iy:lk), i.e., the Casimir-scaling
ratio. Thus, for the case of a flat contour C, we have demonstrated Casimir scaling in the 3D SU(N)
Georgi-Glashow model.

Nevertheless, in the 4D SU(N) Yang-Mills theory with N = 4 and N = 6, lattice data [59,96,97] on
the 2 ~-ratio show that corrections to the Casnmr scaling are of the order of 10%, while corrections to
the so- called Sine scaling [98-101], Z = Slr; %, amount to only a few percent. The Sine-scaling ratio has
been found analytically in supersymmetnc gauge theories [98], as well as through a possible duality
between such gauge theories and string theories [99-102], but not in the 4D Yang-Mills theory itself.

The principal difference of the Sine scaling from the Casimir scaling is reflected in the N-dependence

of the leading correction to the large-N limit Z* — k. Namely, for the Sine scaling, this correction

2 k(1-k2 k(1-k
reads 7 % ( N ), thereby

behaving with N as O(%). Physicswise, this correction yields the strength of pairwise attractive
interactions between the k strings that constitute a k-string. This is the reason as to why the parametric
N-dependence of such a leading correction to the large-N limit of the k-string tension is important.
However, the current level of accuracy of lattice simulations does not allow one to unambiguously
decide in favor of either the O(%)- or the O(%)-behavior of this correction. On the theory side
too, there is no reason to expect either the Sine or the Casimir scaling to be an exact result in the
4D non-supersymmetric Yang-Mills theory. Yet, as has been shown in Ref. [95], the Casimir scaling
takes place as the leading result in the realistic 4D [U(1)]¥~!-invariant dual Abelian Higgs model
of confinement.

, being therefore O(#), while in the case of the Casimir scaling it reads

1.4. Confining Strings in the 3D [U(1)]N~'-Invariant Compact QED

As we have seen at the example of the 3D SU(N) Georgi-Glashow model, if the SU(N) gauge
symmetry is spontaneously broken down to the [U(1)]N~! symmetry, the resulting group [U(1)]V!
appears compact, thereby allowing for the existence of magnetic monopoles. The corresponding
gauge theory with the compact group [U(1)]¥~! can be naturally called a [U(1)]V~!-invariant compact
QED. In addition to magnetic monopoles, it also contains an (N — 1)-component free-photon field A,l.
Similarly to the U(1)-invariant compact QED [84,103], the monopole and the photon contributions
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to the vacuum expectation value of any gauge-invariant operator in the [U(1)]N~!-invariant compact
QED get factorized. This fact makes compact QED for any N > 1 similar to the 2D XY model, since
disorder in both these theories is produced by topological defects, which are monopoles in the first
case and vortices in the second case. On the contrary, free photons in compact QED cannot produce the
degree of disorder sufficient for confinement of external electrically charged particles, yielding for the
corresponding Wilson-loop average only the perimeter, rather than the area, law. The counterpart of
free photons in the 2D XY model is the spin waves, which can only produce disorder in the spin-spin
correlation functions at short distances.

One should, however, mention the following difference between the 2D XY model and the
3D compact QED. In the 2D XY model, free vortices and antivortices exist only at temperatures
higher than a certain critical one, whereas below that temperature vortices form bound states with
antivortices [104-106]. In other words, vortices and antivortices in the 2D XY model exist in a
plasma phase (i.e., the system is disordered) only at sufficiently high temperatures, whereas at low
temperatures they exist in a molecular phase. Instead, in the zero-temperature 3D compact QED, where
the strength of the monopole-antimonopole Coulomb interaction is defined by the coupling constant
gm, monopoles and antimonopoles exist in the plasma phase for all values of g,,. This is, however, no
longer the case in the 4D compact QED [103], where monopoles are not point-like objects as in 3D, but
are closed loops. The action of such a monopole loop of length L is proportional to %, while its entropy
also increases linearly with L. Consequently, monopole loops can only condense provided g is larger
than a certain critical value, whereas for small g’s only small-length monopole loops survive, so that the
degree of disorder produced by such loops is not sufficient to provide confinement of external electric
charges. Thus, in the 4D compact QED, confinement takes place only in the strong-coupling regime.

Let us now consider the Wilson-loop average (40) defined at some contour C, which is not
necessarily flat, and whose mean size, which can be estimated as V>min, is much larger than the
vacuum correlation length 1/Mp. It turns out that monopoles and free photons can be described in a
unified way, namely through one and the same antisymmetric tensor field ﬁpv related to the magnetic
field ﬁy as ﬁy = ZnggﬂV Aﬁv 2. The coefficient on the right-hand side of this relation has been chosen
in such a way as to reproduce the Coulomb interaction of monopole densities from Equation (39).
Namely, the following equalities hold:

]_ -2 gz -2 92 RN - -\ 2/
Zfdsxhl” = Tmfd3xBy = 7’" dxd®y R)Do (X - §)F(Y).

Furthermore, free photons can be taken into account in the functional integral (40) by relaxing the
constraint imposed through the functional §-function ¢ (e,,v 10,B ;L). Indeed, in terms of the field h,,

this constraint reads 6yﬁw = 0, which corresponds to the absence of the free photons A# in the
following general formula for an antisymmetric rank-2 tensor:

Ny = 8, — 8,8, + 6,20, 6. (55)

Relaxing the said constraint, we arrive at the following expression for the Wilson-loop average (40) in
terms of the antisymmetric tensor field h,,:

We = > fi)ﬁpvfﬂ)_(’exp{fd3x[—%ﬁiv+

. ~ (N?-N)/2 L
é)(gyvla,uhv)l + 2§ '21 Ccos (gmql)()
i=

(56)

+ %gﬁa fs daﬂvhyv}.

Since the exponential in Equation (56) does not contain a kinetic term of the field y, it is legitimate to
perform the functional integration over this field in the saddle-point approximation. The corresponding
saddle-point equation can be readily solved by using the ansatz hy, = jizh,. Solving the saddle-point
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. - (N?-N)/2
equation, we arrive at the replacement of f dx[5¥ewaduhya+20 Y, cos (gmqi )?)] in Equation (56)
i=1

by —V[h,,], where V[h,,] is the following multi-valued potential of the antisymmetric tensor field h,,:
VR = 2N - 1)¢ f dPx [Ha arcsinh H, — +/1 +H§,] , (57)

and .
- Ha

= SguN 17
As was first noticed in Ref. [107] for the case of 3D compact QED, corresponding to N = 2,
the summation over branches of the potential V can provide the sought mechanism of the summation
over string world sheets in Equation (8). Furthermore, owing to the relation ¢, Aa”ﬁv 2 = 29mp,
the potential V can be viewed as a potential of monopole densities 5’s. By means of the Cauchy-Schwarz
inequality, we obtain from Equation (58):

£uva0,hy 1. (58)

by < A 1p

T(N-1){ J2N(N-D ¢

Noticing then that the mean density pmean Of the monopole-antimonopole plasma is given by
Equation (33), we see that the weak-field limit, |H,| < 1, corresponds to monopole densities whose
absolute values |p|’s are smaller than pmean by a factor of O(N) in the large-N limit. Thus, the weak-field
limit corresponds to low monopole densities (cf. Ref. [108]). In this limit, the integrand in Equation (57)
becomes a quadratic function of H,, and the summation over branches of the potential (57) gets lost.
For this reason, the Wilson-loop average in the weak-field limit acquires an explicit S-dependence, and

takes the form

1 > 1 =2 1-2 ig >
We = — f@hwexp [_deX(WHﬂM"'Z ﬂv>+§yaﬁdayvhﬂv]. (59)
D

mon

R

Here IjII,V 1= @HV a1+ 6,1ﬁl,v + 6vﬁ 24 1s the strength tensor of the antisymmetric-tensor field ﬁ,,v, and
the Debye mass Mp of the dual photon is given by Equation (32). The Gaussian integration over
the field ﬁuw whose details are presented in Appendix B, yields for the Wilson-loop average the
following expression:

- \2 M2
W ~ exp | - 9Ha) —Dfdaﬂv(i)fdayv(ywrsg dx,,ggdy,,
2 2 S S C C

where Dy (X) = e MKl /(47|X|) is the Yukawa propagator. Note that, in the formal limit of Mp — 0,
where monopoles are suppressed, Equation (60) recovers the standard expression for the Wilson-loop
average in the non-compact [U(1)]N"!-invariant QED, which is provided just by the free photons,

D, (X — ?)} , (60)

and reads 2> WY hot _ exp [—@ 56(: dx, ﬁc dy,Do(X — 57)] In the general case of a non-vanishing Mp,

where monopoles are present in addition to the free photons, the ﬁﬂv-ﬁeld can be represented in
the form (55), which leads to the factorization of the photon and the monopole contributions to
the Wilson-loop average. Namely, one has W, = W} hOtW;f“’“, which can serve as a definition of the
monopole contribution W;"°". The obtained factorization of the Wilson-loop average illustrates the

22 This result can be seen directly from Equation (59), where, in the limit of Mp — 0, the dominant contribution to the

}_{Hv-integral is produced by the fields for which H uva = 0. Such fields can be represented as I_{,,V = c’)ugv - 6‘,1;“, which is
nothing but the strength tensor of the free-photon field.
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general principle mentioned at the beginning of this Section, which states that the photon and the
monopole contributions to the vacuum expectation value of any gauge-invariant operator in compact
QED get factorized. It is remarkable that the photon contribution gets eventually cancelled by the
massless part of the monopole contribution. As a consequence, both the surface-surface and the
contour-contour interactions in the resulting Equation (60) are mediated entirely by the massive
dual photon.

Equation (60) yields a non-local string action

_)CIM 2 > - > =
= G0l fs doy () fs 4oy (7)Daiy (% = §), (61)

which has the form of Equation (9). As has been mentioned at the end of Section 1.2, the two leading
terms in the derivative expansion of this action are the Nambu-Goto term and the rigidity term with a
negative coupling. If the surface S in Equation (60) is the minimal surface for a given contour C, e.g.,
a flat surface in the case of a flat contour, then only the Nambu-Goto term survives in the derivative
expansion of the non-local action, while the rigidity and all the higher-derivative terms vanish. In
particular, for the rigidity term, this can be seen directly from the corresponding expression (22) by
noticing that the minimal surface is defined through the 2D Laplace equation ?* Ax,, = 0.

