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ABSTRACT: We show that classical, non-supersymmetric Yang-Mills theories coupled to spin-
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exact structures that resemble integrability, with an infinite number of conserved charges in
involution. Such structures live in the space of non-abelian electric and magnetic charges, and
are based on flat connections in generalized loop spaces, presenting an R-matrix, and Sklyanin
relation. We present two novel symmetries of Yang-Mills theories. The first one corresponds
to global transformations generated by the infinity of those conserved charges under the
Poisson brackets. The gauge and matter fields, as well as Wilson lines and fluxes, have
interesting transformation laws under such a global symmetry. The second one corresponds to
symmetries of the integral Yang-Mills equations, which lead to the conserved charges. They
generate an infinite-dimensional group, where the elements are holonomies of connections
on the loop space of functions from the circle S' to the space-time. Our approach certainly
applies to the Standard Model of the Fundamental Interactions. The conserved charges are
gauge invariant, and so, in the case of QCD, they are color singlets and perhaps are not
confined. Therefore, the hadrons may carry such charges. Our results open up the way for
the construction of non-perturbative methods for Yang-Mills theories.
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1 Introduction

The development of exact and non-perturbative methods to solve field theories is of crucial
importance for the study of non-linear and strongly coupled physical phenomena in all areas
of Physics. Symmetries play a central role in most of those methods. However, it has become
clear that the symmetries relevant for the development of those exact and non-perturbative
methods are not always of the Noether type, but hidden, and sometimes non-local, symmetries
that act on some special structures, like one-form flat connections. In this paper, we discuss
two novel symmetries of (3 + 1)-dimensional Yang-Mills theories, coupled to matter fields,
based on their classical integral equations [1, 2]. Our approach is based on methods on
generalized loop spaces, and it applies, in particular, to the Standard Model of the fundamental
interactions. The physically relevant non-abelian gauge theories have particle production and
certainly are not integrable in the usual sense of having a factorized S-matrix. However, we
show that those same Yang-Mills theories present exact structures, resembling integrability,
with an infinite number of conserved charges in involution. Such structures live in the space
of non-abelian electric and magnetic charges, possessing a flat connection, R-matrix, and
satisfying the so-called Fundamental Poisson bracket Relation (FPR), and the Sklyanin
relation [3-6]. The infinity of conserved charges constitutes higher modes of the electric and
magnetic charges and are obtained as the eigenvalues of a charge operator that presents
an iso-spectral time evolution. Even though all those charges are in involution with the
Hamiltonian, the energy and momenta are not among those eigenvalues. The infinity of
conserved charges that we construct is, in fact, associated to internal global symmetries of the
Yang-Mills theories. It is not clear if those charges may take the role of the canonical variables
parameterizing the phase space, as is usual in exact integrable theories, in the Liouville sense.

The flat connection leading to the charges presents a gauge symmetry on a generalized
loop space, and the corresponding infinite-dimensional gauge group plays a similar role
in (3 + 1)-dimensions to that played by the Kac-Moody group in integrable theories in
(1 + 1)-dimensions. Such a group, however, may not be a Lie group and may circumvent
the Coleman-Mandula theorem [7] in a novel way. The conserved charges are truly gauge
invariant, and so in the case of Quantum Chromodynamics (QCD), they are color singlets.



Therefore, such charges in principle are not confined and could be carried by the hadrons.
In order to contextualize our results, we start with an exposition of well-known facts about
integrable field theories that motivated our methods.

Integrability in higher dimensions. Integrable field theories in (1 + 1)-dimensions consti-
tute perhaps the best example where exact and non-perturbative methods were developed at
the classical and quantum level with great success. An important mathematical structure
responsible for such developments, in two-dimensional integrable field theories, is the so-called
Lax-Zakharov-Shabat equation [8, 9], where the equations of motion are expressed as the
zero curvature condition for a connection

80141—811404-[140, Al] =0 (1.1)

where A,,, = 0,1, is a functional of the fundamental fields of the theory and their derivatives,
and takes values on a Kac-Moody algebra [10]. The relevant symmetries are the gauge
1 _ au g g—l
Moody group (a carefully defined exponentiation of the generators of the Kac-Moody algebra

transformations A, — g A, g~ , where g are special elements of the so-called Kac-
in a so-called integrable representation). Such gauge transformations are not symmetries of
the Lagrangian or Hamiltonian, and so are denoted hidden symmetries. They act on the
connection A,, which is not a physical field of the theory, preserving the zero curvature
representation (1.1) of the equations of motion. Such symmetries underlie all the exact results
in integrable field theories, like the inverse scattering method, dressing transformations, etc.
In addition, the equation (1.1) is a conservation law as it implies that the holonomy (Wilson
line) of the connection A, is independent of the path, as long as its end points are kept
fixed. By imposing suitable boundary conditions, one can show that the Wilson line operator
integrated on the space (z-axis) has an isospectral time evolution

W () =U (&) W () U (1) (1.2)

where v and g denote the z-axis at the time ¢t = ¢ and ¢t = 0 respectively, and W is the path

ordered integral W (y) = Pe f“f do Ay %. Therefore, the eigenvalues of W, or equivalently
Tr WY, are conserved in time. Since A, lives on an infinite-dimensional Kac-Moody algebra,
one gets an infinity of conservation laws. It then follows all the impressive achievements of
two-dimensional integrability, at the classical and quantum levels, like the construction of
exact solutions, factorisation of the S-matrix, exact correlation functions, etc, [4, 5].

It is hard to believe that physical local field theories in four dimensions can present
properties like those of two-dimensional integrable theories. The reasons are manifold.
The hidden (gauge) symmetries of integrable theories described above mix in a non-trivial
way internal and external transformations. Good physical theories (local, unitary, Lorentz
invariant, etc) in four-dimensional Minkowski space-time are subjected to the no-go Coleman-
Mandula theorem [7] that forbids internal and external Lie group symmetries to mix non
trivially. Supersymmetry circumvents such a theorem [11, 12], and indeed supersymmetric
field theories are, in general, more solvable than non-supersymmetric ones. In this paper, we
shall present novel symmetries of classical ordinary Yang-Mills theory (non-supersymmetric)
that may lead to new methods suitable to solve some non-perturbative aspects of non-abelian



gauge theories. However, the relevant infinite-dimensional symmetry group may not be of
Lie type, and perhaps may circumvent the Coleman-Mandula theorem in a novel way. Such
symmetries were discovered in our attempts to generalize to higher dimensions the zero
curvature (1.1), as we now explain.

The basic mathematical structure we need is a generalized loop space, i.e., an infinite-
dimensional space of functions f mapping the (d — 1)-dimensional sphere S9=1 into the
space-time M, with a base point zg, i.e.

£ = (5. §1 - M | north pole — zg} (1.3)

where xR is a fixed reference point in M, which is the image, in all mappings, of the north
pole of S9!, Consider now a d-dimensional volume  in M, and take zg to lie on its border
€. One can scan ) with (d — 1)-dimensional closed surfaces based on zg, starting with an
infinitesimal surface around z g, and blowing it up until it reaches the border 9€2. Every point
of 2 belongs to one and only one surface used in the scanning. Such closed surfaces are, in

(d=1) " Therefore, 2 can be seem as a path

fact, images of the mappings f of the loop space £
in £@=Y We now introduce a one-form connection A on the generalized loop space £4=1),

taking values on some Lie algebra G, and we impose it to be flat, i.e., its curvature vanishes
OA+ANA=0 (1.4)

It then follows that the holonomy of A on loop space will be path independent, as long as the
ending points of the paths are kept fixed. That is the approach proposed in [13] to generalize
to higher dimensions some of the structures of (1 4 1)-dimensional integrable field theories.
The idea is to define the connection A in such a way that its zero curvature condition (1.4) is
equivalent to the classical equations of motion of the higher-dimensional field theory of interest.
Therefore, the path independency of the holonomy of A is a consequence of the dynamics
of such a theory. A given path on the loop space £(41) corresponds to a d-dimensional
sub-manifold §2 on the space-time M, and the holonomy of A on that path corresponds to a
volume ordered integral on 2. Deformations of the path that keep its ending points fixed
are equivalent to deformations of the volume ) that keep its border 92 unchanged. By
imposing appropriate boundary conditions, it is possible to obtain an isospectral evolution
of the volume ordered integral on € (i.e. the holonomy of A), along the directions in M
perpendicular to 2. That corresponds to conservation laws, since the eigenvalues of such
volume-ordered integrated operator will be constant along those directions.

If we take M to be a (d + 1)-dimensional Minkowski space-time, and € to be the spatial
sub-manifold R¢, we get charges that are conserved in time, in a way similar to the case
of (1 + 1)-dimensional integrable field theories discussed above. In fact, for d = 1, the
relevant loop space is £, i.e., the space of functions mapping S° into the two-dimensional
space-time. But SY has only two points, and since one of them (the north pole) is always
mapped into the reference point 2, we get that £(© is isomorphic to the two-dimensional
space-time M. So, the construction described above does reduce to the usual structures
of (1 + 1)-dimensional integrable field theories.

Such an approach, however, faces some difficult obstacles. First, the zero curvature
condition (1.4) is local on the loop space £ but not necessarily on the space-time M.



Therefore, if one wants to work with local field theories in M, their local equations of motion
will have to be equivalent to non-local conditions in M. Second, a given volume €2 in M

(@=1) since the change of

corresponds in fact to an infinity of paths on the loop space L
scanning of Q with closed surfaces leads to different paths on £4~Y. So, at the end of
the day we have to show that the physics of our theory does not depend upon the loop
parameterization of the volumes in M. For a more detailed discussion of such issues, see the

review [14].

Yang-Mills theories come to the rescue. However, such an approach does overcome all
those difficulties thanks to the physical properties of one of the most important theories we
have, namely, gauge theories. As it is well known, the laws of electricity and magnetism were
first formulated in terms of integral equations, like the Gauss and Faraday laws. The final
and unified formulation of those laws was provided by Maxwell in terms of partial differential
equations. As we know it, electrodynamics is a local field theory that admits an equivalent
formulation in terms of integral equations of the form

flux through 02 = charge inside 2 (1.5)

where (2 is any three-dimensional volume in four-dimensional Minkowski space-time. The
volume €) can be purely spatial, like in the Gauss law, or it may extend in the time direction,
like in the Faraday law of induction.

Non-abelian gauge theories were formulated a la Maxwell by C.N. Yang and R. Mills [15]
in terms of partial differential equations. However, as shown in [1, 2], they also admit an
equivalent formulation in terms of integral equations of the form (1.5). Using a generalised
version of the non-abelian Stokes theorem for two-form connections [13, 14], it was shown
in [1, 2] that for any three-dimensional volume €2 in the four-dimensional Minkowski space-time,
the partial differential Yang-Mills equations are equivalent to the integral equations

P €f398 =P ean (16)

where P> denotes surface ordered integration on the border 0f), and P3 means volume ordered
integration on the volume 2. B stands for a linear combination of the Yang-Mills field
tensor F),,, and its Hodge dual E“, = %z—:wpg FP? conjugated with the Wilson line W, i.e.
w1 (a F, + ﬂﬁ'w,) W with a and $ being arbitrary parameters. So, the integration on
the left-hand side of (1.6) gives a measure of the non-abelian electric and magnetic fluxes
through 0€). A stands for the non-abelian electric and magnetic charges carried by the matter
and gauge (gluon) fields, and so it measures the charge inside 2. Both B and A live on the
Lie algebra of the gauge group G, and they depend upon the parameters a and 5. In the
case of the abelian gauge group U(1), (1.6) reduces to the usual integral equations of classical
electrodynamics. The details of the integral equation (1.6) are given in section 2.

In order to construct (1.6) one needs to choose a scanning of the volume € with closed
surfaces based on a fixed reference point xg on 02, and so (1.6) refers to a given path on
the loop space £(2) (see (1.3)), and 0N corresponds to the end point of that path. In their
turn, each closed surface is scanned with loops based at xgr. If one changes the choice of the



scanning of €2, both sides of (1.6) change, but in a way that the equality still holds true. So,
we can say that (1.6) is covariant under the reparameterization of the volume €.

Since the parameters a and 8 are arbitrary, one can expand both sides of (1.6) in power
series on those parameters, and so one gets an infinite number of integral Yang-Mills equations.
Each one of those integral equations must be satisfied by any solution of the local partial
differential Yang-Mills equations. A direct test of such equations was performed in [16] for
the case of 't Hooft-Polyakov monopoles, and they are indeed satisfied. For the case of the
abelian gauge group U(1), such an expansion in powers of the parameters a and 5 becomes
trivial, and one gets the usual four integral equations of electrodynamics.

The dynamics of the Yang-Mills theory is such that it implies that (1.6) holds true on
any volume 2. Therefore, if one changes the volume Q — €', such that the border is not
changed, i.e., 9Q = 99/, one gets that

Consequently, the holonomy of the connection A on loop space is independent of the path, as
long as its end points (zr and 0f2) are kept fixed. The flatness condition (1.4) was proposed
in [13] in order to get that the holonomy of A was path independent. With the integral
equation (1.6) we get that condition directly. However, the path independency certainly leads
to (1.4). Indeed, the non-abelian Stokes theorem, that leads to (1.6), implies that A is the
curvature of B, i.e. A ~ 0B+ B A B, and so, it should hold on loop space what is known
on ordinary manifolds, i.e. the curvature of a curvature must vanish.

It is then very clear that the integral equations for the Yang-Mills theories, constructed
in [1, 2], overcome the obstacles facing the proposal put forward in [13, 14], to construct
integrable theories in any dimension. The partial differential Yang-Mills equations, which are
local in the space-time M, are equivalent to the zero curvature of the connection A, which
is local on the loop space £2). In addition, since the connection A is path independent,
it is invariant under the change of parameterization of the volumes ). Indeed, a change
of path on the loop space £2) may correspond to a change of the physical volume € on
space-time M, or then to a change of parameterization of that same volume 2. Remember
that a given volume Q corresponds to an infinity of paths on £(2). So, the non-locality and
parameterization obstacles have been solved.

The path independency of the holonomy of A can be used to construct conservation
laws. Indeed, by imposing appropriate boundary conditions, it was shown in [1, 2] that such
holonomy has an iso-spectral time evolution, i.e.

Ps st _y (t) P3 Ay (t) (1.8)
where R} and R} stand for the three dimensional spatial submanifold of M, at time t = ¢
and t = 0, respectively. It then follows that the eigenvalues of the operator

A
Q=pyelt — pola® (1.9)

are conserved in time, and where, in the last equality, we have used the integral equation (1.6),
and where S2, is the two-sphere at spatial infinity, i.e., the border of R3.



We show in section 2 that, under a general gauge transformation, the charge operator (1.9)
transforms as @ — gr @ g;zl, where ggr is the element of the gauge group G, performing the
gauge transformation, evaluated at the reference point xr. So, the charge operator transforms
globally under local gauge transformations. Therefore, the conserved charges, which are
its eigenvalues, are truly gauge invariant. That has solved a long-standing problem in the
formulation of non-abelian gauge theories. The usual electric and magnetic non-abelian
charges of Yang-Mills theories, discussed in the textbooks, are not really gauge invariant.

It turns out that the eigenvalues of (), namely q,, a = 1,2,...rank G, are functions of
the arbitrary parameters o and 3, and therefore we have in principle an infinite number
of conserved charges

o0

oo, B)= > amprqlmm (1.10)
m,n=0
As we will see in this paper, the role played by the parameters « and § is similar to that
played by the so-called spectral parameter in integrable theories in (1 4 1)-dimensions.

It is worth pointing out that even though the local and integral Yang-Mills equations are
equivalent, the integral equations play a crucial role in understanding the global aspects of
solutions. Indeed, the long-standing problem of the nature of the Wu-Yang monopole solution
was solved with the help of the integral equations. The local partial differential Yang-Mills
equations are not enough to settle the issue of the necessity of a source for the solution to
exist. The integral Yang-Mills equations, on the other hand, lead, with an analysis based
on distribution theory, to a unique form of the magnetic source needed for the Wu-Yang
monopole solution to be consistent [17, 18].

Summarizing, the Yang-Mills theory is a local field theory on the four-dimensional
Minkowski space-time M, whose equations of motion (the local partial differential Yang-Mills
equations), imply local equations on the generalised loop space £(?), namely (1.6) and (1.4).
So, Yang-Mills theories solve the problems of reparameterization and locality discussed above.
In other words, the dynamics of Yang-Mills theories are equivalent to the zero curvature con-
dition for a connection A on the loop space £2). Therefore, the results of [1, 2] show that the
Yang-Mills theories realize, in a quite elegant and simple way, the ideas put forward in [13, 14].

The hidden symmetries of Yang- Mills theories. In the present paper, we construct
two types of symmetries of Yang-Mills theories based on the construction on loop space
described above. The first one is the transformations of the matter and gauge fields, Wilson
lines and fluxes, generated under the Poisson brackets, by the conserved charges, i.e., the
eigenvalues of the operator @ defined in (1.9), or equivalently, the traces of powers of it. The
second type are the symmetries of the integral equations (1.6).

We calculate the infinitesimal transformations generated by the conserved charges through
the Poisson brackets of the standard canonical quantization of Yang-Mills theories as described,
for instance, in [19]. We work with the conserved charges expressed in terms of the traces
of powers of the charge operator (1.9), i.e.

QNE%HQN (1.11)



The infinitesimal transformation of a given quantity X is given by the equal time Pois-
son bracket

0X = E{X, QN}PB (112)

with € being a constant infinitesimal parameter.

Such global transformations are symmetries of the total Hamiltonian Hy = Hg + Hp +
Hp;+ He, of Yang-Mills theory, containing the usual gauge, matter, and constraints parts. In
fact, the conserved charges weakly commute separately, i.e., when the Gauss law constraints
hold true, with each term of the total Hamiltonian, i.e.

{Hg/B/mjc s Qnype =0 (1.13)
with

Hp = % /d?’x Tr(E;)?; Hp= % /df"x Tr(B;)?; He = /d% Tr (Ao (e Jo — D;E;))
(1.14)
and Hj,; being the matter part of the Hamiltonian, with F; and B;, i = 1,2, 3, being the
non-abelian electric and magnetic fields, Jy being the time component of the matter current,
and e is the gauge coupling constant. Ag is the time component of the gauge field, and in the
canonical formalism we use, it is a Lagrange multiplier [19]. The symbol = means equality
when the constraints hold true. See section 6 for the details.
The striking property of the flat loop space connection A (see (1.6) and (1.7)) is that it
satisfies an anomalous Fundamental Poisson bracket Relation (FPR) of the form

{Aar 51,60 P Aar 5. 1B = 6 (G = &) {[ R Ay 5.0y @1+ 10 A, 5, )|

+ (Oq - 042) [Econstr. + Eanom.]} (115)

with 55
R=—e29 "2 T, 2T, 1.16
B1 — B2 (1.16)

where «; and (;, i = 1,2, are the parameters appearing in the integral Yang-Mills equa-
tions (1.6), ¢; are the parameters labelling the closed surfaces, based at the reference point
TR, on the scanning of the volume €2, ¥ is a sign depending upon the orientation of the
scanning, and 7T, is a basis of the Lie algebra of the compact gauge group G, satisfying

[(To, Ty =0 fape Tt ; Tr (T, Ty) = bap ; a,b,c=1,2,...dimG (1.17)

The quantity Z¢onstr. vanishes when the constraints hold true, and Z,,0m. is an anomalous
term that will not influence the involution of the charges when the invariance under the
choice of scanning (reparameterization) is guaranteed. See section 10 for the details.

The FPR (1.15) leads to a Sklyanin relation for the charge operators of the form

{Q (a1, 1)3Q (a2, B2)tpe = [R, Q (a1, £1) ® Q (a2, £2)]
+ (al - 042) [iconstr. + ‘ganom.} (1-18)



where again éconm, vanishes when the constraints hold true, and éanom, does not influence
the involution of the charges when invariance under reparemeterization is guaranteed. See
section 11 for the details.

Note that the operator R (1.16), vanishes for either for 81 = 0 or 3 = 0, and the same
happens for the quantities Zeonstr. and Sanom.. Therefore, the charge operators @ (o, 5 = 0),
commute with all charge operators, and so they are central elements. The same is true for
the loop space connections A, 3—0,¢)-

In its turn, (1.18) leads to the involution of all the conserved charges (1.11), for any
power N;, and any values of the spectral parameters «; and 3;, ¢ = 1,2, and when the

constraints hold true, i.e.

{Qn, (a1, B1) , Qn, (2, f2)}p =0 (1.19)

Therefore, we do have structures, resembling integrability, in Yang-Mills theories in the sector
of the non-abelian electric and magnetic charges. Even though the Yang-Mills Hamiltonian
commutes with such an infinity of charges (see (1.13)), it is not one of them, i.e., the
Hamiltonian is not a functional of the charges Qy.

Even though the conserved charges weakly commute, the transformations generated
by them do not. It has to do with the fact that one can not impose the constraints and
reparameterization conditions inside the Poisson brackets. Using the Jacobi identity for the
Poisson bracket, one gets that the commutator of two transformations (1.12) is

[0Ny 01,81 » ONpsan,8o | X = €162 (1 —a2) { X, Trgg <QN1 (a1, 81) ® Q™ (az, B2) T) }rB

(1.20)
with €1 and €9 being the constant parameters of the two global transformations, Trgy,
meaning the trace on both sides of the tensor product, and YT is an element of the Lie
algebra of G, integrated over the whole R?, depending on both sets of parameters o; and ;,
i = 1,2, and on the Wilson line, surface and volume holonomies (see (11.5)). The quantities
Trrr (QN1 (a1, B1) ® QN2 (ag, Ba) T), Poisson commutes with the Hamiltonian, and so they
are additional conserved charges, that generates new global symmetries. However, T vanishes
when the constraints hold true, and so such charges vanish on the constrained phase space.
Due to the Jacobi identity for the Poisson bracket, the transformations oy, «, s, satisfy the
Jacobi identity, and so generate a Lie algebra. The subspaces corresponding to the same
value of «, are abelian subalgebras, and elements of sectors for different values of o do not
commute. See section 11.1 for the details.

The global transformations of the local fields, Wilson lines and fluxes. Some
objects present simpler transformations under the symmetry (1.12). We shall refer to them
as primary fields, and they are the matter fields, the non-abelian electric and magnetic fluxes,
and some special Wilson line operators.

Consider a matter field multiplet transforming under a given representation R of the
gauge group G

Y = R(9),, ¥s; geq; r,s=12,...dimR (1.21)



The fields 1 stand for spinors (quarks) or scalars (Higgs), and the form of the transformation
generated by the conserved charges is the same for both of them, and is given by

09 (2) = e{¢r (z) ,Qn (a, B)}rp

dim G (1.22)
= ¢80 > [R(T,) ¢ (2)], Tr (QN (¢f) S () TS (x))
a=1

where @ (Cs) is the charge operator integrated over the whole R}, S (z) is an operator built
by volume ordered integration of the same quantities leading to the charge operator ), and
it lies in a matrix representation of the gauge group G, not necessarily the same as R, and
it is unity at the reference point zp

S(zg) =1 (1.23)

See section 7 for details of the construction of (1.22).

Note that the matrix S and the charge operator @, appearing in (1.22), depend upon
all fields (gauge and matter), but the factor Tr (QNS(x) T,S! (x)) is the same for all
components v, of the matter fields. Therefore, it turns out that any gauge invariant monomial
of the matter fields is also invariant under the transformations (1.22). In particular, it preserves
the squared modulus of the multiplets (spinors or scalars), i.e.

5 (wfvr) ={(ver)  Quipp =0 (124)

and so the integrated (exponentiated) version of (1.22) should be a unitary transformation.

In order to describe the transformations of the gauge fields and Wilson lines, we need to
decompose them into special directions dictated by the scanning of volumes and surfaces. As
we have said, we scan a volume ) with closed surfaces, based at the reference point xr on
its border 0€2. The surfaces scanning ) are labelled by a parameter (. In their turn, each
of those surfaces is scanned by loops, labelled by a parameter 7, starting and ending at zpg.
Each loop is parameterized by o. Each point of €2 belongs to only one surface, to only one
loop, and to only one point of that loop. Therefore, if we take 2 to the spatial sub-manifold
R?, of the Minkowski space-time, at a given fixed time ¢, we have a one-to-one correspondence
among the points of R} and those parameters, i.e. ' = 2% (o, 7, ¢), i = 1,2,3, and 2’ being
the Cartesian coordinates of R3.

In the canonical formalism we use [19], the time component Ay, of the gauge field is a
Lagrange multiplier, and only the space components, A;, i = 1,2,3, correspond to physical
degrees of freedom. We express the one-form gauge connection as A = A;dx’ = A, do +
Ay dr + A¢d¢. It turns out that the o-component of the gauge field is invariant under the
global transformations (1.12), i.e,

5AU = 6{Ag, QN}PB =0 (1.25)

The other two components A, and A¢ have very precise transformation laws under (1.12),
but they do not transform as primary fields. 6A;c is not linear in A /¢, and it involves
surface and volume ordered integrals of quantities appearing in the charge operator. See
section 7.2 for the details.

,10,



The transformations of the gauge degrees of freedom are better described by the Wilson
lines defined on paths in the o, 7, and (-directions. Consider the Wilson lines we, defined by

dwe 4 da'(§)

d¢ ¢

where 2% (£) is a path, parameterized by &, where the other two parameters are kept fixed, i.e.,

we = 0; E=o,7,( (1.26)

x (o) is a path along the loop scanning the surfaces, with 7 (loop) and ¢ (surface), kept fixed.
Similarly, z¢ (1) is a path, on a fixed surface (¢ constant), crossing the loops at fixed value of
o, and 2! (¢) is a path crossing the surfaces (labelled by ¢) at constant values of 7 and (.

