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The duality covariant geometry and DSZ
quantization of abelian gauge theory

C. LazAROIU AND C. S. SHAHBAZI

We develop the Dirac-Schwinger-Zwanziger (DSZ) quantization of
classical abelian gauge theories with general duality structure on
oriented and connected Lorentzian four-manifolds (M, g) of arbi-
trary topology, obtaining as a result the duality-covariant geomet-
ric formulation of such theories through connections on principal
bundles. We implement the DSZ condition by restricting the field
strengths of the theory to those which define classes originating in
the degree-two cohomology of a local system valued in the groupoid
of integral symplectic spaces. We prove that such field strengths
are curvatures of connections A defined on principal bundles P
whose structure group G is the disconnected non-abelian group
of automorphisms of an integral affine symplectic torus. The con-
nected component of the identity of G is a torus group, while its
group of connected components is a modified Siegel modular group
which coincides with the group of local duality transformations of
the theory. This formulation includes electromagnetic and magne-
toelectric gauge potentials on an equal footing and describes the
equations of motion through a first-order polarized self-duality con-
dition for the curvature of .A. The condition involves a combination
of the Hodge operator of (M, g) with a taming of the duality struc-
ture determined by P, whose choice encodes the self-couplings of
the theory. This description is reminiscent of the theory of four-
dimensional euclidean instantons, even though we consider a two-
derivative theory in Lorentzian signature. We use this formulation
to characterize the hierarchy of duality groups of abelian gauge
theory, providing a gauge-theoretic description of the electromag-
netic duality group as the discrete remnant of the gauge group of
P. We also perform the time-like reduction of the polarized self-
duality condition to a Riemannian three-manifold, obtaining a new
type of Bogomolny equation which is modified by the given taming
and duality structure induced by P. We give explicit examples of
such solutions, which we call polarized dyons.
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Introduction

Abelian gauge theory on Lorentzian four-manifolds is a natural extension of
Maxwell electrodynamics, which locally describes a finite number of abelian
gauge fields interacting through couplings which are allowed to vary over
space-time. Such theories occur frequently in high energy physics. For in-
stance, the low energy limit of a non-abelian gauge theory coupled to scalar
fields which can be maximally higgsed contains an abelian gauge theory
sector; this occurs in particular on the Coulomb branch of supersymmet-
ric non-abelian gauge theories. Moreover, the universal bosonic sector of
four-dimensional ungauged supergravity involves a fixed number of abelian
gauge fields interacting with each other through couplings which can vary
over space-time due to their dependence on the scalars of the theory. This
sector of four-dimensional supergravity can be described by pulling back an
abelian gauge theory defined on the target space of the sigma model of the
scalar fields [32].

The local behavior of abelian gauge theories (including their supersym-
metric extensions) was studied intensively in the physics literature, where
the subject has achieved the level of textbook material [16]. Despite intense
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activity, a global geometric formulation of such theories on arbitrary space-
times is still missing. At the level of field strengths, such a description was
given in [32] (see [34] for a summary) in the wider context of the geometric
description of the universal sector of classical supergravity in four dimen-
sions. As explained there and recalled in Section [I} the global formulation
requires the specification of a “duality structure”, defined as a flat sym-
plectic vector bundle A = (S, w, D) on the spacetime manifold M. The even
rank 2n of § equals the number of field strengths, where both electromag-
netic and magnetoelectric fields are included. When the spacetime is not
simply connected, such a bundle need not be trivial and it ‘twists’ the local
formulation in such a way that the combination of all electromagnetic and
magnetoelectric field strengths can be described globally by a dp-closed two-
form V defined on M and valued in S, where dp is the differential induced
by the flat connection D of the duality structure. A classical electromag-
netic field strength configuration is a dp-closed two-form V. The classical
equations of motion are encoded by the condition that V be self-dual with
respect to a ‘polarized Hodge operator’ obtained by tensoring the Hodge
operator %, defined by the Lorentzian spacetime metric g with a (generally
non-flat) taming 7 of the symplectic bundle (S, w), an object which encodes
all couplings and theta angles in a fully geometric manner. A classical field
strength solution is a field strength configuration which obeys the polar-
ized self-duality condition. This provides a global formulation of the theory
on oriented Lorentzian four manifolds of arbitrary topology, which is mani-
festly covariant with respect to electromagnetic duality. In this formulation,
classical duality transformations are described by (based) flat symplectic au-
tomorphisms of A. Such theories admits global solutions which correspond
to ‘classical electromagnetic U-folds’ — a notion which had been used previ-
ously in the physics literature without being given a mathematically clear
definition.

While the treatment found in the physics literature discusses local gauge
potentials and local gauge transformations (which are described using dif-
ferential forms defined locally on spacetime), a fully general and manifestly
duality-covariant geometric formulation of such theories in terms of con-
nections on an appropriate principal bundle has not yet been given. Such
a formulation is required by the Aharonov-Bohm effect [I] and by Dirac-
Schwinger-Zwanziger (DSZ) “quantization” [23| 42, 47], which force the field
strengths to obey an integrality condition implied by the requirement of a
consistent coupling between classical gauge fields and quantum charge car-
riers. Imposing this condition restricts the set of allowed field strengths,
defining a so-called prequantum abelian gauge theory As pointed out in [32],



2216 C. Lazaroiu and C. S. Shahbazi

the general formulation of this condition involves the choice of a Dirac sys-
tem L for A, defined as a D-flat fiber sub-bundle of & whose fibers are full
symplectic lattices inside the fibers of S. Every Dirac system has a type
t=(t1,...,ty), where t1,...,t, are positive integers such that ¢|ta]...|t,.
A duality structure is called semiclassical if it admits a Dirac system. The
choice of a Dirac system L refines a semiclassical duality structure A to an
integral duality structure A = (S, w, D, L) and reduces the group of duality
transformations to a discrete group, which generalizes the arithmetic dual-
ity group known from the local formulation found in the physics literature.
In the global setting, the Dirac system replaces the “Dirac lattice” of the
local approach and makes the DSZ condition is rather subtle since it re-
quires the use of cohomology with local coefficients (see [28] [43], 44} [48]). In
particular, the bundle-valued two-form V' (which describes all electromag-
netic and magnetoelectric field strengths simultaneously) cannot in general
be the curvature of a connection defined on a principal torus bundle. Indeed,
the vector bundle S is generally non-trivial, while the adjoint bundle of any
principal torus bundle is trivial.

In the present paper, we ‘solve’ the DSZ integrality condition determined
by a Dirac system £ by giving the geometric formulation of prequantum
abelian gauge theory in terms of connections defined on an adequate prin-
cipal bundle P. More precisely, we show that the combined field strength
V is the curvature of a connection defined on a principal bundle with non-
abelian and disconnected structure group G, whose connected component of
the identity is a torus group and whose group of connected components is
a modified Siegel modular group. This shows that the manifestly duality-
covariant formulation of such gauge theories is not truly abelian, since it
involves a non-abelian structure group. Instead, the structure group G is
weakly abelian, in the sense that only its Lie algebra is abelian. As a conse-
quence, the gauge group of P has a “discrete remnant” which encodes equiv-
ariance of the theory under electromagnetic duality transformations. Using
this framework, we show that the electromagnetic duality transformations
of the theory are given by (non-infinitesimal) gauge transformations, a fact
that provides a geometric interpretation for the former. Principal connec-
tions A on P describe the combined electromagnetic and magnetoelectric
gauge potentials of the theory. The polarized self-duality condition becomes
a first-order differential equation for A which is reminiscent of the instanton
equations, though the signature of our spacetime is Lorentzian and the the-
ory is of second order. These results provide a global geometric formulation
of prequantum abelian gauge theory as a theory of principal connections, in
a manner that is manifestly covariant under electromagnetic duality.
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To extract the principal bundle description, we proceed as follows. We
first show that integral duality structures of rank 2n and type t are asso-
ciated to Siegel systems of rank 2n, which we define to be local systems
Z of free abelian groups of rank 2n whose monodromy is contained in the
modified Siegel modular group I' = Sp(2n, Z) of type t. The latter is defined
as the group of automorphisms of a full symplectic lattice of rank 2n and
type t and is a subgroup of Sp(2n,R) which contains the usual Siegel modu-
lar group Sp(2n,Z), to which it reduces when t coincides with the principal
type 6 = (1,...,1). The vector bundle of the duality structure is given by
S = Z ®z R while the flat connection D is induced by the monodromy con-
nection of Z. A classical field strength configuration V is called integral if it
satisfies the DSZ quantization condition, which states that the cohomology
class [V]p € H3(M,S) of V with respect to dp lies in the image of the lo-
cal coefficient cohomology group H?(M, Z) through the natural morphism
H%*(M,Z) — H%(M,S), where H3(M,S) is the the second cohomology of
the complex (Q*(M,S),dp). We then show that V is integral if and only
if it coincides with the adjoint curvature V4 of a connection A defined on
a principal bundle P (called a Siegel bundle) whose structure group is the
group G = Aff{ of automorphisms of an integral affine symplectic torus and
whose adjoint bundle identifies with S. The group Aff is a semidirect prod-
uct A x T of the torus group A = R?"/Z?" with the modified Siegel modular
group I' = Sp((2n, Z) and hence has a countable group of components which
is isomorphic with I'. The dp-cohomology class of V 4 coincides with the im-
age in H3(M,S) of the twisted Chern class ¢(P) € H*(M,Z) of P. The
Siegel system Z (and hence the duality structure A) is uniquely determined
by the Siegel bundle P and Siegel bundles are determined up to isomor-
phism by the pair (Z, ¢). The classifying space of such principal bundles is a
twisted Eilenberg MacLane space [27] of type 2, namely a K (Z?", 2)-fibration
over K (Sp(2n,Z), 1) whose s-invariant is trivial and whose monodromy is
induced by the fundamental action of Sp,(2n,Z) on Z*".