Let us first consider the Nambu-Goto term, which yields the string tension. As follows from
Equation (60), in the weak-field limit at issue, one readily obtains Casimir scaling of k-string tensions
even for a non-flat surface S [94]. Indeed, the corresponding Wilson-loop average is given by
Equation (45), where the expression for Wy, .. 4, (C) follows from Equation (60) upon the replacement

s k
of jiy by the sum My = 3 fi,,. As has been shown in Section 1.3, the dominant contribution to the
i=1

sum (45) stems from those terms where 1\7[k consists of mutually different vectors ji,,’s. Then, owing to
Equation (50) for the square of such vectors M’s, we obtain Casimir scaling of k-string tensions.
One can further perform the derivative expansion of the non-local string action (61) defined
at some non-minimal surface S. As a result, one obtains the values of the string tension and of the
rigidity-term coupling. Instead of the action (61), one can consider a general action of this type, namely

e 2
Age[S] = fs doy (x) fs do,,v(x/)@[(x Ax ) ] (62)

where the vector x,(¢) parameterizing the surface S, can correspond to the Euclidean space-time of
any dimension. The function D(x), which has the dimensionality of [mass]*, falls off as O(e™*1/%)
at [x| 2 A, where 1 is the vacuum correlation length in a given confining gauge theory. Since the
derivatives with respect to the world-sheet coordinates have the order of O(1/ VEmin), the derivative

expansion converges provided
A < V2Zmin- (63)

Physicswise, this inequality means that confinement in a certain gauge theory takes place and allows
for an effective string description provided confined particles are separated from each other by the
distances which are larger than the vacuum correlation length in that theory. More specifically, it turns
out that the terms of the derivative expansion are proportional to the even-order integral moments
f d?z |Z|?" D(z?) of the function D, so that the actual parameter of the expansion is A2/ 3 min.

The details of the derivative expansion can be found in Ref. [30]. An important relation used in the
course of this derivation is the so-called Gauss-Weingarten formula D,Djx,, = K; b”L for the covariant

23 Note that this equation is actually highly non-linear, since the metric g, entering the Laplacian A = % a NG9t oy, is

induced by the same vector-function x#(g), i.e., gab = Oaxy - Opxy.
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derivative DyDpxy = DaOpxy = 0,0px, — I, 0cxy. This formula allows one to replace the products of
ordinary derivatives 0,0px, by the products of covariant derivatives D,Dpx,. In the above relations,
IY isa Christoffel symbol defined with respect to the induced metric g, nﬁ,’s are the unit normals to
the world sheet, which are labeled by the indexi=1,...,D -2, and K;b is the second fundamental
form of the world sheet. The normals n;l’s obey the condition n, - 0ax, = 0, which yields the following
orthogonality relation: D,Dyx,, - d.x, = 0. In particular, by virtue of this relation, one can prove a
complete mutual cancellation of the O(A*)-terms proportional to f d?£(d,In \@)2, in A [S] 24 At the
final step of the calculation, one converts the so-emerging products of the covariant derivatives %>,

D,Dyxy, into the products of the second fundamental form, by using, e.g., the formula
(g“bg”d + gadgbC + gacgbd)Danx# *D¢Dgx, = C’a(ﬁaéax”)2 + Z(Kfszi’“b - Ké“KZb),

which can be proved through the orthonormality relation nj, n{, = 8. One can further make use of the
relation K!, K"%" — KL9K!" = —R, where R is the scalar curvature of the world sheet. In the conformal

2 o N
gauge, it has the form R = — 2 l}g‘@, so that /g(K} K hab _giag ;jb ) yields a full derivative, which does

not contribute to the string action 2. Altogether, up to the irrelevant full derivatives, one obtains the
following result for the two leading terms of the derivative expansion of the non-local string action:

1
Ase[S] = o f d2§\/§+§ f d*E g (Ax,)?, (64)
where
2 [ 22 1 A 222 o2
oc=2\ d°zD(z") and Py d°zz"D(Z (65)

are the string tension and the rigidity-term coupling, respectively. In particular, we see that @ comes
out negative, as was mentioned at the end of Section 1.2. Among the terms that have been omitted
in Equation (64), the leading ones have the coefficients proportional to the next even-order integral
moment of the function D, i.e., these coefficients have the order of A% [ d°z |Z|* DF).

As follows from Equations (61) and (62), one has D = MDMD for the case of the 3D
[UM)]N--invariant compact QED under discussion. Equations (65) with this function D yield [92]

N-1 V¢ o 1_ 2 N-1 1
VN m « 4 N g

The obtained expression for o provides a particular value of the overall numerical coefficient in

o=2r%"

Equation (44), which applies to the limiting case where the monopole density |g]| is much smaller than
the mean density (33). On the other hand, the above-obtained expression for ¢ has an advantage over
Equation (44) of being applicable to an arbitrarily shaped, and not only flat, surface S.

24 This means that the non-local term f d?£d? e VIR (—%) £e \/? R’ discussed in Section 1.2, does not appear in the course of

the curvature expansion, i.e., this expansion does not provide the possibility to cancel the conformal anomaly for some
value of D other than 26.

These products are only non-trivial for a # b, since T2, = 0.

Note that this is precisely the reason why the Einstein equations (in vacuum) are identically satisfied in the 2D case, i.e.,
General Relativity is trivial in 2D. In particular, according to the so-called Gauss-Bonnet theorem, the Einstein-Hilbert action
in 2D reads f d’¢ VG R =4y, where y is the Euler characteristic of the world sheet. And the other way around, one can
say that General Relativity in vacuum, as described by the 4D Einstein-Hilbert action, is nothing but a generalization of the
Euler characteristic to the 4D case, with the replacement of the induced metric g, = daxy - 9px, by a certain 4D metric

gyv(x)~

25
26
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1.5. Self-Intersections of the Confining-String World Sheet Due to the ©-term

In this Section, we will consider an example of a confining gauge theory, where the derivative
expansion of the resulting non-local string action yields a string 6-term proportional to the number of
string self-intersections (25). Namely, the string f-term turns out to appear in the 4D [U(1)]V~!
compact QED extended by the field-theoretical ©-term. The derivative expansion of the non-local
string action yields then the string coupling 6 expressed through the vacuum angle ©. As a result,
©’s corresponding to the critical value of 6§ = 7, which was discussed beneath Equation (25), will be
expressed in terms of the gauge coupling g and the number of colors N.

Prior to the start of this analysis, let us discuss similar topological phenomena which take place
in the lower-dimensional spaces. In 2D, the world-line representation for the propagator of a free
fermion yields the number of self-intersections of fermionic trajectories. It stems from the fermion’s
spin factor, which is proportional to the commutator of y-matrices. In 2D, this commutator yields the
totally antisymmetric tensor ¢,,. If one parameterizes the trajectory through a vector-function x,(r),
where the parameter 7 has the dimensionality of length, then the number of self-intersections of the

-invariant

trajectory is given by the formula 5~ fOL dr e,y %, %,, where L is the length of the trajectory and the
dot stands for <. This number increases by 1 every time the trajectory winds counterclockwise,
and decreases by 1 every time the trajectory winds clockwise. Furthermore, one can show that the
number of self-intersections enters the world-line representation of the fermionic propagator with
the coefficient equal to & (cf. Refs. [48,109]). Consequently, contributions to the world-line integral
representing the fermionic propagator, which are produced by some two trajectories whose lengths
are nearly the same but the numbers of self-intersections differ from each other by 1, cancel each other.
For this reason, fermionic trajectories in 2D are much smoother than bosonic trajectories. Quantitatively,
their Hausdorff dimension is equal to 1, i.e., the length of a fermionic trajectory grows linearly with
the distance between its end-points, whereas the Hausdorff dimension of bosonic trajectories is equal
to 2, i.e., the length of a bosonic trajectory grows as a square of the distance between the end-points.
Note that, for a bosonic trajectory to lower its Hausdorff dimension to 1, the world-line action of the
corresponding random walk should contain an additional term proportional to the absolute value of
the curvature of the trajectory. In the presence of such a term, bending of a trajectory costs additional
energy, whose amount is precisely such as to make the bosonic trajectories as smooth as the fermionic
ones [109].

Coming closer to the 4D gauge theories with the ©-term, let us consider next the 3D Maxwell
theory extended by the Chern-Simons term [110] i®¢,, 1A, d,A,. In this theory, the Wilson-loop average
has the form

L2 +i08,,1 Ap By Ar—iALjy)

W(C)) = f DA, e hlizh . (66)

here, the electric coupling g has the dimensionality of (mass)!/2, while the parameter © is dimensionless,
and we use the notation fx for f d®x. Furthermore, j,(X) = ju (X,C) = SEc dx,(7) §(X — X(1)) is a
conserved current, and F,,, = d,A, — d,A,, is the electromagnetic field-strength tensor. Performing the
A,-integration in Equation (66), one arrives at the following expression (for details, see Appendix C):

(W(C)) = exp {% Sy [P RDmE = 9)ju(F) + 55 Euradu (X2 ()33 [Do(X = §) = D (% = )] } : (67)

Equation (67) yields a self-linkage of the contour C, as well as a short-range self-interaction of this
contour through the Yukawa propagator D,,(X — ¥). By virtue of the expression for the Gauss’ linking
number of two contours, C and C’, which has the form

£C,C) = e f ju%,C)u(5,C) 3Do(% - §),
x,y



Universe 2017, 3, 50 27 of 52

we can represent the self-linkage term in Equation (67) as
i
D -—L .
g6 | IENEIDIE5) = -5 1€,

Thus, if the contour C of the Wilson loop is knotted k times, one gets a non-trivial phase factor of the
Wilson-loop average provided © # gkn, where n is some other integer #. Indeed, if this condition
is not fulfilled, we have —{5L(C,C) = —2ni, and the resulting phase factor becomes trivial, namely

e 27" = 1. In general, it is a remarkable feature of the Chern-Simons term in the 3D Maxwell theory
that it yields for the Wilson-loop average a phase factor which contains the number of self-linkings of
the contour.

Let us now proceed to the 4D [U(1)]N"!-invariant compact QED. As has been discussed at the
beginning of Section 1.4, the 4D compact QED provides confinement of external electrically charged
particles only if the values of the electric coupling g are larger than a certain critical value. The reason
for this fact is that only in such a strong-coupling regime can monopole loops become long enough as to
create in the system the degree of disorder sufficient for confinement. Because of the Dirac quantization
condition, the magnetic coupling g, is small in this regime, so that the Coulomb interaction between
monopole loops is weak. Thus, one has an ensemble of long monopole loops, which nevertheless
interact with each other only weakly. Furthermore, unlike the 3D case, the dual photon in 4D is no
longer a Lorentz scalar, but a Lorentz vector y,. Similar to Equation (34), one can consider a collective
current corresponding to n > 0 monopole and/or antimonopole loops, which has the form

i) = gm Z G,  deh06:-x ).