Due to (1.25) it turns out that the Wilson line w, is invariant under the global trans-
formations (1.12), i.e,

5&)0 =¢ {wa, QN}pB =0 (1.27)

The Wilson lines w, and w, transform as

&uT/C = E{WT/C, QN}pB (1.28)
= B9 |wr e T T [QV (¢f) S Ta S| = Tuwr ) Tr [QV (¢p) S7 TSt |

where @ ((r) is the charge operator integrated over the whole R?, and Sy /1 are operators
built by volume ordered integration of the same quantities leading to the charge operator
Q, and they are different for the cases of w; and w¢. For the case of w¢, the second equality
in (1.28) holds true when the constraints are imposed.

Other quantities that transform in a simple way under the global transformations (1.12)
are the electric and magnetic fluxes defined as

of -1 dﬁj dxk ar —1 d:Uj _dxk
er/c = .. do‘wo_ E’iwogijk%m bT/C :/Ui dO’UJU Biwa-gijk do dT/C
(1.29)

where E; and B; are the non-abelian electric and magnetic fields, and w, is the Wilson line
defined in (1.26). The integral is over an entire loop parameterized by o, and the Wilson
line is defined on that loop, integrated from the reference point xr up to the point where
the fields E; and B; are located.

Under (1.12) we have that

66,0 =e{bry, Qnlr=0 (1.30)
Serje =cf{e e, Qntpp =—ce* By {Ta, eT/g} Tr (Q )™ Se_lTaSe)

where again S, is an operator built by volume ordered integration of the same quantities
leading to the charge operator (). See sections 7, 8, and 9 for the details on the global
transformations.

The fluxes ¢, /¢ and b, /¢ play a very important role in the properties of the Yang-Mills
theory, and they are the basic constituents of the electric and magnetic charge densities of the
gauge fields (gluons) on the loop space formulation of the integral equations. As we discuss in
section 4, they are perhaps the closest thing to what Polyakov used to call the rings of glue [20].
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Note that the conserved charges for the § = 0, i.e. Qn (a, 8 =0), do not generate
any transformation, as can be seen by setting 3 to zero in (1.22), (1.28) and (1.30). As we
commented above (see paragraph below (1.18)), the corresponding charge operator leading to
such charges, Poisson commutes with all other charge operators. So, they constitute central
elements of the algebra of the charge operators.

It is worth pointing out that despite the fact that the conserved charges (1.11) are truly
gauge invariant, and independent of the parameterizations of volumes and surfaces, the global
transformations (1.12) have to be defined on a given scanning. Indeed, suppose we consider
two different parameterizations of volumes and surfaces, leading to two global transformations,
and consider their difference 60X — X =e{ X, Qv — Qv } 5. The invariance of the charge
under reparameterization, i.e. Qn = Q'y, follows from the static integral Yang-Mills equations,
which are equivalent to the Gauss constraints and Bianchi identity, D;B; = 0. Since we
cannot impose the constraints inside the Poisson brackets, it follows that, in principle,
60X # §'X. All that means that our global transformations (1.12) are, in fact, defined on
loop space. The transformation depends upon the path on £®2) where the charge Qu is
evaluated. But that is similar to Weyl’s gauge principle [21, 22]: the gauge interaction
introduces non-integrable phases on the wave functions, but the physics does not depends
upon the path chosen to calculate that phase. It is amazing that our loop space formulation
of the global transformations lead to such a property that the physics does not depend
upon the choice of path. That is what allows us to define the transformations of local fields,
like the matter and gauge fields.

Note that our conserved charges are integrated over the whole spatial sub-manifold R? of
the Minkowski space-time M. Therefore, in the language of the so-called generalized global
symmetries [23-26], our global transformations (1.12) should be called 0-form symmetries
and should act on point objects, like the local fields. However, our conserved charges also
generate transformation of extended objects like the Wilson lines and electric and magnetic
fluxes. That is a point that deserves further analysis to connect our work with those results.

Another interesting point is that our results depend crucially on the contributions of
boundary terms. Indeed, as we show in section 5, the global transformation of any quantity
X, which is a function of the canonical variables, contains a volume and a boundary term
(see (5.32)). The symmetries that we have constructed are certainly not what is called in
the literature asymptotic symmetries [27-29], but it would be interesting to investigate if
there is any connection with those symmetries.

In addition, the structures underlying our holonomies may relate to what is called in
the literature higher gauge theories, gerbes, Lie two-algebras, and other categorical frame-
works [30-32]. Our direct approach, however, dispenses with such mathematical structures,
but it would be interesting to investigate further any possible connections.

The symmetries of the integral Yang-Mills equations. The second type of transfor-
mations that we construct are symmetries of the Yang-Mills integral equations (1.6). We
construct an infinite group of transformations on each point (function) of the loop space
L® (see (1.3)). As we have said, the construction of the integral equations (1.6) requires a
scanning of the volume €2 with closed surfaces based at the reference point xg. So, it requires
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a choice of path on the loop space £(2). The right-hand side of (1.6) is integrated over that
chosen path, and its left-hand side is defined on a point in £2), which is the end point of that
path. On its turn, such a point on £(2) can be seen as a closed path in £, and so the operator
on the left hand side of (1.6) can be considered the holonomy of the connection B on £1).

We shall fix a closed path on £, and so a point in £?), which we shall denote 9. In
addition, we parameterize the closed path in £!) with a parameter 7, such that 7; and Tf
correspond respectively to its initial and final points. We then consider all possible connections
a on £ and calculate their holonomies §, on the fixed path 89, through the equation

dZS_T) —g(r)a(r)=0 such that g(zr)=1 (1.31)

Given two connections a; and as we defined the composition law of their holonomies, §;
and gy respectively, as

G3 (1) =91 (1) G2 (1) (1.32)

where the (matrix) product is performed on each point 7 of the path Q. It turns out that
g3 (1) also to satisfy (1.31), and the connections must compose as

a3 (1) =Gy (1) a1 (7) g2 (7) + a2 (7) (1.33)

The set of elements of our group G’, however, is defined as the holonomies integrated over
the whole fixed path 02, and the group product law is defined as

G3(77) = g1 (7¢) 92 (1¢) or equivalently §3 (0Q) = g1 (092) G2 (092) (1.34)

One can easily verify that such an infinite set G of elements g (09), with the product
law (1.34), satisfies all the postulates of a group. The product is associative, the product of
any two elements is again an element of the set (closure), there is a unique (left and right)
identity, and each element has a unique (left and right) inverse. Therefore, we can define on
any point 9Q of £2) such an infinite dimensional group G. Note, however, that even though
the elements are holonomies, such a group is not the usual holonomy group known in the
literature. The usual holonomy group has a fixed connection, and its associated holonomy
is evaluated on every closed path based on a fixed point. The composition law gives an
element, which is the holonomy of that fixed connection, calculated on the composition of
two closed loops. Our group G is defined on a fixed path and an infinity of connections. The
composition law for the connections is given by (1.33) on that fixed path.

Using the non-abelian Stokes theorem, one can express each group element of G as an
ordered integral on the volume Q whose border is 99, i.e., Q is a path on £2)

9(99) =g (9) (1.35)

Therefore, one can view each side of the integral Yang-Mills equations (1.6) as taking values
on such an infinite-dimensional group G. The symmetries of the integral equations (1.6)
are given by the left and right transformations

Preloa® = g, (09) Py eloa® and Pyelo? &5 g1 (Q) Pyelo” (1.36)
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and
P2 efaQB N P2 effm B gR (BQ) and P3 efQA — P3 GIQAQR (Q) (1‘37)

It is clear from (1.35) that such transformations are symmetries of the integral Yang-Mills
equations (1.6). In fact, the connection B will compose with the connections producing the
holonomies gz, (0f2) and g (092), in the same way as in (1.33).

As we have seen, the connection A is flat due to the integral equations, i.e.

SA+ANA=0 (1.38)
and so it must be of the pure gauge form
A=06§(0Q) g1 (09) (1.39)
Under the transformations (1.36) and (1.37) it transform, respectively, as
A= g (09) Agrt (09) + 641 (09) g1+ (0) (1.40)

and
A= A+ §(09) 64r (09) g5 (09) §71 (09Q) (1.41)

Consequently, one can see the infinite-dimensional group Gasa group of gauge transformations
for the flat connections A on the loop space £(2).

Note that the transformations (1.36) and (1.37) are not symmetries of the Yang-Mills
Hamiltonian and Lagrangian. Indeed, if one takes a vacuum configuration where both B and
A vanish, one gets that P eJoa® = Py eJo? = 1. The transformations (1.36) and (1.37) will

map such vacuum configuration in non-trivial B’ and A’, such that
Pyeloa® = g, (99) and Pyela? =g, 0 () (1.42)

So, one starts with a configuration where the energy vanishes and gets a non-trivial configu-
ration with non-vanishing energy. The transformations (1.36) and (1.37) must therefore act
on the full space of solutions. However, we are very far from having a concrete method for
constructing solutions, like we have the inverse scattering and dressing methods in (1 + 1)-
dimensional integrable field theory. The mathematical structure that makes those methods
possible is the so-called Riemann-Hilbert problem. The question of whether there exists an
equivalent method for four-dimensional gauge theories is far beyond the scope of the present
paper, and that is certainly an issue to be investigated further.

One would note that such a symmetry resembles the gauge transformations of the Lax-
Zakharov-Shabat equation (1.1), discussed above. However, the infinite-dimensional group
G does not seem to be a Lie group. The structure of such a group has still to be clarified,
but the (infinite) dimension of the space of elements of G at the identity element seems to
be different from the dimension at other elements. So, such a space does not seem to be a
manifold. Therefore, we might not have an infinite-dimensional Lie algebra associated to
such a symmetry, like we have the Kac-Moody algebra in two-dimensional integrable theories.
But that is an interesting point, since the fact that our symmetry is not associated to a Lie
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group, it might circumvent the Coleman-Mandula theorem for four-dimensional Yang-Mills
theories in a novel way. See section 12 for the details.

The paper is organized as follows. In section 2 we revise the non-abelian Stokes theorem
for two-form connections, construct the integral equations for Yang-Mills theories, and from
them the infinity of conserved charges. In section 3, we present the symplectic structure
we shall use to calculate the transformations generated by the charges. The properties of
the charge operator, including its iso-spectral time evolution, are discussed in section 4.
The transformations generated by the conserved charges are constructed in section 5. The
invariance of the Hamiltonian of the Yang-Mills theories under the global transformations is
proved in section 6. In section 7 we show how the local matter and gauge fields transform under
those global transformations, and in section 8 how the electric and magnetic fluxes transform.
The transformations of the Wilson lines are presented in section 9. The integrability structures
of Yang-Mills theories are presented in sections 10 and 11, where we construct respectively
the Fundamental Poisson Bracket Relation for the flat connection, and the Sklyanin relation
for the charge operator, and following from it the involution of the conserved charges. The
infinite-dimensional group G, which is a symmetry of the integral Yang-Mills equations,
is constructed in section 12. Our discussions and conclusions are presented in section 13.
Finally, we have 10 appendices where we give the details of many calculations needed in
the main parts of the paper.

2 The Yang-Mills integral equations

The symmetries of the Yang-Mills theories that we discuss in this paper rely on the integral
Yang-Mills equations constructed in [1, 2]. In this section, we summarize the construction
of those integral equations, which uses the Stokes theorem for a two-form connection. The
proof of that theorem is quite straightforward [13, 14].

2.1 The non-abelian Stokes theorem for two-forms

First of all, we have to define how integrals over volumes, surfaces, and loops are ordered.!
Given a three-dimensional volume {2 in the Minkowski space-time M, we choose a reference
point g on its border 952, and scan 2 with closed two dimensional surfaces based on xg, and
labelled by a parameter ¢, varying from (; to (y, such that (; corresponds to the infinitesimal
closed surface around x g, and (y corresponds to the border 9€2. On their turn, the closed
two-dimensional surfaces scanning €2 are scanned with loops, starting and ending at the
reference point zg, and labelled by a parameter 7, varying from 7; to 7;. We start with an
infinitesimal loop around z g, labelled by 7;, then vary the loops to cover the whole surface,
and end with another infinitesimal loop around g, labelled by 7. Each closed loop is
parameterised by a parameter o, varying from o; to o, and both corresponding to the (initial
and final) reference point xr. Every point of Q belongs to only one two-dimensional surface

!The version of the non-abelian Stokes theorem for a two-form connection that we derive here applies to
volumes and surfaces with trivial topology. If one wants to consider spaces with holes and handles, one has
to partition the volumes and surfaces into patches with trivial topology, and the proof becomes a lot more
involved. For the case of the ordinary non-abelian Stokes theorem for one-form connections, the proof for
spaces with non-trivial topology has been given in [33].
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and to only one loop. So, loops and surfaces do not intersect each other. Therefore, the
coordinates of the space-time points of the volume {2 are functions of those three parameters,
i.e. z# (¢, 7, o). The choice of the scanning of 2 defines in fact a map from a 3-sphere S3,
parameterised by ((, 7, o), to the space-time M, such that the image is the volume 2. The
reference point xy is the image of the north-pole of S3, and so we have that z# ({, 7, o)
corresponds to a point in the loop space £(3) (see (1.3)). Equivalently, we can consider those
functions z# (¢, 7, o) as defining a path in £, such that the parameter ¢ parameterises
such a path. In fact, the latter is more appropriate for our applications.

We now consider an antisymmetric rank two tensor By, and a one-form connection C,,
on the Minkowski space-time M, and taking values on a Lie algebra, which in our applications
will be the Lie algebra G of the compact gauge group GG. We introduce a 1-form connection
on £, through a 2-form B,, and a 1-form C, on M, as

dz* dz¥

of
= do W 'B,, W ——
T /cn 7 " do dT

(2.1)

where W is the Wilson line operator associated to the 1-form connection C), defined by
the equation

dWwW dxt

- W = 2.2
do’+c"di 0 (2.2)

The 1-form connection T is defined by an integral on every loop scanning the two-dimensional
surfaces, that in their turn scan Q. So, 7 is defined on points of £(1). The Wilson line W
in (2.1) is obtained by integrating (2.2) from the reference point zg (o0 = o0;), up to the point
of the loop where By, is evaluated. So, the general solution of (2.2) is given by the series

W(o)= []1—/ do' C (o) do’ do" C (0') C (o") (2.3)
~[Cao [Cao" [ a0 Clo) C(0") C (") 4| W= Pre” Joy 4Oy

with C'(0) = C, %, Wpg is a matrix integration constant, and P; denotes path ordering.
Note that W is the value of W at the reference point x g, i.e. W (0;) = Wx. The calculations
have to be performed in a given representation of the Lie algebra G, as it involves products
of the generators, and not only Lie algebra brackets of them.
We define the holonomy of 7 on a given path in £1) through the equation
dV

Similarly, the general solution of (2.4) is given by the series

V)= Ve |1+ [ T+ [Car [ ar T @) T () (2.5)

+ / dr' / dr" / " T (7_///) T (T”) T (T,) T e esz‘ dr' T (")

,16,



with P, denoting surface ordering, and Vg being a matrix integration constant. Note that Vg
is the value of V' at the infinitesimal loop around the reference point =g, i.e., V (7;) = Vg.

The question we ask now is how V', defined on a given surface, varies when we change
that surface infinitesimally. In other words, what is the variation JV, when we change the
function * (¢, 7, o) to " (¢, 7, o) + 0x* (¢, T, o), keeping the reference point xp fixed?
Instead of performing that variation directly on the solution (2.5), it is much easier to
vary the defining equation (2.4) for V, to get a differential equation for the variation V.
Integrating such an equation, up to the loop labelled by 7, one gets that (see the details
in [1, 2, 13, 14], especially appendix A.2 of [2])

V() V() =V (r) T (r,8) Vi(r)+K(r, ) (2.6)
with
T(r,0)= /Jf do W*IBWW%W (2.7)
and Z
K(r,6) = / Car’ / 7 do v () {W1 [DAByu + DBy + Dy By, W%ﬂ ‘fl“: 5o
= /: do' | B (o) — HYY ('), B, (o) ] fgj%
(50 (o) - 500 (o) ) v ) (28)

where we have introduced the covariant derivative D,* = 0, * +[C),, *], and the curvature
of the connection Cy, Hy, = 0,C, — 0,C,, + [Cy, C, ], and where the superscript W means
conjugation by the Wilson line, i.e. X" = W= X W. Note that 7; corresponds to the
infinitesimal loop around the reference point zr. Since we do not vary zg, we have that
dz* (1;) = 0, and so when performing the integration to get (2.6), we have used the fact
that 7 (7;, ) = 0.

We now consider the case where the variation of the surface corresponds to the variation
of a given closed surface in the scanning of €2, into one infinitesimally close to it, i.e. we
take dzH = ddig d¢. First, we consider the variation of V', integrated up to a loop labelled
by 7, due to the variation of a surface labelled by (, to one labelled by ¢ 4+ d(. Replacing
the variation dz# = % d¢, into (2.6) and dividing both sides by d¢, and taking the limit
d¢ — 0, we get a differential equation for V'

av ()
d¢

where K (1) stands for K (7, ), given in (2.8), and 7 (7) stands for T (7, §), given in (2.7),
when we replace dz* by dx¥ = % d¢, and divide by d(.

VIIm)=vE) TE) Vi) +K(r) (2.9)

Consider now the case where V' is integrated over the whole surface labelled by (, i.e.,
integrated up to the final loop labelled by 77, which is also an infinitesimal loop around the
reference point x g, at the end of the scanning of the surface with loops. Since we do not vary
the reference point, we have that éx# (77) = 0, and so, from (2.7), we have T (74, 0) = 0.

,17,



Therefore, in such a case (2.9) becomes

av

— —-KV =0 2.10

g (20)
where V' stands for V (7), and K stands for (7).

The general solution of (2.10) is given by the series

V() =

¢ ¢ ¢
e [k @)+ [ [T ace (@) k() (2.11)
¢ ¢ ¢’ - C oot Arery
+ / dc' / ¢ / ac" K (C,) K (C”) K (C///) v .| Va=p efCi d¢’ A¢) Vr
Gi Gi Gi

where P53 denotes volume ordering, and again Vg is a matrix integration constant. Note
that VR is the value of V at the infinitesimal closed surface around the reference point
xR, ie. V(§) = Vr.

Given a volume 2 with boundary 9f2, and scanned with given functions z* (¢, 7, o),
we can determine the quantity V on the surface 92 in two equivalent ways. First, by
integrating (2.4) on the whole surface 92. Second, by integrating (2.10) on the volume £,
starting at the infinitesimally closed surface around z g (¢ = ¢;) up to the surface corresponding
to the border of € (¢ = (y). Since those two integrals are bound to be the same, we get
the non-abelian Stokes theorem [1, 2, 13, 14]

[T arT(r Fd¢K(C)

Vi Py el ) _ pyele Vi (2.12)

Note that ( = (; corresponds to an infinitesimal closed surface around the reference point
xr. Therefore, the loops scanning that infinitesimal surface shrink to just one infinitesimal

. fdr T

loop around xR, corresponding to 7 = 7;. In such a case we have that P» efﬂ' T -1
fdck

and Pj efCi Q) — 1, and so we have that the integration constants have to be the same,

i,e. Vg = Vpg.

2.2 The integral Yang-Mills equations

We shall consider a Yang-Mills theory for a compact gauge group G, coupled to families of
spinor ¢ and scalar ¢ fields. The Lagrangian is given by

L= Tr(Fu F™) + 67" Dy —m) o+ (Dug) Do~ V(o) (213)

where, in order to simplify the notation, we have dropped the summation over the families
of spinors and scalars. In addition, we have that

Fu = 0,A, —0,A +ie[Ay, A)] (2.14)

with A, being the physical gauge field, and e the gauge coupling constant. The La-
grangian (2.13) is invariant under the gauge transformations

_ ) _ _
A, —gAug 1+g(%gg L Fu—9gFuwg!

¥ — RY (g) ¥ ¢ — R?(g) ¢ (2.15)
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with g € G, and where RY and R¥ are the representations of G under which the spinors
and scalar, respectively, transform. Therefore, we have that D ¢ = 0,4 + ieRY (Au) ¥,
and D,p = 0,0 +ieR?(A,) ¢. Consequently, under the gauge transformation (2.15) we
have that D, — RY (g) Dy, and Do — R? (g) Dy

The Euler-Lagrange equations associated to the gauge fields, following from (2.13), are
the local Yang-Mills partial differential equations, together with the Bianchi identities

D, F" =eJ”; D, F" =0 (2.16)

where ﬁ’W is the Hodge dual of the field tensor, i.e.

~ 1
F;u/ = 5 Euvp FP)\ (217)

and J* is the matter current
JH =y RY (T,) b + % (go* R?(T,) D" — (D"p)! R? (T,) w)} Ty (2.18)

Note that J* is an element of the Lie algebra of the gauge group G. J* transforms under
the adjoint representation of GG, irrespective of the representations under which the matter
fields transform, i.e., under (2.15) we have that

JH = g JHg? (2.19)

The Euler-Lagrange equations associated to the matter fields, following from (2.13), are

. oV
(i7" Dy —m) ¢ =0; DuD”SOerSO:O (2:20)

The integral Yang-Mills equations are obtained by combining the non-abelian Stokes the-
orem for a two-form connection (2.12), with the local differential Yang-Mills equations (2.16).
We take the one-form C, and two-form B, to be given by

Cp=icA,; Byy =ie (aFu+ 3 Fu) (2.21)

with « and § being arbitrary (even complex) parameters. Using the Yang-Mills equa-
tions (2.16) we get that

DB,y + DyByx + DBy, = i€ (2.22)

where jw,p = EuvpA J?*, is the Hodge dual of the matter current.
Therefore, the 1-form connection on £(!) defined in (2.1) becomes

dxzt dx”
do dT

O'f ~
T = ie/ do W' (o Fu + B Eu) W (2.23)

From (2.21) and (2.22), and the substitution dz# = %d(, we get that the one-form

connection K (77, §) in £2), introduced in (2.8), which we now denote by A, becomes

A=ié? /Tf drV (7) TV (7) (2.24)
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with

dzt da’ da?
w
J = / da{ T G5 dr dc

) ~ ~ dz® dz#
i /a 4o’ [0~ ) FY () + BEY (). Bl (0) + A FLL ()] 22022
P / v p / v
X<d:c (o) da” (o) daf (o) da (a))} (2.25)
dr d¢ d¢ dt
where again the superscript V' means X" = W~ X W. The equation (2.10) then becomes
av
L _ AV =0 2.26
oA (226)
As we show in appendix B, J defined in (2.25), can be written as
J=B8Iu+BIc+ialFr, Fc]—i [a}}-i-ﬁ]?ﬂ a.7-"<+ﬁ.7?g} (2.27)
where we have defined the quantities
of daz* dz¥ da?
= do W=t Ty W —— 2.28
Ju= [ do WA 0 dr dC (2.28)
and
dz®dazf (o) ~ dx* dx¥ (o)
= FW / FW _—:|
Ja=i [ as / A ) T B0 T
dx dzf (o) ~w d:c“da:"(a)]}
FV , F — 2.2
[ wo (7)) G dc () o —dr (2.29)
and dgb d
~ A
fT/CZ/Ui do W Fy W (2.30)
and dat d AW,
xt dax¥ i
= doW 'F,W-—— ——wyt—= 2.31
]:7'/< /Uz o 2 do dT/C e c dT/C ( )
where W, is the Wilson operator obtained by integrating (see (2.2) and (2.21))
dw d H

on a closed loop belonging to the scanning of Q, starting and ending at the reference point
xR, labelled by 7, and lying on a closed surface labelled by (. See (C.3) for a proof of the
last equality in (2.31), or alternatively see section 2 of [13].

With such a notation we have that 7, defined in (2.23), can be written as

T=ie {a}}—i-ﬁ]f}} =aW! dWe

(2.33)

Under the gauge transformations (2.15) we have that the Wilson line, defined in (2.32),
transforms as

W —g(x) WWgtg ™ (xr) Wr=g(x) Wg ' (zr); G(zr) =Wg'g(zr) Wg
(2.34)
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where xp and x are respectively the initial and final points of the curve where W is evaluated,
and Wr, is the integration constant associated to the first order differential equation (2.32), and
it corresponds to the value of W at the reference point i (see (2.3)). The integration constant
Wr will not play any physical role in our calculations, and in what follows, we shall denote
g (zR) by g (zR), as if that constant were chosen to lie in the center of the gauge group G.

Therefore, for any quantity X transforming under the adjoint representation of the
gauge group, we have that

X (z) = g(x) X () g ()" WX (2) W — g (xr) WX () Wy ()™
(2.35)
Note that F},,, F, v, and j;w A, Which transform under the adjoint representation, appear in
all our formulas conjugated by the Wilson line. Consequently, the one-form connection 7 in
LM given in (2.23), and the quantity 7, defined in (2.25), transform as

T —g(er) Tg " (2R); J = g(xr) T g~ (zR) (2.36)
Therefore, the quantity V (7) given in (2.5), transforms as
V()= (Vag(@r) Vi') V(1) g7 (zr) (2.37)
Consequently, the one-form connection in £ given in (2.24), transform as

A= (ng(xR) VR—l) A (VRg(xR) vbgl)_1 (2.38)

The left and right hand sides of (2.12), transform as

" drT(r _ " drT(r _
Vi Py effz' ™ — (VRg(xR) Vi 1) (VRP2 effi ( )) g ! (xR)

f 4 A _ fd A _
pyele AV s (Vrg an) Vi) (Pge@- ¢ @VR) g7 (xr) (2.39)

Therefore, the equation (2.12) transforms covariantly under gauge transformations.