There exists a large group of classical ‘pseudo-duality’ transformations
which identifies the spaces of classical field strength configurations and so-
lutions of different abelian gauge theories. Locally, such transformations
involve matrices T € Sp(2n,R) acting on the field strengths and the DSZ
integrality condition with respect to a Dirac lattice of type t restricts T'
to lie in the arithmetic group Sp(2n,Z). As already pointed out in [32],
the global theory of such duality transformations is much richer. We de-
velop this theory from scratch, defining a hierarchy of duality groups and
providing short exact sequences to compute them. We exploit this geomet-
ric framework to show that the electromagnetic duality transformations of
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abelian gauge theory correspond to gauge transformations of Siegel bundles,
elucidating the geometric origin of electromagnetic duality. In particular, we
emphasize the role played by the type t of the underlying Dirac system and
by the monodromy representation of the Siegel system Z in the correct def-
inition and computation of the discrete duality group of the prequantum
theory. The fact that a symplectic lattice need not be of principal type is
well-known in the theory of symplectic tori as well as in that of Abelian va-
rieties, where non-principal types correspond to non-principal polarizations.
The physical implications of non-principal types have been systematically
explored only recently in the context of supersymmetric field theories, see
for instance [4H8], (14, [15] and references therein.

The construction of the present paper produces a class of geometric
gauge models which is amenable to the methods of mathematical gauge the-
ory [24]. In particular, it allows for the study of moduli spaces of solutions
(which, as shown in [32], can be viewed as ‘electromagnetic U-folds’) using
techniques borrowed from the theory of instantons. In this spirit, we perform
the time-like reduction of the polarized self-duality equations, obtaining a
novel system of Bogomolny-like equations. Solutions of these equations de-
fine polarized abelian dyons, of which we describe a few examples.

The paper is organized as follows. Section [1| recalls the description of
classical abelian gauge theories with arbitrary duality structure in terms
of combined electromagnetic and magnetoelectric field strengths, following
[32]. In the same section, we describe the hierarchy of duality groups of such
theories and give a few short exact sequences to characterize them. Section 2]
discusses the DSZ integrality condition for general duality structures, relat-
ing the notion of Dirac system (which appears in its formulation) to various
equivalent objects. Section [3|discusses Siegel bundles and connections show-
ing in particular that a Siegel induces a canonical integral duality structure.
In Section [d] we give the formulation of “prequantum” abelian gauge theory
(defined as classical abelian gauge theory supplemented by the DSZ inte-
grality condition) as a theory of principal connections on a Siegel bundle.
Section [5| discusses the time-like dimensional reduction of the polarized self-
duality equations, which leads to the notion of polarized abelian dyon. In the
same section, we construct examples of polarized abelian dyons on the punc-
tured affine 3-space. Appendix A recalls the duality-covariant formulation
of abelian gauge theory on contractible Lorentzian four-manifolds, starting
from the local treatment found in the physics literature. Appendix B dis-
cusses integral symplectic spaces and integral symplectic tori, introducing
certain notions used in the main text.
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0.1. Notations and conventions

All manifolds and fiber bundles considered in the paper are smooth, Haus-
dorff and paracompact. The manifold denoted by M is assumed to be con-
nected. In our convention, a Lorentzian four-manifold (M, g) has “mostly
plus” signature (3,1). If E is a fiber bundle defined on a manifold M, we
denote by C*°(M, E) the set of globally-defined smooth sections of E and
by C*°(E) the sheaf of smooth sections of E.

Acknowledgements. We thank V. Cortés for useful comments and dis-
cussions. C.S.S would like to thank P. C. Argyres, A. Bourget, M. Martone
and R. Szabo for useful comments and suggestions. Part of the work of
C. I. L. on this project was supported by grant IBS-R003-S1. The work of
C.S.S. is supported by the Germany Excellence Strategy Quantum Universe
- 390833306.

1. Classical abelian gauge theory

In this section we introduce the configuration space and equations of mo-
tion defining classical abelian gauge theory on an oriented Lorentzian four-
manifold (M, g) and discuss its global dualities and symmetries. Appendix
gives the description of this theory for the special case when M is con-
tractible, which recovers the local treatment found in the physics literature.
The global formulation presented in this section was proposed in a wider
context in reference [32], to which we refer the reader for certain details.
The definition of classical abelian gauge theory on (M, g) is given in terms
of field strengths and relies on the choice of a duality structure (defined as
a flat symplectic vector bundle A = (S,w, D) on M) equipped with a tam-
ing J of (S,w), which encodes the gauge-kinetic functions (coupling con-
stants and theta angles) in a globally-correct and frame-independent man-
ner. The equations of motion of the theory are encoded by the [J-polarized
self-duality condition for the combined electromagnetic and magnetoelec-
tric field strengths, which are modeled mathematically by a D-flat two-form
valued in the underlying vector bundle § of the duality structure.

1.1. Duality structures

Let M be a connected smooth manifold and (S,w) be a symplectic vec-
tor bundle defined on M with symplectic structure w. Since Sp(2n,R) and
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GL(n,C) are homotopy equivalent to their common maximal compact sub-
group U(n), the classification of symplectic, complex and Hermitian vector
bundles defined on M are equivalent. In particular, any complex vector bun-
dle admits a Hermitian pairing and any symplectic vector bundle admits a
complex structure which is compatible with its symplectic pairing and makes
it into a Hermitian vector bundle. Thus a real vector bundle of even rank
admits a symplectic pairing if and only if it admits a complex structure. The
classifying spaces BSp(2n, R) and BU(n) are homotopy equivalent, hence the
fundamental characteristic classes of a symplectic vector bundle (S,w) are
Chern classes, which we denote by c;(S,w).

Remark 1.1. Suppose that dim M = 4 and let S be an oriented real vec-
tor bundle of rank 2n defined on M, thus w;(S) = 0. If S admits a complex
structure J inducing its orientation, then its third Stiefel-Whitney class
w3(S) must vanish and its even Stiefel-Whitney classes w2 (S) and w4(S)
must coincide with the mod 2 reduction of the Chern classes ¢ (S, J) and
c2(8S, J) of the complex rank n vector bundle defined by S and 7. In particu-
lar, the third integral Stiefel-Whitney class W3(S) € H3(M, Z) must vanish,
i.e. § must admit a Spin® structure (notice that W5(S) vanishes for di-
mension reasons). These conditions are not always sufficient. To state the
necessary and sufficient conditions (see [37]), we distinguish the cases:

e n=1,1ie rk§ = 2. Then S always admits a complex structure (equiva-
lently, a symplectic pairing) which induces its orientation (since SO(2) =
U(1)).

e n =2 ie. rk§ =4. In this case, S admits a complex structure (equiva-
lently, a symplectic pairing) which induces its orientation if and only if it
satisfies W3(S) = 0 and ¢*(S) = 0, where ¢*(S) € H*(M,Z) is an integral
obstruction class described in [37, Theorem II].

e n >3, i.e. tk§ > 6. Then S admits a complex structure (equivalently, a
symplectic pairing w) which induces its orientation if and only if W3(S) =
0.

Notice that an oriented real vector bundle S of rank four on a four-manifold
M is determined up to isomorphism by its first Pontryaghin class p1(S) €
H*(M,7Z), its second Stiefel-Whitney class wz(S) € H?(M, Z3) and its Euler
class e(S) € H4(M, 7).

Definition 1.2. A duality structure A e (S,w,D) on M is a flat sym-
plectic vector bundle (S,w) over M equipped with a flat connection D :
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C>®(M,S) — Q' (M,S) which preserves w. The rank of A is the rank of the
vector bundle S, which is necessarily even.

Notice that the Chern classes ¢1(S,w) and ¢2(S,w) of the underlying sym-
plectic vector bundle of a duality structure must be torsion classes.

Definition 1.3. A based isomorphism of duality structures from A =
(S,w,D) to A’ =(S8,u',D') is a based isomorphism of vector bundles
f:8 = & which satisfies the conditions w' o (f® f) =w and D'o f =
(idp-yr @ f) 0 D.

Here and below, we let based morphisms of vector bundles act on sections
in the natural manner. We denote by Dual(M) be the groupoid of duality
structures defined on M and based isomorphisms of such.

The group Auty(S,w) of based automorphisms of a symplectic vec-
tor bundle (S,w) is called its group of symplectic gauge transformations.
Such transformations ¢ act on the set of linear connections D defined on S
through:

D — (idp-a ® @) o'Doqpi1
and preserve the set of flat symplectic connections. The group Auty(A) of
based automorphism of a duality structure A = (S,w, D) coincides with the
stabilizer of D in Auty(S,w). For any such duality structure, we have:

c1(S,w) =0(é1(D)), c2(S,w) = d(é2(D)),
where ¢é(D) € HY(M,U(1)) and é(D) € H3(M,U(1)) are the Cheeger-

Chern-Simons invariants of the flat connection D and § : H(M,C/Z) —
H*Y(M,7) are the Bockstein morphisms in the long exact sequence:

...— HY(M,Z) — H(M,R) = H'(M,U(1))
S HHY (M, Z) — HY (M,R) — ...

induced by the exponential sequence:
0—-Z—-R—-U(1l)—0.

The Cheeger-Chern-Simons invariants depend only on the gauge equivalence
class of D.
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1.2. The twisted de Rham complex of a duality structure

Given a duality structure A = (S,w,D) on a connected manifold M, let
dp : Q(M,S) — Q(M,S) be the exterior covariant derivative twisted by D
(notice that dp|oo(as,s) = D). This defines a cochain complex:

(1)

0—C®(M,S) 2 al(M,S) L2 02(M,S) L2 03(M, S) 22 Q4(M,S) — 0,

whose total cohomology group (viewed as a Z-graded abelian group) we
denote by H7(M,S).

Definition 1.4. The vector spaces HE(M,S) (where k=0,...,4) are
called the twisted de Rham cohomology spaces of the duality structure A.

Let QF (S) be the locally-constant sheaf of D-flat S-valued k-forms. Then a
straightforward modification of the Poincaré lemma shows that the complex
of sheaves:

0= C2(S) = Q%S) 2 01(S) 22 02(8) L2 03(S) L2 04(S) - 0

is exact and hence provides a resolution of the locally-constant sheaf Cg%, (S).
Since M is paracompact, each of the sheaves QF(S) is acyclic. Thus the
sheaf cohomology of ant(é‘) can be computed as the cohomology of the
complex . This gives a natural isomorphism of graded vector spaces:

Hp(M,S) ~ H*(M,Cz(S)) ,
where the right hand side denotes sheaf cohomology.

1.3. Flat systems of symplectic vector spaces

Let II; (M) be the fundamental groupoid of a connected manifold M, whose
objects are the points of M and whose set of morphisms Iy (m,m’) from m
to m’ is the set of homotopy classes of piecewise-smooth curves starting at m
and ending at m’. Let Symp be the groupoid of finite-dimensional symplectic
vector spaces (see Appendix [B]). The functor category [II;(M), Symp] is a
groupoid since all its morphisms (which are natural transformations) are
invertible.