In this expression, we have parameterized k-th monopole loop by the vector x’lj (r) = yl’j + zl’j (7), with
= f01 dr xl’j(r) describing the position of the loop, and z’lj(r) describing its shape. In Ehe presence of
the ©-term, the action describing the n-monopole configuration and the free photons A ,, reads

- > 1 An) +«(n)
i, A = 5 [ dxatyi) wonote - )+

1 =2 i©g? 5 5
e 2 o) i)

Here the field-strength tensor P)an), which describes the n-monopole configuration, violates the Bianchi

identities in such a way as to yield the current ]Tfln), namely 6,,132"3 = f(vn). Owing to this relation,
the ©-term can be rewritten up to a full derivative as

_log [t (B B (B + B2 - f R0,
3272 8 82

The partition function of the system can be obtained through the summation over the grand canonical
ensemble of monopoles and antimonopoles, along with the integration over the free photons. The result
can be represented in the form [111]

(N2-N)/2 317 -
B dx20 3 Gl ) iz
7= f DR, Dy, s f D e 5 eos(B )] 68)

27 Clearly, the same result holds also for the correlation function of two Wilson loops, whose contours are linked with each
other k times.
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Here | y,| denotes the absolute value only with respect to the space-time (but not color) indices, i.e.
|xul = ( NI Xy -1 x ‘1). Furthermore, the dynamical monopole currents ]?y’s represent a 4D

generalization of the 3D dynamical monopole densities p’s, which were introduced in Equation (39).
Next, A is an ultra-violet cut-off, which unavoidably appears in the course of the summation over the
grand canonical ensemble of monopole loops in 4D, and ¢ is the monopole fugacity of dimensionality
(mass)*. Clearly, in the absence of the ©-term, the integration over j,'s in Equation (68) recovers
the standard kinetic term of the dual-photon field y,. In the presence of the ©-term, due to the
emerging coupling of jl to A,,, this is no longer the case. In general, instead of integrating over j:l’s,

one can perform in Equation (68) a saddle-point integration over y,, which yields for the currents ]?ﬂ’s
a potential of the type (57).

We consider further the Wilson-loop average corresponding to a test particle which transforms
under the fundamental representation of the group SU(N). Introducing, instead of ]?ﬂ, an

antisymmetric-tensor field f\ﬂv according to the relation Bﬂﬁw = fv, we have
W, = 1 Dh Sth, uV] iTgﬁa fc d”uvﬁﬂv 69
a = Z g e h . ( )

In this expression, the action of the antisymmetric-tensor field has the form

> 12  i0g%> 3 S
Sthyw] = fd4x (Zh,uv - ﬁhuvh#\/) +Vhy], (70)

where the potential V[h,,] is given by Equation (57) with 28 H,, = ﬁ ﬁ,,,|6,,ﬁ,,v

and [ d®x replaced
by [ d*x. The mass acquired by the dual-photon field is equal to the mass of the antisymmetric-tensor
field following from Equation (70), and reads

2
n > , (©g
M= — _7
4r gm+(27r)'

where 5 = @ As one can see from this expression, the dual-photon field acquires in addition to the
magnetic charge g, also the electric charge ?—g, i.e., due to the ©-term, it becomes a dyon.

In the weak-field limit of |H,| < 1, where the absolute value is now defined with respect to the
color index, Equation (69) takes the form

-2 1 -2 9 - >3 i =
f@hpv exp |: f (12’7 H,uv)k + @hﬂv - Wh‘uvh‘uv) + Ell(x Ldﬁuvhyv] s

which generalizes Equation (59) to the 4D case with the ©-term. The ﬁ,,v-integration in this expression
is similar to the one in the absence of the ©-term. Referring the reader for the details of this integration
to Ref. [111], we present here the resulting formula for the Wilson-loop average. It reads

W, = exp {__ [ [ doy (%) [ doy (y) +

l@ (71)
5oz Js doun(x) [ dGus () + 6% . dxy §. dyu]DM X - y)}

where Dy(x) = MK; (M|x|)/ (47%|x]) is the 4D Yukawa propagator with K; standing for the Macdonald
function. Clearly, Equation (71) represents a generalization of Equation (60) to the 4D case with

28 In the following formula, the absolute value is again defined only with respect to the space-time indices, not the color ones.
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the ©-term. Furthermore, the interaction of two world-sheet elements corresponding to the term
o i@ f s doyy(x) f s 46,y (y) Dy (x — y) in Equation (71), allows for a derivative expansion in a way similar
to the one described in Section 1.4. Since doy,, (x)d&,,(x) = 0, the first term of this expansion, which
could be analogous to the Nambu-Goto action, vanishes. The second term of the expansion has
the same order in the derivatives as the rigidity term. It can be written as 6n, where n is given by
Equation (25) and represents the number of self-intersections of the string world sheet, while § can be
calculated through the first even-order integral moment of the Yukawa propagator, similarly to the
coupling 1/« from Equation (65). The so-obtained 6, much as the coupling «, comes out dimensionless
and therefore independent of the cut-off A. It has the form

OWha)®
e+ (2)]

Solving the equation § = r with respect to ©, we obtain the following critical values of the latter:

2
| 5 167
O: =7 |He £ lla—(g—z) : (72)
Note that these values of © are expressed entirely in terms of g and N. Recalling that 72 = 3=!, we find

the lower bound gnin =4 %’—f\l], starting from which the values ©. become accessible. The existence

of such a lower bound for the electric coupling parallels the above-discussed strong-coupling regime,
which is a necessary requirement for confinement in the 4D compact QED. In the particular case
of an extreme strong-coupling limit imposed by the inequality g > gmin, only the critical value
@, = rji% remains relevant, while ©_ vanishes, becoming thereby an unphysical solution. In the
general case, once O is equal either to O, or O_ given by Equation (72), the statistical weight of
an n-times self-intersecting world sheet in the functional sum (8) acquires an additional factor of
(=1)". Thus, the possibility of obtaining the string 0-term from the confining gauge theory with a
non-vanishing vacuum angle ©, demonstrates that the presence of the vacuum angle can serve as a
possible mechanism for the solution of the problem of crumpling of string world sheets.

As we have discussed, the 4D compact QED, as well as its [U(1)]¥ ~Linvariant generalization,
possesses confinement only in the strong-coupling regime. A natural question which therefore can
be posed, is whether an Abelian gauge theory possessing confinement for all values of the coupling,
can be constructed in 4D. By analogy with the 3D compact QED, one can argue [48] that such a theory
should allow for the existence of the plasma of magnetically-charged objects, which are point-like
but nevertheless possess a finite action. In the continuum limit, the grand canonical ensemble of
such objects is described by a 4D sine-Gordon theory of a scalar “dual-photon” field ¢. According to
the duality relation, ¢,,,,0,¢ = 0,h,,, the field dual to a scalar in 4D is an antisymmetric tensor.
Therefore, such a theory can be viewed as an analogue of compact QED, where the role of the photon
field A, is played by an antisymmetric-tensor field h,,. Much as in compact QED, where the full
field-strength tensor is given by the sum of the free-photon and the monopole field strengths, in the
theory at issue the full strength tensor of the antisymmetric-tensor field is a sum of the strength tensor
H,\ ) = 04hyp + 03k, + 0y h), and the strength tensor which violates a 4D analog of the Bianchi identity
for point-like magnetically charged objects. Specifically, for n such objects, the latter strength tensor

n
obeys the relation ¢, paﬂHi';)p < gm Y, qad(X—Z,), where q,’s are the charges of objects constituting
a=1
the configuration, in the units of the magnetic coupling g,,. Furthermore, unlike the vector field,

which couples to a world line, the antisymmetric-tensor field couples to a world sheet. For this reason,
in the theory of an antisymmetric-tensor field, a counterpart of the Wilson loop, exp(ig SGC dxyA,,),

has the form exp(ig fs doﬂvh,“,), where S is some closed surface. Therefore, owing to the Gauss’
theorem, the contribution of n magnetically charged objects to such a “Wilson loop” is equal to
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exp(%g fz dz,, AHL’L)A), where ¥ is some hypersurface bounded by S. Upon the summation over the
grand canonical ensemble of magnetically charged objects, one gets for the corresponding “Wilson-loop
average” an analog of the area law for the Wilson-loop average in compact QED, which can be called a
volume law [112]. Clearly, this law means an exponential fall-off of the “Wilson-loop average” with
the volume of the minimal hypersurface 2nin bounded by a given closed surface S. Since the physical
meaning of S can be the world sheet of a closed string, the volume law quantifies confinement of
closed strings which carry electric fluxes. Thus, the 4D theory possessing confinement for all values
of the coupling, describes actually confinement of closed strings rather than of electrically charged
particles, and it can be referred to as a theory of confining membranes (for details, see [112]). In the
general case of a higher-dimensional Euclidean space, the duality relation leads to a certain connection
between the dimensionalities of magnetically charged objects, whose condensation can be described in
terms of a grand canonical ensemble, and of the electrically charged objects confined owing to this
condensation [113].

In particular, an important observation is that confinement of point particles most naturally
occurs in 3D and 4D. Indeed, for any space-time dimensionality, the confinement criterion for a point
particle is provided by the Wilson area law. As we have seen above, this law can be achieved through
the coupling of an antisymmetric-tensor field to the world sheet of the confining string, |, s douvhyy.
Therefore, since the string world sheet is two-dimensional, confinement of point particles is described in
terms of an antisymmetric-tensor field in the space-time of any dimensionality. The Bianchi identities
violated by the antisymmetric-tensor field in 3D and 4D, read ¢,,,0,h,1 « p and e,,1,0,h)p < jy,
where p and j, are the dynamical monopole density and the dynamical monopole current, respectively.
Accordingly, in the space-time of some dimensionality D > 4, the Bianchi identities violated by the
antisymmetric-tensor field, correspond to magnetically charged objects whose dynamical density
is given by a totally antisymmetric tensor with D — 3 indices. Clearly, such higher-dimensional
magnetically charged objects can hardly be called monopoles, since the latter are normally assumed
to be particle-like. This is the reason why the confinement scenario based on the grand canonical
ensemble of magnetic monopoles is unlikely to hold for D > 4. Naturally, since the experimental and
the lattice data provide evidence for confinement of quarks and gluons in the physically relevant case
of D = 4, the above-presented argumentation suggests a reason for the four-dimensionality of the
real world.