Note that all the quantities in our formulas appear conjugated by the Wilson line operator
W, and so, the local gauge symmetry has been wrapped up by such a conjugation. Therefore,
our formulas present just a global gauge symmetry performed by the group element evaluated
at the reference point, i.e. g (xg). That fact simplifies things a lot, and play a crucial role
in all of our results.

The integral Yang-Mills equations are obtained from the non-abelian Stokes theo-
rem (2.12), with the replacements (2.21), and the imposition, in (2.22), of the local Yang-Mills
partial differential equations (2.16). So, for any three-dimensional volume €2, on the four-
dimensional Minkowski space-time, we get that the classical dynamics of the Yang-Mils
theory is described by the equations

Vi Py € Joadrdo W= (a P8 Fu) WER 42 p ie? [ dCdrvTvty, (2.40)

That is the integral equation for the Yang-Mills theory in (34 1)-dimensional Minkowski space-
time obtained in [1, 2]. Such an equation is equivalent to the local Yang-Mills partial differential
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1/3, and

equations (2.16). Indeed, if one considers the length parameter [ = (volume of Q)
expands both sides of (2.40) in a power series in [, one gets the Yang-Mills equations (2.16)
in lowest order of that expansion.

As we have shown above, the integral equations (2.40) transform covarlantly under
general local gauge transformations. Note however that the tensors Fj,,, F, v and JWA, which
transform under the adjoint representation of the gauge group G, appear in (2.40) conjugated
by the Wilson line W. Therefore, as shown in (2.35), the Yang-Mills integral equations only
involve quantities that transform globally under gauge transformations.

In order to obtain the integral equations (2.40) we have to choose a scanning of the
volume ) with closed surfaces based at the reference point xg. However, by the construction
of the non-abelian Stokes theorem (2.12), it is clear that if we change the choice of scanning,
both sides of (2.40) will change, but in a way that the equality between them holds true in
the new scanning. So, (2.40) transforms covariantly under the change of scanning.

The integral equation (2.40) is also independent upon the choice of the reference point
zr. Indeed, if one changes zp to z’;, the Wilson line will change as W — I/VI/VQCR_M/R ,
where W, Rl is obtained by integrating (2.32) from x g to 2/, along a fixed chosen curve
on 0f), joining the two reference points. But since everything in (2.40) is conjugated by the
Wilson line, it turns out that everything gets conjugated by the constant matrix W, . —al
So, both sides of the integral Yang-Mills equations (2.40) get conjugated by W, Sal and
such equations transform covariantly under the change of the reference point zp.

By expanding both sides of (2.40) in power series in the parameters a and 8 we get,
in fact, an infinite number of integral equations. For instance, the terms linear in « lead
to the integral equation

dz* dx¥

Vre drdo W~ FWW

o Jo dr =ie /dCdT [ Fry Fel VR (2.41)

and the terms linear in 8 lead to the integral equation

dat d
Vie [ drdow ! B, w 42 42

2
09 do dr /QdC dr (Im +Ja) Vr (2.42)

Note that when the volume 2 is purely spatial, the right-hand sides of (2.41) and (2.42)
can be interpreted, respectively, as the non-abelian magnetic and electric flux through the
border 9. The left-hand sides of (2.41) and (2.42) can be interpreted, respectively, as the
non-abelian magnetic and electric charges inside the volume (2. In addition, Ja; and Jg
account for the charges of the matter fields and gauge fields (gluons), respectively. Continuing
the expansion, we get higher integral equations. For a check of such equations, for the case
of SU(2) magnetic monopoles, see [16].

2.3 The gauge invariant conserved charges

One of the most striking consequences of the integral Yang-Mills equation (2.40) is that the
operator on its right-hand side is independent of the volume 2, as long as its border 0f2 is
kept fixed. Indeed, consider two volumes 2 and € such that their borders are the same, i.e.
90 = 9. Therefore, the integral equations (2.40) considered on those two volumes are such
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that their left-hand sides are equal. Consequently, we get that

V(Q) =Py JoBarVIVT y _ peie® Jo AV IVT e — iy i 90 = oY
(2.43)
where we have assumed that the integration constant Vg is the same for both volumes. Since
the volumes  and €’ are scanned with closed surfaces based on a given reference point
TR, they can be seen as paths on the loop space £ (see (1.3)). So, the relation (2.43)

dCdrV IV e independent of the path on £?), as long

implies that the operator P3 ¢ Ja
as the initial and final points of the path are kept fixed. The initial point of the path is
the infinitesimal closed surface around x g, and the final point is the border 0f2. Note that
if we keep the volume ) fixed and change its scanning with closed surfaces, we get that
the path on £ changes. In other words, there exists an infinite number of paths on £3
corresponding to the same physical volume 2. Therefore, the relation (2.43) also implies
that the operator P3 et JodCdrvV IV

reparameterisation invariant.

is independent of the choice of scanning, i.e. it is

The conserved charges were constructed in [1, 2] using such a path independency of
the volume operator appearing on the right-hand side of (2.40). Let us consider two paths
starting and ending at the same points. The first path is made of two parts. We take
the spatial sub-manifold R%, at time ¢ = 0, and take the reference point m%, at the border
of it, i.e. Sgo,t=0~ The first part of the path is made by the scanning of R} with closed
two-dimensional surfaces based at a:%, starting with the infinitesimal surface around xOR, and
ending at the border S§O7t:0. The second part of the path is obtained by scanning a hyper
cylinder I x S% | with the bottom part being Sc2>o,t:07 and the top part being Sgo’t:t. The
side of the hyper cylinder is in the time direction, rising from t = 0 to t = t. We scan it
with two-dimensional surfaces (of infinite radius) based at 2%. The integration of (2.10)
with A given in (2.24) leads to the operator

Vio (1% 8%) Vo (R3) (2.44)

with
V;g% (X)= P o€ Jyd¢cdrvav? (2.45)

and the subscript a:% means that the two dimensional surfaces scanning the volumes are
based at the reference point x%.

The second path is also made of two parts. The first part is an infinitesimally thin hyper
cylinder I x S2, with the bottom part being a two sphere of vanishing radius at the reference
point xOR at t = 0, and the top part being a two sphere of vanishing radius at the reference
point $§% at t = t. The second part corresponds to the spatial sub-manifold Rg’, at time t = t.
All the two-dimensional surfaces scanning such a volume are based at w%, as our loop space
formulation requires. The integration of (2.10) with A given in (2.24) leads to the operator

Vio (R7) Vi (1 x S3) (2.46)

From the arguments leading to (2.43), the operators (2.44) and (2.46) should be equal.
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We now impose the following boundary condition on the Yang-Mills fields. The field
tensor and the matter current should fall at spatial infinity as

1 1
FMV—>_T3+5 Ju_>_’r‘2+6/ r— 00 (247)
with ¢, 6’ > 0. Such boundary conditions are sufficient for the quantity J to vanish at
spatial infinity. Remember that the reference points xOR and xﬁ% are at spatial infinity.

Therefore, one gets that
Vio (Ix8%) =1 Vo (Ix83) =1 (2.48)

When evaluating the charge operator on the spatial sub-manifold R3, at a given time, we
want the reference point to be on the border of R3 at that same time. The shifting of the
reference point amounts to the change of the initial point where the Wilson line is evaluated.
Therefore, we have that

Vo (RY) =W (ahy, o) Var (RE) W (2, o) (2.49)

where W (2%, 2%) is the Wilson line obtained by integrating (2.32) along the time interval

I, from 2% to z%,. Therefore, we get that

Vi (Rg”) =W (xtR, x%) Vi (Rg) Wl (xtR, x%) (2.50)

Consequently, the operator obtained by integrating (2.10), with A given in (2.24), on the
spatial sub-manifold R3, at a given time, has an iso-spectral time evolution. Therefore,
its eigenvalues, or equivalently, the traces of powers of it, are constant in time. Those are
the conserved charges of the Yang-Mills theories. We denote the charge operator and the
charges, respectively, as

Q(a, B) =V, (B) Qv (o, B)= =T Q. /)Y (251)

Note that using the Yang-Mills integral equations (2.40), we can write the charge operator
either as an ordered volume integral or as an ordered surface integral, i.e., we have

ie [oo drdo W= (a Fu+B Fu) W 42 o2 ie2 ng dCdrv gv-1
oo

do dT :P3€

Q(a, B)=VrPe Vr (2.52)

where S2, is the two-dimensional sphere at spatial infinity, i.e., the border of R}.
Note from (2.39) that, under a gauge transformation (2.15), the charge operator Q (o, 3) =
Pyé' ¢ JpsdCar VTV Vg, transforms as

Qa, 8) = (Veg(@r) Vi') Q(a, 8) g7 (xr) (2:53)

Therefore, in order for the conserved charges Qn (a, f) = Tr(Q («, B))N, to be gauge
invariant, we have to impose that the integration constant Vz must satisfy

VR € center of the gauge group G (2.54)

— 24 —



That condition will play an important role in our discussion of the algebra of such conserved
charges.
By expanding the charge operator in power series of the parameters o and 3

Q@.8)= 3 amF"Qm.n) (2.55)

n,m=0

and using the fact that W1 (zf,, 2%) does not depend upon a and 3, we get that each
component of the charge operator has an iso-spectral time evolution

Q(m,n,t):W(:v'}%,x%)Q(m,n,O) W_l(:z‘%,acOR) (2.56)
Consequently, we get an infinity of conserved charges given by
1 N
Qx (m,m) =+ T [Q (m, )] (2:57)

Let us expand both sides of the integral Yang-Mills equation (2.40) in power series of
the parameters o and f

o

V(@Q) — Vi P eie fanTdO'W71 (ozF,w-‘rﬁﬁ,w) w ddz: % _ Z of’%”V(@Q, m, ’I’L)
n,m=0
V(Q) = Pyl JaldVIVT - SY amgny (@, m, ) (2.58)
n,m=0
and so
V(©oQ, m,n)=V(Q,m,n) (2.59)

Using arguments similar to those leading to (2.43), we get that V (€2, m, n) is independent
of Q, as long as we keep its border 0f2 fixed. That argument applies when we physically
change €, or when we just change its parameterization in the loop space £(?) (remember that
Q is a path in £®?). So, V (2, m, n) is independent of the scanning of Q. Consequently,
the modes @ (m, n) of the charge operator are independent of the scanning of the three-
dimensional space R}. Such an argument corroborates the iso-spectral time evolution of
Q@ (m, n), shown in (2.56).

Note that @ («, ), and so @ (m, n), are matrices in a given representation of the
gauge group G. Therefore, the number of values of the integer N that leads to functionally
independent operators is equal to the rank of the gauge group G. For more details of such
a construction, see [1, 2].

2.4 The invariance of the charges under reparameterization

As we have argued below (2.43), the integral Yang-Mills equations imply that the volume
ordered integral, on the right-hand side of (2.52), is independent of the volume as long as
its border is kept fixed. That is the basic property used to show the conservation of the
charges (2.51). The scanning of the volume with closed surfaces, based at the reference point
xR, makes that volume correspond to a path on the loop space £2). That path can be changed
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either by changing the physical volume itself or by changing the scanning of that fixed volume.
So, we have an infinite number of paths in £(2), corresponding to the same physical volume.

The physical properties of the Yang-Mills theories should not depend upon such a
reparameterization of the volume. The discussion below (2.43) has shown that the integral
Yang-Mills equations guarantee that the right-hand side of (2.52) is invariant under repa-
rameterization of R3, as long as its border is kept fixed. However, we have to keep fixed
not only the physical border S2, but also its parameterization. In other words, we have to
keep fixed the point of £2) corresponding to S2.. Since what really matters is the physical
surface S2,, and not its particular scanning, we have to require the invariance of conserved
charges when we change the scanning of the end point S .

In order to obtain how the left hand side of (2.52) varies when we change the parameter-
ization of S2,, we consider a path in L3 from the reference point zz up to a point ~ of £3
which corresponds to a given scanning of S% . Such a path corresponds to a given scanning of
R3 at a given fixed time. We then integrate (2.26) along that path to obtain V (v) = Q (7).
Then we consider paths in £2) which correspond to changes of the scanning of S2.. Along
those paths the (-derivative in (2.26) means variations parallel to the surface S% . Therefore,
on such paths we need %?) = 0, and that implies that A = 0, along those paths.

Note that the first term of (2.25) involves the contraction of a 3-form with three derivatives
with respect to o, 7, and . But since those three derivatives are now parallel to the S2,, which
is two-dimensional, it follows that the first term of (2.25) vanishes identically. Therefore,

the condition for the conserved charges (2.51) to be invariant under the parameterization
of S2 is [1]

6Qn (o, B) = Tr [QN (o, B) /:f drV (r) NV! (T)] =0 (2.60)

where

N = ¢ /Uf do /c_’da' [0~ 1) EY (o) + BEW (o), a FY (o) + BEY ()]

i

X

dzt dz* (dal (o') i dat (o) 9
do_/% (T(SJT (O') —ox (0') dr on SOO (261)

with 4,4, k,l = 1,2,3, since S% is a spatial surface, and where we have replaced the (-
derivatives of 2 by the variations dx?, to reinforce that such variations are parallel to S2 .

As discussed in [1], there are basically two sufficient conditions (but perhaps not necessary)
leading to (2.60). Note that the parameters (o, 7) are angles on S2, and the variations éx°
are parallel to S2,, and so the second line in (2.61) goes as 4, as the radial distance r goes to
infinite. Therefore, if the components of the tensors F;; and E-j (magnetic and electric fields
respectively) fall faster than 1/r2, as r — oo, A/ vanishes and the condition (2.60) is satisfied.

The second sufficient condition satisfying (2.60) is a bit more subtle. Assume that the
magnetic and electric fields fall as

A A

Fij ~ eiji— G (7); Fj ~ Eijkzr_]; G (7) (2.62)
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with 7 being the unit radial vector, and G (#) and G (7) being elements of the Lie algebra
of the gauge group, that are covariantly constant

DG (7) = 0; DG (#) =0 (2.63)

Using (2.32) we have that (2.63) implies

d R A d -1 -

o (WG w) =o; o (WG w) =0 (2.64)
Therefore, the magnetic and electric field conjugated by the Wilson line, which appear
in (2.61), FJ;V and ﬁ’lgv respectively, have, on the surface of S2 , a constant direction in the
Lie algebra of the gauge group, i.e.

A

-1 Tk . 1 7= 7/2143 ~
w Fz'j W ~ 8,’jkr—2 C, w Fl'j W ~ Eijk

2 (2.65)
with ¢ and ¢ being the constant values of W~'GW and W~! GW respectively, at the
reference point zp.

If we now assume that those constant Lie algebra elements lie on the same Cartan
subalgebra, then the commutator in (2.61) vanishes, and so such fields configurations lead
to conserved charges that are truly invariant under reparameterization.

Note that the conditions (2.62) and (2.63) are exactly those satisfied by monopole and
dyons solutions of Yang-Mills theory [1, 34-36].

The question if there are other ways of satisfying (2.60) has still to be investigated.

3 The symplectic structure of Yang-Mills theories

In order to find the symmetries generated by the conserved charges, constructed in the last
part of section 2, we need a symplectic structure for our gauge theory. We follow the standard
canonical quantization of gauge theories as described, for instance, in the book by Faddeev
and Slavnov [19]. We use the first-order formalism where the Lagrangian (2.13) is written as

1 1 .
£= 5T (A, = A+ ie [y A= 5 B ) F*| 45697 D= m)
1 1
+5 el DPe + (D) @, =V (| 0 ])] - 5 Phe" (3.1)

where ¢,, and ch are auxiliary fields. In such first order Lagrangian formalism we consider as
independent variables the fields A, Fj,., v, ¥, @, o, ¢, and goL.

We use the basis Ty, a = 1,2,3,...dim G, for the Lie algebra of the compact gauge
group G, as described in (1.17), and use the components of the gauge fields in that basis,
ie A, = AZ Ty, and Fy, = Fj, To. In the Hamiltonian formalism, we have to split the time
and space components of the fields, and so we shall denote by Latin letters the space indices,
ie., 1,5,k = 1,2,3. We define the non-abelian electric and magnetic fields as

1
E; = Fu; B; = —5 Cijk Fyp, (3.2)
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with €193 = 1. The canonical momenta conjugate to the space components of the gauge

fields are
oL
a = — = Ea .
and for the spinor fields, we have
oL
Ta 630 1/]04 Z77/)047 « ) &y Dy ( )

with « being the index for Dirac spinor components. We have dropped the group index of the
representation RY under which the spinor multiplet transforms. For the boson fields, we have

5L 1 4 5L 1

e Sap 2 T = Sap gt 3%

where again we have dropped the group index of the representation R¥ under which the

(3.5)

boson multiplet transforms.
In terms of the canonical variables, the Lagrangian density (3.1) becomes

L =7 QA + 18 Optha + Ty Qo + i Dot — H + A Ca (3.6)
where the density of the Hamiltonian is
1 - - 1
Ho= 5 (B + (BY?] + iy Db+ mip s + 5 [l Dio + (D) o]
1
+V ([ o) +2mp Tt ——gojgoi (3.7)

2
The constraints C,, a = 1,2,3,...dim G, are given by
Co = (Di3), — et RY (T,) ¢ +ie [my R? (T) ¢ — ' R? (TL) 7] (3.8)

The time components of the gauge fields Af play the role of Lagrange multipliers.
Note that the Euler-Lagrangian equations associated to ¢, ch and Fjj, following
from (3.1), are

ou=Dup; @l =Dup)'s  Fy=04;-0A+ie[Ai, Aj] (3.9)

Therefore, we can use such equations to eliminate the variables ¢;, goz-r and Fjj, and the
independent pairs of canonical variables become (A4;, E;), (w, 777/’), (¢, mp), and (cpT, WQDT).
The complete Hamiltonian is then given by

Hy = / B (H— ALC,) (3.10)
The equal time canonical Poisson brackets are given by

{Af (2), AS(y) e = 0

{xf (z), 7} (y) }rp =

{4¢ (@), 7} () Ypp = 8661 (z —y) (3.11)
{tha (2), W;f ) }pp = 0°7 6B (2 —y)

{o(@), 7 () }rp = 0¥ (x —y)
{o (@), 7ot () Yrp = 6@ (2 —y)
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where we have dropped the indices associated to the representations R¥ and R¥, under which
the spinor and boson multiplets, respectively, transform. They account for a Kronecker delta
on those indices on the right-hand side of the Poisson brackets for those fields. From (3.11)
we have that

(3.12)

96B) (2 —
(B2 0). B 0) b = i e e 45.0) 691 ) - 3 2=

The time component of the matter current (2.18), in the first-order formalism, is given by
Jo=J§Tu=[p} + p¢] T (3.13)
with
py = —im’ R (T,) pf=—i[mo RO (L) o - o R (L) 7] (319)
Therefore, the constraint (3.8) can be written as
C=C,1T,=D;E; —eJy (3.15)

The constraints (3.15) are the generators of gauge transformations under the Poisson
bracket, of the canonical variables. Indeed, we have that

{Ca (), ¥ (y) }pp = —ieRY (T,) ¢ () 6% (x —y)
{Cal@), 7 (y) Ypp = ien? (x) RV (T,) 6@ (z —y)

{Ca(2), ¢ (y) }rp = —ie R? (Tu) ¢ () §®) (z —y)
{Ca(2), 7y (y) Y B = iemy, (x) R?(T,) 6@ (z —y) (3.16)
{Ca (), E} (y) ) 6

{Ca(@), AL () YpB = —e fape AS () 8@ (z — )

y) tpB = —€ fare B (

4 The charge operator

The charge operator @ (a, ), defined in (2.51), is the holonomy of the loop space connection
A, defined in (2.24), over a path on the loop space L3 corresponding to the whole three
dimensional spatial sub-manifold R}, at a given fixed time t. As explained at the beginning
of section 2, in order to perform such a volume ordered integral, we scan R} with closed two
dimensional surfaces, labelled by (, based at a reference point zr on the border Sgoyt of R3.
Each closed surface is scanned with loops, labelled by 7, starting and ending at the reference
point 2. The loops are parameterized by o. Therefore, the Cartesian coordinates of R}, z¢,
i = 1,2,3, become functions of those three parameters, i.e. z* = 2/ ((, 7, o). Note that the
scanning of R? is such that each of its points belongs to one and only one closed surface, and
to one and only one non-self-intersecting loop, scanning such a surface. Consequently, there
is a one-to-one correspondence between the triples (iL'l , 2, 163) and (¢, 7, o). In addition,
as shown in (2.43), the charge operator @ («, ) is independent of the path on loop space,
as long as its end points are kept fixed, and so it is invariant under the change of scanning
of R}, i.e. it is reparameterization invariant.

,29,



According to (2.10), the charge operator is obtained by integrating the holonomy equation

dQ(a, p

120D a5 Q. p) =0 (1.1
with A (a, B) given by (2.24). As we are restricted to the three dimensional space R}, it
is convenient to introduce the quantities

g _ da? da*
eT/C (O’) = o dO'/W lElW(SZ]kwm

o dz? dazF
bT/C (O’) = do’WleiWq-jk z T

) W F/C (42)

where E; and B; are respectively the non-abelian electric and magnetic fields defined in (3.2).
Note that such quantities correspond to electric and magnetic fluxes through strips, attached
to the loop up to the point o, which are parallel to the surface labelled by (, in the case of e,
and b, and perpendicular to it in the case of ¢; and b;. Note that e /¢ (o) and b,/ (o)
correspond (up to a minus sign) respectively to .- and F, ¢, given in (2.30) and (2.31),
when the loops are purely spatial.

As discussed in (2.35), under local gauge transformations (2.15), such quantities trans-
form globally

¢rc (0) = g (zR) ¢ryc (0) g~ " (xR); b./c(0) = g (zr) bryc (0) g (zr)  (4.3)

with ¢g (zr) being the gauge group element, performing the gauge transformation, evaluated
at the reference point xpg.

The surface holonomy equation, defined in (2.4) and with 7 given in (2.33), becomes,
in the case of the spatial sub-manifold R?,

Y vt -0 To = —iclab, (o7) + fer (07)] (4.4)

where we have used (2.17) and (3.2) to write (gg123 = €123 = 1)
Fij = —¢ijk By; Fyj = —¢ijk B (4.5)

We have added a subscript 7 to T, i.e. 7, for a convenience that will become clear later on.
In the case of purely spatial loops the quantity J, given in (2.27), becomes

Tspatial = B (pM + pG) + & pmag. — @ [abr (o) + Ber (0f), abe (0f) + Bec(of)]  (4.6)

with pps and pg corresponding respectively to Jas and Jg, defined in (2.28) and (2.29),
restricted to space loops, and given by
dzt dzd dzF

_ 7f —1 e e
pM<T7C)_ - do W JOW{':z]k: do dr dg (47)

with Jp given in (3.13), and

of dec (O’)

do {[bT (o), 1o ] - [bg (o), d:éo)}} (4.8)

pG(T,C):i/

o4
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In addition, we have denoted

Pmag. =@ [br(0f), b (o) ] (4.9)

Note that the first order (in o and ) integral Yang-Mills equations (2.41) and (2.42), applied
to a volume € being the three-dimensional space sub-manifold R?, become respectively

dz? dzF
-1 pn. Lo T
/sgothdJW B; W e, o dr e/R?dCdTpmag, (4.10)
and ) .
dzt dx
drdo W YE;Wejip — — = — /dd 4.11
/Sio,t T do Sijk - e - ¢dr (pu + pc) (4.11)

where we have chosen the integration constant Vi equal to unity.

We have seen in (2.55) that we can expand the charge operator in power series in «
and [, and each component has an iso-spectral time evolution, with the charges being given
by (2.57). The right-hand sides of (4.10) and (4.11) correspond in fact to the first two
operators in that expansion, i.e.

Q(1,0):z‘62/3dgdmm&g, (4.12)
Rt
with pmag. given in (4.9), and
Q0,1)=ie /RB dc dr (par + pc) (4.13)
t

with ppr and pg given by (4.7) and (4.8) respectively. The conserved magnetic and electric
charges are respectively the eigenvalues of the operators (4.12) and (4.13), or equivalently
traces of powers of them (see (2.57)). Therefore, the number of magnetic and electric charges,
in lowest order in « and f3, is equal to the rank of the gauge group G, since the operators (4.12)
and (4.13) are elements of the Lie algebra of G. The higher charge operators live on the
enveloping algebra associated to a given representation of G. Note that in the case of an
abelian gauge group, like in Maxwell theory, the electric (4.8) and magnetic (4.9) charge
densities vanish, and the only source of the gauge field is the matter charge density (4.7).

Clearly, (4.10) and (4.11) are respectively the integral non-abelian magnetic and electric
Gauss laws for Yang-Mills theory. On the left-hand side, we have, respectively, the non-abelian
magnetic and electric fluxes through the two-dimensional sphere Sgoyt at spatial infinity. On
the right-hand side, we have respectively the volume integral of the densities of magnetic
and electric charges over the whole space R}.

Therefore, pmag. and pg are respectively the magnetic and electric charge densities
associated to the Yang-Mills gauge fields (gluons). Note, however, that they are not local
in space-time, but instead defined on the loops parameterized by o. Indeed, pmag. and pg
are built out of the fluxes ¢,/ (¢) and b, /¢ (o), defined in (4.2), and those are non-local
quantities on space-time. So, pmag. and pg are local densities on the loop space £ (1.3), of
maps from the circle S* to the space-time M, based at the reference point . So, we are
inclined to interpret the sources of the non-abelian magnetic and electric fields as arranged
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on loops. That resembles the rings of glue of [20]. However, in our formulation, the rings
are not the Wilson loops, but instead the quantities pmag. and pg, which are defined on the
loops. Note in addition that all the quantities are conjugated by the Wilson line, and so
they transform globally under local gauge transformations (see (4.3)).