Definition 1.5. A flat system of symplectic vector spaces (or Symp-valued
local system) on M is a functor F' :II;(M) — Symp, i.e. an object of the
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groupoid [IT; (M), Symp]. An isomorphism of such systems is an isomorphism
in this groupoid. A flat system F' of symplectic vector spaces has rankﬂ 2n
if dim F'(m) = 2n for all m € M.

Recall that a symplectic representation of a group G is a representation
p: G — Aut(V,w) of G through automorphisms of a finite-dimensional sym-
plectic vector space (V,w). An equivalence (or isomorphism) of symplec-
tic representations from p: G — Aut(V,w) to p': G — Aut(V',w') is an
isomorphism of symplectic vector spaces ¢ : (V,w) = (V' ;') such that
wop(g)=p'(g) oy forall g € G. We denote by SympRep(G) the groupoid
of symplectic representations of G equipped with this notion of isomorphism.

Definition 1.6. Let F be a flat system of symplectic vector spaces
on M. The holonomy representation of F at a point me M is
the morphism of groups hol,,(F') : w1 (M, m) = II;(m,m) — Aut(F(m)) =
Symp(F(m), F(m)) defined through:

Lol (F)(c) = F(c), VY cem(M,m).

The holonomy group of F at m is the subgroup of Aut(F(m)) defined
through:

Hol,, (F) <" im(hol,, (F)) .

Notice that hol,,(F') is a symplectic representation of m1(M,m) on F(m).
Any homotopy class v € II; (m, m’) of paths from m to m’ induces an isomor-
phism of symplectic vector spaces F'(v) : F(m) = F(m’) which intertwines
the holonomy representations of F' at the points m and m/:

F(5) o hol,,(F)(c) = hol,y (F)(vey 1) o F(y), Vcéemn(Mm).

Since M is connected, it follows that the holonomy representation of F' at
a fixed basepoint mg € M determines its holonomy representation at any
other point of M. Moreover, the isomorphism class of the holonomy group
of F' at mgy does not depend on the choice of mg € M.

Proposition 1.7. Let mg € M be any point of M. Then the map hol,,,
which sends a Symp-valued local system F defined on M to its holonomy
representation hol,, (F) at mo and sends an isomorphism f: F = F' of

Symp-valued local systems to the equivalence of representations holy,, (f) def-

IThe rank is constant on M since M is connected.
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f(mg) : holy, (F) = holy,, (F') defines an equivalence of groupoids from
[IT1; (M), Symp] to SympRep(71(M,mg)). In particular, isomorphism classes
of flat systems of symplectic vector spaces of rank 2n defined on M are in
bijection with the points of the character variety:

(2) R(mi(M,mg),Sp(2n,R)) def- Hom(m (M, mp), Sp(2n,R))/Sp(2n,R),

where Sp(2n,R) acts on Hom(m (M), Sp(2n,R)) through its adjoint repre-
sentation.

Proof. An isomorphism f : ' = F' of Symp-valued local systems is a col-
lection of isomorphisms of symplectic vector spaces f(m): F(m) — F'(m)
for all m € M which satisfies:

f(m)oF(’y):F’('y)of(m), V’yEHl(m,m/), VYm,m € M.

Taking m’ = m = my in this relation shows that f(m) is an equivalence
between the holonomy representations of F' and F at m:

hol,,, (F")(c) = f(m) o holy, (F)(c) o f(mo)™t, V¢ & m (M, mg).

Conversely, it is easy to see that any such equivalence of representations
extends to an isomorphism from F to F”. O

1.4. The flat system of symplectic vector spaces defined by a
duality structure

Definition 1.8. The parallel transport functor Ta € [II;(M),Symp]| of a

duality structure A = (S,w, D) is the functor which associates to each point

m € M the symplectic vector space Ta(m) def. (Sm,wm) and to the homo-

topy class (with fixed endpoints) ¢ € II; (M) of any piecewise-smooth curve
c¢: [0,1] — M the isomorphism of symplectic vector spaces:

TA(C) : (80(0)7wc(0)) = (Sc(l)awc(l))

given by the parallel transport of D.
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Notice that Ta : II1 (M) — Symp is a flat system of symplectic vector spaces.
The map which sends A to Ta extends in an obvious manner to an equiva-
lence of groupoids:

T : Dual(M) = [l (M), Symp] ,

which sends a based isomorphism f: A = (S,w,D) & A’ = (8,0, D) of
duality structures to the invertible natural transformation 7 (f) : Ta — Ta
given by the isomorphisms of symplectic vector spaces:

T M) L fr: (Smswm) S (S wm), Y me M.

These isomorphisms intertwine 72 (c) and 72'(c) for any ¢ € II; (M) (m, m’)
since f satisfies D' o f = (idp+p ® f) o D. Hence one can identify duality
structures and systems of flat symplectic vector spaces defined on M. For any
duality structure A = (S,w, D) on M, the holonomy representation hol,, (D)

of the flat connection D at m € M coincides with the holonomy representa-
tion of the flat system of symplectic vector spaces defined by A:

hol,,(D) = hol,,,(Ta) -
In particular, the holonomy groups of D and Ta at m € M coincide:
Hol,,(D) = Hol,,(TA) -

Since M is connected, Proposition implies that isomorphism classes of
duality structures defined on M are in bijection with the character vari-

ety (2).
1.5. Trivial duality structures

Definition 1.9. Let A = (S,w,D) be a duality structure defined on M.
We say that A is:

1) topologically trivial, if the vector bundle S is trivializable, i.e. if it
admits a global frame.

2) symplectically trivial if the symplectic vector bundle (S, w) is isomor-
phic to the trivial symplectic vector bundle, i.e. if it admits a global
symplectic frame (a global frame in which w has the standard form).

3) trivial (or holonomy trivial), if A admits a global flat symplectic frame,
i.e. if the holonomy group of D is the trivial group.
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A symplectically trivial duality structure is automatically topologically triv-
ial, while a holonomy trivial duality structure is symplectically trivial. If M is
simply-connected then every duality structure is holonomy trivial. A global
flat symplectic frame of a holonomy-trivial duality structure A = (S,w, D)
of rank 2n has the form:

gz(elw"aenufla"'vfn)?

where e;, f; are D-flat sections of S such that:
w(eivej) = w(fuf]) = 07 w(627f]) = _w(f’bvej) = 5’Lj7 v Z7j = 17 PR

Any choice of such a frame induces a trivialization isomorphism 7¢ : A =
A, between A and the canonical trivial duality structure:

(3) An déf. (anu an) d) )

of rank 2n, where w,,, is the constant symplectic pairing induced on the triv-
ial vector bundle R?" = M x R?" by the canonical symplectic pairing wa,, of
R?" and d: C®(M,R?*") — Q' (M,R?") is the ordinary differential. Any two
flat symplectic frames £ and &’ of A are related by a based automorphism
T € Auty(A):

&=r¢€,

which corresponds to the constant automorphism e/ o 7¢ le Auty(A,,) of
A, induced by an element T € Sp(2n, R).

1.6. Electromagnetic structures

As before, let M be a connected manifold.

Definition 1.10. An electromagnetic structure defined on M is a pair = =
(A, J), where A = (S,w, D) is a duality structure on M and J € End(S)
is a taming of the symplectic vector bundle (S,w), i.e. a complex structure
on S which:

e is compatible with w, i.e. it satisfies:

(T2, Ty) = wla,y) V() €S xur S
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e has the property that the symmetric bilinear pairing @7, defined on S
through:

(4) Q70 y) L w(Tz,y)V(x,y) €S xS

is positive-definite.

The rank of = is the rank of A.

Notice that the taming J is not required to be flat with respect to D. The
bundle-valued one-form:

Uz S pd(7) = Do T — (idpeyr ® T) o D € QY (M, End(S))

is called the fundamental form of = and measures the failure of D to preserve
J. The electromagnetic structure Z is called unitary if U= = 0. We refer the
reader to [32] for more detail on the fundamental form.

Definition 1.11. Let Z = (A, J) and ' = (A’, J’) be two electromagnetic
structures defined on M. A based isomorphism of electromagnetic structures
from Z to Z' is a based isomorphism of duality structures f : A = A’ such

that 7' = foJ o f~1.

Remark 1.12. A taming J of a duality structure A can also be described
using a positive complex polarization. Let Ac = (Sc,wc, D) be the complex-
ification of A. Then J is equivalent to a complex Lagrangian sub-bundle
L C Sc such that:

iw(z,z) >0, Vazedc,

where Sg is the complement of the zero section in Sg. By definition, such a
Lagrangian sub-bundle is a positive complex polarization of the symplectic
vector bundle (S,w). A detailed description of this correspondence can be
found in [32, Appendix A]. Note that the physics literature sometimes uses a
local version of positive polarizations when discussing Abelian gauge theory.
In our global framework this requires the supplementary step of complexi-
fying the vector bundle S.

Definition 1.13. A taming map of size 2n defined on M is a smooth map
J : M — Mat(2n,R) such that 7 (m) is a taming of the standard symplectic
form wo,, of R?" for all m € M (in particular, we have 7 (m) € Sp(2n, R) for
all m).
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We denote by J, (M) the set of all taming maps of size 2n. Let Z = (A, J)
be an electromagnetic structure of rank 2n defined on M whose underlying
duality structure A = (S,w, D) is holonomy trivial. Choosing a flat global
symplectic frame £, we can identify A with the canonical trivial duality
structure through an isomorphism 7¢ : A = A,,. This identifies J with
the section 7¢ 0 J o 7¢ L of the trivial vector bundle BQ”, which in turn can
be viewed as a smooth map from M to R?". Since 7¢ transports w to the
constant symplectic form induced on R?" by wa,, it is easy to see that this
map is a taming map of size 2n defined on M. Hence any choice of global
flat symplectic frame identifies the set of tamings of A with J,,(M).

1.7. The polarized Hodge operator

Let (M, g) be an oriented Lorentzian four-manifold. Let == (A, J) be an
electromagnetic structure of rank 2n defined on M and let @ := Q7. be
the Euclidean scalar product induced by J and w on S as in equation .
The Hodge operator %4 of (M, g) extends trivially to an automorphism of

the vector bundle A*(M,S) el T @ S, which we denote by the same
symbol.