1.6. String Representation of the 't Hooft-Loop Average in the [U(1)]N~'-Invariant Dual Abelian Higgs Model
Extended by the ©-term

In the previous Section, we have considered the grand canonical ensemble of monopole loops,
which form a quantum plasma. It turns out that, performing the summation over this grand
canonical ensemble by imposing the property of a short-range repulsion of monopole loops, one
obtains an effective description of the monopole condensate in terms of a magnetically charged Higgs
field [114,115]. Accordingly, the resulting mean field theory is a dual Abelian Higgs model, in which the
dual Higgs field minimally interacts with the dual gauge field. The derivation of such a dual Abelian
Higgs model from the Yang-Mills theory starts with fixing the so-called maximal Abelian gauge .
In the 4D Yang-Mills theory, this gauge fixing leads to the same SU(N)—[U(1)]N~! symmetry-breaking
pattern as in the above-considered case of the 3D SU(N) Georgi-Glashow model. Upon this symmetry
breaking, the N2 — N off-diagonal gluons of the Yang-Mills theory become massive, and therefore
infra-red irrelevant, similarly to the W-bosons of the 3D Georgi-Glashow model. The resulting theory,
emerging prior to the summation over the grand canonical ensemble of monopole loops, is therefore a
[UM)]N-l-invariant compact QED. For simplicity, let us start with considering the case of N = 2.

29 Cf. Ref. [13].
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As we have seen in the previous Section, monopoles in compact QED can be accounted for by
adding to the Maxwell strength tensor F,, [A] = 0,A, - 0,A, the monopole one, ¥, which violates
the Bianchi identities to yield the monopole current j, as 8, %, = j,. Accordingly, for the current j,,
corresponding to a certain contour C, along which a single monopole evolves in the Euclidean space,
one can define the so-called 't Hooft-loop average

(H(C)) = f@All efifdélx (Fuv[A]‘Fﬂv)z. 73)

One can further apply to this expression a duality transformation. The purpose of this transformation
is to represent (H(C)) in the form of a functional integral over the dual gauge field B, which couples
directly to the monopole current j,. To perform the transformation, one first represents the exponential
in Equation (73) in terms of the functional integral over an auxiliary antisymmetric-tensor field 1, as

e_%fd4x(FuV[A]+ﬁv)z — fDAﬂV e_fd4x[%A;Zl\/+%Aﬂv(FHV[A]+ﬁv)}'

Performing in the term o f d*x A, F,, [A] integration by parts, we can further carry out the functional
integration over the A,-field as over a Lagrange multiplier. This yields the equation d,4,, = 0, whose
solution has the form A,,, = F,, [B]. Accordingly, for the term describing the interaction of the A,,,-field
with monopoles, we have -4 [ d*x 1,7, =i [ d*x B,j,. Altogether, in terms of the dual gauge field
By, the "t Hooft-loop average reads

(H(C)) = f DB, e 4 By lBle [ atxs, -

Thus, the duality transformation casts the 't Hooft-loop average to the form of a Wilson-loop average
defined in terms of the dual gauge field, i.e., the 't Hooft- and the Wilson-loop averages are dual to
each other.

The obtained dual representation of the 't Hooft-loop average can further be used for the
summation over the grand canonical ensemble of monopole loops. To perform such a summation,
we specify the current j, to the form of a collective current of n monopole loops, namely
jf,") =gm i § dx, (sk)d(x — x(sr)), where gp, is the magnetic coupling. One further imposes the

k=1
summation over the grand canonical ensemble of monopole loops in the form of the average of

the phase factor in Equation (74) with the following path-integral measure [114,115]:
@ @By -1y i 1 ]_[ sk 2artse 50 | ex Z ¥ dsix
jfln)_ ln!kl 0 Sk HYk pkl 0 k

n Sk s1
_}in(s,'c) + igmx#(s,'c)B,,(x(s,'c))] - A,(Zlfo dsy. fo ds; 8(x(sp) = x(sl'))} ,
where A > 0. Comparing this expression with Equation (5), we observe that it additionally
contains a term which leads to the short-range repulsion of monopole loops. While the effective
action (5) corresponds to the partition function of a complex-valued field with the Lagrangian
L = |D,¢l?, the above average represents a generalization of that partition function to the case
of a Langrangian which additionally contains the Higgs potential. This Lagrangian has the form
L =|Duol*> + A(l¢|*> — n*)?, where the magnetically charged Higgs field ¢ describes the monopole
condensation, and the covariant derivative reads D, = 0, — ignB,,. Thus, imposing the short-range
repulsion property of monopole trajectories in the 4D compact QED, one arrives at a mean-field
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description of the grand canonical ensemble of these trajectories in terms of the dual Abelian Higgs
model with the partition function

Z=fD¢qu*DB,1 o [ @< [LEL [B+1D,0 PHA(I0 P-r??] 75)

This model can therefore be viewed as an effective model of confinement, which stems from the 4D
SU(2) Yang-Mills theory in the maximal Abelian gauge.

Within the dual description at issue, where the gauge field A, is replaced by the dual field B,
an electrically charged particle, which propagates along a closed contour C, is described through
the 't Hooft-loop (and not the Wilson-loop) average. Furthermore, for the sake of generality, we will
consider now the case of a [U(1)]N"!-invariant dual Abelian Higgs model, extended in addition by
the ©-term [116]. Therefore, the SU(N)-symmetry-breaking pattern in the case at issue is the same as
in the above-considered SU(N)-invariant 3D Georgi-Glashow model. For this reason, in the present
case too, the charges of quarks with respect to the maximal Abelian [U(1)]N~! subgroup of the group
SU(N) are distributed along N weight vectors /i, of the group SU(N). Hence, the 't Hooft-loop average
describing in the model at issue a quark of color «, is given by the formula

Ha(C))zf(]’[IdJIDICDIDG)DB 5(; )
p{ |3 (B +E) = 08 (B, + B (o )+ 76
o e ety |

where the index i in both the product and the sums runs from 1 to (N2 — N)/2. Clearly, the root

vectors §,’s appear in Equation (76) due to the fact that monopole charges are distributed along them.
Furthermore, the dual Higgs fields, which describe monopole condensates, have been represented in
the form ®; = |®;] e'%. Since the SU(N)-group is special, the phases 6;’s of the dual Higgs fields are

subject to the constraint 3’ 6; = 0, which is imposed in Equation (76) by means of the corresponding

d-function [117]. Next, the field-strength tensor IELOL) of the quark of color « violates the Bianchi
identities, which are otherwise respected by the strength tensor IEW = 6,,1§V -,B . of the dual gauge

field E#. Such violated Bianchi identities have the form 6ﬂ13§,”§) = gflajv, Where the electric coupling
g is again related to the magnetic coupling g,, via the quantization condition gg, = 4, and *
Jv(x) = ﬁc dx,(s)8(x — x(s)), so that gji,j, is the quark current. As can be readily checked with the

use of the Stokes’ theorem, these violated Bianchi identities are satisfied, e.g., by the strength tensor
IELDL) = —gfia 2y, where the tensor 2,,(x,S) = f ¢ 40,y (y)d(x — y) is defined at an arbitrary surface S
bounded by the contour C. Last but not least, we impose the normalization condition (H, (0)) = 1.

We note further that the ®-term in Equation (76) can be represented in the form

i0g 4 Ey+ @) = _O9m s [
16E’”fd B+ Epy )(FHV+F”"L) 4 d*x B, 77)

Thus, owing to the ©-term, quarks acquire in addition to their electric charge also the magnetic charge
Ogp, /7. Such particles, which possess both the electric and the magnetic charges, are called dyons.
Consequently, the total charge of a dyon in our case reads

G= \/ﬁi 92 + (©gm /7)?],

30" For brevity, we omit the argument C of the current j,.
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where again ji2 = 1\2’—;]1 As also follows from Equation (77), the acquired magnetic charge enables
quarks to interact with the dual gauge field B u (cf. Ref. [118]).

Expanding the field ®; around the minimum of the Higgs potential, one obtains the masses
of the dual Higgs field and of the dual vector boson, my = 2pV2A and m = g,,n VN, respectively.
In what follows, we will consider the 't Hooft-loop average (76) in the so-called London limit, which is
characterized by the condition Inx > 1. Here k = m—}: is the Ginzburg-Landau parameter, which defines
the type of dual superconductivity of the vacuum [8-10]. Thus, the London limit represents an extreme
type-II dual superconductor. In this limit, not only the thickness of a dual Abrikosov-Nielsen-Olesen
string, given by 1/m, is much larger than the thickness of the string core, given by 1/mpy, but even the
logarithm of the ratio of these thicknesses is large 31 Tt turns out (cf. Refs. [95,116]) that the London
limit allows for a construction of an exact string representation of the 't Hooft-loop average (76).
Furthermore, the consistency of the corresponding [U(1)]N~!-invariant dual Abelian Higgs model
with the Yang-Mills theory in the large-N limit requires the coupling g to behave with the number of

colors as
9= +A/N. (78)

Here 1 is the so-called "t Hooft coupling constant, which remains finite in the large-N limit [119].
The above definition of the London limit leads then to the following condition, which should be
respected by the Higgs coupling A in order for this limit to persist at large N: 1 > (27eN)?/1.
Following Refs. [95,116], we consider here the scaling behavior A = O(N?), in which case « stays
N-independent in the large-N limit, i.e., the increase of N does not make the London limit deeper.

Integration over the radial parts |®;| of the Higgs fields yields for Equation (76) in the London
limit the following expression:

(Ha(O) = [ (n Z)GftDH‘;?m) DB, Dk 6 (z 9§f) X

exp{— [ d*x

1z 2@\ ieg (2 L@\ (2 3@
z (va + va ) - Tiz (Fyv + FI-”’ ) (F/JV + Fyv ) - (79)

!

Here we have decomposed the phases of the dual Higgs fields into a multi-valued part 65 and
a single-valued part 6™ as 6; = 6' + 6™, where “st” and “sm” stand for “string” and “smooth”,
respectively. The fields 65'’s describe closed dual strings, being related to the world sheets =;’s of those
strings through the equation

ik 30 + 12 5 (8,0 — gmdl, B )
ik 307 + o 5 (9,01 ~ 9mi,By)

Euvip02 0,05 (x) = 273l (x) = 27 952 doy (xD(©)) 8(x - xV(&)). (80)

This equation represents a local formulation of the Stokes’ theorem for the vector field d,0;.
In Equation (80), the vector x(")(g ) = x/(j) (5? ) parameterizes the world sheet X; of a closed string,
and £ denotes the 2D coordinate. Owing to the one-to-one correspondence between 65''s and ;s
established by Equation (80), the integration over ¢"s is implied in the sense of a certain prescription
of the summation over string world sheets. A natural prescription of this kind corresponds to the dilute

31 We recall that the radius of the usual Abrikosov vortex, i.e., the distance to the center of the vortex, at which the vortex

magnetic field experiences an exponential fall-off, coincides with the penetration depth of a magnetic field into the
superconductor. Rather, the thickness of the vortex core, also called the coherence length, is a distance to the center of the
vortex, at which the Higgs field acquires its vacuum expectation value, while at the smaller distances the Higgs condensate
is, to a certain extent, destroyed by the magnetic field of the vortex. In particular, the Higgs condensate vanishes altogether
at the center of the vortex. Accordingly, type-II superconductors are those in which the thickness of a vortex is larger than
the thickness of its core.
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plasma of closed strings with winding numbers equal to +1 (cf. Refs. [120,121]). Indeed, two parallel
strings, with fluxes circulating in the same direction, experience an attractive interaction through the
Higgs-boson exchanges, and a repulsive interaction through the vector-boson exchanges [8-10]. Since
these interactions exponentially fall off at the distances equal, respectively, to 1/my and 1/m, in the
London limit at issue the interaction provided by the vector-boson exchanges is long-ranged compared
to the interaction provided by the Higgs-boson exchanges. This leads to a strong repulsion of the likely
oriented strings and to a decomposition of strings with winding numbers larger than the unit one into
those with the unit winding number.