4.1 The algebra of the charge densities

Using the results of appendix G, we get that the electric, magnetic, and matter charge
densities satisfy the following algebra under the Poisson bracket

{paG (Ta C),plé; (T,a C/) }PB = _ﬂfabcpé‘ (7_’ C) 5(C_C,) 6(7_7—/)
{08 (7.0, o (7', ) Ype = =0 fabe s (7, 0) 6 (C=C) 6 (r—7')  (4.14)
{pﬁlag. (7_7 ()7 p?nag. (Tlv C/) }PB =0

where we have written them in terms of the basis of Lie algebra given in (1.17), i.e. pq/n/mag. =
P /M /mag. T,. In addition, they commute among themselves

{p%(Ta C)a pI])M (7—/7 C/) }PB =0
{P% (7—7 C) ’ p?nag. (T,’ QL/) }PB =0
{pl]l\/[ (7_7 C) ) p?nag. (T/a C/) }PB =0 (415)

5 The symmetries generated by the conserved charges

The first type of symmetries of Yang-Mills theories, which we discuss in this paper, are the
canonical transformations generated by the conserved charges, defined in (2.51), under the
Poisson brackets, i.e., the transformation of a given quantity X is given by

6X =e{X, Qn(a, B)trp = = {X. Tt [Qa, A" }rp (5.1)

with € being an infinitesimal constant parameter, and @Q («, 3) being the charge operator
obtained by integrating (4.1).

As we have discussed on the first paragraph of section 4, the points of the spatial sub-
manifold R} are in one-to-one correspondence with the parameters (¢, 7, o) of the scanning
of ]R?. Therefore, derivatives with respect to those parameters are spatial derivatives, and
consequently commute with the Poisson bracket. Therefore, from (4.1) we have that

d{X7 Q(aaﬁ) }PB
dg

where we have assumed that the quantity X is independent of the parameters ({, 7, o) of

—{X, A, 8) }peQ (o, f) = A, ) { X, Q(a, B) }pp =0 (5.2)

the scanning of R}, used to obtain the charge operator through (4.1). The quantity X can
itself be obtained by an ordered integral, but it involves scanning parameters independent of
(¢, 7, 0). Note that in the case where X is a matrix, we are assuming that X in (5.2), and
in the equations that follow below, stands for any given entry of that matrix.

From (4.1) we have that the inverse charge operator satisfies

Q"' (o, )

T QT (@ 8) Al B) =0 (53)
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Therefore, multiplying (5.2) from the left by Q~! (a, 3), and multiplying (5.3) from the right
by { X, Q(«, B) } pp, and adding them up, we get that

d [Q_l (av B) {Xv Q(a’ ﬁ)}PB]
d¢

Integrating (5.4) we get

—Q 7 (a. H{X, Ala, B)}ppQ(a, f)=0 (54)

(X, Q) rs=@Q /dCQ VX, A }PpQ(C) (5.5)

where, to simplify the notation, we have dropped the explicit dependence on « and [, and
have used the fact that @ (¢;) is an integration constant, corresponding to the value of the
charge operator at the infinitesimal closed surface around the reference point z g, labelled by
;- Being an integration constant, it does not depend upon the canonical variables (fields),
and so Poisson commutes with any X.

The same reasoning can be applied to the holonomy V defined in (4.4). Indeed, since
the derivative with respect to 7 is a spatial derivative, and so it commutes with the Poisson
bracket, we get from (4.4) that

d{X,V}pp

dr _{va}PBI];_V{Xvﬁ}PBZO (56)

In addition, it follows from (4.4) that the inverse operator V1 satisfy

dv—1
dt
Combining (5.6) with (5.7) we get

d[{X,VippV]
dr

+T,V1=0 (5.7)

=V{X. T }peV " (5.8)
and so

{X,V(r)}ppV! / ar' vV (r T (7)) Yp V() (5.9)

where we have used the fact that V' (7;) is an integration constant, and so independent of the
canonical variables. So, it Poisson commutes with any X. Using the fact that the Poisson
bracket is a derivation, i.e., it satisfies Leibniz rule, we get from (5.9) that

(X VO LY s = | [ V)UK T () e V) V() TV (0)
(5.10)
Using (2.24) and (5.10), we get that the Poisson bracket appearing on the right-hand
side of (5.5) becomes

{Xa -A(C) }PB =ie’ /I_Tf dr [V (T) {X’ s7spatial (T) }PB vt (T) (511)

[0V @) T @) en V)V 0) T () V()]
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where Jypatial is defined in (4.6). There are two important manipulations in the evaluation
of (5.11). The first one is to write V (7) Jspatiat (1) V71 (1) = L JLdr' V(1) Tspatiar (7')
V=1 (7'), and then integrate by parts the second term on the right hand side of (5.11) to get

i [Tar | [Tar Vi) (X T ) ben VL)LV (5) T (7) V()

B [/:f dr V(1) {X, T- (") }pe V' (1), dgéf) 0! (C)}
_/:f dT {V(T) (X, Tr(7) bes V_l(T),A(T)} (5.12)

where we have used the fact that 7: (7;) = Jipatial (1:) = 0, since 7; corresponds to the
infinitesimal loop around the reference point z g, and so the o-integrals in those quantities
vanish. In addition, following (2.24), we have denoted

A(r) =ie? /TT dr' V (7') Tspatiar (7) V71 (7)) (5.13)

and, from (4.1), we have used the fact that A(1;) = %E_C) Q0.

The second important manipulation involves the use of equations (2.9) and (4.4) for the
derivatives of V' with respect to ¢ and 7, respectively. Using the replacement (2.21) and the
notation introduced in (4.2), we get that equation (2.9), for the case of the volume  being
the three dimensional sub-manifold R}, can be written as

VT vin = v -k (514)

with
Te = —ielabe (of) + Bec(of)] (5.15)

and
K(r) = /T dr' v (') {—ie /Uf doW ™" [a D;B; + 8 D; E;] Wsjkzcé—ij Cfi—f,c C;—gzl (5.16)

+€(BpG +a pruag. — 1 [aby () + Ber (07), abe (07) +Bec (o)) | VT (7))

where we have used manipulations similar to those leading (2.25) to (2.27) and then to (4.6).
Note that in obtaining (5.14) we did not use the Yang-Mills differential equations. Indeed,
as explained in (2.6), (5.14) is an identity obtained by the variation of the equation (4.4),
which defines V' in the static case.

Note that if we take 7 = 7¢, we get from the arguments leading to (2.10), that (5.14)
becomes
dV (rs)

K(rp) = i

Vl(ry) (5.17)
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Using (4.4), (5.14), and (5.15), we can write the first term on the right-hand side
of (5.11) as

, T _
ze2/ dr VX, Toputial }p5 V!

= e’ /deTV l:{X,5(pM+pG)+apmag.}PB+i.2{X7[7;)72]}PB
:/ dTV[{X ie [B (pa + p&) + @ Prmag ) 6277_2 dd? B} v
+/ dT[ (V{X, T-}psV ) —j—T(V{X,Tc}PBVI)]

+[Tar [VIOUX Todes VT 0), K ()] (5.18)

where we have used the fact that X does not depend upon the parameters (¢, 7, o).
Using (5.12) and (5.18) we get that (5.11) becomes

(X AQ}en = [ ar{v @) (X MYppV )~ (VX T () bV (7))

i

# VO T0heny ™ 0,604}

g [ (VX T ) esV T ()

[ dTV(T){X,'ﬁ-(T)}pBV_l(T),%EOQ_I(C)} (5.19)
where we have defined
M =ie* [B(pum + pc) + O pmag.] + % - dd’]g (5.20)

In the scanning of a given volume (), the reference point xpr lies on the border 0f2,
and it is kept fixed. The values 7; and 7y of the parameter 7 correspond to infinitesimal
loops around the reference point xr. Therefore, we must have (see appendix A for an
example of scanning of RY)

dzt dat

P i at T=7 and T=r1f (5.21)

Therefore, from (4.2) we conclude that
eryc=bc=0 at T=7 and T =Ty (5.22)

Consequently, from (5.15) we get that
/ dr— DX, T (@) }peV (1) =0 (5.23)

From (4.6), (4.7), (5.13) and (5.16) we get that
K(7) (5.24)
da? dz* dat

—1
:—26/ dT V / dO’W [OéDB -l-ﬁ(DE _eJO)]WEJkldO' d n dC (7’/)
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As we discussed in section 3, A; and F; are independent canonical variables, and B; is
expressed in terms of A;. Therefore, D;B; = 0, as it is the static Bianchi identity. On the
other hand, we have from (3.15) that (D;F; — e Jy) are the constraints. Therefore, (5.24)
vanishes when the constraints hold true.
In appendix C we show that the quantity M, defined in (5.20), is given by
dal dz dat

af
M=ie do Wt aD;B; + 3 (D;E; — e Jo)] Wejj——

—_— 2
o4 do dt d( (5.25)

and so, it is homogeneous on the static Bianchi identity and the constraints. However,
contrary to K (1) — A (1), the quantity M appears in (5.19) inside the Poisson bracket, and
therefore we can not set the constraints straight to zero. The static Bianchi identity, however,
can be set to zero inside the Poisson bracket.

Consequently (5.19) becomes

(X, AC) Ypp = iepd / va drV (7) / Aol X, Co Y ppW LWV (1) A (0,7, )

i

+Q(0 52 [@7 @ [T ar (VX T besv T (0) QO] @7 )
+ieBUX (5.26)

where C, are the constraints defined in (3.15), and where we have defined

X;/Tf dT{V(T) Ao { X WL, W eVl (1) CaA (o, 7, O) (5.27)

g4

- [V (M{X, T (1) YpgV L (1), /1: dr'v (') 7 doWw-tcwvyv! (") A (o,7',¢) } }

o
We have also denoted the Jacobian of the transformation (J:l , 2, x3) — (0, 7,() as

dzt dz? dzF

Ao, 7,()=0ejjp— — ——; 9=+l 5.28

(@7, =0 iy T T (5.28)

The sign ¥ is due to the orientation of the scanning of R}. If we take the vector %—’“Z, to
point outward to the closed surfaces scanning R}, we get that 19 = 1, when the cross product

Eijk Ccll—g Cil—”“;j is also a vector pointing outwards the closed surface. When that cross product

points inwards to the surface, we get ¥ = —1. Note that ‘il—f’j and (il—m: are tangent vectors
to the closed surfaces. Therefore, A (o, 7, () is always positive. See appendix A for an
example of a scanning of RJ.

Therefore, the relation (5.5) becomes

(X, @@= |[Tar (VX TV ()] Q)

i ¢=¢
+ief9Q (¢) /j d¢' Q71 (¢) /Tf dr V (1) /Uf do{ X, Co Y pgW T, W x
xVH1)Q () A (o,7,¢) (5.29)

¢
+ieB9Q (C) /C A Q7 (¢) XQ (¢)
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where we have used the fact that (see appendix A for an example of scanning of R})

dzt
dr

since (; corresponds to the infinitesimal closed surface around the reference point x g, which

~0 at (= (5.:30)

is kept fixed in the scanning. Therefore, from (4.2) we have that
e, =b; =0 at (= (5.31)

and so, from (4.4), we have that 7; (1) |¢c=¢,= 0.
From (5.1) and (5.29), we get that the transformations generated by the conserved
charges are given by

0X =e{X,Qn(a,B)}PB

— T lQN (<) { [/T‘f ar (VD) (X, T (1) }psV ™! (ﬂ)L C (5.32)
T =(s

+ iepd /C _Cf Q" (0) / Carv o) [T do( X ClpsW T TV (1) QO Ao, 0)

+ iepd /C ?f Q™' (¢) XQ(C)H

Note that the transformations generated by the purely magnetic charges, corresponding
to 8 = 0, act only at spatial infinity, and so, they are like asymptotic symmetries. Indeed,

we have that
dp=0)X =e{X,Qn (a,0) }rp (5.33)

= —ieaeTr lQN (¢, @, 0) {/Tf dr (ngo (1) { X, br(oy) }PBV/B_:IO (T))L i ]
G =Cs

3

By expanding both sides of (5.29) in power series in « and 3, we obtain the transformations
generated by the conserved charges associated to each component in the expansion (2.55)
of the charge operator. The transformations generated by the charges, defined in (2.57),
associated to the operators in lowest order in that expansion, given in (4.12) and (4.13), are

SVLOX = {X,Qn(1,0)}pp
_ ieeTr [QN‘l(l, 0) [/Tf dr{ X, b, (of) }PB] ] (5.34)
Ti ¢=(r
and
SNODX = e{X,Qn(0,1)}pp

_ gﬂ{QN‘l(O, 1) [— [/ "dr{ X, e (o)) }pB]
Ti C=Cr
. Cr Tf af -1
+ ied d¢ / dr do{X,CotpsW ' T,WA(c,7,() (5.35)
Gi Ti o

' Cr Tt of 1
+ zeﬁ/ dg“/ dT/ do{ X, W T,W }ppA(c,7,() Cs
Gi Ti o
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As we have commented on the paragraph below (4.12) and (4.13), we have rank G magnetic and
rank G electric conserved charges associated to the operators (4.12) and (4.13), respectively.
Consequently, the number of independent transformations in (5.34), and similarly in (5.35),
is rank G. Note that such counting is true irrespective of the fact that in (5.35) we have
the term { X, C, } pp that generates the usual local gauge transformations, whose number
of independent transformations equals the dimension of G. Note in addition that (5.34)
and (5.35) (and also (5.32)) are global transformations.

5.1 The structure of the transformations generated by the charges

We have shown in section 2.3 that the charge operator @ («, ), as well as it modes @ (m, n),
are independent of the scanning of R}. Therefore, the charges Qn (o, 3) and Qun (m, n),
defined respectively in (2.51) and (2.57), are also independent of the scanning of R}. Such
an independency is a consequence of the integral Yang-Mills equations (2.40), and so of the
equations of motion of the Yang-Mills theories. If we denote by Qn (a, 3) and Q'y (v, )
the conserved charges evaluated for two different scannings of R}, we get from (5.1) that

6X—6’X:5{X,QN(a,ﬁ)—Q'N(a7B)}pB (5.36)

Since we can not use the equations of motion inside the Poisson brackets, we can not equate
Qn (a, B) to Q' (v, B), in (5.36). Consequently, even though the conserved charges are
independent of the scanning of R}, the transformations they generate may depend upon it.
Such a dependency of the transformation is encoded in the choice of paths, on the loops spaces
£ £ and space-time itself, of the operators Q (¢), V (7) and W (o), respectively. But that
dependency upon the choice of paths is similar to the Weyl’s non-integrable phases of the wave
functions in the presence of electromagnetic or any non-abelian gauge interactions [21, 22].
At the end of the day, the physics does not depend upon the choice of path on which
such non-integrable phases are evaluated and, as we will see, the same happens for the
transformations (5.1) generated by the conserved charges.

We observe that the transformations (5.32), generated by the conserved charges, have
an interesting structure. The third term on the right-hand side of (5.32) vanishes when
the constraints (3.15) hold true, but it is important in the calculation of the algebra of the
transformations, as we will see in the next sections. The second term in (5.32) is closely
related to global gauge transformations. Indeed, let us write it as

o) = | Yac [T ar [T ol Caten © @ OV WY (1)Q(OA(,7,0)

- / B dye () { X, CoYpp @ Ty = Oy (X) @ T (5.37)

where we have used the definition of the Jacobian (5.28), and the definition of the adjoint
representation of the gauge group G

9Tag™" = Ty dpa (9) (5.38)
to denote
QTQVE) W) TaW (o) V() Q) = Thdsa (Q7(O) V(1) W (o)
= Ty dy, (2) (5.39)
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Note that dp, (x) is a non-integrable factor in the sense that it depends upon the choice of
the scanning of R3, for the evaluation of the operators @, V, and W. In order to simplify the
notation, we have denoted dp, (@71 (¢) V (1) W1 (0)) = dp, (z), meaning that we integrate
Q@ up to the surface labeled by (, V is integrated along that surface {, up to the loop labeled
by 7, and W is integrated along the loop labeled by 7 up to the point o. In other words, x
corresponds, in the scanning of R?, to the point (a:l, 2, 3:3) =(o,7,().

Note in addition that O (X) is a linear operator, i.e. O (X1 + X2) = O (X1) + O (X2),
O(vX) = vO(X), for v not dependent upon the canonical variables, and it satisfies
Leibniz rule O (X; X2) = X7 O (X2) + O (X1) X2, and commutes with the space derivatives
0(55) = 77 0.

Using (3.16) we get that the action of O on the canonical variables is given by

O (4 (4)) = iedu () B (T) 6 (); Oy (1% (4)) = ~iedpa (y) 7 () RY (T2)

Op (¢ (y) =iedp (y) R (Ta)  (y); Oy (7% (y)) = —iedy, (y) 7 (y) R? (Ta)
Oy (Ei (y) =iedp (y) [Ta, Ei (y)] (5.40)

In addition, we have that

Op (A (y)) = iedn (y) [Tu, Ai (y)] ~ Mg—y(” 7.+ [da o (e (@) 69 (2 ) T,
= —D; (dpa (y) Ta) + / &3z % (dba (2) 8F) (z = ) T (5.41)

Note that the surface term can not be neglected because dy, (@1 (¢) V (1) W~ (o)) does
not have to fall off rapidly at spatial infinity.

The first term on the right-hand side of (5.32) is a surface term and will act on the fields
at spatial infinity only. Note that ( corresponds, in the scanning of R?, to the closed surface
on the border of R}, i.e., the two-dimensional sphere at spatial infinity S2,. Therefore, the
integral Yang-Mills equation (2.40), for Q = R?, implies that Q ({s) = Q (R}) = V (52).
Note that the integral Yang-Mills equation @ (R}) =V (S2), is equivalent to the local static
Yang-Mills equations D;B; = 0 and D;E; = e Jy, i.e the static Bianchi identity and the
constraints (3.15). Therefore

C,=0 and DB;=0 — Q(()=Q(R})=V(s%) (5.42)

where V (S2,)) is obtained by integrating (4.4) on the two sphere at spatial infinity, i.e. SZ.
Using (5.9) we get that

[ [ ar (v (X, T sy <T>)]< =Xy (52)1pp V' (S2)  (543)
T; =(y
Therefore, from (5.37), (5.42) and (5.43), we can write (5.32) as

5X = (X Qn (0. ) }ro
X T[N (82)]hen icesrT[@N G OX)] (5

I
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where the symbol = means equality when the constraints hold true. Note that the third term
on the right-hand side of (5.32) has been dropped in (5.44) because we have imposed the
constraint in (5.42). However, we have not used the constraint inside the Poisson bracket.
Indeed, we have that { X, Tr [QY (R})| }rp # { X, Tr [V (52)] }pp.

From (5.44) we then see that the transformations generated by the conserved charges (2.51)
are made of two parts. The first one, { X, Tr {VN (Sgo)} }pB, is the transformation gen-
erated, under the Poisson bracket, by the conserved charges written as surface ordered
integrals, i.e., the non-abelian magnetic and electric fluxes at spatial infinity. The second
part, Tr [QN (r) O(X )}, is integrated over the whole three dimensional volume R3, and it
is related to a kind of global gauge transformation (global because ¢ is constant), involving
the non-integrable factor dp, (Q71(¢) V (1) W1 (0)). As we will see in the next sections,
depending upon the nature of the quantity X, the second part of the transformation (5.44)
may also generate surface terms, which in some special cases may cancel out the first part.

As we show in the section 6, the Hamiltonian (3.10) is invariant under the transfor-
mations (5.32), and so under (5.44), and consequently they are global symmetries of the
Yang-Mills theories.

6 The invariance of the Hamiltonian under the charge transformations

We now show that the transformations (5.32), generated by the conserved charges Qn (o, f3),
leave the Hamiltonian invariant and so they are global symmetries of the Yang-Mills theories.
We write the complete Hamiltonian (3.10) as

Hy =Hg+ Hp + Hy + H, — Hc (6.1)
with
Hp = % /d% (E3)? Hp = % /d?’w (BY)?
He = /dS:r Aj Cq Hy = /deE {“Z% Dyt + my ?ﬁ}
H, = /d3a: [2 T Myt + % (Dip) Dy +V (| ¢ |)} (6.2)

where we have used (3.9) to eliminate ¢; and 4,0;[ from the expression of H,. We shall show
the invariance of each term of the Hamiltonian (6.1) under the transformation (5.32).

6.1 The transformations of Hy and H,

Using (3.16) we get that the following parts of the densities of Hy, and H,, commute with
the constraints, i.e.

{9y (), Ca(y) Yre = {mempt (2), Ca W) }re ={V (¢ D), Cay)}rs =0  (6.3)

The terms in the densities of Hy and H, containing covariant derivatives do not Poisson
commute with the constraints because of the appearance of derivatives of the Dirac delta
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function, which lead to boundary terms when the integration in R? is performed. Indeed,
from (5.40) and (5.41) we have that

0y (4 () Dit 1) = 16 () [ [ @ (s (@) 89 (@ = )| R (T2) 0 () 69

Tf of dz? dazk
=0 [ d do d 83 (z —y) eijp —— —— '
[ /7-7, T ) 0 dpq (x) (‘T y) Eijk do dT]C:Cf

where we have used the Abelian Gauss theorem (H.4). Therefore

O (i () 1Dt (y)) = —e9Q ™" (¢) (65)
T g 2 dzF
x [ [T [T dov W o) 3 W @)V @00 @ - eS| Q)
K 7 ¢=¢s

with Jiw being the space components of the spinor current, given in (2.18), i.e.
JY =y RV (T,) ¥ T, 6.6
i Vi (To) T, (6.6)
Similarly, one can show that

0 (5 (Dip 1)) Dig 1)) = —e0Q (1) x (67)

<[ [ aov W@ W @y 0 e et ) e
Ti i ¢=¢s

with J¥ being the space components of the scalar current, given in (2.18), i.e.

et

7 =5 [¢' R (T) Dio — (Di) R? (L) o] To (6.8)

Note that all terms in Hy,, and H, Poisson commute with the quantity 7, given in (4.4),
except for the gauge field A; contained in the covariant derivatives of the matter fields.
Using (D.5) and (D.6), one can check that

, of B dyl dy*
{Hzp/WTT}PB:ZeQB/_ do W 1(U)sz/}/‘p(y)W(U) 5ijk%% (6.9)

with J;p and J7 given in (6.6) and (6.8), respectively.

Consequently we get, from (6.3), (6.5), (6.7) and (6.9), that the first and second terms
in (5.32) vanish when we take X to be Hy or H,. In addition, the third term in (5.32)
vanishes when the constraints hold true. Therefore

0Hyp =e{Hysp, Qn (v, B) }rp =0 (6.10)

where the symbol = means equality when the constraints hold true.
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6.2 The transformation of Hg

Using (3.16) we get that the density of Hr commutes with the constraints, i.e.
b 2
{(BY () Ca(y) }rp =0 (6.11)
Using (D.13) and (D.19) we get that

des (o)
do’

d 0.//

{Hg, T }pp = €8 7 do’ [

(o4

, / do”" W=t (0") E; (2) W (o) dz 1

of _ dyi
et [bf o). [ do' W (o) B () W () d(,,]
dyi
do’

vical [ ae W (o) Bi (y) W (o)

dt Jo

(6.12)

The surface, in the scanning of R3, corresponding to ¢ = ¢ ¢ is the two sphere S2. at spatial
infinity. The parameters ¢ and 7 on such a sphere are angles, and so the tangent vectors

behave as
dud
ﬁ =7 as r — 00 (6.13)

From the boundary conditions (2.47) and (6.13), we have from (4.2) that

1

er — —_—
T r0—1/2

b — as r — 00 (6.14)

yo—1/2"

and .
dy’ 1
Eitgy 7 i

Therefore, the first term on the right-hand side of (5.32) vanishes as

as T — 00 (6.15)

|:/7-deT<V(7'){HE,7;—(7')}}33‘/_1(7')>:| —>S_16+7Ji—21/2 as r — 00

i = T
(6.16)
where s; and sg are finite as 7 — oco. From (6.11) we have that the second term in (5.32)
vanishes when we take X to be Hg. The third term in (5.32) vanishes when the constraints
hold true. Consequently Hp is invariant under the transformations (5.32), i.e.

5HE:5{HE7QN (CX,B)}PB'%}O (617)
where again the symbol = means equality when the constraints hold true.

6.3 The transformation of H¢

Using (3.15) and (5.40) we get that

OV (C (1) = iedia () [Ta, Cw)] +ic [Ta, Bi(w)] [ @ o [dha (2) 6% (2 — )]

. Tf of dzl da*
gzeﬂ[Ta,Ei(y)]/_ ar [ do e ST S dy (2) 69 (2 — ) leeg, (618)
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where the last equality is a weak equality (), because we have used the constraints to get rid
of the term [T, , C (y)]. In addition, we have used the abelian Gauss theorem (H.4). Therefore
. ¥ of dal dzk

Oy (He) = —ied / ar [ do e S S0 (1) T (T[4 (2), Bi (2)]) e, (619)

Note that Ag is a Lagrange multiplier, and so, it drops out of the Poisson bracket.
In order for the electric field to satisfy the boundary condition (2.47), i.e. E; = Fy; — é;ﬂs’

r2
we need (if A; is time dependent)

1 1
—r1/2+5; A = —— as 7 — 00 for 1=1,2,3 (6.20)

Ay —
0 r3/2+0

If A; is time independent, it may fall to zero more slowly than that. The parameters ¢ and 7
on the sphere at spatial infinity, i.e. ¢ = (¢, are angles, and so the tangent vectors behave

as ddf/]; — r, as r — oo. Therefore, we have that
1
Ob (HC) — oY as T — 00 (621)
r

Consequently, the second term on the right-hand side of (5.32) vanishes when we take X
to be Hg.
Using (4.4), (E.6) and (E.7) we get that

{He, T: (1) ypp =ie [T (r), Wg' Ao (wr) Wi | (6.22)

Since the reference point g lies on the border of R3, and so at spatial infinity, we get
from (6.22), (6.20) and (6.14) that

Tf B 1

U ar (V (1) {He, T (1) } eV~ (T))} Sy oA ro (623)

Ti ¢=Cy
Therefore, the first term on the right-hand side of (5.32) also vanishes when we take X to
be He. The third term on the right-hand side of (5.32) vanishes by the imposition of the
constraints. Consequently, we get that Hc is invariant under the transformations generated
by the conserved charges (2.51), i.e.