Definition 1.14. The J-polarized Hodge operator of (M, g,Z) is the auto-
morphism %, 7 of the vector bundle A*(M,S) defined through:

*g,Jdéf' ¥ g@T =T @%g.
Let (-, )4 be the pseudo-Euclidean scalar product induced by g on the total

exterior bundle A*(M) et \= e Together with (), this pairing induces
a pseudo-Euclidean scalar product (-,-), o on the vector bundle A*(M,S),
which is uniquely determined by the condition:

(p1 @ E1,p2 ®€2)g.0 = Ok ko (— 1)1 Q(E1,&2) (p1, p2)g

for all p; € Q¥ (M), py € Q¥ (M) and &1,& € C®°(M,S). The polarized
Hodge operator x4, 7 induces an involutive automorphism of the space
Q2(M,S). We have a (-, -), g-orthogonal splitting:

ANH(M,S) = N2(M,S) @ A2 (M, S)

into eigenbundles of x, 7 with eigenvalues +1 and —1 for the polarized Hodge
operator. The sections of A%(M,S) and A%(M,S) are called respectively
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polarized self-dual and polarized anti-self-dual S-valued two-forms. Notice
that the definition of these notions does not require complexification of S.

1.8. Classical abelian gauge theory

Let (M, g) be an oriented Lorentzian four-manifold.

Definition 1.15. The classical configuration space defined by the duality
structure A = (S,w, D) on M is the vector space of two-forms valued in S
which are closed with respect to dp:

def.

Conf(M,A) = {V e Q*(M,S) | dpV =0} .

Definition 1.16. The classical abelian gauge theory determined by an elec-
tromagnetic structure = = (A, J) on (M, g) is defined by the polarized self-
duality condition:

*97\7]/ =V

for V € Conf(M, A). The solutions of this equation are called classical elec-
tromagnetic field strengths and form the vector space:

Sol(M, g,Z) = Sol(M, g, A, J) € {V € Conf(M, A) | %7V =V} .

Notice that classical abelian gauge theory is formulated in terms of field
strengths. In later sections, we will formulate the pre-quantum version of
this theory (which is obtained by imposing an appropriate DSZ quantization
condition) in terms of connections defined on certain principal bundles called
Siegel bundles (see Definition . The classical theory simplifies when M
is contractible, since in this case any duality structure defined on M is
holonomy-trivial. This case corresponds to the local abelian gauge theory
discussed in Appendix [A] which makes contact with the formulation used
in the physics literature. Notice that the traditional physics formulation
(which is valid only locally or for holonomy-trivial duality structures) relies
on gauge-kinetic functions, leading to complicated formulas which obscure
the geometric structure displayed by Definition It was shown in [32]
that elements of Sol(M, g, Z) correspond to classical electromagnetic U-folds
when the duality structure A is not holonomy trivial.
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1.9. Classical duality groups

Let (M, g) be an oriented Lorentzian four-manifold and S be a vector bundle
defined on M. Let Aut(S) be the group of those unbased vector bundle
automorphisms of & which cover orientation-preserving diffeomorphisms of
M and let Auty(S) C Aut(S) the subgroup of based automorphisms, i.e.
those automorphisms which cover the identity of M. Let Diff(M) be the
group of orientation-preserving diffeomorphisms of M. Given u € Aut(S),
let f,, € Diff(M) be the orientation-preserving diffeomorphism of M covered
by w. This defines a morphism of groups:

Aut(S) > u — f, € Diff(M).
The group Aut(S) admits an R-linear representation:

Aut(S) 5 u — Ay, € Aut(Q*(M,S))

given by push-forward; we will occasionally also use the notation: u - (—) def.

A,(—). When f, is not the identity the push-forward action of u € Aut(S)
must be handled with care; we refer the reader to [32] Appendix D] for a
detailed description of this operation and its properties. On decomposable
elements of Q*(M,S) = Q*(M) @ C>*(M,S), it is given by:

Aula®&) =u (a®E) = (fura) ® (u- &) = (fua) @ (uo o fi1),

where fy.« is the push-forward of o on M as defined in [32, Appendix D].
For instance, if a € Q!(M) we have:

far (W) o fot
(df'(v) o fu)o fit € CX(M), YuveX(M).

(furc) (v)

«
«

In particular, restricting to a given point m € M we obtain the familiar
formula:

(fur) (V)i = Ol(f@l(v))f;l(m) = Qi) (dfu_l‘m(vm)) .

Recall that f'(v) € X(M) is again a vector field on M whereas
df;Y(v): M — TM is a vector field along f,. For any duality structure
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A = (S,w, D) defined on M, let:

Aut(A) Y {u € Aut(S) | wy =w, Dy =D},

be the group of unbased automorphisms of A, defined as the stabilizer of the
pair (w,D) in Aut(S). Here D, is the push-forward of the connection D by
u, which is defined through:
(Du)v(s) =u- Doy (u™t-s)
=uo(Dyay(utosof))ofyl, Vsel(S) VoveX(M),
where f,.}-v=df,}(v)o f,. Note that if s € ['(S) is a parallel section of

S with respect to D, then u-s € I'(S) is parallel with respecto D,, for all
u € Aut(A). We have a short exact sequence:

1 — Auty(A) — Aut(A) — Diffa(M) — 1,

where DiffA (M) C Diff (M) is the subgroup formed by those orientation-
preserving diffeomorphisms of M that can be covered by elements of Aut(A).
Given a taming J € End(S) of (S,w), we define:

T L uoTout e End(S),

which is a taming of the duality structure A, def- (S, wu, Dy). On the other
hand, if g is a Lorentzian metric on M, we set:

9u E (fu)<(9).

Finally, we define Z,, def. (Ay, Ju) and we denote by Iso(M, g) the group of

orientation-preserving isometries of (M, g).

Definition 1.17. Let = = (A, J) be an electromagnetic structure de-
fined on M.

e The group Aut(A) of unbased automorphisms of A is called the unbased
pseudo-duality group defined by A. The unbased pseudo-duality transfor-
mation defined by u € Aut(A) is the linear isomorphism:

(5) A, : Conf(M,A) = Conf(M,A),
which restricts to an isomorphism:

Ay: Sol(M, g, A, T) = Sol(M, g, A, Tu) -



2232 C. Lazaroiu and C. S. Shahbazi

e The unbased duality group Aut(g, A) of the pair (g, A) is the stabilizer of
g in Aut(A):

Aut(g, A) " Staby(a)(9) = {u € Aut(A) | f, € Iso(M, g)} .

The unbased duality transformation defined by u € Aut(g, A) is the linear
isomorphism , which restricts to an isomorphism:

Ay: Sol(M, g, A, J) = Sol(M, g, A, Ty,) -

e The group Auty(A) is called the (electromagnetic) duality group defined
by A. The duality transformation defined by u € Auty(A) is the linear
isomorphism , which restricts to an isomorphism:

Ay Sol(M,g,A, TJ) — Sol(M, g, A, T.) -

Remark 1.18. The fact that A, restricts as stated above follows from a
direct yet subtle computation. Since the conditions involved are linear, it is
enough to verify it on an homogeneous element. If V = a ® £ € Sol(M, A),
u € Aut(A) and v € X(M) we compute:

dp,), AuWV)7T=d(p,), (fura) @ (u-§))
= (twfusda) @ (u- &) + (fusat) @ (Du)ou - €)
= (fu*bf;j(y)da) ® (u- &)+ (fur) @ (u - Dfu‘j(v)g)
= Au((tyz(yda) @ (€) +a @ (Dpa)8))
= Au(dp_, V) =0.

)

On the other hand, if V = a® £ € Sol(M, g, =) we compute:

*gu,JuAu(V) = (*gufu*a) & (ju ou- 5)
= fus(%g0) @uo0 T (€) 0 fi' = Aulxg 7V) = Au(V),

implying that the restrictions of A, to Sol(M,A) and Conf(M,g,=) are
well-defined as stated above.

We have obvious inclusions:
(6) Auty(A) C Aut(g, A) C Aut(A)
and a short exact sequence:

(7) 1 — Auty(A) — Aut(g, A) — Tsoa(M,g) — 1,
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where Isoa(M,g) C Iso(M,g) denotes the group formed by those
orientation-preserving isometries of (M, g) that can be covered by elements
of Aut(g,A).

The classical duality group Auty(A) consists of all based automorphisms
of § which preserve both w and D. Therefore (see [24, Lemma 4.2.8]) fixing a
point mg € M it can be realized as the centralizer C,,, (A) of the holonomy
group Hol,,, (D) of D at my inside the group Aut(Sp,,wm,) =~ Sp(2n, R):

Autp(A) ~ Cpy (A) .

In particular, Auty(A) is a closed subgroup of Sp(2n,R) and hence it is
a finite-dimensional Lie group. The same holds for Isoa (M, g), which is a
closed subgroup of the ﬁnite—dimensiona]ﬂ Lie group Iso(M, g). The sequence
(7)) implies that Aut(g, A) is also a finite-dimensional Lie group. In general,
the groups defined above differ markedly from their local counterparts de-
scribed in Appendix We stress that the latter are not the adequate
groups to consider when dealing with electromagnetic U-folds (since in that
case the duality structure is not holonomy trivial).

Definition 1.19. Let = = (A, J) be an electromagnetic structure defined
on M.

e The group:
Aut(E) < fu e Aut(A) | T, = T}

of unbased automorphisms of = is called the unbased unitary pseudo-
duality group defined by =. The unbased unitary pseudo-duality trans-
formation defined by u € Aut(Z) is the linear isomorphism:

Ay Sol(M, g,Z) = Sol(M, gy, =) .

e The unbased unitary duality group of the pair (g,Z) is the stabilizer of g
in Aut(2):

(8) Aut(g, E) € Stabuyz) (9)
= StabAut(g,A) (j)
={ueAut(A) | Ju=J & fu €Iso(M,q)}.

2It is well-known that the isometry group of any pseudo-Riemannian manifold is
a finite-dimensional Lie group. See for example [31, Theorem 5.1, p. 22].
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The unbased unitary duality transformation defined by u € Aut(g, =) is
the linear automorphism:

Ay: Sol(M,g,=) = Sol(M, g,E).

e The group Auty(Z) of based automorphisms of Z is called the classical
unitary duality group defined by =:

Auty(2) = StabAutb(A)(j) ={ueAutp(A) | Ju=T} .