As for the single-valued parts of the phases,

oo

s, they describe fluctuations of the fields
6;’s around a string configuration described by the multi-valued fields 65's. By virtue of
Equation (80), one can readily see that the integration measure D9; gets factorized into the product

DOFDYE™. The functional §-function § (Z 9,-) in Equation (76) also gets factorized into the product

5(2 9?)5(2 Gf‘m) The first of these two §-functions can further be written as 6(2 ¥ ), where the

uv

Jacobian [122] emerging from the change of integration variables 65' — x(£), can be included

into the integration measure Dx?). The other §-function, namely & (Z Ol.sm), has been represented in
i

Equation (79) through the integral over the Lagrange multiplier k(x). Owing to the relation ., q; = 0,

one can nevertheless see [123] that the integration over k(x) yields only an inessential constant factor,
which can thus be accounted for by changing the normalization condition of the functional integration
measure. By using the correspondence (80) between 6;' and X, we arrive then at the following
intermediate result:

f (]_[ Z)GftZ)Q?m) Dk s <Z 9?‘) exp{— f d*x [nz 2 (0461 - gmid;Bu)" ik Z el.sm} } =

1

f(l—_lﬂx(i)(g)ﬂh;) ( )exp{ fd4 m H;N)L)2 ”Th,uv Fv+igm§i]§y6vﬁ:w }

Here an antisymmetric-tensor field h),, appears as a field dual to 9,6;™, and H, , = d,h;, + 03y, +

thiy is the strength tensor of this field. Referring the reader for the details of the subsequent

integrations over ]_S)ﬂ and h},, to Refs. [116,123], we present here the final result. It has the form

(Ho(O) = exp[-F § dy e duDm(x = )] [ (119x0(D)o( £ 34 )

exp{-20m)? [, , 24 ()P — y)2} (y) - 20057 L (34,0 + (81)
20 [, , (2780 (x) = 57 £, () )1 )33 Din(x = 1) |,
where Dy(x) = - 2x2 and Dp,(x) = ,,z|x|K1(m|x|) are the Coulomb and the Yukawa propagator,

respectively, and we have denoted for brevity fx = f d*x. Furthermore,

i(5,,0) = f 53 () () Do (x — )
x,y

in Equation (81) is the Gauss’ linking number of the closed-string world sheet X%; and the contour

C. Yet another notation used in Equation (81) is X7 = 3/, — Ns{'Z,,, where the coefficients s are

defined through the relation ji, = }; s#q;. As follows from this relation, for a given «, there exist (N — 1)
i

non-vanishing coefficients s{*, which are equal to t% (for details, see Ref. [116]). Therefore, given the
value of the coefficient in front of L(Z;, C), one concludes that for ® # Nx x integer, dyons experience a
long-range topological interaction with closed dual strings, in accordance with the general arguments
presented in Ref. [124,125]. Physicswise, this interaction represents the dual Aharonov-Bohm effect
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in 4D. That is, owing to the magnetic charge acquired by dyons through the ©-term, they interact with
electric fluxes carried by the dual Abrikosov-Nielsen-Olesen strings.

Furthermore, in Equation (81), the term quadratic in ZL‘J describes (self-)interactions of closed
strings, as well as of the string that confines the dyon-antidyon pair, which are mediated by the
dual-vector-boson exchanges. In particular, from the >, X X, -interaction, we obtain through the
general formulae (65) the following string tension and the inverse coupling constant of the rigidity
term, which correspond to the confining-string world sheet X:

o =27(N-1)p*Ink, 1 = —M. (82)

a 4gmN

As we see, the string tension in the London limit receives an ultra-violet diverging contribution. For
this reason, expression (82) for ¢ has been obtained within the logarithmic approximation of Inx > 1,
which characterizes the London limit. One can prove that the so-obtained ¢ coincides with the energy
density per the unit of length of an Abrikosov vortex. This energy density can be obtained by solving
the Ginzburg-Landau equations, which describe the Higgs and the gauge fields of a vortex [8-10]. In
the London limit, the corresponding solution can be found analytically. Another limit where the string
tension can also be obtained analytically, is the so-called Bogomolny limit [86] of k = 1, which thus
borders between the type-II and the type-I superconductivity 32. The result for the string tension in the
Bogomolny limit follows from Equation (82) upon the replacement of In« by 1.

In the large-N limit, Equations (78) and (82) yield % = O(1/N), making the anti-rigidity
correction to the Nambu-Goto action additionally suppressed. As for the string tension, it is known
to be N-independent in the large-N Yang-Mills theory, to the leading order of the strong-coupling
expansion [22]. In our model, this condition can be fulfilled by imposing for 7 an N-dependence of
the form n ~ 1/ VN In k. In particular, for the above-discussed large-N scaling of the Higgs coupling,
A = O(N?), the N-dependence of 1 becomes simply n = O(N -1/2) " Furthermore, since closed dual
strings represent excitations of the vacuum, the mean sizes of their world sheets X;’s are much
smaller than the mean size of the confining-string world sheet S. For this reason, closed strings
and their interactions with the confining string can to the leading approximation be disregarded
altogether. Within this approximation, one readily obtains Casimir scaling for the k-string tensions [95].
Corrections to this scaling, produced by closed dual strings, as well as by the deviation from the
London limit, can also be obtained analytically (cf. Ref. [95]).

In conclusion of this Section, let us briefly discuss topological effects caused by the 3D counterpart
of the ©-term, i.e., the Chern-Simons term [110], in the 3D dual Abelian Higgs model. This model
is nothing but the dual Landau-Ginzburg theory, whose partition function in the London limit has

the form
—fd3x[$Fﬁv+q2(8ﬂ9+mBu)2+i®e‘,MBﬂ6‘,B,1

Z= f DO DO DB, e m ,
where the dimensionalities of various parameters are

1/2
7

[7] = (mass) [m] = mass, [©] = (mass)>.

Here, 6¥°" is the counterpart of Ql.st in 3D, where “vor” stands for “vortex”. Furthermore, the

parameter m has been introduced for the purpose of providing to the magnetic coupling in 3D

-1/2

the correct dimensionality, [g,,] = (mass)™'/#, while keeping the dual gauge field B, dimensionless.

32 Note that the Ginzburg-Landau equations, while being in general second-order differential equations, get reduced in the
Bogomolny limit to the first-order equations, which allow for a numerical solution [126].
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Accordingly, all dimensionful quantities can be naturally measured in the units of m. In the limit of
% > gmn, one then finds for Z the following representation [127]:

z- f DR(s) e @ Lou P T D +i S e T 05 (D5 -D)]. (83)

In this expression, DY = 1/(4x|X - §|) and D}/ = e M3 /(47X - §|) are the Coulomb and the

2
Yukawa propagators, with the mass M given by the formula M = %, and we have used the

notation fx = f d®x. Furthermore, L= 9§ dx,(s)8(X — X(s)) in Equation (83) is the current of a dual
Abrikosov vortex, which is related to 8V°" through the equation analogous to Equation (80), namely
as (0,0, — 0,0,)0"°" = 2re,, ) J5. We observe now that the exponential in Equation (83) contains the
term i(ZH)Z%i, where L = ¢, fx,y JxJi 0y DyY is the Gauss’ linking number of an Abrikosov vortex
with itself. This term does contribute to Equation (83) provided it is not equal to 2rin, where n is
some integer. Thus, the topological effect produced by the Chern-Simons term is that a vortex with
N self-intersections contributes to the partition function a non-trivial phase factor ei(2”)2%N, unless
SN # 5.

2. Critical Properties of the Weakly Coupled 3D Confining Theories

2.1. Deconfinement Phase Transition in the 3D Compact QED

As has been discussed in the previous Section, there exists an analogy between the mechanisms
which create disorder in the 2D XY model and in the 3D compact QED. Namely, disorder in the 2D XY
model is produced (at high temperatures) by the condensation of vortices, while in the 3D compact
QED it is produced (at low temperatures) by the condensation of magnetic monopoles. Since the
finite-temperature behavior of the 2D XY model is known (for a review, see e.g., Ref. [128]), this
analogy should allow one to explore the finite-temperature behavior of the 3D compact QED. Indeed,
with the decrease of temperature in the 2D XY model, a phase transition associated with binding
of monopoles and antimonopoles into molecules takes place [104-106]. Since the short-range fields
of such molecules are unable to produce the sufficient degree of disorder, the spin-spin correlation
functions in the molecular phase fall off with the distance only power-like, contrary to their exponential
fall-off in the high-temperature phase. Therefore, the analogy between the two theories suggests that,
with the increase of temperature in the 3D compact QED, monopoles and antimonopoles can bind into
molecules. Accordingly, since the short-range magnetic fields of such molecules do not produce the
sufficient degree of disorder in the system, the molecular phase for monopoles should correspond to
the deconfinement phase for external electrically charged particles. In this way, as has been shown in
Refs. [129-132], the deconfinement phase transition in the 3D compact QED can be studied analytically.