0Ho =e¢{Hc, Qn (o, ) }p =0 (6.24)

where again the symbol = means equality when the constraints hold true.

6.4 The transformation of Hp

From the properties of the operator O, defined in (5.37), we get from (3.2) that
Oy (Bi (y)) = —€ijk DjOp (Ag (y)) (6.25)
Therefore, from (6.2) and (5.41) we get that

Oy (Hg) = [ d'yTr (B, (y) Oy (B (v)

— cijp [ dyTrBi(4) D; Di (da (y) o) (6:26)
H Sba
—/d3y Tr (B; (y) Ta) i:;ﬂ—yj(y) —ieTr([4;(y), Bi(y)] Ta) Sif ()
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where we have defined

. 0
S (y) = cijn / @’z 5 |dba () 3 (x — )|

Ty o dzt dz?  dad dat
_ 3 ( _ o e 2m 2
19 /’7'1 ar g; dadba (x) 5 (-%' y) (dO’ dr do dT)

and where we have used (H.4). Performing integration by parts in (6.26) we get

O (115) = ei [ 5 2l () T (B: ) T + [ €y T D, B ) T S3 0
- [ [0 ) ) S )] (6.28)

where we have used the fact that e;;, Dj Dy B; = ie [ B;, B;] = 0. Note that the first term on
the right-hand side of (6.28) does not vanish because the derivatives do not commute when

acting on the non-integrable factor dy, (y) = dps (@1 V W~1). However, we show in (E.8)

that such a term decays as l;w as r — oo. In addition, we show in (E.13) that the second

r2

term in (6.28) decays as ﬁ as r — 00, and in (E.14) we show that the third term in (6.28)
r4a 2

vanishes identically. Therefore, O (Hp) is a surface term, and we have that it behaves as

1
Oy (Hp) = — as r— 00 (6.29)
7,.1-1-55
From (D.11) we have that
{Hp,b:(0) }pp = (6.30)

and from (D.12) that

of dy' dy’  dy! dy'
dg/<yy Yy dy

H - =
{Hp, ¢ (Uf)}PB / do' dT do’ drt

i
Therefore, using (E.12) and (6.13) we get that
’Tf 1
/ dr (V) {Hp, T (D)}psV " (D) —
i ¢=Cs
Consequently, due to (6.31) and (6.29), we observe that the first and second terms in (5.32) van-
ish when we take X to be Hp. In addition, the third term in (5.32) vanishes when we impose

1
1,3
7‘4_1+§6

as r—oo (6.31)

the constraints. Therefore, we have that Hp is invariant under the transformations (5.32), i.e.

5HB:8{HB,QN(a,ﬁ)}pBg0 (632)

Therefore, we have from (6.10), (6.17), (6.24) and (6.32), that the complete Hamiltonian
Hr, given in (6.1), is invariant under the transformations (5.32) generated by the conserved

charges, i.e.
0Hy =e{Hp,Qn (a, B) }pp =0 (6.33)

where again the symbol = means equality when the constraints hold true.

We have then shown that the complete Hamiltonian (6.1) is invariant under (5.32), and
so the transformations generated by the conserved charges Qn («, ) are global symmetries
of the Yang-Mills theories.
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7 The transformations of the local fields

7.1 The matter sector

From the canonical Poisson bracket relations (3.11) we have that the spinor and scalar
fields, ¢ and ¢, commute with the gauge fields. Therefore, the matter fields commute with
the Wilson line operators as well as with 7T;, given in (4.4). Consequently, the first and
third terms on the right-hand side of (5.32) vanish when X is a matter field. Indeed, X,
given in (5.27), vanishes for X being a matter field, and so we do not have to impose the
constraints (3.15) to get rid of the third term in (5.32). Therefore, using (3.16), we get that
the transformations (5.32) for the spinor fields are given by

S (z,t) = - BIRY (T,) ¥ (x, t) x
<Te [QN (C) Q71 (G) V (72) W (02) Tu W (02) V(1) Q&) (T1)

where we have used the fact that
53 (x—y) Ao, 7,0)=0(C—-C¢)dé(r—7)d(c—0) (7.2)

and where we have that, in the scanning of R}, (z!, 2%, 23) corresponds to ({, 7, o), and
(y', 2, v3) to (¢', 7, o). In addition, we have that Y (z, t) sits on a fixed point of R},
corresponding to the parameters ((,, 7,, 0,). Then, @ ((;) is the operator obtained by
integrating (4.1) up to the closed surfaced labelled by ¢, in the scanning of R}. Similarly,
V (1) is the operator obtained by integrating (4.4) up to the loop labelled by 7., on the
surface (;, and W (o) is the Wilson line operator obtained by integrating (2.32), along the
loop 7, up to the point labelled by o,.
The transformations (5.32) for the scalar fields are similar to (7.1), i.e

So(x,t) = —ce2BIRY(T,) p(x,t) x
<Tr [QV (¢) Q71 (G) V (1) W (00) Tu W (00) V7 () Q(G)] (7.3)

Note that the matter fields do not transform under the purely magnetic charges. In-
deed, (5.33) and (5.34) become

S(p=0)¥ = 0; 510y = (7.4)
and the same for the scalars ¢. The transformation (5.35) becomes
SOy (@, 1) = —e 2D RY (T) ¥ (x, ) Tr [QV71(0, 1) W (00) T W (0)]  (7.5)
= —e 2O RV (W,) RV (T.) R (W) ¢ (@, ) Tx [QV71(0, 1) T

where in the last equality we have used the fact that the adjoint representation of a simple
compact Lie group is real and unitary, and so orthogonal, i.e. T, g T, g~ = T, T}, dp (g) =
Toda (971) @ T, = g1 T, g ® Tp,. Note that 1 picks the inverse of the Weyl non-integrable
phase, i.e. R¥ (W* ) [21, 22]. Therefore, we can interpret it as if ¢ is parallel transported
to the reference point zg, v — R¥ (W, (W, )w, it is then rotated by RY (T, (T,) at zg, and it is
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parallel transported back to z, i.e. 1y — RY (W,) RY (T,) RY (W, 1) 1. That same picture
applies to the general transformation (7.1).

For a simple Lie group the transformation (7.5) vanishes for N = 1, since Tr (7,) = 0.
The relevant values of NV are the orders of the Casimir operators of the gauge group G, and
from (4.13) we observe that the transformation (7.5) is proportional to e2?V. Every G has
a quadratic Casimir, and for N = 2, (7.5) becomes

§CON Y (z,t) = —ice* Y RY (Wx l/ﬂ d¢dr (pum + pa)
Rt

Wzl> Yz, t)  (7.6)

where we have used (4.13). Note that the factor picked by the spinor field ¢ in (7.6) involves
the total electric charge operator @ (0, 1), given in (4.13), since its eigenvalues are conserved.
The electric charge associated to 1 alone is not conserved. Note in addition that (7.6) is a
global transformation, even though the phase factor is field dependent. The same reasoning
applies to the scalar fields ¢.

7.2 The gauge sector

We first call the attention to the fact that the transformations (5.33) generated by pure
magnetic conserved charges leave the gauge field A; and magnetic field B; invariant. Indeed,
from (D.5) and (D.11) we get they are invariant under the transformations (5.33)

5(5:0) A; = 0; 5(520) B, =0 (7.7)

In order to calculate the transformations of the gauge field, under (5.32), we shall not work
with Cartesian components of the one-form gauge field, i.e. A = A;dx?, but instead we
shall use the fact that, in the scanning of R3, (z!, 2%, 23) corresponds to ((, 7z, 04), and
work with A = A, do, + A;, drp + A¢,d(, where A, = A; (x) da’ A, = A; (z) g—g, and

] doy’
A, = Ail) 42,

7.2.1 The transformation of AY (x) g:i

From (4.4), (D.5) and (D.9) we conclude that the first and third terms on the left hand side
of (5.32) vanish when we take X = Ay (x) %. Using (3.16) we get from (5.32) that

{ A% () j—i L Qn (a, B) Y = eI Tr QN (¢p) (1L, + 112, )] (7.8)
with

I, =ie Cf d¢Q71 (<) / v (1) / 7 dow [A; (z), T,]WV (1) Q(¢) x

Gi i
<60 (&~ ) A, 7.0) T (7.9)
and
18, = [T aa @ ["arvin) [ aow Ty o oG A o
"’ " T )
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where, in the scanning of R3, (yl T y3) corresponds to (¢, 7, o). Since A is the Jacobian,

given in (5.28), we integrate IZ-(’? by parts in the coordinate g?, and use Gauss theorem

on the surface term to get o
@ _d'[_ 0 r = 1
1 = |55 [ @V () W e T () V! () @ <) (7.11)

L) [/S drdaV (W ) T () VL (7) 9o 250 y)] Q(Cf)}
5o ¢=Cr

since the border S% of R? corresponds to the surface ¢ = ¢. However, the second term

on the right-hand side of (7.11) vanishes since
dz' dy’ dyF
Eijk%%W‘S(S) (x—y)=0 (7.12)

as the delta function imply that g—x and , are parallel. Consequently, (7.11) becomes

g

- d
18, = —Q7 )V (m) 7

xT

[W—l (00) TW (02)| V7! (72) Q (G2)

Lo _ _ da’
= =i1eQ 7 (G) V(7)) W (00) [Ai, Ta] W (02) VI (1) Q(G) (7.13)
where we have used (D.1). But (7.13) cancels (7.9), and so
a dml a
(5<Ai (x) P > =c{ A} (m ,QN B) =0 (7.14)
Therefore, the component of the gauge field A¢ (z ) , is invariant under the global trans-

formations (5.32), generated by the conserved charges Qn (a, B).

7.2.2 The transformation of

Again, using (4.4), (D.5) and (D.9) we get that the first and third terms on the left hand side
of (5.32) vanish when we take X = A¢ (z) g—ff;. Then, using (3.16) we get from (5.32) that

dxt

(A2 @) 5= Qu ey B))en = iepd T [Q (¢ (1), +152,)] (115)
where Ii(’ )T have the same expressions as Il(a)a , s =1,2, given in (7.9) and (7.10), replacing
ggi b g—fz. Then integrating Il( a)T by parts and using Gauss theorem like we did in (7.11),
and using the fact that

dzt dyl dy* 3)
o2 2d 7T —q) = 1
i g ) (@ - ) =0 (7.16)
we get that
_ d _ _
18 = =Q7 ) o [VE) W o) TW (0:) V7 ()] Q&)
. _ _ dz
= —ieQ 1 (G) V (m) W (02) [Ai, To]W (02) VT (1) Q (&) 5— (7.17)

T

~QN GV (1) [T (1) Hiebs (02), W (02) T (00) |V (1) Q (G2)
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where we have used (4.4) and (C.5). The first term on the right hand side of (7.17) cancels
: (1)
with I;

iam, and so we get that

5 (Az (@) ;“““) {41 (@) T, Qu e, 9) b = —iep0< T [QV (¢ x (7.13)

XQ7 (G V() [ To (ma) +iebe (), W (00) TW (00) | VT (72) Q ()]

7.2.3 The transformation of A (x) Z—Z’i

In such a case, all the three terms of (5.32) contribute. Using (4.4), (D.5) and (D.10), we get

d 7
(420) S5 Qula 3)) e = iep0'Te [V (¢p) 1 +102,

— [VE) W o) TaW (02) V7 (7)) ., (7.19)

+ieB0Q 7 (C) [V (r) W (00) TaW (02) V7 (72) |
/:w dr'v (1) /:j deW=tewv=(r) Ao, T’,C)] Q(Cx)H

where I i(,sa), ¢, have the same expressions as Ii(’s(’l)m,
(2)

% by g—g. Integrating I;’, - by parts and using Gauss theorem like we did in (7.11), we get

s =1,2, given in (7.9) and (7.10), replacing

o= —ddz Q7 () V () W (00) TW (00) V™ (1) Q (6] (7.20)
J k l‘i
+Q 1 (¢p) V92 drdoV (1)WY (o) T,W (o) V1 (1) ﬁaijki—ya%j_ca(@ (g;—y)] Q(¢r)
< v ¢=Cs

Using (5.28), (7.2), (4.1), (5.3), (5.14) and (C.5), we get

10 =Q7 ) [V ) W ) T (0) V! ()] _ Q)

+Q7 (6 [AG7.6), V() W 0 T (02) VT (72) | Q(G)
~Q7 () [V () Te () VI () +K (1), V () W (00) TW (00) V! (72) | Q(Ga)

%

Z—?W(Uz) ) W_l (O-:L")TaW (Ux)] V_l (7—90) Q (Cﬂﬁ)

x

—ieQ™ ' (C)V (z) [bC (02)+W 1 (02) Ai
From (5.28) we then get

e e =Q7 @) [V ) W (o) T (02) V™ (7))

Z7a7<-’t i:

=, @ (¢r)
—Q MGV () | Te(m)+iebe (00), W (o) TuW (02) [V (72) Q (G2)
+Q7 (G) [ A7, 6) =K (72, 6), V (m) W (02) TaW (00) V7 (72) | QGe) - (7:21)
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Therefore, using (7.21), (5.24), (3.15), and the static Bianchi identity, i.e. D;B; = 0, we
get that (7.19) becomes

dé e
X {V (T2) [72 (1z) +iebe (0z), W (o) T,W (ax)} Vi (r) (7.22)

— [A@,6) = A(7,6), V() W (00 T (00) VT (72) |} Q ()]

o (A? (z) da:2> =e{ A} (v) ar , Qn (a, B) }pp = —iefieTr [QN (Cr) Q71 (Ca) %

8 The transformations of the fluxes b,/ and e, /¢

Using (D.3) and (7.14), we get that the Wilson line is invariant under the transformations
generated by the charges

W) =e{W (o), Qn(a, ) }pp=0 (8.1)

Therefore, from (C.6), we have that the flux b,/ (o), integrated over an entire loop, is
invariant too, i.e.

3brsc (07) =e{bryc(0f), Qn (@, B) }pp =0 (8.2)

On the other hand, if we do not integrate over the entire loop, we get from (C.5), (7.18),
and (7.22)

(5[]7./C(0'):S{bT/C(U),QN(Oé,,B)}pB for o<of (83)
— BT, T [QY () QO V (1) [T (1) +iebyc (o), T V() QO]

where the final point of the loop, over which b, ¢ (o) is integrated, is (zt, 2%, 2?) = (¢, T, o),
and where we have used (F.10).
From (5.5), (5.11) and (F.12) we get that

(e (0) 2QCp)ben = 1€°12Q¢p) | Yac [Mar e (@) V()
x {er)c (0) 9 Frpasiar ()10 (V7H(T) Q(()) (8.4)

with Jipatial defined in (4.6), and where the points of the loop where e,/ (o) sits are
2 (o, 7, (), and the integral are over the points vy (o', 7', (').
From (8.4), (F.15) and (5.1) we get that
527/{ (U) = S{eT/C (U)v QN (CY, /8) }PB = (85)
= —£e® 80 | Tu, e (0)| T (QUEHY QO V(D) TV (1) Q(O))

9 The transformations of the Wilson line operators

We have seen in (8.1) that the Wilson line W (o), defined in (2.32), is invariant under the
transformations generated by the charges. However, Wilson lines defined on different paths
are not necessarily invariant under those transformations, and we shall now consider them.
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As explained before, we scan R}, at a given fixed time ¢, with closed surfaces labelled
by ¢, based at the reference point zr. Each such surface is scanned by loops, starting and
ending at xg, and labelled by 7. Every loop is parameterized by o. Therefore, any point
of R} belongs to only one surface, to only one loop at that surface, and to only one point
of that loop. Consequently, we have that the points of R} are functions of those three
parameters, i.e. z° = ¢ (0,7,(). The reference point xp is the initial point of every loop,
corresponding to o = ;. In addition, 7; corresponds to the infinitesimal loop around x g, and
(i to the infinitesimal closed surface around xg. The Wilson lines W (o), defined in (2.32),
are associated to paths in the o-direction, where 7 and ( are kept fixed.

We shall consider Wilson lines, w; and w¢, associated with the same gauge connection
A;, but defined on paths in the 7-direction and (-direction, respectively, in the scanning of
R3. In other words, w, is the holonomy of A;, on a path x% (7), where o and ( are kept fixed,
and starting at the reference point xx = 2% (r;). In its turn, we¢ is the holonomy of A;, on a
path 2% (¢), where o and 7 are kept fixed, and starting at the reference point zr = 2% ((;).
Such Wilson line operators are obtained by integrating the holonomy equations

dwrye

d )
dT/C +Z€AiF$/€wT/C:O; wT(Ti) ZWC(Q) =Wg (9.1)

where we have chosen the integration constant to be Wg, which is the same as the value
of the Wilson line W (o), defined in (2.32), at the reference point xp.

Since the holonomy equation (9.1) is similar to the one satisfied by W (o), i.e. (2.32), we
can use the same reasonings leading to (D.3), to write the variations of the holonomies w,
and we, under the transformations (5.1), generated by the charges, as

dwe(§) = e{we(§), Qn(e, B) trB
) ¢ 1 dzt
= —iecwe(§) /g d&s W (&) {Ai(z), Qn (o, B) tpBwe(&e)

i 02

where ¢ stands for either 7 or ¢, and where the point z’ corresponds to z' = 2’ (0, 74, ()
(with o and ( fixed), for the case & = 7, and to 2 = 2% (0,7,(;) (with ¢ and 7 fixed),
for the case ¢ = (.

We shall need some formulas, which take the same form for both cases, £ = 7 and
¢ = (. Using (C.5) and (9.1) we get

d (W™ (o) we (&)
d&s

-1

(W (0) we (&) (9.3)

te bg (0’) =
From (5.38) and (F.10) we have that
Wg_l(fa:) To we(&a) ® W (o) TW (o) = T, @ W (o) we (&) Ta Wg_l(fx) W (o) (9.4)

and so

[iebe (o), W (0) wel&e) Tuwg (€)W (0) | = —— [W (0) wel&e) Tuwog (&) W (o)
(9.5)
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From (9.2) and (7.18) we get, for the case £ = T,
dw, (1) = —56251%)7(7)/ drpw (1) Toaws (T4) X (9.6)

<Tr [QY (¢) QMO V () | Tr (72) + by (o), W (@) TW (0) | V7 () Q (€)]
Using (4.4), (9.4) and (9.5) we get from (9.6) that

Susr (7) = —e€2 B0, (7)T / dr, x 9.7)
<T[@ (6 @O o [V (1) W (@) () T )W (0) V! (7)] Q)]

Using the boundary condition given in (9.1), and the fact that V (7;) = Vg must lie in the
center of the gauge group (see (2.54)), we get

Swr (1) = —€? BY wo (1) Ty x (9.8)
<Te [QY (¢ Q7 (¢) [V (1) W (0) wr(7) Taw (1) W (o) V1 (7) = Tu] Q Q)]
Note that, using (5.38) and (F.10), the transformation (9.8) can be written as
duwr(r) = ee? B9 {wr (1) T Tr [Q () Q7 (C) TuQ(Q)] (9.9)
~ Lo ()T [QV () QT VMW (o) TaW (o) V(1) Q(Q)] }

where, as explained above, o and ( are kept fixed along the path defining the holonomy w:.
From (9.2) and (7.22) we get, for the case £ = (,

Bag(6) =~ 89 Q) [ a6 (6 Tusoc (G (@Y (6 0 ()
< AV (1) [Te () +iebe (o), WH(0) TW (o) | V7 (7) (9.10)
— [ A7) = A G), VO W () TW () V(1) |} Q&)
Using (5.14), (9.4) and (9.5), we get from (9.10)

boc(6) =~ 280 (T, [ 6T [QY (6) @ (60 x
< {[AGG) =K (1.6) = A1), V(1) W (0) we(G) Tawe (&) W (0) VL ()]
I= VO W0 w(@ T W @) V)] @ () (0.11)
Using (5.24) we see that, when the constraints (3.15), and the Bianchi identity, D;B; = 0,

hold true, we have that A (7, {;) — K (7,(;), vanishes. From (4.1) we have that A (7f,(;) =

dgci“)Q (Cz). Therefore

_l’_

¢
uc(Q) = ~e¢? 89w Tu [ A6 T [Q¥ () (9.12)
d
e

where the symbol = means equality when the constraints (3.15) hold true.

Q@) V) W 0) @) Tas (W (0) V() Q)] ]
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Therefore, using the fact that {; corresponds to the infinitesimal surface around the
reference point xg, that @ ((;) = Vg, lies in the center of the gauge group, from the boundary
conditions given in (9.1), and the relations (5.38) and (F.10), we get

dwe(Q) = ee? B9 {we(¢) TuTr [QY (¢f) Tl (9.13)
~ Towe (O Tr QN (¢) Q71O V(1) W (o) T, W (o) V(1) Q(O)] }

where, as explained above, 7 and o are kept fixed along the path defining the holonomy w¢.

Note, from (9.9) and (9.13), that under the global transformations generated by the
conserved charges, the infinitesimal variations of w; ¢ are in linear in the products T, w; /¢ and
wy/¢ Ty Remember that, in the definition of the Wilson lines w, /¢, given in (9.1), the gauge
field A; lies in any chosen faithful representation of the gauge group. Therefore, the generators
Ty, appearing multiplying w. /¢, in (9.9) and (9.13), lies in that same representation.

Therefore, the Wilson lines w; /¢ transform under the global symmetries generated by
the conserved charges like “primary fields”, in the sense that they are rotated by the matrix
T,, and multiplied by non-integrable phases, containing the operators W, V, and Q.

10 The Fundamental Poisson Bracket Relation

The algebra of the conserved charges under the Poisson bracket can be calculated using the
so-called Fundamental Poisson Bracket Relation (FPR) and the Sklyanin relation. Those are
well-known structures in the theory of two-dimensional integrable field theories [3, 4, 6], but
we now show that Yang-Mills theories in four dimensions possess similar structures on the
loop space £2). We will show that the one-form connection A on the loop space £, defined
in (2.24), satisfies a FPR. We start by evaluating the Poisson bracket among the entries of the
matrix A when it is evaluated on a purely spatial surface, i.e., the connection given in (5.13)
for 7 = 7y. We shall consider one connection on a purely spatial surface labelled by (7, and
with its points parameterized by ' = 2° = (01, 71, (1), and for the arbitrary parameters a;
and [q. Similarly, the second connection is defined on a purely spatial surface labelled by (o,
with points parameterized by ' = y* = (02, T2, (2), and parameters as and f3s.
Using (5.26), (F.17) and (F.18) we have that

{A(G, a1, 1) A, ag, B2)tpr=1ief1 0T, ® 1 x
< [Tan [T dov A (or 7, Q) doa (Vi (m) W (01)) {Ca (@) $ A a2, )} e

3 2

Lieb By oD [d% V(G ) 8- @) =6 (G- ) [A(G o, A @1, V(G )]

e B 50— [an [22EET) rea]
T T1
X / 1 dr, vf do1 A (o1, 71, ¢1) dpa (V(l) (r) W1 (01)) Co (o1, 7, ) (10.1)

where we have used (4.1) and (5.38), and have defined
Y@, )= / dr1 Vay (1) @ Vig) () [C, er (0, 71, G1) @ 1] Vi (m) @ Vi)' (1)

= —/_ dr V) (1) @ Vigy () [C, 1@ e (07, 71, Q)] Vi) (1) @ Vi)' (1) (10.2)
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where we have used (G.4), and where the subscript (s) in V(y), s = 1,2, means they depend
upon the parameters oy and fs.
We now apply (5.26) on the first term on the right hand side of (10.1), and use (1.6), (1.9)

and (I.18) to get
Tf a9f
ot [Man [T do Ao, m, Q) da(0) {Ca () SA(G 0z, B2)}pn =

2
g

_ 25, {M(@ @) [Man [T dn Aoz, 72, ) x

X V1) (72) @ Vigy (12) [C, W (02) CW (02) @ 1] V] (1) © Vg (72)
—5(¢1— ) dy(d%; 7y) T d (Y (§177£215(C1—C2))
+0(¢—¢) [1®A(G, az, f2), YV (¢, Tf)]

+Z'6,62195(€1—C2) /deTg [%72_2’72)7 ]1®Tb] X

i

T oy
X / dry / doy A (o2, 75, C2) dya (V(z) (r3) W (02)) Ca (02, 73, C2)}

where we have used (F.10)
We then get

(A, a1, B) B A G, s, Ba)}pi = —ie® 16208 (G — Co) { / dmﬁ(l—”ﬁz)

_ _ d/\/l (12) dM
X [V(l) (7—2)®V(2) (72) (Cv(l) (T2)®V(2) (m2), d—%®ﬂ+ﬂ®d—ﬁ

—I—[-A(Cl,CM1;51)®]1+]1®A(C1,042,/32);y(Cl’Tf)]_%zQ’Tf)

+/ [dy ) g () e 1+ 16 M, (ﬁ)” (10.3)

dT1

where we have introduced

My () =iesd [ ar [ dov s () Vig () W (00) €)W (o) Vi) () (10.0)

where s = 1,2, and where we have denoted z' = 2¢ (01, 7|, (1).
We now use (4.4), (G.4) and (10.2) to write

—ie (B1—P2) V(C1,7) = /'Tdﬁ Vi) (11) ® Vig) (11) x
dViyy (11,C1)

dVigy (11,C1) |
dri — [V (e vy ()

[C ‘/(1) (TlaCI)
+ (a1 — ) Z (1, ¢1)
=C -V (1)@ V) (1) CV) () @ V! (1) + (1 —a2) Z(7, (1) (10.5)

where we have used the fact that V() at the reference point xp lies in the center of G
(see (2.54)), and where we have defined

Z(r, ) _ze/ dr1 Vi) (1)@ V) (1) [C. by (o, 71, 1) ©1] Vi (m)@ V) (1) (10.6)
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Note that if we use the Bianchi identity D;B; = 0, we get from (10.4), (5.24), (3.15)
and (5.28), that

MV(S) (Tl) = A(Cl ) T1 Qs BS) -K (Cl » T1, s 68) (107)

Replacing the expression for ), given in (10.5), in the last term on the right hand side
of (10.3), and integrating by parts the terms not containing Z, and using (10.7), we get

dy (Clv 7—f)

{A(G, a1, Br) ©A(G, az, B2)tpp = —ie®B15205 (G — (o) { TS

7
(51 B2)
+[V(1)(Tf)®V(2)( )Cv(l) (Tf)®V(g)( ) /C(Cl,a1,51)®]1+11®’c(§1,az,ﬁQ)}

f dZ (1, T ~ ~
dmy [%, M(l) (Tl)®]1+ﬂ®/\/l(2) (11) }} (10.8)
where we have denoted K (¢1, 77, as, Bs) = K (¢, as, Bs).
In the (j-derivative of Y in (10.8), we use (10.5) and (5.17), and in the commutator of
Z with A, we use (4.1) to express A as the (j-derivative of ). We then get

{A@) (1) §A@) ()P =6 (¢1 — (2) {R(ﬁl y B2) 5 Aqy (G) @ T+ 1® A (Cl)}

{—[c+&n—agZuyxﬂ,A@hahﬂn®n+n®A@ha%5g}

+ (a1 — a2)/

Ti

~ (a1 — ) §(Cr — Ca) {/f i {%ﬁlﬁ) My (m) @ 1+ 16 M, (ﬁ)}
- Qe (@) 75 (@51 () 2 (G 7) Qe () @3 (6} (10.9)
where we have denoted Ay (C1) = A(Cr, as, B), and
Qe (()=Q (G, a1, f1) ®Q (G, az, B2) (10.10)
In addition, we have defined
R (1, B2) = —€* (ﬁlﬁlﬁzﬁ2) C (10.11)

and have rescaled Z, defined in (10.6), as

zghﬂz—éﬁ@%%gé@,ﬂ:w/%ﬁwm@mn®wm@«mx

X [R(B1,B2), br (07, 71,G) @ 1] Vi) (G, m) @ Vi) (G ) (10.12)

Note from (10.4), that M,y vanishes when the constraints (3.15) hold true. Therefore,
the second term on the right-hand side (10.9) drops when we impose the constraints. However,
our FPR has an anomaly due to the third term in (10.9). As we will see in section 11, such
an anomaly does not prevent the infinity of conserved charges to Poisson commute. Of
course, we get a pure FPR, without anomalies and without imposing the constraints, when
the connections A in (10.9) correspond to the same value of the magnetic parameter o.
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11 The Sklyanin Relation

The Fundamental Poisson Bracket relation (10.9) leads to the so-called Sklyanin relation,
which relates the Poisson brackets of the entries of the charge operator Q (¢, «, ) to
commutators of an r-matrix with products of those entries. As we will see, the Sklyanin
relation leads to the involution of the infinity of conserved charges.