The classical unitary duality transformation defined by u € Auty(Z) is the
linear automorphism:

Ay: Sol(M,g,=) = Sol(M, g, E)
We have obvious inclusions:
Auty(E) C Aut(g,E) C Aut(E)
and a short exact sequence:
9) 1 — Autp(Z2) = Aut(g, Z) — Isoz(M,g9) — 1,

where Isoz(M, g) is the group formed by those orientation-preserving isome-
tries of (M, g) which are covered by elements of Aut(g,Z). Arguments sim-
ilar to those above show that Auty(Z), Aut(g,Z) and Isoz(M, g) are finite-
dimensional Lie groups. The previous definitions give global mathemati-
cally rigorous descriptions of several types of duality groups associated to
abelian gauge theory on Lorentzian four-manifolds. In general, these can
differ markedly from their “local” counterparts described in Appendix
which are considered traditionally in the physics literature.

1.10. The case of trivial duality structure

Let (M, g) be an oriented Lorentzian four-manifold. For any n > 0, the set
C>®(M,Sp(2n,R)) of smooth Sp(2n,R)-valued functions defined on M is a
group under pointwise multiplication, whose group of automorphisms we

denote by Aut(C>*(M, Sp(2n,R))).

Lemma 1.20. Let (S,w) be a symplectic vector bundle of rank 2n defined
on M which is symplectically trivializable. Then any symplectic trivialization
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of (S,w) induces an isomorphism of groups:
Aut(S,w) >~ C>*(M, Sp(2n,R)) x4 Diff (M),

where o : Diff (M) — Aut(C>* (M, Sp(2n,R))) is the morphism of groups de-
fined through:

a(@)(f) € fop™ . VeeDiff(M), V f€C*(M,Sp(2n,R)).
In particular, we have a short exact sequence of groups:
1 — C*(M,Sp(2n,R)) = Aut(S,w) — Diff (M) — 1
which splits from the right.

Proof. Let 7:S8 = M x R?" be a symplectic trivialization of (S,w). Then
the map Ad(7) : Aut(S,w) — Aut(M x R?" wy,) defined through:

Ad(D)() D rofort, VfeAu(Sw),

is an isomorphism of groups. Let f € Aut(S,w) be an unbased auto-
morphism of (S,w) which covers the diffeomorphism ¢ € Diff(M). Then
Ad(7)(f) is an unbased automorphism of M x R?" which covers ¢ and hence
we have:

Ad(T)(f)(m, ) = (p(m), f(m)(z)), ¥ (m,z) € M xR*",

where f: M — Sp(2n,R) is a smooth map. Setting p 4 fople
C>(M,Sp(2n,R)), we have:

(1) Ad(7)(f)(m.x) = (p(m), h(p(m))(@), ¥ (m,z) € M x R>"

and the correspondence f — (h,p) gives a bijection between Aut(S,w)
and the set C*°(M,Sp(2n,R)) x Diff (M). If f1, fo € Aut(S,w) correspond
through this map to the pairs:

(hl, (,01), (hg, (pg) c COO(M, Sp(QN,R)) X lef(M) ,
then direct computation using gives:
Ad(7)(f1 0 fo)(m,z) = ((p1 © p2)(m), ha(m)(ha 0 1) (m)(x))

showing that fi o fo corresponds to the pair (h; - a(¢1)(h2), p1 0 @2). O
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Corollary 1.21. Let A = (S,w,D) be a holonomy trivial duality struc-
ture defined on M. Then any trivialization of A induces an isomorphism of
groups:

Aut(A) ~ Sp(2n,R) x Diff (M) .

Proof. Follows from Lemma by noticing that the action « of Diff (M)
on C*(M,Sp(2n,R)) restricts to the trivial action on the subgroup:

{f € C®°(M,Sp(2n,R)) | df =0} ~ Sp(2n,R)

of constant Sp(2n,R)-valued functions defined on M. O

Fix an electromagnetic structure = = (A, J) of rank 2n defined on M
with holonomy-trivial underlying duality structure A = (S,w, D). Choosing
a global flat symplectic frame £ of S, we identify A with the canonical trivial
duality structure and J with a taming map of size 2n. Then D identifies
with the trivial connection and dp identifies with the exterior derivative
d: Q(M,R?*) — Q(M,R?*") extended trivially to vector-valued forms. Using
Lemma and its obvious adaptation, we obtain:

Auty(S) =C>* (M, GL(2n,R)),
Aut(S) = C>* (M, GL(2n,R)) %, Diff (M),
Auty(S,w) = COO(M, Sp(2n,R)),
) )

Aut(S,w

C*>(M,Sp(2n,R)) x4 Diff (M) .
On the other hand, Corollary gives:

Auty(A) = Sp(2n,R), Aut(A) = Sp(2n,R) x Diff (M),
Aut(g,A) = Sp(2n,R) x Iso(M, g) .

Moreover, we have:

Auty(E) = Uz (n) < {y € Sp2n,R) | 7T7~! = T},
Aut(E) = {(v, f) € Sp(2n,R) x Diff (M) | yJv L =T o f},

as well as:
Aut(g,Z) = {(7, f) € Sp(2n, R) x Iso(M) | 777~ = T o f}.

Hence we recover the local formulas obtained in Appendix[A.2]for the duality
groups of local abelian gauge theory. Notice that Auty(Z) is isomorphic with
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the unitary group U(n) when the electromagnetic structure Z is unitary,
which amounts to the map J being constant.

2. The Dirac-Schwinger-Zwanziger condition

The previous section introduced classical abelian gauge theory as a theory
of field strengths, i.e. a theory of dp-closed two-forms valued in the flat
symplectic vector bundle & with equation of motion given by the polarized
self-duality condition. Well-known arguments originally due to Dirac as well
as the Aharonov-Bohm effect [I] imply that a consistent coupling of the
theory to quantum charge carriers imposes an integrality condition on field
strength configurations. This is traditionally called the DSZ “quantization”
condition, even though it constrains classical field strength configurations —
in fact, only particles which carry the corresponding charges are quantized
in such arguments, but not the gauge fields themselves. To avoid confusion,
we prefer to call it the DSZ integrality condition. For local abelian gauge
theories of rank 2n (which are discussed in Appendix , this condition can
be implemented using a full symplectic lattice in the standard symplectic
vector space (R?", wa,), as usually done in the physics literature [42, 47]. For
abelian gauge theories with non-trivial electromagnetic structure defined on
an arbitrary Lorentzian four-manifold, we shall implement this condition
using a Dirac system, as originally proposed in [32]. We begin with some
preliminaries.

2.1. Principal bundles with discrete structure group

Let I be a discrete group and @ be a principal bundle with structure group I'
and projection p : Q — M. Then the total space of Q) is a (generally discon-
nected) covering space of M. Let Ug : II1 (M) — ®¢(Q) be the monodromy
transport of the covering map p: Q — M, where ®(Q) is the bare fiber
groupoid of Q. By definition, the objects of ®(Q) are the fibers of ) while
its morphisms are arbitrary bijections between the latter. By definition, the
functor Ug associates to the homotopy class ¢ € II; (M) (m, m') of any curve
c:[0,1] = M with ¢(0) = m and ¢(1) = m/ the bijection U(c) : Qm — Qum
given by Ug(c)(x) e ¢x(1) € Qpy, where ¢, is the the unique lift of ¢ to
Q@ through the point z € @ (thus é,(0) = z). Notice that = and U(c)(x)
lie on the same connected component of ) and hence the diffeomorphism
Ug(c) : Q = @Q induces the trivial permutation of mo(Q). For any v € T, the

€

curve ¢, defined through ¢ (t) e ¢(t)y for all t € [0,1] is a lift of ¢ through
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the point 2. The homotopy lifting property of p implies that ¢ and ¢,y
are homotopic and hence Ug(c)(xy) = U(c)(x)y. This shows that Ug acts
through isomorphisms of I'-spaces and hence it is in fact a functor:

Uqg - (M) — @(Q),

where ®(Q) is the principal fiber groupoid of Q (whose objects coincide with
those of ®((Q) but whose morphisms are isomorphisms of I'-spaces). This
implies that Ug is the parallel transport of a flat principal connection defined
on ), which we shall call the monodromy connection of ). The holonomy
morphism:

am(Q) : T (M, m) — Autr(Qm)

of this connection at a point m € M will be called the monodromy morphism
of Q) at m, while its image:

Hol,n (Q) 2" im (i (Q)) C Autr(Qn)

will be called the monodromy group of Q) at m. The monodromy morphism
at a fixed point my € M induces a bijection between the set of isomorphism
classes of principal I'-bundles and the character variety:

R(ry (M, mo),T) L Hom(m (M, m),T)/T.
Remark 2.1. For the purposes of this work, the most important class

of principal bundles with discrete structure group are principal Sp,(2n,Z)
bundles, which are naturally associated to Siegel bundles (see Section .

2.2. Bundles of finitely-generated free abelian groups
Let F be a bundle of free abelian groups of rank r defined on M. Then F is

isomorphic with the bundle of groups with fiber Z" associated to a principal
GL(r,Z)-bundle @ through the left action ¢ : GL(r,Z) — Autz(Z"):

def. r Y r
FF(Q) = Qx¢Z" =M Xyon, ) L,

where a,(Q) : 1 (M, m) — GL(r,Z) is the monodromy morphism of @ at
m. The monodromy connection of () induces a flat Ehresmann connection
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which we shall call the monodromy connection of F and whose parallel trans-
port:

Ur : T (M) — ®(F)

acts by isomorphisms of groups between the fibers of F. The holonomy
morphism:

om(F) : m (M, m) — Auty(Fpn,)

at m € M can be identified with the morphism ¢ o a,,(P) : 71 (M, m) —
Autz(Z") upon choosing a basis of F,,. The holonomy group:

Hol,, (F) def im(op,(F)) C Autz(Fn) ~ GL(r, Z)

is called the monodromy group of F at m and identifies with a subgroup of
GL(r,Z) upon choosing an appropriate basis of F,.

Conversely, let Fr(Z") be the set of all bases of the free Z-module Z".
Then GL(r,Z) has a natural free and transitive left action p on this set.
Taking the set of bases of each of fiber gives the bundle of frames Fr(F) of F.
This is a principal GL(r, Z)-bundle whose monodromy morphism coincides
with that of F. This gives the following result.