Furthermore, it turns out that the difference in the space dimensionalities between the 2D
XY model and the 3D compact QED, which might have influenced the above considerations, is
unimportant, since the 3D compact QED undergoes the so-called dimensional reduction to a 2D theory,
and the temperatures at which this reduction occurs are exponentially smaller than the temperature
of the deconfinement phase transition. In general, for every quantity in a certain finite-temperature
(bosonic) field theory, the dimensional-reduction temperature can be defined in such a way that the
total contribution to this quantity produced at higher temperatures by all Matsubara frequencies
wr = 2xTk with k # 0, becomes negligible in comparison with the contribution produced by wy.
Still, although contributions of the non-zero modes at higher temperatures amount to at most few
percent of the static-mode contribution, they are nevertheless always present. For this reason, and
also because the choice of a temperature-dependent quantity is not unique, the dimensional reduction
is not a phase transition with a definite critical temperature, which could be determined from the
thermodynamic equations (such as the equality of pressures in the two phases). In the particular case
of the 3D compact QED, an estimate for the temperature of the dimensional reduction can be obtained



Universe 2017, 3, 50 37 of 52

from the following consideration. In the finite-temperature version of the sine-Gordon theory (30), the
dual-photon field y becomes subject to the periodic boundary conditions in the temporal direction,
with the period f = 1/T. Therefore, the lines of the magnetic field originating from a monopole or
an antimonopole, are confined inside the region of a temporal extension . Accordingly, at spatial
distances larger than f, these lines go almost parallel to the boundary of the aforementioned region,
asymptotically approaching this boundary with the increase of the spatial distance. For this reason,
for a monopole and an antimonopole separated from each other by a spatial distance > f, the 3D
Coulomb law gets changed to the 2D one. Since, on the other hand, the mean distance between
monopoles and antimonopoles constituting the plasma, is pll3 o 7173, one concludes that the 3D
plasma gets effectively reduced to the 2D one at the temperatures T 2 {'/3. Thus, the temperature of
the dimensional reduction in the 3D compact QED has the order of O(¢ 173y,

Upon the dimensional reduction in the theory (30), the field y becomes dependent only on the
spatial coordinates. Accordingly, the action of such a theory acquires an overall factor of 8, and takes

the form
p f d’x [ 0ux)? 2§cos<gmx} f d*x [ 9,9)* — 2£ cos(gm VTo) | - (84)

Here we have restored the conventional form of the kinetic term by introducing a rescaled field
¢ = /By, and also defined in the dimensionally-reduced theory a rescaled monopole fugacity ¢ = ¢.
As we see, the dimensionally-reduced theory describes the grand canonical ensemble of monopoles
and antimonopoles, which interact with each other through the 2D Coulomb potential with the
temperature-dependent coupling g,, VT. We emphasize that it is the temperature dependence of
this coupling, which makes the Kosterlitz-Thouless phase transition in the finite-temperature 3D
compact QED inverse with respect to the conventional Kosterlitz-Thouless phase transition in the
2D XY model, where the coupling is temperature independent. Namely, as was already discussed,
monopoles in the 3D compact QED exist in the plasma phase at low temperatures and in the molecular
phase at high temperatures. In order to obtain the critical temperature T, it suffices to consider
the mean squared separation in the monopole-antimonopole molecule, which should diverge at
T < T,. To this end, we note that the action (84) corresponds to the monopole-antimonopole Coulomb

2
interaction V(r) = % In(pr) in the dimensionally-reduced theory, where r is the 2D distance, and
u is an infra-red cut-off. Accordingly, the mean squared separation in the monopole-antimonopole

mT . . . . . . .
molecule can be estimated as (r?) ~ f d?r r>~ % . Therefore, this separation is infra-red finite provided

3- 95" < -1, and T, can be estimated as a temperature at which this relation turns into the equality.
Furthermore, assuming that the 3D compact QED originates from the 3D Georgi-Glashow model,
where the spontaneous SU(2)-symmetry breaking leads to the appearance of a compact U(1) group,
one can use the corresponding quantization condition gg,, = 4x. This yields the following critical
temperature [129]:

7

T, = =—.
Y

(85)
Thus, because of the exponential smallness of the parameter {!/3, the deconfinement phase transition
in the 3D compact QED indeed occurs at the temperature which is exponentially larger than
the temperature of the dimensional reduction. This observation fully justifies the use of the
dimensionally-reduced theory for the study of the deconfinement phase transition in the 3D
compact QED.

Furthermore, it looks interesting to explore how the above-discussed deconfinement phase
transition in the 3D compact QED becomes affected by an extension of the underlying 3D
Georgi-Glashow model by dynamical quarks. A particular interest to this problem is attracted by
the observation that such a fermionic extension of the 3D Georgi-Glashow model is quite close to
reality, being nothing but the 3D QCD with an extra Higgs field transforming under the adjoint
representation. Hence, in this way one can address the question of how quarks in such a model affect
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their own deconfinement phase transition. One should however notice that, due to the presence of
W*-bosons in the 3D Georgi-Glashow model, the deconfinement phase transition in that model differs
from the above-considered phase transition in the 3D compact QED. These bosons play an important
role in the finite-temperature dynamics of the 3D Georgi-Glashow model, while being absent in the
compact-QED action (84). The deconfinement phase transition in the 3D Georgi-Glashow model, as
well as in its extension by the dynamical quarks, will be considered in the next Section. For what
follows in this Section, we do not account for W*-bosons, thereby addressing the issue of how a
fermionic extension of the 3D Georgi-Glashow model affects the deconfinement phase transition in the
resulting 3D compact QED.

An extension of the model (26) by the dynamical quarks transforming under the fundamental
representation of the group SU(2), contains the following additional term:

AS = _ifd3xw,3 ()7]3+h%d>“)z//.

Here we simplify the notations by omitting the summation over the flavor indices, although
considering the general case of an arbitrary number of flavors. Furthermore, in the above formula,
D,y = ((9,1 - igT2—aAl‘j) i, the Yukawa coupling h has the dimensionality of [mass]'/2
1 0 0 7

0 -1 7 0

Pauli matrices. The mechanism allowing quarks to affect the deconfinement phase transition in the
3D compact QED is based on an additional attractive force they provide to the constituents of a
monopole-antimonopole molecule. This force is induced by the zero modes of the Dirac operator for a
quark in the gauge field of such a molecule. The number of the zero modes is equal to the number
of quark flavors. In particular, for the case of massless quarks, we will estimate below the number of
flavors for which the mean size of a monopole-antimonopole molecule becomes as small as the inverse

, and the Euclidean

Dirac matrices are defined as y = —ifid, with § = ) and @ = ( ), where 7 are the

mass of a W-boson.

Another factor which determines the size of a monopole-antimonopole molecule, is the
characteristic range of localization of quark zero modes. One can show that the stronger the zero
modes are localized near the monopole center, the smaller becomes the mean size of a molecule. Let
us consider the extreme case where the Yukawa coupling h vanishes, so that the initially massless
quarks do not acquire any mass. In this case, the zero modes become maximally delocalized, and the
strength of the quark-mediated interaction in a molecule becomes minimal. Owing to such a weakness
of the quark-mediated interaction in the monopole-antimonopole molecules, the deconfinement
phase transition in this case still occurs at a temperature of the order of ¢g?, provided the number of
flavors is equal to one [130]. For any larger number of massless flavors, the deconfinement critical
temperature becomes as exponentially small as the dimensional-reduction temperature, i.e., of the
order of {!/3. This means that the monopole-antimonopole interaction mediated by N; > 2 massless
quark flavors is sufficient to maintain deconfinement in the 3D compact QED throughout the entire
dimensionally-reduced phase.

We proceed now with the derivation of these results. For a while, let us consider the
zero-temperature case at h # 0. There, one can show that the Dirac equation in the field of the
"t Hooft-Polyakov monopole gets split into two equations for the components of the SU(2)-doublet /.
The masses of these two components stemming from those equations are equal to each other, and
read m = hn/2. Furthermore, the Dirac operator in the gauge field of a monopole has a zero mode,
whose asymptotic behavior at the 3D distances r > % is O(e™™" /r) (cf. Ref. [133]). To find the effective
action of a quark in the field of a monopole-antimonopole molecule, one can notice that, in the 3D case
at issue, monopoles are actually instantons [84]. Owing to this fact, the sought effective action can
be obtained in the same way as the quark effective action in the field of an instanton—-anti-instanton
molecule in QCD [134]. To apply the method of Ref. [134] to our case, we first fix the gauge ®* = 5,
and define a free-quark propagator Sy by the relation ;! = —i (}75 + mr3). Next, we define the quark
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propagator Sy in the field Afu of a monopole M located at the origin. This can be done through the
formula S/ = S;' - g7 TZ—HA:, For an antimonopole M’ located at a certain point R, the gauge field reads
Afw (?() —A;{(i’ -R). Clearly, Ef}le quaftlf propagator S,y in this field is defined by the above equation
for S}, with the replacement A, — A,;,. The gauge field of a monopole antimonopole molecule is
given by a superposition of the fields of its constituents, i.e., A" = K, M+ A, - Accordingly, the quark
propagator S in this field can be defined through the above equation for S;!, by replacing there A, M
by A

Let us further consider the operator —iyD with the gauge field A”, and denote its eigenfunctions
as [¢n), where n = 0,1,2, .. .. That is, —i7D [¥n) = An [/), where Ao = 0. This yields the following formal
expression for the spectral representation of the propagator S:

M’

L S YD) (@)
S(X,y)zz#.

n=0

The crucial property of zero modes is that they yield the dominant contribution to the quark propagator,
which allows for the following approximation:

i [0

—imt3

+S0(X, ¥). (86)
Using further the definitions of the propagators introduced above, one has
— - 1)1 ,
S=(Sy +Sw—-5") =SwG 'Sur.

In this expression, we have denoted

]

—im73 So —imr3

G =80 (Sm—S0)Sy" (Sar —So) =S

Here |¢(§”>,
and an antimonopole, respectively, and Equation (86) has been used. Denoting further ¢ = < M |S l| >,

o' W'

has: detG = [1+ (|c|/ m)z] -detSp. Finally, in the general N¢-flavor case, the sought effective action
=IndetS~! has the form

¢O"> are the zero modes of the operator —i}'/’ﬁ which is defined in the field of a monopole

we have G = one

I' = const + N¢ In (m2 + |c|2) .

The constant in this formula cancels out from the normalized expression for the mean squared
separation in the monopole-antimonopole molecule.