Using (5.5) and (10.9), and adopting the notation (10.10), we get

¢
QG a1, B) 2QGs a2, 82}y = Qo (61) [ 7 dCQ3' (€) %
X {{R(ﬁh B2)s Ay () @ 1+ 1@ Ay (C)}

— (a1 — ag) {/:de [%,M(U(T)@ﬂ‘f‘ﬂ@ﬂ(g)(T)]

i

~ Qo (0) 77 L (0310 2(C. ) Qs (0)) Q3 (c)}% (o} (11.1)

d¢

We now use (4.1) to obtain

¢
{Qr, o, B1)2Q (s, a2, B2)}pg = Qs (Cf)/g_de X

AT QRG22+ (1 - a2) 2, 7)) Q0 (0} (11.2)

deT [dZ(C,T)

T My () 91+ 10 My (1) | s (0

— (01 — a2) Qg' (C)/

Ty

In order for the conserved charges to be gauge invariant, the charge operator at ( = ¢, i.e.

Q@ (¢;) = Vg, has to lie in the center of the gauge group (see (2.54)). In addition, we have

from (10.12) that Z (;, 7) = 0, since b, (o, 7,(;) = 0, as the magnetic flux goes to zero.
Consequently

+(a1—az) 2 (Cfan)Q(Cﬁalvﬁl)@Q(Cva‘ZaB? (11.3)
de [dZ(Q

T

{Q(C,1,81)%Q(Crraz,B2)} pg=[R(B1,62), Qs a1, B1)@Q (s, a2, f2)]
)
7)

a2 @ ¢) [ 00310 R ()8 1418 M (7)| Q5 0

Similar to the case of the FPR (10.9), the Sklyanin relation (11.3) has a term that vanishes
when the constraints (3.15) are imposed (the third term on the right-hand side of (11.3)),
and an anomalous term (the second one). However, the anomalous term does not prevent
the involution of the conserved charges, as we now explain.

The reason behind the cancellation of the anomaly in the Poisson brackets among the
conserved charges is the requirement of the invariance of those charges under reparameter-
ization of the two-sphere S2, the boundary of R3. In section 2.4, we have discussed two
sufficient conditions for that invariance under reparameterization.

The first one is that the electric and magnetic fields should fall at spatial infinity
faster than 1/r2, where r is the radial distance. But that condition implies that the flux
br (o, 71,(s), appearing in Z ((s,7y), on the second line of (11.3) (see definition of Z
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n (10.12)), vanishes, since it is evaluated on a loop at spatial infinity ({ = (). Therefore,
under such a boundary condition, the Sklyanin relation (11.3) ceases to be anomalous.

The second sufficient condition discussed in section 2.4, namely (2.65), implies the
cancellation of the anomaly, not on the Sklyanin relation (11.3), but on the Poisson bracket
of the conserved charge (2.51) with the charge operator. From (2.51) and (11.3) we get

{Qn (a1,81),Q((r, a2, ) }pp="Trg (QNfl (Crra1,51)®1[R, ]1®Q(Cf,0é2752)])

39
e 62512_‘;21 a2/ drTe [ br (07,7,¢p) s Vir) (Gm) QY (Cpr01,B1) Vi) (¢,7) | Ta]
Vi) (¢1,7) TaVigy (Cpo7 )Q(Cf,az,ﬂz) (11.4)

—(a1—az) Trg, (QN (Crra1, 1)®Q((f, a2, f2) T)

where we have denoted

Qe (¢)  (11.5)

G- T [dZ(CT) —
TE/Q dCQ@)l(C)/T dT{#’M()( )@I[_|_1[®M(2 ()

Note from (4.2) that b, (o, 7,(s) is defined on a loop at spatial infinity ({ = (¢). From (2.65)
and (4.2), we have that

7 P dat dak [ P dad dak
br(of, 7,¢p) ~ ) dez’jkT—QEW, er (o, T’Cf)NC/Ui dO’Ez’jk_QE P
(11.6)

with 7 being the unit radial vector, and ¢ and ¢ being constant elements of a given Cartan
subalgebra of the Lie algebra of the gauge group G.

But Vi) (¢, 7), 7 = 1,2, is defined on the surface S2 . the border of R3, and so from (4.4)
and (11.6) we see that it is an exponentiation of the same Cartan subalgebra generators, ¢ and
¢. If we now impose the constraints (3.15) and the static Bianchi identity D;B; = 0, which
are equivalent to the static Yang-Mills differential equations, it follows that we are imposing
the static integral Yang-Mills equation. Consequently, we can express the charge operator
Q (¢f, a1, B1), as a surface ordered integral on S2, through (2.52). Therefore, from (11.6)
we conclude that such a charge operator is also an exponentiation of those same Cartan
subalgebra generators, ¢ and ¢. Consequently, we have that

V(Z._)1 () QN (¢, a1, B1) V(;) = exponentiation of ¢ and ¢; 1=1,2 (11.7)

We then observe that the commutator inside the trace, on the second line of (11.4),
vanishes. But since such a result was obtained by imposing the constraints to hold, we get
that /W(l), given in (10.4), vanishes, and so does Y, given in (11.5). Consequently, we get
that the Sklyanin relation is in fact non-anomalous, i.e.

{Qn (a1,81), Q(Cr, az, B2) tpp = Trp (QNfl(Cf, ar, 1)@ 1[R, 11®Q(Cf7042,ﬁ2)])

(11.8)
where the symbol = means equality when the constraints (3.15) hold true.
We now get, from (11.8), that the conserved charges (2.51) are involution
{Qn (a1,81), Qum (a2, B2) }pp =0 (11.9)
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Such a result is true for all values of the parameters «; and 3;, ¢ = 1, 2. Therefore, expanding
the charge operators in power series on those parameters, as in (2.55), we get that the
infinity of charges (2.57) are in involution. Consequently, we have an exact integrability
structure in Yang-Mills theories on the sector of the non-abelian magnetic and electric charges
and their higher modes.

11.1 The algebra of the transformations generated by the charges

We now show that, despite the fact that the conserved charges are in involution, the
transformations generated by them do not quite commute. That is a consequence of the
anomalies of the Sklyanin relation (11.3), and the fact that we can not impose the constraints
inside the Poisson bracket.

Consider the commutator of two transformations of the type (5.1). Using the Jacobi
identity for the Poisson bracket, we get

[ON1,01,81 5 ONgsan B ] X = —€182{ X, {@n, (a1, 1), Qn, (a2, B2) tpe tpe  (11.10)

Using (11.4) we get

{Qn, (a1, 81), Qn, (2, Bo) }PB = — (a1 — ) {TrRL (Qé\% ) ® Qg‘; (Cr) T)
rie 2 [Tar e ([b: (o 7). Vi (€0 Q0 (G9) Vi (6] 72) %
x Tr( <<f, ) QY <cf> 2 (¢} (11.11)

where the subscript (s), means the operator depends upon (as, (s).

As explained above, the right-hand side of (11.11) vanishes when we impose the con-
straints (3.15), and the static Bianchi identity D;B; = 0. However, those quantities are
inside the Poisson bracket in (11.10), and we can not impose the constraints inside the
Poisson bracket.

The Poisson bracket of X with the second term on the right-hand side of (11.11) leads to

/: drTr({ X, b, (o7, 7.¢s) Ype Ta) ¥

< Tr (V! (¢ m) Q) (Ch) Vi (6 7) s Vig! (62 m) QU (6 Vi (612 7) | Ta)

- [ (00 G () Vi (G b )

xTr ([ b <om<f> 2 (€7 Q% () Vi) (o) | T)

+/ dr T ( vaTCf) o (€T (¢ Viay (¢ m) | Ta)
xTr(T{X Via) (61,7 Q% (6) Viay (¢ 7) Y (11.12)

where we have used the cyclic property of the trace, and on the first two terms in (11.12),
we have used (G.4). Using (11.6) and (11.7), we conclude that all the three terms of (11.12)
vanish, since ¢ and ¢ commute.
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Consequently, we get that

[0N1.01.81 5 ONp0,8, ] X ZE162 (1 — ) { X, Trre, (Qﬁﬁ () @ QF (¢) T) tpp (11.13)

Therefore, the commutator of two transformations generated by the conserved charges (2.51)
does not vanish, since the Poisson brackets on the right-hand side of (11.13) do not vanish
for arbitrary X.

Note from (10.4) and (11.5), that Y is linear in the constraints C = C, T,. Therefore, only
the Poisson bracket { X, C, } pp matters in (11.13), since the other terms have the constraint
C, outside the Poisson bracket, and so they vanish when the constraints are imposed.

In appendix J we show that Trgry, (Qé\{l) (r) ® Qé\% (¢r) T) Poisson commutes with all
terms in the total Hamiltonian Hyp, given in (6.1). Therefore, it also generates symmetries
of the Yang-Mills theories, i.e.

ovHr =e{Hr, Trpy, (Qé\{l) ¢r)® Qé\% (Cr) T) tpB=0 (11.14)

However, the conserved charge Trgrr, (Qf\{l) () ® Qé\g (¢r) T), vanishes on the constrained
phase space, defined by the constraints (3.15).

12 The symmetries of Yang-Mills integral equations

The second type of hidden symmetry of the Yang-Mills theories is a symmetry of the integral
equations (2.40). Those equations are defined on any three-dimensional volume §2, with
border 92, and their construction requires a scanning of €2 with closed surfaces based at the
reference point xg. So, given a scanning, the border 02 is a point in the loop space

£? ={f: $* = M | north pole — zr} (12.1)

and the volume 2 is a path on that loop space.

We will now construct on every point of £3) an infinite-dimensional group, which is a
symmetry group of the integral equations (2.40). In fact, as we will see, both sides of (2.40)
are elements of that group.

Consider a one-form connection a on the loop space

£V ={f: S' = M | north pole — z} (12.2)

which take values on the Lie algebra of the gauge group G. The loops in £(!) are functions
z# (o), from the circle S!, parameterized by o, to the space-time M, with coordinates z*,
such that the north pole of S! is always mapped into the reference point zp. We then
consider a path £, parameterized by 7, i.e., each loop (point) in the path is labelled
by a given value of 7.

Given a(7), we define two holonomies § (7) and §(7), on a given path in £ param-
eterized by 7, by the equations

—g(r)a(r)=0 (12.3)
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and

%(TT) +a(r)g(r) =0 (12.4)

On the infinitesimal loop around the reference point xg, they satisfy the boundary condition
§(zr) =1; glar)=1 (12.5)

In fact, (12.5) are the integration constants for the first-order differential equations (12.3)
and (12.4).

Note that (12.3) and (12.5) involve the product of a (7) with § (7) and g (7). Since a(7)
lies on the Lie algebra of G, and the holonomies must take values on G, the equations (12.3)
and (12.5) have to be defined on a given representation of G. Therefore, 1 appearing in (12.5)
must be the unit matrix on that representation. The choice of representation of G, however,
is arbitrary, as long as it is a faithful representation.

The motivation to introduce two holonomies is that each one is the inverse of the other,
as we now explain. From (12.3), (12.4) and (12.5) we have that

d(a7
C(lng) =gag—gag=20 — gg = constant = g (xg) g (zg) =1 (12.6)

So, g is a right inverse of §g. Now

ar a=1[g9,al (12.7)

>

Introduce a matrix a’ as a = ga’ §. Then, using the fact that §g = 1, we have

d(@§g) _ [
dr

=[99,9d9]=9[1,d]9=0 — g§ = constant = g (zg) § (zr) =1
(12.8)
Therefore, g is also a left inverse of g.

Given two one-forms in £, a; and as, we construct, through (12.3), the respectives
holonomies §; (1) and go (7). Using (12.3) we have that the 7-derivative of their matrix
product satisfy

d(G192) . . . . . 1 s
% =012+ g1 9202 = G192 [a2 +i; o gz} (12.9)
We now define the one-form a3 (7) by
a3 (1) = aa (1) + 45 ' (1) a1 (1) Ga (7) (12.10)

and therefore the matrix product

93(1) = g1(7) 92 (7) (12.11)
satisfy the holonomy equation
dgs (T R
gj—T() —g3(r) as(r) =0 (12.12)

We then have defined compositions of holonomies § and one-form connections a.
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Certainly, the composition of holonomies is associative as it is defined by the matrix
product on a given representation of the gauge group . Indeed, given three holonomies,
we have that

A A

(9192) 93 = G1 (92 93) (12.13)

In addition, the composition of connections is also associative. Indeed, we have

A— A— A A~ ~— ~ A A~ —1 A A
Aoz =az+ 05 a2+ ;o gz} g3 = {03 + 95 1a293} +(9293) 7" 010203 = a1 (23) (12.14)

The identity element giq, of such a composition of holonomies is the holonomy associated to
the vanishing connection, i.e. ag, = 0. Indeed, from (12.3) and (12.5), we have that for a = 0

d giq (1)
dr

Similarly, from (12.4) for a = 0, and (12.5), we get that giq = 1, and so gig = Giq-
From the composition of connections (12.10), we have for any § that

=0 = gu=1 (12.15)

Qg (7) = 83 (7) + Gg" (1) a(7) Gia (1) = a(r) =a(r) + 97"

(7) g (7) §(7) = Aggq (7)
(12.16)
Therefore, Giq is indeed a left and right identity.

Note that any right and left identity is unique independently of the fact of the product
being associative or not. Suppose there exist two identities giq and §!; such that §giq =
Gid = 9149 = §9iq = §, for any §. Then for § = Giq we have §iqglqy = Jia, and for § = g, we
have Giagly = §lq. Therefore giq = gy, and the identity is unique.

Similarly, suppose that § has two right inverses g1 and go such that §gi = §go = Giq, and
suppose g3 is a left inverse of g, i.e. g3 = Giq- Then g3 (§g1) = g3 (§g2) and using associativity
we get (g3g) g1 = (93§) g2 and so Giag1 = Giage and then g; = go. Therefore, the right inverse
is unique. A similar argument can be used to show the uniqueness of the left inverse. Now if
g3 and ¢g; are respectively the left and right inverses of g, we have g3 = §iq = §g1 and then
using associativity we get (g3g) g1 = Giad1 = 01 = 93 (§g1) = G3gia = g3- So the left and right
inverses are the same. Consequently, g is the unique right and left inverse of §.

We now consider all possible one-forms a in £, and construct all possible holonomies §
and g, through (12.3) and (12.4) respectively. Therefore, by construction, the set of holonomies
close under the compositions (12.10) and (12.11). Consequently, from the discussion above,
the set of all holonomies § (7y) and g (7y) forms a group which we shall denote by G. Note
that, even tough we have defined the composition of holonomies in (12.11), on each point 7
of the path, the elements of our group G are holonomies integrated along the entire loop,
g (7¢) and g (7¢), i.e. integrated up to the final point 7 = 7.

Note that even though the elements of G are holonomies, G is not a holonomy group
in the usual sense defined in the literature. The usual holonomy group is constructed for
a fixed connection, and the composition is given through the composition of loops. Our
group G is defined on a fixed loop in £, and we compose the connections as in (12.10).
Therefore, we define a group G on each point of £?), and the product law is pointwise
defined. That is similar to the usual gauge group G, which is defined on each point of the
space-time M, and the product is pointwise.
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We can define connections on £(!) through local quantities on the space-time M. Indeed,
consider a one-form a, and a two-form b,,, on the four dimensional Minkowski space-time
M, with both taking values on the Lie algebra of the gauge group G, i.e. a, = aj, T, and
by = b, T, with T, being a basis of the gauge Lie algebra, see (1.17). A one-form in
LM can be constructed as

dzt d
/ dow by, w da; da; (12.17)

where w is the holonomy on M of the one-form connection a, i.e.

fl—(; au%wzo (12.18)
Note that the composition (12.10) of two one-form connections in £(1), a; and ag, of the
form (12.17), may not be of the form (12.17), since that composition is not local in M.
Therefore, we may not be able to write the composed one-form as, as in (12.17), in terms
of local one-form au, and two-form biy, in M.

We now want to use a Stokes-like theorem to express the elements of the infinite-
dimensional group G’, as holonomies in the loop space £(2), defined in (12.1). In order to
do that we consider variations dz* (), of the loops (points) in £(!), and calculate how the
holonomies g, defined in (12.3), vary. Performing such variation on the equation (12.3), we get

déjT(T) —069(r) a(r) =g (7) da(r) =0 (12.19)

Note that the variation of the one-form a(7) is induced by the variation of the point in £
where it sits, i.e. da (1) = a (2" (0) + dz# (o)) — a(z* (0)), where z* (o) is the loop (point)
in £ labelled by 7. It is not a variation of the parameters of that one-form, which may
take it to another one-form in £V,

We now multiply (12.19), from the right by g (7), defined in (12.4), for the same one-form
a(7) that leads to §(7), i.e. g(7) is the inverse of § (7). Then we multiply (12.4) from the
left, by 0§ (1), and add them up to get

d (63 (7) g (7))

= —§(r)da(r) g(r) =0 (12.20)

Therefore

() G(rp) = [ v () 6a(r) G 1) (12:21)

where we have assumed that the initial point of the loop is not varied, i.e. §g (7;) = 0. Note
that despite the fact that the initial and final points of the loop coincide, the variation 0§ (7y)
does not vanish, because g (7f) is the result of the integration along the loop, and so depends
upon the variation on each point of the loop.

We can look at (12.21) as a differential equation on £(?. Indeed, let us take a path on
£ parameterized by ¢, and define the holonomy in £, as

W [T arg 55 0)] a6, (1222)
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as g is the inverse of §. If we use local coordinates in £(), one can verify that the integral
on the right-hand side of (12.22) will involve the curvature of the one-form a.

We can now calculate the group element § in two ways. First through (12.3), as an
holonomy integrated on a loop 9, in £(M). Second by integrating (12.22) from an infinitesimal
loop in £, around the reference point z g, up to the loop 9. Since, from our considerations,
those two quantities must be the same, we get that § can be defined on the loop 0f2, in £,
(a surface in M), or by a path in £® (a volume €2 in M), with final point 02, i.e.

3(09) = §(9) (12.23)

That is a Stokes-like theorem for §, on the same lines as we derived that theorem in section 2.1
for a two-form connection on M.

We then observe that both sides of the integral Yang-Mills equations (2.40) are elements
of our infinite-dimensional group G. In fact, they correspond to holonomies of a connection
a of the form (12.17), where we take

b = ie (@ Fuy + B F ) ; a, =icA, (12.24)

We are then inclined to try to define left and right symmetries of the integral Yang-Mills
equation (2.40) as follows. In order to simplify the notation, we introduce

V(0Q) = P ete Joo A do Wt (o Pyt Fuw) W 425 4

V(Q) = Py JoddrV IV (12.25)

where we have dropped the integration constant Vg, as it has to lie in the center of the
gauge group G (see (2.54)). Then, (2.40) becomes

V(0Q) =V (9Q) (12.26)
From (12.23) we then observe that the left and right transformations
V(0Q) — gL, (09) V (092); V(Q) — gL () V(Q) (12.27)
and
V(0Q2) = V (09) gr (09); V(Q)—=V(Q) agr () (12.28)

with gz /g being elements of G, leave the integral Yang-Mills equation (12.26) invariant.

We have shown in section 2.1 how the surface holonomy V (9f2) varies when we vary
0f). In fact, we have shown in section 2.3 that such a variation leads to the definition of
the connection A, given in (2.24), and it relates to V as

av . 4
=V 12.2
dc¢ ( 9

Since the variation of the parameter ( accounts for the variation of 9€2, we conclude that
A is a one-form in £ given by

A(0Q) =6V (0Q) V1 (09Q) (12.30)

where § can be seen as exterior derivative in £, and 9Q is any point in £3,
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From (12.30) one can calculate how A transforms under (12.27) and (12.28), since we
know how to evaluate g (99). It is

A= gr (99) A gt (89) + 81, (99) g7+ (69) (12.31)
and
A— A+ V(09) 64r (09) g5" (0Q) V™' (99) (12.32)

Note that (12.31) is like a gauge transformation of the pure gauge connection (12.30),
associated to the infinite-dimensional group G.

There is a very important point to emphasize here. Even though the transforma-
tions (12.27) and (12.28) leave the integral Yang-Mills equations (12.26) invariant, we can not
claim yet that they are symmetries of the Yang-Mills theories. The reason is that given a field
configuration of Yang-Mills theory (A, F, etc), we can evaluate both sides of (12.26). How-
ever, when we transform both sides of (12.26), under (12.27) and (12.28), we should be able
to evaluate the new Yang-Mills field configuration that leads to the new both sides of (12.26).

That problem appears already in integrable field theories in (1 + 1)-dimensions, where
the field equations admit a zero curvature condition

Ay — O Ay + [ Ay, Ayl =0 (12.33)

with A; and A,, the Lax pair, being elements of a Kac-Moody algebra (or loop algebra)
which are functionals of the physical fields. The hidden symmetries of those theories are
the gauge transformations

1

Ay — ﬁu =gA, g - 0u99- w=t,x (12.34)

with g being elements of the loop group (or Kac-Moody group when one has a so-called
integrable representation of it). Even though (12.34) leaves (12.33), it can not be considered
yet as a symmetry of the integrable field theory, because one has to express the transformed
ﬁu in terms of the physical fields. What makes that possible is the so-called Riemann-Hilbert
problem that has a complex analysis version leading to the inverse scattering method, and an
algebraic version that leads to the so-called dressing method. Those techniques allow the
mapping from one solution (of the physical fields) to another solution.

The great challenge that our approach faces is the construction of a method that allows us
to express the transformations (12.27) and (12.28), which leave the integral equation (12.26)
invariant, into symmetries of Yang-Mills theories, that map solutions into solutions. In
other words, one has to find the equivalent of the Riemann-Hilbert problem (if it exists) for
non-abelian gauge theories. That for sure is far beyond the scope of the present paper, but
we believe that the approach described in this section is on the right direction.