Proposition 2.2. The correspondences Q — F,(Q) and F — Fr(F) extend
to mutually quasi-inverse equivalences between the groupoid of bundles of

free abelian groups of rank r defined on M and the groupoid of principal
GL(r,Z)-bundles defined on M.

2.3. Dirac systems and integral duality structures

Definition 2.3. Let A = (S,w, D) be a duality structure defined on M. A
Dirac system for A is a smooth fiber sub-bundle £ C S of full symplectic
lattices in (S,w) which is preserved by the parallel transport Ta of D. That
is, for any piece-wise smooth path « : [0,1] — M we have:

Ta(V) (L)) = Ly -

A pair:

A (A L)
consisting of a duality structure A and a choice of Dirac system L for A is
called an integral duality structure.
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Let Dualz (M) be the groupoid of integral duality structures defined on
M, with the obvious notion of isomorphism. For every m € M, the fiber
(SmswWm, L) of an integral duality structure A = (A, L) of rank 2n is an
integral symplectic space of dimension 2n (see Appendix for details). Each
such space defines an integral vector (called its type) belonging to a certain
subset Div" of ZZ, endowed with a partial order relation < which makes it
into a complete meet semi-lattice. The type of an integral symplectic space
depends only on its isomorphism class (which it determines uniquely) and
every element of Div" is realized as a type. Moreover, the group of automor-
phisms of an integral symplectic space of type t € Div" is isomorphic with
the modified Siegel modular group Sp(2n,Z) of type t (see Definition .
This is a discrete subgroup of Sp(2n,R) which contains the Siegel modu-
lar group Sp(2n,7Z), to which it reduces when t equals the principal type
d=(1,...,1). If t and ¥ are elements of Div" such that t < ¢, then the lat-
tice A of any integral symplectic space (V,w, A) of type t admits a full rank
sublattice A’ such that (V,w, A’) is an integral symplectic space of type t'. In
this case, we have Sp((2n,Z) C Spy(2n,Z). Since we assume that M is con-
nected and that D preserves L, the integral symplectic spaces (Sp,, Wi, Lm)
are isomorphic to each other through the parallel transport of D, hence their
type does not depend on the base-point m € M.

Definition 2.4. The type ta € Div" of an integral duality structure A =
(S,w,D, L) (and of the corresponding Dirac system L) is the common type
of the integral symplectic spaces (S, wm, Lm), where m € M.

Let Dualy(M) be the full subgroupoid of Dualz(M) consisting of integral
duality structures of type t.

Definition 2.5. A duality structure A is called semiclassical if it admits a
Dirac system.

Not every duality structure is semiclassical, as the following proposition
shows.

Proposition 2.6. A duality structure A = (S,w, D) admits a Dirac system
of type t € Div™ if and only if the holonomy representation of D at some
point point (equivalently, at any point) m € M :

TA s (my : L (M, m) = SP(Si, win) = Sp(2n, R)
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can be conjugated so that its image lies inside the modified Siegel modular
group:
Sp¢(2n,Z) C Sp(2n,R)

of type t. In this case, A is semiclassical and the greatest lower bound of
those t € Div"™ with this property is called the type of A and denoted by ta.

Proof. Assume A = (S,w, D) admits a Dirac system L of type t. Then (as ex-
plained in Appendix the automorphism group of every fiber (S, W, L)
is isomorphic to Sp¢(2n, Z), which is the automorphism group of the standard
integral symplectic space (R?", way,, A¢) of type t. Since £ is preserved by the
parallel transport of D, it follows that we have Ta (71 (M, m)) C Sp(2n,Z)
after identifying (S, Wi, Lm) with (R?", wa,, A¢) and hence Sp(Sp, Wi, Lm)
with Sp(2n,R). The converse follows immediately from the associated bun-
dle construction. O

Remark 2.7. A duality structure A = (S,w, D) of rank 2n admits a Dirac
system L of type t = (t1,...,t,) € Div" if and only if M admits an open
cover U = (Uy)aer such that for each o € I there exists a D-flat frame

(ega), e eg%)) of S|y, with the property:
(1) w(ei, €5) = w(enti, en+j) =0,  wles enty) = tidi

w(€n+i,6]‘) :—tiéij, Vi,j:L...,n.

For each «, 8 € I with U, N Up # ) we have:
2n
e,(f) = Z]}(kaﬁ)el(a), Vk=1,...,2nonU,NUg,
=1

where Tl(kaﬂ) € Z for all k,l =1,...,2n. Furthermore:
@277« Z (a) _
ie1Zey ' (m) =Ly, Vael, YmeU,,
: (ap) def. m(af)
and the matrices T' =" (T}; " )k,=1,..2n belong to Sp,(2n,Z).

Every integral duality structure A = (S,w,D, L) on M defines a parallel
transport functor:

Ta: 13 (M) — Sympy ,

where Symp, is the groupoid of integral symplectic spaces defined in Ap-
pendix [B] This functor associates the integral symplectic vector space
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(Smy wm, Lm) to every point m € M and the isomorphism of symplectic
vector spaces Ta(c) o Ta(c) to every homotopy class ¢ € II1(M)(m,m')
of curves from m € M to m’ € M. The functor Ta defines a flat system of
integral symplectic vector spaces (that is, a Sympy-valued local system) on
M. As in Section [1| the correspondence A — Ta extends to an equivalence
of groupoids:

T : Dualz (M) = [II;(M), Sympy)

between Dualz(M ) and the functor groupoid [II; (M), Symp;]. Thus one can
identify integral duality structures with Symp,-valued local systems defined
on M. This implies the following result, whose proof is similar to that of
Proposition

Proposition 2.8. For any mg € M, the set of isomorphism classes of inte-
gral duality structures of type t defined on M 1is in bijection with the character
variety:
(12)
def.
R(m1 (M, mo),Sp(2n,Z)) = Hom(m (M, mq), Spe(2n, Z))/Sp,(2n, Z) .

For later reference, we introduce the following:

Definition 2.9. An integral electromagnetic structure defined on M is a
pair:

E=(EL),
where E = (S,w, D, J) is an electromagnetic structure on M and L is a
Dirac system for the duality structure A = (S,w, D).

2.4. Siegel systems

Integral duality structures are associated to certain local systems of free
abelian groups of even rank defined on M.

Definition 2.10. Let n € Z~q. A Siegel system of rank 2n on M is a bundle
Z of free abelian groups of rank 2n defined on M equipped with a reduction
of its structure group from GL(2n,Z) to a subgroup of some modified Siegel
modular group Sp(2n,Z), where t € Div". The greatest lower bound of the
set, of those t € Div™ with this property is called the type of Z and is denoted

by tz.

Let Sg(M) be the groupoid of Siegel systems on M and Sg,(M) be the full
sub-groupoid of Siegel systems of type t.
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Remark 2.11. Let R be the trivial real line bundle on M and Uy :
I1; (M) — ®(R) be the transport functor induced by its trivial flat connec-
tion. The following statements are equivalent for a bundle Z of free abelian
groups of rank 2n defined on M:

(a) Z is a Siegel system of type t defined on M.

(b) The vector bundle & Yz R carries a symplectic pairing w which is

invariant under the parallel transport Uz ®z Uy of the flat connection
induced from Z and which makes the triplet (Sy,,wm,Zy) into an
integral symplectic space of type t for any m € M.

(¢c) For any m € M, the 2n-dimensional vector space Sy, def. Zm Q@7 R
carries a symplectic form w,, which makes the triplet (S,,,wm, Zm)
into an integral symplectic space of type t and we have Hol,,(Z) =
Aut(Sp, winy Zim)-

By definition, any Siegel system Z of type t is isomorphic with the bundle of
groups with fiber Z?" associated to a principal Sp,(2n, Z)-bundle @ through
the left action £ : Spy(2n,Z) — Autz(Z*") of Sp(2n,Z) on Z*™:

def. ~
Z ~ Z(Q) = Q Xy 77" ~ M X0 (Q) Z2n7

where a, (Q) : w1 (M, m) — Sp(2n,Z) is the monodromy morphism of @ at
m and M is the universal cover of M. The monodromy morphism oy, (Z)
of Z at m identifies with ¢ o a,,(Q) upon choosing an integral symplectic
basis of the integral symplectic space (Sp,,Wm, Zm ). This also identifies the
monodromy group Hol,,(Z) C Autz(Z,,) with Spy(2n,Z). Conversely, let
Fr((Z?") be the set of those bases of the free Z-module Z?" in which the
standard symplectic form wo, of R?® = Z?" @, R takes the form wy (see
Appendix [B). Then Sp¢(2n,Z) has a natural free and transitive left action
(¢ on this set. Taking the set of bases of each of fiber gives the bundle of
frames Fr(Z) of the Siegel system Z, which is a principal Sp((2n, Z)-bundle.
The previous discussion implies the following result.

Proposition 2.12. The correspondences Q — Z(Q) and Z w— Fr(Z)
ertend to mutually quasi-inverse equivalence of groupoids between
Pring;, (25,2)(M) and Sgy(M).

In particular, the set of isomorphism classes of Siegel systems of
type t defined on M is in bijection with the character variety
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R(m1 (M, mg), Sp,(2n, Z)) of equation (12)). Let 1 be the unit section of the
trivial real line bundle R = M x R.

Proposition 2.13. Let Z be a Siegel system defined on M. Then there
exists a unique integral duality structure A = (S,w,D,L) such that S =
Z®@zR and L =72 ®yz 7 and this duality structure has the same type as
Z. Moreover, the parallel transport Up : 111 (M) — ®(S) of D is given by:
(13)

Up(c) = Uz(c) @z Up(m,m'), Vecelliy(M)(m,m'), Vm,m eM,

where Uy : 11} (M) — ®(Z) is the monodromy transport of Z and Up:
II; (M) — ®(R) is the trivial transport of R.

Remark 2.14. The fiber of £ at m € M is given by:

(14) Lo & (2 0n1 | 2€ Zn) =2,

where 1 is the unit element of the field R. It is clear that the transport Up
defined by gives bijections from L, to £,,» and hence preserves £. Any
locally-constant frame (sq,. .., s2,) of Z defined above a non-empty open set
V C M determines a local flat symplectic frame (ey,...,e2,) of A defined
above V given by:

(15) e L 50,1, Yi=1,...,2n

and the matrix of w with respect to this frame is integer-valued.