We set now h to zero, so that m = 0 too. By using the definition of the zero mode, one
has in this case: ¢ = (xﬁ(;”' |g)7 - M). By virtue of this expression, the dependence of |c| on the

monopole-antimonopole separation R can be readily estimated as |c| « [ d®r/ (r2|?—ﬁ‘) o In(pR),
where p stands for the infra-red cutoff. ~We can now proceed to the finite-temperature
dimensionally-reduced theory, and address the question of how the deconfinement critical temperature
gets changed by the monopole-antimonopole interaction mediated by the quark zero modes. To this
end, we need to know how this interaction, which is described by the above-obtained 3D matrix
element c(R), looks like in the dimensionally-reduced theory. After that, similarly to the case without
quarks, the critical temperature can be determined as a temperature below which the mean squared
separation in a molecule becomes infra-red divergent. To find a 2D counterpart of ¢(R), we recall
that, at finite temperature, the temporal coordinate gets compactified to a circle of circumference
B. Windings around this circle are characterized by the winding modes n, which are dual to the
Matsubara frequencies wi. Accordingly, in the high-temperature dimensionally-reduced theory, where
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only wy is relevant, one should sum up over all the winding modes. For c¢(R), this means that we
+o00
should calculate the expression In(uR) = Y, In [,u (r2 + ( ﬂn)2) 1/2] , where n is the number of a winding
n=—oo
mode, and a 2D vector T is the spatial part of a (2+1)D vector R. One can show that this sum is

equal to #Tr +In [1 — exp(-2xTr)] + const, where an infinite constant “const” is irrelevant, since it is
r-independent. To obtain this expression for In(uR), one can use the equality

+00
1 b bx
x g _— = —coth(—),
S x2+ (27m/b)2 2 2

+00 2
and notice that its left-hand side can be written as % d% > In [xz + (Z”T”) ] Integrating then over x,
n=—oo0

one obtains

+00

>

n=—oo

27n\? b
X2+ (%) ] = bfdx COth(%) =bx+2In (1 —e_bx) + const.
Setting here 27” = pf and x = pr, we prove the above formula:

i In [,u (r2 + (ﬁn)z)l/z] = 72Tr +In[1 - exp(-2xTr)| + const.

n=—co

Thus, for r > f of interest, the statistical weight of the interaction mediated in the
monopole-antimonopole molecule by massless quark zero modes, reads e o« (Tr)"2M. Accounting
also for the Coulomb interaction between the constituents of the molecule, we obtain for the sought
mean squared separation:

2
(r2)~fd2rr2_%_2Nf. (87)

Similarly to the above-considered case without quarks, the condition of the infra-red finiteness of this
expression yields the deconfinement critical temperature in the presence of Nf massless quark flavors

(cf. Equation (85)):
2

g
T. = — (2 — Ny).
c 4”( f)

We see that, for N = 1, the deconfinement phase transition occurs at a twice smaller critical
temperature than for Ny = 0. For N; > 2, the mean squared separation in the molecule stays infra-red
finite throughout the entire dimensionally-reduced phase. That is, for such a number of massless
fundamentally charged quark flavors, quark zero modes keep the system in the deconfinement phase,
characterized in particular by the deconfinement of these very quarks. Finally, one can show that, for
Nt > max {1, 4nT/ gz}, the mean squared separation in the monopole-antimonopole molecule becomes
assmallas 1/ M%V, where My is the W-boson mass. Thus, for this number of flavors, the mean size of
monopole-antimonopole molecules reaches its smallest possible value (cf. Ref. [130]).

In conclusion of this Section, let us mention that, in the 3D compact QED extended by the
Chern-Simons term, the monopole plasma undergoes a Kosterlitz-Thouless phase transition to the
molecular phase even at zero temperature [135]. The Lagrangian of such a theory has the form

n

492 FllV S”E#VAFH‘/AA' (88)
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The Chern-Simons term entering this Lagrangian is not invariant under the gauge transformations
which do not vanish at the boundary of the 3D manifold. Consequently, for the parameter ¢ of gauge
transformations, one obtains the following induced boundary action:

_n 2. 1o N2
S—gfdx(a,qﬁ). (89)

While in the non-compact case, where ¢ € (—oo, +c0), this theory describes free massless bosons, in
the compact case at issue the gauge parameter takes its values in the circle, i.e., ¢ € S'. Such a 2D
XY model (89) possesses vortices, which can be either in the plasma or in the molecular phase, with
the phase transition between the two phases being the Kosterlitz-Thouless one. This phase transition
takes place at the critical value n. = 8 of the Chern-Simons coefficient n. Accordingly, in the theory (88)
with the compact U(1) group, monopoles stay in the plasma phase only for n < n.. However, even in
that phase of the theory (88), there is no confinement of external electrically charged particles as long
as n > 0 (cf. Ref. [135]). For n > n,, the monopole vacuum of the theory (88) exists in the molecular
phase, where a monopole and an antimonopole forming a molecule interact with each other through
the linear potential.

2.2. Deconfinement Phase Transition in the 3D Georgi-Glashow Model

As has already been mentioned, W*-bosons make the critical properties of the 3D Georgi-Glashow
model different from those of the 3D compact QED. While, at zero temperature, these bosons are
irrelevant for the monopole-based mechanism of confinement because of their large masses, at finite
temperature they form a plasma, which significantly affects the deconfinement phase transition [136].
The density of this plasma can be readily calculated as

pW — 6f dzp 1 ~ 3MWT e*ﬁMW
(2n)? SPNBHMY, g T

Here, the factor of 6 describes the total number of spin states of W*- and W~-bosons, and we have used
the fact that the deconfinement temperature has the order of g, which is much smaller than My, = gn

in the weak-coupling regime of g < n at issue. To estimate the deconfinement temperature T, one can
use the heuristic criterium that the thickness of the confining string at this temperature becomes equal
to its length. While the thickness of the string in the dimensionally-reduced theory at issue is o £71/2,
where ¢ was introduced in Equation (84), the length of the string is of the order of the mean distance
between W*-bosons, which is p;‘}/ 2 Therefore, with an exponential accuracy, the thickness and the

length of the string become equal to each other at the temperature

T, = 2, (90)

where the function ¢ was defined in Equation (27).

We proceed now to the formal analysis of the deconfinement phase transition in the 3D
Georgi-Glashow model. To this end, we first rewrite the Lagrangian corresponding to the partition
function (30), in terms of the so-called vortex operator V = e~'9mX/2 ag

Lap = %(a,, X)* =20 cos(gmy) = g%|a,,v|2 - [V2 + (V*)z] .

This representation makes manifest the magnetic Z-symmetry of the 3D compact QED [137,138].
|X|—00

At zero temperature, this symmetry is spontaneously broken, since (V()’(’)V*(ﬁ)> — 1. The breakdown
of the magnetic symmetry is associated with the generation of the Debye mass of the dual photon,
and, consequently, with confinement. Furthermore, since the 3D compact QED “inherits” the
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magnetic symmetry from the 3D Georgi-Glashow model, the deconfinement phase transition in the 3D
Georgi-Glashow model should be associated with the restoration of this symmetry. Together with the
dimensional reduction, this observation indicates that the deconfinement phase transition in the 3D
Georgi-Glashow model should be of the same kind as in the 2D Ising model, where the latter model
also possesses a Z, symmetry. The universality class of the 2D Ising model implies a second-order
phase transition, with the value of 1 for the critical exponent v characterizing the behavior of the
correlation length at T — T,. As such, this universality class radically differs from the universality
class of the Kosterlitz-Thouless phase transition in the 3D compact QED, which is an infinite-order
phase transition with the correlation length possessing an essential singularity.

One can account for W*-bosons in the Lagrangian Lp = %(aﬁqo)2 — 2¢ cos(gm VTg) of the
dimensionally-reduced 3D compact QED [cf. Equation (84)] by noticing that these bosons are nothing
but vortices of the ¢-field, described by the additional term -2y cos ¢ (cf. Ref. [136]). The field ¢ dual
to the field ¢, is defined through the relation id,$ = g +/Be,v0,¢, and the fugacity y of W*-bosons is
proportional to their density py, i.e., u o« My Te #Mw . Owing to this extra cosine term, the dual photon
does not become massless even in the absence of the monopole plasma, as opposed to the phase of the
3D compact QED where monopoles and antimonopoles are bound into molecules. Instead, with the
increase of temperature, the dual-photon Debye mass Mp increases, so that the correlation length in
the system decreases, as expected on general grounds. To illustrate this, one can suppress monopoles
by setting ¢ = 0, which yields the Lagrangian

Lo = 5 0)* ~ 2ucos (9.[69). ©1)

where ¢ = VT§@/g. As follows from this Lagrangian, M2 = 2ufg* o My g*e #Mw, which shows
that the Debye mass Mp indeed increases with the increase of T. Furthermore, one can find the
critical temperature of the Kosterlitz-Thouless phase transition associated with the Lagrangian (91).
To do so, it suffices to calculate the mean squared separation in the W*-W~ molecule, which reads

2
(r? ~ [d*r r2~z7. The condition of the infra-red finiteness of this expression yields the critical

temperature %. Thus, at this temperature, W*-bosons undergo a deconfinement Kosterlitz-Thouless
phase transition from the molecular to the plasma phase.

We have considered above two limiting cases, where either W*-bosons or monopoles are
suppressed. In the first case, which corresponds to the 3D compact QED, the phase transition occurs
at the temperature %, while in the second case it occurs at the temperature g. In the full 3D
Georgi-Glashow model, which contains both W*-bosons and monopoles, the deconfinement phase
transition takes place at the intermediate temperature (90). Furthermore, the overlap of the inverse
and the direct Kosterlitz-Thouless phase transitions turns out to yield the expected second-order
deconfinement phase transition of the universality class of the 2D Ising model.

An independent condition of the deconfinement phase transition is given by the equality of the
scaling dimensions of the operators : cos (gm VT (p) :and :cos (g \/ﬁqﬁ) .. These scaling dimensions read

2 -~ 2 2
A= % and A = %, respectively, so that the monopole cosine term is relevant at T < 29—”, while the

cosine term describing W*-bosons is relevant at T > %. The two scaling dimensions become equal to
each other once the condition

gmT =9°p
is fulfilled. This extremely simple and symmetric relation illustrates the full duality that holds between
magnetically charged monopoles and electrically charged W*-bosons at finite temperature. It yields
the critical temperature £, which is indeed equal to T, up to the factor of 1. At the temperature g,
scaling dimensions of the two cosine operators are both equal to 1, so that both these operators are

2 2
relevant at this temperature, as well as in the whole range of temperatures & < T < £-.
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A small discrepancy between the values of T, = % and T, = g, obtained from the equality of
the length of the confining string to its width and from the equality of the two scaling dimensions,
respectively, has been resolved in Ref. [139], where an exact value of T, has been found from the
renormalization-group equations. The critical temperature corresponds to an infra-red unstable fixed
point of these equations, where the fugacities £ and y become equal to each other. In addition, one
should impose the condition that both £/A? and p/A? (where A is the momentum scale) should not
exceed 1 at the critical point, since the opposite would contradict the dilute-plasma approximation for

both monopoles and W*-bosons. The renormalization-group equations read [140-142]

din _

&N d pn) < H(A)
2 = (2-4) — =
dA A2

BRI Lan Ay, B ks
@ TN e
where A = In(T/A). Their integration yields

2-A 2-A
oL

Equating further these expressions to 1, one obtains with an exponential accuracy the following relation:
-So+(2-MNA=-BMy+(2-A)A1=0, (92)

where Sy = 22w ¢ j5 the monopole action (27). Unlike the two mutually independent criteria for the
determination of T, considered above, Equation (92) contains the information on the fugacities and on

the scaling dimensions A and A. With the use of the aforementioned explicit expressions for A and A,

one readily obtains the corresponding critical temperature:

g 2+e¢

T4z 1+2¢

Te (93)
In the formal limit of ¢ — 0, where the density of monopoles is exponentially larger than the density of
W*-bosons, Equation (93) reproduces the critical temperature (85) in the 3D compact QED. Accordingly,
in the opposite formal limit of ¢ — oo, where the density of monopoles is exponentially smaller than
the density of W*-bosons, Equation (93) reproduces the other above-obtained critical temperature
of g—i.