It may happen that the mapping among solutions will not come in terms of the local
Yang-Mills fields. The electric and magnetic fluxes (4.2), and perhaps their extension in the
time direction, may be objects more suitable for that task, as they are defined on points
of the loop space £(1). In fact, the integral Yang-Mills equations (12.26) can be expressed
in terms of them.
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The other challenge of our approach is to get a clear understanding of the structure
of the infinite-dimensional group G. We suspect that the space formed by the elements of
that group may not be a manifold, and therefore it may not be a Lie group. It seems to
us that the infinite dimension of that manifold is different at different points of it. If that
proves to be the case, we might have a very interesting situation. If it is not a Lie group, it
may circumvent the Coleman-Mandula theorem in a novel way. It might be an explanation
of why a non-supersymmetric theory like the Yang-Mills theory has an exact integrability
structure, as the one we have proved it has.

13 Conclusions

We have shown in this paper that classical, non-supersymmetric Yang-Mills theories in (3+1)-
dimensional Minkowski space-time, coupled to spin-1/2 and spin-0 matter fields, present
exact structures, resembling integrability, involving the non-abelian electric and magnetic
conserved charges, and their higher modes. In addition, we have shown that those theories
possess two types of novel hidden symmetries. Our results apply to the Standard Model
of the Fundamental Interactions, in particular to Quantum Chromodynamics (QCD), and
it opens the way to the development of new methods to study non-perturbative aspects
of non-abelian gauge theories.

Our results were made possible thanks to the developments of references [13, 14], that
proposed an approach to construct integrable theories in higher dimensions using flat connec-
tions on generalized loop spaces, and to references [1, 2|, that implemented those ideas in
the context of gauge theories through the use of integral equations, which guaranteed the
path independency of the holonomies of those connections, and so their flatness. In order for
those ideas to work, one had to show that the local partial differential equations of motion of
a field theory had to be equivalent to the flatness condition of a connection on loop space,
which is local on loop space but highly non-local on space-time. It is an extremely amazing
fact that the theories that satisfy those conditions are exactly the most relevant ones to
describe the fundamental interactions, namely non-abelian gauge theories. The particular
property relevant for such an achievement is that the laws of electrodynamics and Yang-Mills
theories can be formulated in terms of integral equations, which state the equality of the
charge inside a given three-volume in space-time, to the flux of the fields associated to them,
at the border of that volume. Those integral Yang-Mills equations, proposed in [1, 2], lead
to the construction of an infinite number of gauge-invariant conserved charges, namely the
non-abelian electric and magnetic charges and their higher modes.

Those charges are constructed as the eigenvalues of a charge operator that depends on two
arbitrary parameters « and 3. They are not charges of the Noether type. Their conservation
comes from the path independency of the holonomy of the loop space connection, and not
from symmetries of the Yang-Mills Lagrangian. Contrary to the Yang-Mills charges discussed
in the literature and in textbooks, those charges are truly gauge invariant. If one expands the
charge operator in power series in the parameters « and (3, one gets a number of charges equal
to the rank of the gauge group, for each term of the series, and so an infinite number of them.

We have shown that the loop space connection A, when evaluated on a spatial surface
at a given fixed time, satisfies a Fundamental Poisson Bracket Relation (FPR), in a way
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that reminds the FPR encountered in integrable field theories in (1 + 1)-dimensions. In fact,
the associated R-matrix is similar to that one appearing in the rational FPR for current
algebras [3]. The FPR for the loop space connection A, however, is anomalous in the sense
that it has two terms that become irrelevant when the constraints are imposed, and the
conditions for reparameterization invariance are applied.

The FPR for the loop space connection A leads in a straightforward way to the Sklyanin
relation for the charge operator, which is also anomalous. The involution of the infinity of
magnetic and electric charges follows from the Sklyanin relation, once the anomalous terms
disappear by the imposition of the constraints and reparameterization conditions.

Therefore, non-abelian gauge theories possess exact structures, resembling integrability,
with an infinite number of conserved charges in involution. Such a fact, however, does not
mean that Yang-Mills theories are integrable in the usual sense encountered in the literature.
The integrability structures that we have constructed do not lead, for instance, to the
factorization of the S-matrix. Indeed, it is well known that Yang-Mills theories do not possess
such a property, as particle production is a common place in their processes. The infinity of
conserved charges involves the non-abelian electric and magnetic charges and their higher
modes. The usual concept of integrability involves the energy and momentum and their higher
modes instead. Even though our conserved charges Poisson commute with the Hamiltonian,
the latter, as well as the momenta, do not appear as eigenvalues of our charge operator.

The novel hidden symmetries that we have constructed are of two types. The first ones
are the transformations generated by the conserved charges under the Poisson brackets, and
so, they are canonical transformations. Since the Hamiltonian Poisson commutes with the
charges, those transformations are global symmetries of the Yang-Mills theories. We have
evaluated how the matter fields, gauge fields, the Wilson lines, and the magnetic and electric
fluxes transform under those symmetries. Those transformations are very interesting, and
they present non-integrable factors involving the Wilson line, surface, and volume ordered
integrals (holonomies) of the connections in the loop spaces £(!) and £(3). Even though the
charges commute among themselves, the transformations generated by them do not. That
is due to the fact that the involution of the charges holds true when the constraints are
imposed. The commutator of two transformations leads to a transformation generated by
new charges that vanish when the constraints are imposed. Those new charges, however,
Poisson commute with the Hamiltonian and so are symmetries of Yang-Mills theories.

The second type of hidden symmetries that we have discovered corresponds to the
transformations that leave the integral Yang-Mills equations invariant. They are generated by
an infinite-dimensional group, whose elements are holonomies of one-form connections on the
loop space L), For every point of £(1) we defined a composition of any two given connections,
which in its turn lead to the composition of the corresponding holonomies, that are the group
elements. Such a group differs from the usual holonomy group defined in the literature, whose
elements are the holonomies of a fixed connection evaluated on every closed path based on a
fixed point. The composition law of such a group is defined through the composition of the
loops. We instead fix the loop in £() and compose the connections on that fixed loop.

Even though our infinite group leaves the integral Yang-Mills equations invariant, it
is not a symmetry of the Hamiltonian. So, in principle, it can define maps between two
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quite different configurations. With a suitable choice of connection, one can, for instance,
map a vacuum configuration into a non-trivial solution like a magnetic monopole. Therefore,
such a group may play a role, in non-abelian gauge theories, similar to that played by the
Kac-Moody group in integrable field theories in (1 + 1)-dimensions. However, the powerful
methods applicable for such theories, like the inverse scattering method, dressing method,
etc, rely, among other things, on the so-called Riemann-Hilbert problem. It is not known
yet if the group we have constructed may lead to similar powerful structures applicable to
gauge theories. That is one of the challenges that our approach puts forward, and the answer
to such questions is well beyond the scope of the present paper.

The other interesting aspect of such a group is that it may not be a Lie group. We have
to investigate that further, but it seems that the space formed by the group elements may
not be a manifold. Its (infinite) dimension may vary from point to point. If that turns out
to be true, the symmetries of the integral Yang-Mills equations, defined by such a group,
may not be subjected to the Coleman-Mandula no-go theorem [7].

The (2+ 1)-dimensional Yang-Mills theories also present integral equations and conserved
charges similar to the ones discussed in this paper [2]. We have shown that such theories
also have exact structures, resembling integrability, with an infinite number of charges in
involution, with an FPR for the loop space connection, and a Sklyanin relation for the charge
operator. They also possess two types of hidden symmetries, one generated by the charges
under the Poisson bracket, and another one by an infinite-dimensional group of holonomies,
which are symmetries of the integral equations. Such results are presented in a separate
paper [37], and they will certainly serve as a laboratory to study the structures of Yang-Mills,
discussed here, in a simpler scenario.

Our results raise some important and interesting questions related to the nature of the
conserved charges. As we have shown, they are truly gauge invariant, and so, in principle, such
charges are physical observables. In the case of QCD, they are color singlets (i.e., transform
under the scalar representation of SU(3) color) and so may not be confined. Therefore, the
hadrons could carry such charges, even though the quarks may not. In order to analyze such
an issue it has been considered classical Yang-Mills in (1 4 1)-dimensions and the equivalent
of our three-dimensional charges has been constructed [38]. Then it has been considered the
quantum version of that two-dimensional gauge theory on a lattice, and it has been evaluated
the expectation values of the charges in some particle configurations, at the strong coupling
limit, where the plaquette action is dominated by the hopping term. The results are quite
interesting [39]. The mesons and baryons do present non-vanishing expectation values of
the charges. The quarks, however, not being color singlets, present vanishing expectation
values for the charges. One certainly has to study such an issue in a more complete and
realistic scenario, since the charges may have the potential of being order parameters of
some phases of non-abelian gauge theories.

Clearly, the most important issue still to be investigated is the role of such structures,
which resemble integrability, on the quantum Yang-Mills theories. One can approach such
a problem from different perspectives and methods. It would be interesting to check if the
hidden symmetries we presented in this paper might be broken or not at the quantum level.
In addition, the conservation of the charges may present quantum anomalies, and they may
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introduce selection rules in many processes, which will be important in the properties of
quantum Yang-Mills. Certainly, the results presented in this paper open up several ways to
investigate the non-perturbative aspects of non-abelian gauge theories.
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A A particular scanning of R?

An example of a scanning of R} is

' = ¢ cos’ 17 (1 —coso) — L; 0<o<2m L — oo
22 = —( cosT sino; —g <7< g (A1)
23 = (cosTsinT (1 —coso); 0< (<o

The reference point is zg = (=L, 0, 0), the surfaces of constant  are spheres of radius ¢,
with center at (=L + ¢, 0, 0). Indeed {(:1:1 + L — C)2 + (ac2)2 + (x?’)ﬂ = (2. The Jacobian,
defined in (5.28), becomes

dzt da? da*
Eijk % % d_xg = 4¢? cos® 1 sin’ (%) (A.2)

and so it is positive, and ¢ = 1. Note that the Jacobian only vanishes at the reference point
ZR, since it corresponds to 0 = 0or2 7, or to ¢ = 0 (the infinitesimally small sphere around

TR, or to 7 = —For 5 (the infinitesimally small loops around zg).
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B Proof of relation (2.27)

Note that, in (2.25), whenever we have the commutator of two matrices of the same type,
we can use the following manipulations to eliminate the intertwined integrals

o , da® dat (daP (o) dz” dar (o') dz”
/vfda 4o’ [ M, (o") , My (0)] dg%( a:d7(_0) xdéa) xdéa) :UdT(G)>

[ / ([ B2 g 2820

dx* dx¥ (o) , da:“dmp(o’)H
M, K _—
+[ () g —ar o M () G g
e T o / dz" dx (o) dzt dz¥ (o) ]
= /Ul do /Gl do' + . do i dO’] [ My, (o )_da’ s s My, (o) o dc
oy dz" dxf (')  [of dzt dx¥ (o)
= do’' M, (o’ _— do M, —_— ] B.1
[Ui 7 My (7') G g ,, O () 25 dc (B-1)

C The quantity M given in (5.20)

The Wilson line operator W is defined on a given curve x* (o), parameterized by o through
the equation (2.32), such that z* (0;) corresponds to the reference point zgr. If we vary
such a curve, z# (o) — a* (o) + dz# (o), keeping the reference point zp fixed we get that
W, integrated up to a given point o, changes as (for the details of such a calculation
see [1, 2, 13, 14], specially section 2 of [13])

W (o)W (0) = —ieW ! (o) Ay (0) W (0) 6a* (o) +ie /U L (2

(C.1)
In the scanning of a given volume €2, we have the loops labelled by 7 and the closed surfaces
labelled by {. So, we can consider the variations of the Wilson line when we vary a given
loop in the scanning to one infinitesimally close to it on the same surface, and in such a

yn
d’” dr. Similarly, we can consider the variation of W when we vary

case we have Jxt =
a given loop on a glven surface to one lying on a surface infinitesimally close to it, and
in such a case we have dz# = dm“ d(¢. Therefore, from (C.1) we get differential equations

for W associated to such var1at10ns

daw dxt dx* dx¥
-1 . -1 .
W (o) e (0)=—ie W™ (0) Au(0) W (o) F/C(a)ﬂe/m Ao W Fu W G
(C.2)
If we close the loop, integrating up to oy, we get
dW of dxt dz”
wt =i do' W F, W — C.3
(af)dT/C(Uf) te o g H do' dT/C ( )

That is so, because we always keep the reference point fixed, and so (see appendix A for
an example of scanning of R})

dzt B dzt

P ac 0 at o=0; and o =o0y (C4)
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For the case where the volume Q corresponds to the spatial sub-manifold R}, we can
use (C.2) to express the quantity b,/ (o), defined in (4.2), as

br/c (7) = =W () AW (0) S+ LW (o)

dW (o)
dr/¢ "’

for o<or (C5)

When we close the loop, i.e., take the integral in (4.2) up to o, it turns out, due to (C.4), that

dW (oy)

o (C.6)

A
bryc(oy) =W oy)

For any given Lie algebra valued quantity L conjugated with the Wilson line, we have
from (C.5), that

)
dt/¢
—ie [W(0) L(0) W (o), bryc(0)]  (CT)

where D; is the covariant derivative in the adjoint representation, i.e. D;jx = 0; x +ie [ A;, *].
In addition, from the defining equation of the Wilson line (2.32), we have that

dx’
do

(7@ L@ W (@) =W o) D) W (0)

(C.8)

We shall need the identity

d (_ dalda®\ d [ deldet) d dal da* (C.9)
dr \"*qs d¢ dC \“" 00 dr ) T do \“*ar dc '

Therefore, using (C.7), (C.8) and (C.9) we have from (4.2), (4.4) and (5.15) that

d - d o d d ]d
T__ﬁ:_ie/fdg{_%(w (aBi+ BE) W eijp— I)

d¢ drt dr d¢
tie [W’l (aB;+BE)W, b, (a)} emkdij ddxg
—ie [Wl @B+ BE)W b (0)] g,]k‘il”: Cf;;} (C.10)

From (C.4) we observe that the first term on the right-hand side of (C.10) vanishes. In
addition, we have that

deldz*dzt  da?dz*dzt  daz? dz* dat dz? dz* dz™
Eijk (C.ll)

e e T e e T ) =i — — ———
do dr dC  do d¢ dr dr dC do Leikm Ty AT dC
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Using (4.2), (4.8) and (4.9), we have that

" - da? da*
/Ui da{[W "(aBi+BE)W, 57(0)} ik g g E
i d ok
_ {W*l (OzBi'i‘,BEZ')W, bC (o’)} 5ijk%%}
e dbc (o) | dec(o) db, (o) des (o)
_/Ui da{{a da +B dU ,bq—(U)]—|:a do- +ﬁ dU abC(U)]}
=i (B pc + & pmag.) o)

where we have used the fact that, due to (4.2), we have b,/ (i) = 0.
Therefore, (C.10) becomes
at. dT: . dx' dz? dx*

. O'f —
— = = i€ (Bpa + a pmag) = —/ doW ™" (- DiBy + B DIEN W eijug -5

(C.13)
Adding (—ie? B ppr) to both sides of (C.13) (with pps given in (4.7)), we get that (5.20)
is indeed equal to (5.25).

D Poisson brackets for the gauge fields

In order to evaluate the transformations of the gauge fields, the electric and magnetic fields,
we need the Poisson brackets involving the Wilson line. Note that, since we are in R}, the
derivatives with respect to o, 7, and ( are space derivatives, and so they commute with
the equal time Poisson bracket. Therefore, the Poisson bracket of a given quantity X with
a spatial Wilson line can be extracted directly from the holonomy equations restricted to
space loops (see (2.32))

dw dz’ daw—1 daz’
— ] Az_ = Uj —1 -1 Az = D.1
io +ie daW 0; 1o ieW P 0 (D.1)
Indeed, we get that
d(W-H{Xx, W dz’
( {da’ rp) +ieW X, App W =0 (D.2)

where we have used the fact that X does not depend upon o. Therefore, since W (o;) is a
constant of integration independent of the fields, we get that

o d i
(X, W(0)pp=—ieW (o) [ do' W' (o)) {X, A () Y W (o) dx, (D.3)
g; o
In addition, from the properties of the Poisson bracket, we get that
(X, WL, WYpp = W T,W, W H{X, W}pg] (D.4)

From the Poisson bracket relations (3.11) we observe that the gauge field A; and magnetic
field B; commute. In addition, from (D.3) we have that A; commutes with the Wilson line
W. Therefore, from (4.2) we have that

{Af (2, 1), b,/ (0) }pE=0 (D.5)
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From (3.11), (4.2), (D.3) and (D.4) we have that

{A% (2, 1), er }PB—/ do’ 66 )emkfly],‘%w (') T,W () (D.6)

where we have used, in the scanning of R}, the correspondence

(«Tla x27 «733) = (ng Ty , Ux); (yl s y27 yg) = (Ca T, 0/) (D7)
We observe that

dzt  dyl dyF

5B (¢ — iy 7
(=) 6”kalcrm/m do' drt

=0 (D.8)

since the three dimensional Dirac delta function impose the points x and Y’ to commde and

when that happens the vectors d—‘” and fl 7 are parallel, as well as d " and i Therefore
dx’
{Af (x, t) 1o ,er(0)tpp =10 (D.9)
x
dz’
{Af (@, 1) Tr ¢r(0) }pp =0
x

On the other hand, using (5.28) and (7.2), we get

dz’

(47 (20) 5

er (o) }pp=06(C—Cz)0 (T —72) 0 (0 — 0g) wt (02) ToW (o) (D.10)

where 6 (0 — ¢’) is the step function, i.e. § (60 —¢’) = 1 for o > ¢’ and zero otherwise.
From (3.11) and (D.3) we have that the magnetic field B; commutes with the Wilson
line W, and so, from (4.2), we have that

{Bi'(z,t), brc(0) }pp=0 (D.11)

Using (3.12), we have from (4.2) that

o (dy dy  dy dy
B} t = [ do' | == — D.12
{ 1(1', )aeT/C(O-)}PB /O_i U(dO'/dT/g dO’ldT/C ( )
_ 6B (x—y) .
W) <_T“T+w (A (@), T] 0@ (2 y) | W (o)
Using (D.3), (D.4) and (3.11) we get

o de, / o’ dzt
{Ef (z,t), er/c (o) }pB = ie /g do’ [e(/i;aga) : /U do"Wt (") T, W (o) d;”é (x — z)]
(D.13)

where we have used, in the scanning of R}, besides (D.7), the correspondence

(zl, 22, z3> =(,7,0") (D.14)
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Note that we have
dz' dz?  dzF
do" doy d1z/Cy

Eijk ) (.73 — Z) =0 (D.15)

as the delta function imposes % and % to be parallel. Therefore
dal  da*

do, dr,/C, " 714
Using (C.5), (D.3), (D.4), and (3.11) we get that

dw?
dr/¢

{Ea (.T} t) E’L]k ( )}PB =0 (D.16)

6 (2 — w)

{Ef (1), bryc(0) }pp = W' (0) Ta W (0)

d 7
+ie by (o), ‘dJ’W_l (o) Tu W (') d—g,(s@ (z—v)
d ' N dy' (3)
TG d W (o)) T, W (o) dg’é (x —vy) (D.17)

where we have used, in the scanning of Rt, besides (D.7) and (D.14), the correspondence
(w', w?, w?) = (¢, 7, 0) (D.18)

If we take 0 = oy and use (C.6) instead of (C.5), we get

dy

. of -
{E! (2. ), by (op) i = i [bf/g (o). [ W (o) T (o) G5 (2 )
d dy’
W Vo' W Lo T, W (o) o 83 (z—y) (D.19)
Using relations similar to (D.15) we get, from (D.19), that
a da’ dx
{E (33 t) 5@]19 /C T/C (O'f) }pB =0 (D.QO)

E Poisson brackets involving Hs and Hp

Using (3.16) we get that H¢, defined in (6.2), satifies

{He, Ai (y) Yps = Dido (y /d%— (40 (2) 69 (2 — )] (B.1)

as Ag is a Lagrange multiplier, and so, drops out of the Poisson bracket, and where D; Ay =
;Ao +ie[Ai, Ap]. Using (D.1), we get that for any quantity X,

j—g (W (0) XW (0)) = W™ () (0,X +ic [A;, X]) W (o) ‘;9; (B.2)
Therefore, from (D.3) we get
{He, W (0)}ps = —icW (o) [ : do’ % (Wt (o!) Ao (o) W ()] (E.3)

- do’ W1 (a’) T, W (o dy

op)

A () 08 (z - y)}]
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Using (H.4) we get

A CHORRICEIE

f of '
=1 /T dr . do Ag (z) 5 (@ —y) €ijk 1o do dr l¢=¢;=0 (E.4)

since the vectors % and Cﬁl—:’;j become parallel due to the delta function. Therefore

{Ho W (0) }pn = —ie[A0((0) W (0) = W (0) W5 Av(en) Wa]  (ES5)

where Wi = W (0;), and zp is the reference point sitting on the border of R3, at the initial
and final points of every loop.
Using (3.16) and (E.5), we get from (4.2) that

{Hc, eryc(of) tpp =ie {%vc(af)»ﬂﬁgle(xR)VVR} (E.6)
Similarly, from (C.6) and (E.5) we get that
{Hc, by (of) tpp =ie {Unr(af),WG§1A0($R)VVR] (E.7)

We now evaluate some quantities important for the transformation of Hp. Note that in
the derivation of the abelian Gauss theorem (H.4) we never use the fact that the derivatives
commute when acting on the quantity b;. Therefore, we can use (H.4) to get

con [ 5 o o 0) T (B () T2)] =

0 dy* dy'  dy' dy*
= - Tr (B (y) T, 8y _ 8y
19/72- ar o dgayk [dba () Tr (Bi (y) To)] (da dr do dr lc= o
1

rato

— as r — 00 (E.8)

where we have used the boundary conditions (2.47) and (6.13). Now, using (6.27), we have

/dSy Tr[D; B; (y) T,] Szb]q (y) =

K 7 det dad  dad dat
=0 [, dr [ dodhelo) Te[D; B (o) T (%F‘%E) ¢, (B9)

In order for the magnetic field to satisfy the boundary condition (2.47), we need

1 .
Ai_>,al/—2+6 as r — 00 for 0>1/2; i=1,2,3 (E.10)
and 1
Ai—>—r3/4+5/2 as r — 00 for 0<d<1/2; i=1,2,3 (E.11)

Therefore, the slowest possible decay rate for the covariant derivative of the magnetic field is

1
D;Bi - ——= as T — 00 for 0<6<1/2; 4,j=1,2,3 (E.12)
r4+§5
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Consequently, using (6.13), we get

/d3yTr[DjBi WIS W)= s rooo  for 0<4<1/2 (E13)

Using (H.4) and (6.27) we get
/d3 9 [Tr(Bl( ) T,) S ( )} —
yayj 1 y a 1) y
- -/n dr’ s do’ Ejmn g T Tr (B; (y) Ty) x
s 9f det dxd  dad dat
X / dr / do dyg (2) 6@ (z — ) (_x ar e —:B) lc=¢;=0  (E.14)

It vanishes because

dy™ dy™ da?

; G (r—qy) =
€]mnd " dT dT o (33 y) (E15)

2= 56 (x —y) =0 Ejmnw

F  The algebra of the fluxes e,/ and b, /¢

Let us evaluate the Poisson brackets among the fluxes ¢,/ (¢) and b, ¢ (o), defined in (4.2).
Since the Wilson line only involves the gauge fields A;, we get from (3.11) and (D.3) that

{W(O’) @W(O'/)}p]g =0 (Fl)
For the same reasons, we get from (C.5) that

{brc (0) W (o')} P =0 (F.2)

and also

{b7c(0) by (o)} pp =0 (F.3)

Note that in (F.1), (F.2) and (F.3) the Wilson lines and the magnetic fluxes do not have to sit

on the same loop of the scanning of R}. They can be on different loops of different surfaces.

Consider now the quantity Ef €1, ‘fi—”f: jf/kc evaluated on a point in R}, which under

the scanning gets labelled by (o, 7, (), i.e. 2 (o, 7, ¢). Take now a Wilson line evaluated
from the reference point xg to a point ¢/, along a loop labelled by 7/ and sitting on a
surface labelled by ¢’. So, the points along that Wilson line are given by v (o', 7/, ¢').
From (3.11) and (D.3) we get that

dad dak

{Ea zgkd dr /C

W (o') Yrp =

dyt da? d
=ieW (o) dJ” Wt (o") T, W (o v dol dat 0O (x—y) (FA4)

) Sk G Ao drC

Note that the three dimensional Dirac delta function imply that (F.4) does not vanish
only if the points 2% (o, 7, ¢) and y* (o', 7', ') coincide. But when that happens the
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cross product of tangent vectors gy, % Cfi—"’;j, vanishes since % and ‘Z—foj will be parallel.
Consequently, (F.4) vanishes, and from (4.2) we get that

{er)c (@) W (o) }pp =0 (F.5)

and consequently the electric fluxes Poisson commute, i.e.