Proof. The restriction of Up to L gives isomorphisms of groups between the
fibers of £ and hence it must agree with the monodromy transport Uy
of Z in the sense that:

Up(c)(z®z1) =Uz(c)(z)®z1, Vcelly(M)(m,m'), Vmm M.

This implies since Up is R-linear and L,, are full lattices in S,, =
Zm Q7 R. Remark gives a D-flat symplectic pairing wz on Sz such that
the integral symplectic spaces (Sp,,w, L,,) have type tz and such that £ is
preserved by the parallel transport of D. O

Remark 2.15. Notice that S identifies with the vector bundle associated
to the frame bundle Fr(Z) of Z through the linear representation ¢ = g o ¢ :
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Sp¢(2n,Z) — Autg(R?") defined by the inclusion morphism:
t:Spe(2n,Z) — Sp(2n,R),

where Sp(2n,R) acts on R?" through the fundamental representation ¢ :
Sp(2n, R) — Autg(R?"). The representation ¢ preserves the canonical sym-
plectic form wy of R?" and the latter induces the symplectic pairing w of S.

We denote by A(Z) the integral duality structure defined by Z as in Proposi-
tion Conversely, any integral duality structure A = (S, w, £, D) defines
a Siegel system Z(A) upon setting:

2(A) < ¢

and it is easy to see that A is isomorphic with A(L). Therefore, we obtain
the following result:

Proposition 2.16. The correspondences Z — A(Z) and A — Z(A) ex-
tend to mutually quasi-inverse equivalences of groupoids between Sg (M)
and Dualy,(M).

2.5. Bundles of integral symplectic torus groups

In the following we use the notions of integral symplectic torus group dis-

cussed in Appendix

Definition 2.17. A bundle of integral symplectic torus groups of rank 2n
is a bundle A of 2n-dimensional torus groups defined on M whose structure
group reduces from GL(2n,Z) to a subgroup of some modified Siegel mod-
ular group Sp((2n,Z), where t € Div". The greatest lower bound t4 of the
set of elements t € Div"™ with this property is called the type of A.

Let A be a bundle of integral symplectic torus groups of type t. Then the
zero elements of the fibers determine a section sy € C°°(M, .A). The struc-
ture group Sp,(2n,Z) acts on A,, preserving the distinguished point so(m)
and the abelian group structure of each fiber. Since such a bundle is associ-
ated to a principal Spy(2n,Z)-bundle, it carries an induced flat Ehresmann
connection whose holonomy group is a subgroup of Sp((2n,Z) and whose
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holonomy representation at m € M we denote by:
(16) pm(A) : 71 (M, m) — Sp,(2n,Z) C GL(2n,Z) .

The parallel transport of this connection preserves the image of the section
so as well as a fiberwise symplectic structure which makes each fiber into
an integral symplectic torus group of type t in the sense of Appendix [B] We
have:

A=~ M x, (R*™/Z*") .

Remark 2.18. When M is compact, the fiber bundle A is virtually trivial
by [17, Theorem 1.1.], i.e. the pull-back of A to some finite covering space
of M is topologically trivial.

It follows from the above that bundles of integral symplectic torus groups of
type t defined on M are classified by group morphisms , i.e. the set of
isomorphism classes of such bundles is in bijection with the character vari-
ety R(m1 (M, mg), Spy(2n, Z), which also classifies integral duality structures.
This also follows from the results below.

Proposition 2.19. Let A = (S,w, D, L) be an integral duality structure of
type t defined on M. Then the fiberwise quotient:

AA) € /e,
is a bundle of integral symplectic torus groups of type t defined on M.

Proof. 1t is clear that A(A) is a fiber bundle of even-dimensional torus
groups, whose zero section sg is inherited from the zero section of S. The
fiberwise symplectic pairing w of S descends to a translation-invariant col-
lection of symplectic forms on the fibers of A(A), making the latter into
integral symplectic torus groups of type t. Since the parallel transport of D
preserves both £ and w, this bundle of torus groups inherits a flat Ehresmann
connection which preserves both its symplectic structure and the image of
the section sy and whose holonomy group reduces to Sp,(2n,Z). In partic-
ular, the structure group of A(A) reduces to Sp¢(2n,Z). O

As explained in Appendix[B] any integral symplectic torus group A = (A4, ()
of type t determines an integral symplectic space (Hi(A,R),w, H1(A,Z)),
where w is the cohomology class of 2, viewed as a symplectic pairing on the
vector space Hi(A,R).
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Proposition 2.20. Given a bundle A of integral symplectic torus groups of
type t defined on M, let S be the vector bundle with fiber at m € M given
by Hi(Am,R) and L 4 be the bundle of discrete Abelian groups with fiber at
m € M given by Hi(Am,Z). Moreover, let wa be the fiberwise symplectic
pairing defined on S through:

WAm =Wm, VmedM,

where wy, 1s the cohomology class of the symplectic form Q,, of the fiber A,,.
Then the flat Ehresmann connection of A induces a flat linear connection
Dy on Syq which makes the quadruplet:

A(A) L (Sa,wa,Da, La),

into an integral duality structure of type t defined on M.

Proof. D4 is the connection induced by the flat Ehresmann connection of
D on the bundle of first homology groups of the fibers, which preserves the
bundle £ 4 of integral first homology groups of these fibers. The remaining
statements are immediate. (]

The two propositions above imply the following statement.

Proposition 2.21. The correspondences A — A(A) and A+— A(A) ex-
tend to mutually quasi-inverse equivalences between the groupoid Dualy (M)
of integral duality structures of type t defined on M and the groupoid (M)
of bundles of integral symplectic torus groups of type t defined on M.

Combining everything, we have a chain of equivalences of groupoids:

Pring,, (on,z)(M) =~ Sg(M) ~ T(M) ~ Dualy(M).

2.6. The exponential sheaf sequence defined by a Siegel system

Let Z be a Siegel system of type t € Div"* on M. Let Sz et ®z R be the

underlying vector bundle of the integral duality structure A(Z) defined by

Z and Ay def- Sz/Z be the associated bundle of integral symplectic torus

groups. The exponential sequence the torus group R?* /A, ~ R?"/Z?" (where
the canonical symplectic lattice A of type t is defined in Appendix in-
duces a short exact sequence of bundles of abelian groups (where j is the
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inclusion):
0272258, A; 0.

In turn, this induces an exact sequence of sheaves of abelian groups:
0= C(Z) L C®(Sy) 2P ™ (Ay) — 0,

where C(Z) is the sheaf of continuous (and hence locally constant) sections
of Z. This induces a long exact sequence in sheaf cohomology, of which we
are interested in the following piece:

(17) HM(M,C(2)) &5 HY (M, C®(S2)) ™S H'(M,C®(Az))
S H2(M,C(Z)) — HX(M,C™(Syz)),

where ¢ is the Bockstein morphism. The sheaf C*°(Sz) is fine and hence
acylic since M is paracompact and Sz is a vector bundle on M. Thus:

HI(M,S;)=0, VYj>0,

which by the long sequence above implies that d is an isomorphism of groups.
We also have H*(M,C(Z)) = H*(M, Z), where in the right hand side Z is
viewed as a local system of Z?" coefficients. Hence we can view 6 as an
isomorphism of abelian groups:

(18) §: HY(M,C®(Az)) = H*(M,Z).
2.7. The lattice of charges of an integral duality structure

For every integral duality structure A = (A, L) on M, the sheaf Cg3, (A)

of flat smooth local sections of the bundle A o A(A) = 8/L of integral

symplectic torus groups defined by A fits into the short exact sequence of
sheaves of abelian groups:

1—CL) 2 C2.(S) 22 02, (A) — 1,

where j is the inclusion. This induces a long exact sequence in sheaf coho-
mology, of which we are interested in the following terms:

= HY (M, C52,(A)) 2% H2(M,C(L))
25 H2(M,CR,(S)) 2255 H2(M,CES (A)) — ...,
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where dp is the Bockstein morphism. Notice that H*(M,C(L)) ~ H*(M, Z),
where Z = L is the Siegel system defined by £, which we view of a local sys-
tem of Z?" coefficients. Moreover, we have H?(M,Cg, (A)) = H*(M, Agisc),
the right hand side being the cohomology with coefficients in the local sys-
tem defined by A when the fibers of the latter are endowed with the dis-
crete topology. Since H*(M,Cg5,(S)) = Hj (M, S), the sequence above can
be written as:

(19) ... — HY(M, Agee) 2> HX(M, 2)
Loy {2 (M, S) 2255 H2(M, Adise) = - -
Denote by H%(M, Z)" ¢ H?(M, Z) the torsion free part of H?(M, Z).

Definition 2.22. The lattice:

La dgf' jO*(H2(M, Z)) = jO*(HQ(M7 Z)tf) C H%(M’S)

is called the lattice of charges defined the integral duality structure A. Ele-
ments of this lattice are called integral cohomology classes or charges.

Proposition 2.23. There exists a natural isomorphism:
(20) H%(M,S) :Hk(MaZ) ®Z[7T]R2Hk(Mvz)tf ®Z[TF]R7

for all k. In particular, the kernel of jo« coincides with the torsion part of
H?*(M, Z) and j.(H*(M, Z)) is a full lattice in H3(M,S).

Proof. Let e (M,m) and Z[x] be the group ring of 7. The universal

coefficient theorem for cohomology with local coefficients of [29] gives a short
exact sequence:

0— H*(M, Z) Rz R — HE(M,S) — TorZ[,,](Hk+1(M, Z),R) = 0,

where R is the Z[m]-module corresponding to the trivial representation of 7
in R. Since the latter module is free, we have TorZ[ﬂ(HkH(M, Z),R)=0
and the sequence above gives the natural isomorphism . O
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Remark 2.24. We have a commutative diagram with exact rows:

0—=C(Z) —% C2(Sz) —>CX(Az) —=0

f

exp

0 —> C(Z) —L= C=(Sy) 22w C®(Ay) —0

where jo,7 and 7,¢ are inclusions. In turn, this induces a commutative dia-
gram with exact rows:

HY(M,Z) — HL (M,Sz7) 2 H\(M, Aggi) > H2(M,2) 2+ H} (M,Sy)

l“ | l l lid | -

exp §

HYM,Z) —= 0 L HY(M,C®(Ay)) 21— HX(M, Z) —= 0

In particular, we have §g = d o t4.