In the same way, one can find the deconfinement critical temperature in the 3D Georgi-Glashow
model extended by N; flavors of massless quarks which transform under the fundamental
representation of the group SU(2). By using Equation (87) along with the above definition of the scaling
dimension A, we observe that the monopole-antimonopole interaction mediated by the quark zero

2
modes yields for A the following modified expression: A = % + Nt. Substituting it into Equation (92),
we obtain for the critical temperature in the presence of N; massless flavors:

_ g 2+e— N
T 4r 1+42¢

Recalling the upper bound of ¢ < 1.8 (cf. Ref. [87]), one finds that, for N > 4, the 3D Georgi-Glashow
model extended by N; massless quark flavors stays in the deconfinement phase throughout the entire
dimensionally reduced phase, i.e., from the exponentially small temperatures T ~ {'/3 onwards.
The critical number of flavors N; = 4 is larger than Nf = 2, which was found in the previous Section
for the case of the 3D compact QED. It is remarkably close to the critical number ~ 5 of massless
quark flavors, at which instantons and anti-instantons, within the instanton-liquid model of the QCD
vacuum, form molecules already at the vanishingly small temperatures [143,144]. This coincidence
does not look purely accidental in view of the already mentioned fact that monopoles in the 3D
case at issue are actually instantons [84]. Nevertheless, physical phenomena associated with the
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phase transitions in the 3D Georgi-Glashow model and in the 4D QCD, are different. Namely, the
formation of instanton—anti-instanton molecules in QCD corresponds not to the deconfinement but
to the restoration of chiral symmetry. That is, it is the chiral phase transition in QCD, which occurs
already in the hadronic phase if the number of massless quark flavors gets larger than the critical one.

3. Summary

In this review, we have discussed various topological effects and critical properties of the gauge
theories where confinement is based on the condensation of magnetic monopoles. Those theories
included the 3D SU(N) Georgi-Glashow model, the 4D [U)N-L-invariant compact QED, and the
[U(1)]N~1-invariant dual Abelian Higgs model. We have started with illustrating the importance of
Wilson loops for the description of confinement, and proceeded further to the general properties of the
static quark-antiquark potential and the associated Nambu-Goto and the rigid-string models of the
confining string. In this way, we have in particular considered various models of the deconfinement
phase transition. At the next step, we have provided a detailed treatment of confinement in the
3D SU(N) Georgi-Glashow model, along with the analytic study of the so-called k-string tensions
in that model, demonstrating that these tensions obey Casimir scaling. In the corresponding 3D
[U(1)]N~1-invariant compact QED, we have obtained the string representation of the Wilson loop,
and presented the Nambu-Goto string tension and the rigid-string coupling constant. We have
further proceeded to the discussion of the topological effects, which appear in 3D due to the
Chern-Simons term and in 4D due to the ©-term. While the effects of the Chern-Simons term in
the 3D Maxwell theory reveal themselves for Wilson loops defined at knotted contours, the ©-term in
the strongly-coupled 4D [U@)]N-L-invariant compact QED induces the string 0-term, which describes
self-intersections of the string world sheet. We have also presented general arguments which explain
why, in the models allowing for quantum plasmas of magnetically charged objects, confinement of
point particles most naturally occurs in 3D and 4D. Next, we have derived the string representation of
the “t Hooft-loop average in the [U(1)]N~!-invariant dual Abelian Higgs model. There, in the presence
of the ©-term, external electrically charged particles acquire the magnetic charge. Owing to this
induced magnetic charge, such particles experience long-range Aharonov-Bohm-type interactions with
the dual Abrikosov-Nielsen-Olesen strings. Rather, the Chern-Simons term in the 3D dual Abelian
Higgs model leads to the appearance in the partition function of a non-trivial phase factor, which is
caused by self-intersecting dual Abrikosov vortices. Finally, we have presented the analysis of critical
properties, first of the 3D compact QED and the fermionic extension thereof, and then of the full 3D
Georgi-Glashow model. Remarkably, the known vacuum structure of these weakly-coupled confining
theories allowed for an analytic study of their finite-temperature behavior and of the corresponding
deconfinement phase transitions.
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Appendix A. Derivation of Equation (48)

The sum (47) can be written as
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The two nested sums in this expression can be further represented as

which yields

we have

Simplifying this expression, we arrive at Equation (48) of the main text.

Appendix B. Integration over the Field ﬁ,,v in Equation (59)

The Gaussian functional integration in Equation (59) can be performed by finding the saddle-point
expression for hy,,, and substituting further this expression back into the action

1 =2 1-2 igi, -

— 3 IHa

A= fd x(—12M2 H,,,+ Z;huv - h,,vz,,v), (A1)
D

where 2, (X) = fs dapv(?((g )X — 5(’(5? )). The saddle-point equation corresponding to the action (A1)
reads 3

1o . o
_W (aﬁhaﬁ + ayaﬁh#a + 6ﬂ8ahﬁﬂ) +haﬁ = ig,uazaﬁ.
D

Defining the Fourier-transformed field ﬁﬂv(ﬁ) = f d®x e‘iﬁ’?ﬁyv(i), one can write the saddle-point
equation in the momentum representation as

1 .22 o S S S N -
7 (B Dap(B) + pupphya (B) + pupeip ()] + hep(B) = igfic e B): (A2)
D

This equation can be solved by further rewriting it with the use of the operators

A 1

. 1
1yv,/1p = 5(5;1/15\//) - 5pp5vl) and Pyv,/lp = E(Py/lpvp - P;1p¢)vA)r

33 The color index « of the weight vector ji,, which takes the values 1, . . ., N, should not be confused with a Lorentz index.
A confusion regarding various types of vectors should also be avoided, namely ¢& is a 2-dimensional vector, X and X(&) are
3-dimensional vectors, and i, and h,,, are (N —1)-dimensional vectors.
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where P, = 6,y — Pebr  The operators 1 uvp and Py, ; , are antisymmetric with respect to permutations

inside the first and the second pair of indices, while remaining symmetric with respect to permutations
of these pairs of indices themselves, e.g.,

iuv,/lp = _ivw\p = _ipv,pl = i/lp,/w‘
Furthermore, the operators P and (1 — P) possess the properties of projection operators, namely
p,uv,ﬁpp/lp,aﬂ = P,uv,aﬁr (i - p),uv,ﬁp(i _p)/lp,aﬁ = (i _p),uv,aﬁ/ ﬁ,uv,ﬂp(i _P))Lp,aﬁ =0. (AB)
The saddle-point equation (A2) can then be represented as

22
(%paﬁ,,uv + iaﬁ,pv)hyv(ls) = igﬁazaﬁ(ﬁ)'
D

A solution to this equation can be sought in the form
ﬁyv(f’)) = igl—ja [A(IS) . i,uv,Ap + B(f’) : (i - p)pv,/lp] Z/1/)(1_5)~

With the use of the properties (A3) of the operators P and (1 - P), this ansatz for ﬁﬂv(f)) yields the
following coefficient functions:

2 2
M, p

A(p) = . B(p) =
p Sy p

B M
Therefore, the saddle-point expression for the field ﬁ,w (p) becomes

-2
h#V(I—S) = igﬁll [1/11/,/1/7 - Imp,uv,/lp

22, (P)- (A4)

The action (A1) can also be rewritten in the momentum representation, where it takes the form

d3p 1 I—))Z . . ) ﬁz A A 3 . )
A= f (2”)3 [Z (M—% +1 hyv(P)h”v(—P) - M (1 - P)pV,/lp hllV(p)hAp(_p)—

i _)a" > -
2 hﬂv<p>zyv<—p>].

Substituting now into this formula the saddle-point expression (A4), we obtain

_(gHa)? [ dp 5 1 2 1482, A-p
A = —f Z,uv(P)Z/\p(_P) : 132-%—]\/12 [MD -1 P (1 _P)]pv,lp ’

4 ()3 2

Performing the inverse Fourier transform to the coordinate representation, one obtains the result of
the h,,,-integration in Equation (59) in the form of the following non-local action:

( 1 )2 e 2 M2 2 =d A -

A= [ Px [ PyDusy (R =) | S22 R (§) + R (F)] (A5)

where j, (X) = 556 dx,(7) 8(X —X(r)). Note finally that, in the course of the derivation of Equation (A5),
the local form of the Stokes’ theorem, 9,3, = j,, has been used.



Universe 2017, 3, 50 47 of 52

Appendix C. Integration over the A,-Field in Equation (66)

The A,-integration in Equation (66) can be performed by imposing the Lorenz gauge-fixing
condition 9,4, = 0, which yields the saddle-point equation —8°A,, + ime,,18,A, = ig*j,, where
m = 2¢°0. Seeking a solution in the form A, = U, + iV}, we get a system of equations

U, + meyy20,Vy =0, = 0%V, + meyy10,Up = ¢y (A6)

The first of these equations can be solved with respect to U, as
0,80 = meya | DoG= 9T, (a7)
y

Differentiating now the second Equation (A6), and applying the maximum principle, one gets d,,V,, = 0.
Using this relation, one further obtains from Equation (A7): ¢,,,0,U; = mV,,. The substitution of this
formula into the second Equation (A6) yields for that equation a remarkably simple form: (-4 +
m?)V, = ¢%j,. Therefore, one obtains V},(X) = g fy Dy (X - ¥)ju(¥), while U, (X), given by Equation (A7),
can be calculated through the relation

f D%~ §)Do(§ — ) =

Y

eiﬁ(i_}?) eiq(?_ﬁ) eiﬁ(z_ﬁ) 1 N N N N
[ [ s = o i-pa-a),
yJpp +m?Jg pp (P +m?) m

3
where fp = [ (‘217’;3, and the equality 21— = -1 (I% - ﬁ) has been used at the last step.

B +m?) m2
The resulting U,(X) reads U,(X) = %iﬁ,; fy [Do(X = §) — D (X — ¥)]yja(¥), which yields for the
Wilson-loop average the expression (67) from the main text (for a review, see [145]). Note that,
in the limit of ® — 0, Equation (67) recovers the expression for the Wilson-loop average in the 3D
Maxwell theory without the Chern-Simons term, namely

2
(W(C)) = exp [—% 56:de SEC dy, DO(Q—}?)] :

Indeed, in this limit, one has Dy(X - §) — D, (X - §) = {%, so that the expression

f i ()X Do - §) — D% ~ §)] =
X,y

o e m RN
S D0 ) -Du 0055 > g1 [ 3u92015)

x,Y

vanishes, since fx ju(X) =0.
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