{eT/C (J) @QT’/C’ (0/)}133 =0 (FG)

From (C.6) we observe that b, ¢ (o) only involves the Wilson loop W (o), and so from (F.5)
we get that

{erjc (0) §bpyer (ap)tpp =0 (F.7)

However, for o < oy, we have from (C.5) that b,/ (o) involves, besides W (o), the gauge
field A;, and that does not Poisson commute with the electric field. Therefore, from the fact
that (F.4) vanishes, and using (3.11), (4.2), (C.5), (D.3) and (D.4), we get that

{e1)c (0) Dby /0 () bp = / A" W (") T W (o) @ W (o)) Tu W (o) x

dod da*  dy 5®
do" dt/¢ dT'/¢

XEijk (x—y) (F.8)
where we have used the same notation as above, i.e. the points of the loop where ¢, /¢ (o)
sits are 2’ (o, 7, ¢), and the points of the loop where b, (0') sits are y* (o’ , 7/, ¢’). The
integration in o” is along the loop where ¢, /¢ (o) sits. Again the Dirac delta function implies
that (F.8) is only non-vanishing when the points 2’ (¢, 7, ¢) and y* (¢/, 7/, ¢’) coincide. But
the cross product of tangent vectors &y, jT—x/kC #y/}/ is only non-vanishing when the tangent
vectors do not get parallel in the limit 2 — y. But that can not happen only for the cases

dz* dy dz*F dy
Eijk G d—zé, and €, d_xc 7% . Therefore, we get that

{er (0) §br (o))} =0

{ec (o) ber (o) }pp =0 (F.9)
{e; (0) @bp (0 )} pp=0Co(C—C()d(r—7")0(c—0"); for o' <o}

{ec (o) @b (0")}pp=—0Co(C=()6(r—7)0(c—0); for o <o}

with C defined in (G.3). In (F.9) we have used the fact the adjoint representation of a
compact semi-simple Lie group G is real and unitary, and so it is orthogonal, i.e. for g € G,
we have from (5.38) that

9Tag  @gTag ' =Tu T, (F.10)

In addition, in (F.9), we have that 6 (o — ¢’) is the step function, i.e. 6 (6 — ¢’) =1 for o > o’
and zero otherwise, and where we have used the fact that (see (5.28))

dzt dad daF
L Lr B Bt £(3) _ — — - —oN =41
El]kda e dC6 (x—y)=096(—-¢)d(r—7)d(c—0); Y

,75,



Note that from (F.6), (F.7) and (4.4), we get that

{er)c (o) T (T)}pe =0 (F.12)
From (F.3) and (F.7) we get

{br)c (0f) 8T+ (7)}pp =0 (F.13)
Consequently

{T- (1) § T (r2)} P =0 (F.14)

Using (3.11), (F.5), (F.6), (F.7) and (F.9), we get from (4.6), (4.7), (4.8) and (4.9) that

{er/c (0) § Tepatiar (') B = B{er)c (0) S pa (T')}pB =

=—if96(—¢)6(r—7) fda'@(a—a’) l(C,]l@ P

=iBY5(C—C)d(r—7) [C, erpe(0) @ 1] (F.15)

04

d Cr/¢ (OJ) ]

. . . do(oc—a’
where we have made an integration by parts using the fact that % = —4(c—d),

and we have also used (G.4).
From (3.11), (F.2), (F.3) and (F.7) we get that

{br/C (Uf) ® 'jspatial (T)}PB =0 (F.lﬁ)

Therefore, from (4.4), (5.11), (F.14), (F.15) and (F.16) we get that

{Tr (11, Gy a1, B1) A, az, B2)}pe =
=ie’B1B296((1— () 1@ Vigy (1) [C, er (0, 71, (1) ® 1] ]1®V(§)1 (1) (F.17)

where the subscript (2) in V() means it depends upon the parameters az and S2. In addition
from (3.11), (4.6), (5.11), (F.1), (F.2) and (F.5) we have that

{Wior, m,G) AL, a2, B2)tpe =0 (F.18)

G The Poisson brackets for the charge densities

Using (3.11) and (1.17), we get that the equal time Poisson brackets of the matter densi-
ties (3.14) lead to two commuting copies of the Lie algebra of the gauge group

(0¥ (@), pL W) YpB = fapep? (x) 6@ (2 —y)
(¢ (@), pf W) }pB = fabep? (x) 6P (z —y) (G.1)
{pl(x), p{ W) }pE =0

Consequently, we have

{Jo(2) ©Jo(y)}pp=10%) (x —y) [C, 1@ Jy(2)] = —id®) (z —y) [C, Jo(z) @ 1] (G.2)
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where we have defined the Casimir-like operator
C=T,0T, (G.3)
satisfying
[C,1® L+L®1]=0; — [T,, LT, =-T,® [Ts, L] (G.4)

with L being any element of the Lie algebra of the gauge group G.

Using the relations (F.3), (F.6) and (F.9), and the fact that %{:0/) =0 (0 —0o'), we
can calculate the Poisson bracket among the components of the quantity pg (7, ¢) given
in (4.8). We obtain

{pc(1,0) $pc (7', {)ypp =06 (C—() o (r—7) x
x/:fda{[Ta, b, (0)] ® {Ta, deC(J)] — {Ta, deC(J)] ® [Ty, by (0)]

do do

[Ty, b (0)]® [Tm de;g@} + [Ta, dz(g")} ® [Ty, be (0)]} (G.5)

We now use the Jacobi identity to show that for any two elements X and Y of the Lie
algebra of the gauge group, we get
[To, X]@[Ta, Y] = |Ta, Y]@[To, X| =T @ [[X, Y], Ta] (G.6)

Therefore, we get that

{pc(1,¢) %pc (7', ¢)ypp = =95 (C=¢) d(r—=7) [C, 1@ pg (T, ()]
=i96(C=C)d(r—7") [C, pe(r,¢)®1] (G.7)

with C defined in (G.3).

The matter densities, introduced in (3.13), clearly Poisson commutes with the Wilson
line. Therefore, using (G.2), (F.1) and (F.11) we get that the quantities pps (7, (), defined
in (4.7), satisfy

{ome (7,0) @ (7', Nypp = =96 (C—¢) 6 (r—7") [C, 1@ pp (7, ()]
=i96(¢~¢)o(r—7) [C, pu (7, ) @1] (G.8)

The quantities ¢,/ (¢) and b, /¢ (o) Poisson commute with the Wilson line. Therefore, we
get that

{pc (7,¢) Sprm (7', {)ypp =0 (G.9)

From (F.2) and (F.5), and the fact that the matter fields Poisson commute with the gauge
fields, we get that

{par (1, ¢) §br e (o) ype = {pm (7, ¢) Fepryer (o) }pe =0 (G.10)

and consequently

{pr1 (7, €) % pmag. (¢, 7)}pB =0 (G.11)
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From (F.3) and (F.7) we get that

{pc (7€) Fbyycr (%) }p = 0 (G.12)

and so

{PG (T7 C) @pmag. (Cla 7J)}PB =0 (G.13)

So, the density of magnetic charge ppag. Poisson commute with the densities py; and pg of
electric charges. From (F.3) we see the magnetic charge densities commute among themselves

{Pmag. (¢, 7) § prmag. (¢' 7')}pB =0 (G.14)
Using (F.9) we get that
{p (t, Q) Sewyer (o4) 1 = 106 (C= ) 8 (r = 7)) [C, epryer (o) @ 1]
— —i05(C~¢) 6 (r—7) [C. 10000 ()] (G.15)
In components, we get

{08 (m. Q) e () hps = =0 fabe e (0F) 5(C =) 6(r—7')  (G.16)

H The Abelian Gauss theorem in R3

In the text, we have to deal with boundary terms that in many cases it needs the use of the
Abelian Gauss theorem. In order to get the factors correct in terms of the scanning variables,
we derive such a theorem here using the notation of section 2.1.

Let us consider the case where the space is R3, and let the two form B;j, 1,5 =1,2,3,
in (2.1) be abelian, with a vanishing connection C; = 0. Working with the Hodge dual

bi = Eijk Bjk (Hl)
we get that from (2.1) and (2.4) that

dnV
dr

Then from (2.10) and (2.8), we get that

o J k
= T; T = / ’ do bi Eijk d_l‘ dz (H2)

do dr

N |

i

dInV 1 [ o 9b  dat dxt da*
e K== 1{"d do 20 o, 2T O 0T H.3
dc ’ 2 /T T/ol. 794 %00 dr dC (H.3)

Using the definition of Jacobian (5.28), we then get that

dzd daz* / 3 O
R

Tf g9f
9 / dr do bi Eijk —7 5 d’x @ (H4)

do dr 4=

In dealing with the surface terms, we encounter other types of integrals over spatial
surfaces, labelled by the parameter {, and having the form

itn=["ar [Taon, .0 0

i o ox

(f @) 8 (=) (H.5)
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where A is the Jacobian, defined in ( 28), f (z) is a c-number function, and the points z°
(07 7-’ C)’ and yZ = yl (0-/7 7-/7 C,)'

and 7’ are parameterized as z' =

Note that we have

do _ 9 _ dalda* dr _ 9 _ da’dat d¢ _ 9 _ daldat
szt AT gr A o ATURGC do sai . AT 4o dr

Replacing (H.6) into (H.5) we get, after integration by parts,

(=0 ["ar [ docy, [j—a (% @ <m—y>>

d (dz) dx
<d_(d_f( ) 6¢) (x—y))—l——

since the terms containing second derivatives of 2° cancel out. Using the fact that, on the
variations of loops, surfaces, and volumes, the reference point x g is kept fixed, we get that

dzt  dat
= = = i) = 7;7 H
e i 0 at o=o0;,0p and T=7T;,Ty (H.8)
Therefore
d dad daz*
(N =03z [Mar [Tdoep GG @) 80 @ ) (1.9)
Note, however, that we have
dyt da? da* dyt dz? da*
g —— = §(3) -0 i 2T T 5@ —y) =0 H.10
Sk Tl do dr O W =0 e oo gm0 (w o) (H.10)

since that delta function imposes % and %—’;j to be parallel, and similar for % and %.
Therefore, we conclude that

dyi dyi
Ay SO —0- AN U _ H11
do’ Cﬂ(f) 07 dT' Cﬂ(f) 0 ( )

I Poisson brackets involving the constraints

We now calculate some quantities relevant for the evaluation of the first term on the right-
hand side of (10.1). In order to simplify the notation, we introduce the operator, acting
on a given quantity X, as

OC(X):/:fdr :deA(U,T,Q o (2) Ty ® {Ca (), X }pp = Ty@ O (X) (1)

which is integrated on a surface labelled by (, with its points parameterized as z* =
z' (o, 7,(), A is the Jacobian defined in (5.28), and where we have denoted the non-
integrable factor dy, (V (1) W1 (o)), simply by dp, (7).

Note that the operator (I.1) is similar to the operator (5.37), and satisfies the same
properties, i.e., it is a linear operator, satisfies the Leibniz rule, and commutes with the
space derivatives and space integrals.
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We now consider that operator acting on the Wilson line W, integrated from the reference
point zg, up to a point y* = y* (02, T2, (2). Using (3.16) and (D.3) we get that

Tf of
(’)21 (W (02)) = —ie W (02) / dm / doy A (o1, 11, C1) d&) (x) x (1.2)
o (3) _ %
[ o o flie ) 1 6 - 20 42w
o ox’ d ol

where we have denoted z' = x% (01, 71, (1) and z° = 2 (d}, T2, (2), and the supperscript
(1) in dé? (), means that it depends upon the parameters a; and (31, through the holon-
omy defined in (4.4), which we now denote as V(y), i.e. dl(nlz) (V(l) (1) W1 (01)). We now
use (2.32), (F.11), and the definition of the quantity I; in (H.5), to get

A T2 _ dzt
LW (o) O (W (02) = - / Aoy W (o) TaW (o) o Iy (d5)) (13)
o; 2
o9 d
#6(6 =) [ dob = (df) (:) W (03) TuW ()
o 09

Since the adjoint representation matrix of a compact Lie group is orthogonal, we get (irre-
spective of the value of the parameters o and ), that

dpa (2) T = W (ab) V7 (1) T,V (12) W (o)) (1.4)
Therefore
ddaé (dba (2) W (08) Tu W (03)) = dié (V= (m) TV (m2)) = 0 (L5)

Using (H.11), we get that the first term on the right-hand side of (I1.3) also vanishes, and so
O (W (02)) =0 (1.6)
It now follows from (C.6) and (1.6) that
Ol (brpsc, (7)) =0 (1.7)
From (I.1) and (4.2), we get, using (3.16), (F.11) and (1.6), that
O (ersja (97)) = €6 (Gt = @) [enscy (o), Vi) () Ty Viyy () (1.8)
From (4.4), (I.7) and (I1.8), we get

(’)21 (7;(22) (TQ)) = ¢2 P26 (¢1 — C2) [672 (O'f) , V(I)l (12) Ty V(l) (TQ)} (1.9)

where the supperscript (2) in 7}(22) (12) means it depends upon the parameters as and [, in
the definition (4.4), which are different from those parameters appearing in the holonomy
Viuy (1) in (L.9), also defined through (4.4).
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From (3.13), (3.15), (G.1), (3.16) and (I.1) we have

T

OF, (Cy (1)) = —€ faba / Par [T Ao Ao, 71, ) 4D (2) C(@) 6 (2 ) (110)

968 (z —y) 260 (x —y) OFE%(x)
A . V) : _ 2 ®G) (p —

where 2' = 2% (01, 71, (1) and 3 = ¢’ (02, 72, (2). Using (F.11) and (H.5)

+ Ef (y)

0 (&) (y) B2 (y)
Ogl (Cb (y)) = —€fabd {5 (Cl CQ) ca ( )Cd( ) ( ayi ) + Ezd (y) ICM (dgz))
T o (3) _
[T [T dns (om0 ) (@EMW} (L11)

Using (I.11) we have that

g

Tf 9f Tf
ch E/ d7'1 ClO'lA(O'l,Tl,Cl)dgl) (1‘)/ dTg/

x {Ca(z),Cy(y) }rB
:/qu-g " dos A (09,72, 6) AP () OF, (G (1))

i a;

f
doa A (02,72, C2) d&? (y) x

g

Ty f
= —efabe/ dmo doy A (02772742)61[51%) (y) x

i og ) gl) Ef
{ (- @)[m()ce(y)— ( (52 ©)

+ Ef (y) Loy (dga>)} (L12)

K 77 (1) ¢ ©) dy) (x)
_efabe/ drmy do1 A (017 71, Cl) dca (:IZ‘) Ei (l’) ICQKL' (ddb ) -0 (Cl - CQ) Ot
and so

Zea = —€ fabe 0 (C1 — (2) / de/Af doy A (o9, T2, (2) X
d (4 (v) %) () E¢ (y)
x [dﬁ}ﬁ w2 et 5y )]

Tf af
I Y RN RS A RA R )

s ¥
—e fabe / drmi doy A (o1, 11, C1) dg) () Ef (x)I¢, (d%) (I.13)

[eF
where we have used the fact that the terms multiplied by ¢ ({1 — (2), are in fact on the same
surface (labelled by (; or equivalently (2), and so the dummy integrals in 71 and o1, can
be swapped to the dummy integrals in 75 and oy. In addition, the supperscript (s) in d®)
means it depends on the parameters a; and s, for s = 1, 2.
We now use (H.9) to write

7y oy
/ dri doy A (o1, 7, G1) d) () Bf (2) Iy (dgb))

3 g
dyj dy

Tom da 0 W) ) W) B ()6 (G -G) (114)

d
= d— / dT2 ”, dUQ E’ij
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since the integrals in 7y and o1 commute with the (s-derivative, and where we have used (F.11).
A similar manipulation can be performed on the term containing I, ; (dg?) on the right
hand side of (I.13).

Performing manipulations similar to those done from (H.5) through (H.9) we get that

7 o5 9 (%) (y) d) (v) E (y)
/. dTg/_ doa A (o2, 12, (2) ( dyi ):

d Tf of dy’ dy* (o )
dée Ef L1
=4 e /rz dro o doo Eijk 7 doy dry d (y) deg (y) i (y) ( 5)

Therefore, using (I.14) and (I.15), we get

Tea= —€ fare 0 (C1 — (2) /Tf dro /Uf dog A (2, T2, C2) dY) () d&? (v) Ce (y)

dyl dy* e
e fape 8 (G2 — Co) dC/ an | " o 5 S () ) ) B )
dl’] dx (1) (2) e
BﬁfabedC / dT1/ dUl%kd dﬁd (z) dy, (z) Ef (2)6(C1 — ¢2)

vt e [lm [ dosein V40 ) o) () B )0 (G- ) (116)

Consider now

Fabe dY () d) (y) To © Ty =

= fabe Vy (72) W (02) Tu W (02) Vi) (72) © Vigy (72) W (02) Ty W (02) V) (72)

= —iVy (2) W (02) [Ty, Te] W (02) Vi (1) ®V(2) (r2) W (02) Ty W (02) Vi3 (12)
= =iV (m2) [Ty, W (02) T W(cm)] ) (1) @ Vi) () T Vi) (72)

= —i V(1) (12) @ Vig) (12) [C, W (00) T.W (02) @ } ! (1) @ V) (72) (1.17)

where we have used (F.10). Using (4.2) and (10.2) we then have

Tf oy
chTc®Td=i€5(C1—C2)/ de/ doy A (02, T2, (2) X

x Vi (12) ® Vig) (m2) [ C, W™ (ag)CW(02)®]1] Vi) () @ V) (m2) (L18)
tied [_5(41 &) dyifg ) 1V, Té)é_l (G =) d(V(C, Té)gj (G —¢))

J Invariance of the Hamiltonian under the commutator of two
transformations generated by the charges

We now show that the commutator of two transformations generated by the charges, given
n (11.10), is a symmetry of the total Hamiltonian Hr (6.1), i.e

[51\717@1761 > 5N2,02,52] Hr=0 (J'l)
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From (11.13), (11.5) and (10.4), we have that

[51\71,041,51 ) 61\727&2,52] X =Zejeg (al - Ozg) Trrr {Qé\{l) (Cf) ® Qé\% (gf) X (J'2)

x/:fd( /andT /7-de, /(:fdJA(y)Ta (o,7,7,¢) {X,Ca(y)}pB]

where we have defined T, as
dZ
Yo7, 0) = iei [ Q5" (¢) T2
dTt

where T, involves the points y* =y’ (¢, 7/, ¢) and 2 = (0, 7,¢). A is the Jacobian defined

in (5.28), and where we have denoted the non-integrable factor dp, (Q~1(¢) V (') WL (o)),

simply by dp, (v). The supperscript (s) in dl()z) denotes the dependence on the parameters
(s, Bs)-

We have not considered the Poisson bracket { X, Yo(o,7,7',¢) } pp in (J.2), because it

will be multiplied by C, (y), and so it will not contribute when the constraints are imposed.

00 (0), 81Ty 2 140 () + o 10 Ty d <y>} (1.3)

In order to simplify the calculations, we evaluate the commutator of transformations
for each term of the total Hamiltonian Hr, given in (6.2).
Taking X as Hg in (J.2), where H is given (6.2), it is straightforward from (6.11), that

[6N1,a1751 > 5N2,Oé2152] Hg =0 (J'4)

Now, using the relations (3.16) to obtain how the remaining terms of Hp transforms
under the constraints (3.15), we get the following

{Hy + Hy, Ca) Yps = [ @2 2 (702089~ 2) (15
(e Culw) Y = ¢ fuse [A30) Celo) + [ P2 B2(y) 5 (440206900 - )
96 (y — z)

{Hp, Calw) }ro =~ [ d%%[B;:(z) o +efabcA;<y>Bz<z>a<3><y—z>]

where J; are the spatial components of the matter currents given in (2.18). Notice that we
can use the abelian Gauss law (H.4) to rewrite the integrals on the variable z! = 2*(0,, 7., (.)
in terms of an integral on the two-sphere S% of spatial infinity.

To obtain the transformations of each term of the total Hamiltonian, we need to deal
with the integrals involving Y, and the Dirac delta §(3)(y — z). Hence, we can calculate the
integrals involving those Dirac delta and T, terms as

¢ T T o
=T [Tar [Car [T doTuon O AW I - 20,70 C)
Gi i Ti o

Tf
= / dr Yo(0z, 72, (s T) (J.6)

and, when it involves the derivative of the Dirac delta:

¢ T T o
Igiz/fdg/ de/ dr’ fdJTa(J,T,T',()A(y) 0
G i i o

Dy 5 (y — 2(02,72,C2))

Cf Tf T , of a 8T
= Aly) | = (Yad®(y—2)) =B (y — a .
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Note that there is a total derivative in the first term on the right-hand side of (J.7), involving
the integrals on o and 7/. We have the same expression as in (H.5) despite the integration
interval. By similar reasoning that leads to (H.7), and using the conditions (H.8), we
obtain that

/Tdf’/f’f do Aly )(,fy (Tad®(y —2)) = (1.8)
_sl]kﬁ/ dr’ /UZ l (ilyg C;y 1,66 )( z)) _1_5< (‘29: Ccliy/T 56 )(y—z))]
= 51]1&9{/% do (%%T 66 (& — z))

[ [ (528 - 0) |

where we have denoted the points at the loop labelled by 7, by z* = 2%(0, 7,(). Substitut-

d
d

ing (J.8) into (J.7) and using (F.11) to integrate the last term involving the Dirac delta
on the right-hand side of (J.7), we obtain that

T T o dvl d k
Ty; = €iji¥ /de/ dT// Yo [ LY Tad® (y — 2) (J.9)
- - o do drt'
1 1 k3 <:<f
¢ T o dai d k
+5ijk19/<ifdg/nfd7'/aifda <d—92%ra5< x—z) / dT (Tos e Cor 7).

Now, consider the commutator of transformations acting in the matter sector Hys =
Hy + H,. Taking Hy as X in (J.2), and using (J.5) and (J.6), we have the following

[61\717&1,51 ’ 5N2,042,52] Hy = deerer (a1 — ag) X
of dz" dz" v

X Tep, [@ﬁg )@@ ) (o [ ar. [ a0 G o) T (Z)><Z—J (J.10)

o5

The surface, in the scanning of R?, corresponding to ¢, = ¢  is the two sphere S2 at spatial
infinity. The parameters o, and 7, are angles on such a sphere, and ( is associated with
the radial direction. The tangent and radial vectors behave as

dzt R dzt
do, /T ’ d¢,

— s(o, 1), T — 00 (J.11)

where s(o, 7) is a function of the angles of the sphere at (; = (;. Consequently, the Jacobian
at spatial infinity behaves as

A(z) — 12, r — 00. (J.12)

If the matter currents satisfy the boundary conditions (2.47), then at large distances, it
should fall as

1

Jf-)m, r— 00 (Jlg)
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with ¢’ > 0. Hence, the product of J; with the surface element should fall as 1/7‘5/ at
large distances. In addition, from the expression of Y, (J.3), we observe that except for
the magnetic flux b, in the definition of Z, see (10.12), the remaining terms are all phase
factors and do not contribute to the magnitude of Y, at infinity. So T, should fall as b,
falls, thus from (6.14), we have

7 — 00 (J.14)

T — 00 (J.15)

Considering the asymptotic behavior of (J.13) and (J.15) in (J.10), we get into that

1
[5N1,041751 s 5N2,a2,ﬁ2] Hy — TM—_W, r — 00 (J16)

and so

. 1
[0Ny 01,81 5 ONayan 82 | Ha =03 it 0+ >y (J.17)

When the constraints (3.15) hold true, the first term on the right-hand side of the
expression involving H¢ in (J.5) vanishes. Then, taking X as H¢ in (J.2), performing the
integral over y* = y*(o, 7', (), and using (J.6), we get that the commutator of transformations
acting on Hgo becomes

[ONy 01,61+ ONg,a0,8, | Ho =D eeren (a1 — az) x (J.18)
N N A s or  dz™d" c T
XTrrr Q(ﬁ ((f) ® Q(Q% (Cf) <Ezmn fabc /TZ dr, . dO-ZdT‘zd_TZ Ao(Z) E,L (Z) Ia (Z) e,

Since o, and 7, are angle variables on the surface Sgo, corresponding to ¢ = (r, we get

that da‘iz/im — 1% as r — oo. Then, from (2.47), (6.20) and (J.15), we get that

. 1
[(51\[1,&1’51 s 5N2,a2,62] HC = 0; if o> 6 (Jlg)

Finally, taking X as Hp in (J.2), the transformation of Hp can be written using the
result in (J.5), (J.6), and (J.9). Thus, we have the following

[5]\71,041751 ) 6N270£2,52] Hp = —ve1eg (Oq - 042) X (J‘QO)

dz7 dzk

Q) (€ © Q3 (<) Kk [ [T a5 Bz<z>122<z>>

XTI‘RL

CZZCf

i

T oF d J d k
+ | ecijk Jabe / ! dr, ! dazi - AC’(Z) BZ(Z) Ig(z)
- o do, dr, 7’ ot

Using (J.15), (J.11), (J.12) and the relation (7.2), the only term that survives when Z;{Z-
is taken at spatial infinity is the first on the right-hand side in (J.9). In addition, if the
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magnetic field By, satisfies the condition (2.47), then Aj should satisfy (6.20). Considering
that (J.15), the last term on the right-hand side of (J.20) vanishes by similar reasoning to
the right-hand side of (J.18). Hence, (J.20) becomes

[5]\71,041751 ’ 6N270£2,52] Hp = —vereg (Oq - 042) Trrr {Qé\{l) (Cf) ® Qé\% (gf) X
x U dez/ fdaz/ fdr/ dar' [ do BE(2)Tu8® (y — 2) x

y (dzm dz" dy™ dy" B dz™ dz”dy"dymﬂ
do, dry do dr'  do, dr, do AT )]cc.—,

(J.21)

where the right-hand side does not fall fast enough at spatial infinity to vanish. However,
from the expression (J.3) of T, and the cyclic property of trace, the terms inside in (J.21),
can be rearranged and written as a commutator between the charge operators Q((y, o, fs)
and Bdp, (Q5 1 (Cp)Vs(m:)W(02))T) with s = 1,2. So, from (2.65), the magnetic field B;
at spatial infinity lies in the direction of the generator ¢, which together with ¢, belongs
to a Cartan subalgebra. From the discussion that follows the expression (11.5), when the
constraints (3.15) and the Bianchi identity D;B; = 0 are imposed, the charge operator
Q((f,as, Bs) can be expressed as a exponentiation of the same Cartan subalgebra generators,
c and ¢ (see (11.7)). Therefore, such commutators vanish, and we obtain that

[0N1,01,81 5 ONo,a0,8, ] Hp = 0. (J.22)
Collecting the results (J.4), (J.17), (J.19), (J.22) we verify that (J.1) is indeed satisfied.
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