2.8. The DSZ integrality condition

Let (M,g) be an oriented and connected Lorentzian four-manifold. Given
an integral duality structure A = (A, £), we implement the DSZ condition
by restricting the configuration space Conf(M, A) to a subsets determined
by the charge lattice La. We will show in later sections that integral field
strengths are adjoint curvatures of connections defined on a certain principal
bundle.

Definition 2.25. Let A = (A, £) be an integral duality structure on (M, g)
with underlying duality structure A = (S,w, D). The set of integral electro-

magnetic field strength configurations defined by A on M is the following
subset of Conf(M,A):

Conf(M, A) ‘L {V € Conf(M, A) | 2x[V]p € La} ,

where [V]p € H3(M,S) is the dp-cohomology class of the S-valued two-
form V € Conf(M,A) and La C H3(M,S) is the lattice of charges defined
by A.

Definition 2.26. Let E = (A, J) be an integral electromagnetic structure
defined on (M, g) with electromagnetic structure = = (A, J) and integral
duality structure A = (A, L). The set of integral field strength solutions
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defined by Z on (M, g) is the subset of Sol(M, g, =) defined through:
Sol(M, g,=) < Sol(M, g, =) N Conf(M, A)

and hence consists of those elements of Conf(M, A) which satisfy the equa-
tions of motion (i.e. the polarized self-duality condition) of the classical
abelian gauge theory defined by =.

2.9. Integral duality groups

The DSZ integrality condition restricts the classical duality groups of Sub-
section [1.9] to certain subgroups.

Definition 2.27. Fix an integral duality structure A on (M, g).

e The integral unbased pseudo-duality group defined by A is the group
Aut(A) C Aut(A) formed by those elements u € Aut(A) which satisfy
u(L) = L.

e The integral unbased duality group defined by A is the subgroup Aut(g, A)
of Aut(A) which covers Iso(M, g).

e The integral duality group defined by A is the subgroup Auty(A) of
Aut(A) consisting of those elements which cover the identity of M.

Definition 2.28. Fix an integral electromagnetic structure 2 = (A, J) on
(M, g).

e The integral unbased unitary pseudo-duality group defined by E is the
group:
Aut(E) < {u e Aw(A) | T, = T}

e The integral unbased unitary duality group defined by E is:

) S {u € Aut(E) | gu = g} -

[

Aut(g,

e The integral unitary duality group defined by = is the subgroup Aut,(E)
of Aut(E) consisting of those elements which cover the identity of M.

It is easy to check that A, with u belonging to the groups defined above
restrict to transformations similar to those of Subsection [I.9] between the
sets of integral configurations and solutions. The discrete duality groups in-
troduced above are the global counterparts of the discrete duality group
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considered in the physics literature on local abelian gauge theory. The latter
is usually taken to be Sp(2n,Z) due to the fact that the symplectic lattice
of charges appearing in the local treatment of abelian gauge theory is tradi-
tionally assumed to have principal type t =0 = (1,...,1). As explained in
[32] and recalled in Appendix [Al Sp(2n,Z) is not always the correct duality
group even in the local case, since the local lattice of charges need not be
principal. In Section we consider a natural gauge-theoretic extension
of the discrete duality groups defined above, which clarifies the geometric
origin of electromagnetic duality.

2.10. Trivial integral duality structures

Let Z be a trivializable Siegel system of type t € Div" and A = (S,w, D) be
the associated duality structure, where S = Z ®z R. Pick a flat trivialization
7:8 5 M x S of S, where S ~ R?". This takes w into a symplectic pairing
wg on the vector space S and restricts to an isomorphism 7o : Z = M x A

between Z and M x A, where A is a full symplectic lattice in (S,wg). Let
A% S/A be the torus group defined by (S, A) and A def- S§/Z be the bundle
of torus groups defined by (S, Z). Then 7 induces a trivialization 7 : A =

M x A of A, which fits into a commutative diagram of fiber bundles:

z J S A

MxA —“> MxS —=MxA

where ¢ and j are inclusions. Since 7 identifies D with the trivial connection
on M x S, it induces an isomorphism of graded vector spaces:

T H5(M,S) = H*(M,S)

whose restriction coincides with the isomorphism of graded abelian groups:

70+ : H* (M, Z) = H*(M, \)
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induced by 7. Moreover, T induces an isomorphism of graded abelian groups
7ot H*(M, A) = H*(M, A). Hence the diagram above induces an isomor-
phism of long exact sequences of abelian groups:

o HY(M, A) —— H*(M, Z) 2> H*(M,S) —— H>(M, A) —— ...

|- ] |-

..—— HY(M,A) —— H?*(M,\) —=> H*(M,S) — H*(M,A) —— ...

Since A is free while S is a vector space, we have isomorphisms of abelian
groups:

H*(M,S) ~ H*(M,R) @ S, H*(M, A) ~z H*(M,7) &z A .

and:
H*(M,S) ~ H*(M,A) @z R ~ H*(M, A" @, R.

The latter agrees with the isomorphism through the maps 79, and
Te. The map 4, : H*(M,A) — H*(M, S) is obtained by tensoring the map
H*(M,7Z) — H*(M,R) with the inclusion A C S, while its restriction 7! :
H*(M, AN — H¥(M, S) is obtained by tensoring the inclusion A C S with
the map H'(M,Z)" — H*(M,R). Since the latter is injective, it follows that
it! is injective and hence H!(M, A)! identifies with a full lattice in H*(M, S).
Since A and (5, +) are divisible groups while Ho(M,Z) = Z and A are free,
the universal coefficient sequence for cohomology gives isomorphisms:

HF(M, S) ~ Homy(Hy(M,Z),S) = Homg(Hy (M, Z)¥, S) ,
(21) H¥(M, A) ~ Homg(Hy(M,Z),A) = Homg(Hy (M, Z)%, A)

and:
H*(M, A) ~ Homgy(H(M,Z), A) ~ Homgz(Hy(M,Z)%, A)

for all k. The first of these is the period isomorphism:

per(w)(c)::perc(w):cﬂw:/w, YweHYM,S), VeceHy(M,Z).

C
The map 4, : H*(M,A) — H*(M,S) agrees with the injective map induced
by the inclusion A < S though the isomorphisms . Hence:
H*(M, A) ~ per~*(Homg (Hy(M,Z), A)) = i, (H*(M, A))
= {we H¥M,S) | per.(w) € A& c € H,(M,Z)}.
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3. Siegel bundles and connections

In this section we use the notion of integral affine symplectic torus, for which
we refer the reader to Appendix [B]

3.1. Automorphisms of integral affine symplectic tori

We denote by Aff; the group of affine symplectomorphisms of the integral
affine symplectic torus A¢ = (A, Q) of type t € Div". Here A is the under-
lying 2n-dimensional affine torus (which is a principal homogeneous space
for the torus group U(1)?" ~ R?"/Z?"), while €} is the integral symplectic
form of type t on A, which is translationally-invariant. As explained in Ap-
pendix Aff is a non-compact disconnected Lie group whose connected
component of the identity is the 2n-dimensional torus group U(1)2". We
have mo(Affy) ~ Sp,(2n,Z) and:

(22) Aff, ~ U(1)%" x Sp,(2n, Z),

where Sp,(2n,Z) acts on U(1)?" through the restriction of the group mor-
phism defined in equation of Appendix [B| an action which we denote
by juxtaposition. Thus Aff; identifies with the set U(1)?" x Sp(2n,Z), en-
dowed with the composition rule:

(a1,7) (a2,72) = (a1 +v1a2, 7172) ,
Vai,a; € U1)*, V1,7 € Sp(2n,7Z).

Let ¢ : Aff¢ — Diff (Affy) be the left action of Aff; on itself:
def.
Ug)(g") = "9d's Vg.9 € Aff,
and let pry : Affg — U(1)?" and pr, : Aff; — Sp(2n,7Z) be the projections
of the set-theoretic decomposition Affy = U(1)?" x Sp,(2n,Z). Notice that

pry is a morphism of groups. Define left actions ¢; and /5 of Affy on U(1)2"
and Spy(2n,Z) through:

0(g)(a) S pry(6(g9)(a, 1), La(g)(7) “ pra(£(9)(0,7))
Vg € Aff¢, Ya € U(1)*™ | ¥y € Sp(2n,Z).

Then ¢; is given by:

(23) li(a,y)(d)=a+~vd, VveSp(2n,Z), Ya,decU1)?.
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This action is transitive with stabilizer isomorphic with Sp((2n,Z). On the
other hand, ¢5 is given by:

(24) l2(a,7)(Y) =Y = pa(a, 7)Y, YV v,9 €Sp(2n,Z), VaeUQ)™"

and is transitive with stabilizer isomorphic to U(1)?". This gives the right-
split short exact sequence:

0— U(1)* — Aff — Sp(2n,Z) — 1.

Notice that £ = ¢; x ¢5. The Lie algebra aff, of Aff is abelian and coincides
with the Lie algebra of U(1)2":

aff, = R ~ H (A, R).

The exponential map exp : aff, — Aff has kernel Ay ~ H;(A(,Z) and image
A, giving the exponential sequence:

(25) 0 — A¢ — aff, = U(1)* — 0.

Lemma 3.1. The adjoint representation Ad: Affy — GL(2n,R) of Affy co-
incides with its fundamental linear representation, that is:

(26) Ad(a,y)(v) =~(v), VY (a,7) € Affy, YveR>™,

In particular, we have Ad = j o pry, where j : Spy(2n,Z) — GL(2n,R) is the
fundamental representation of Sp(2n,7Z).

Proof. Let a = (v,1): I — Aff = U(1)®® x Sp,(2n,Z) be a smooth path in
Affy such that a(0) = Id. Set:

%a(tﬂt:g =y eR™.

For every = = (x1,x2) € Affy = U(1)?" x Sp((2n,Z) we have:

za(t)a™! = (z1,22) (7,1) (~a3 21, 237) = (227,1).

Hence:

%(m a(t) afl)!tzo = z2(v),

which immediately implies:

Ad(z) = j o pry(z),
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for every x € Aff¢ and hence we conclude. O

3.2. Siegel bundles
Let M be a connected manifold.

Definition 3.2. A Siegel bundle P of rank n and type t € Div" is a principal
bundle on M with structure group Affy. An isomorphism of Siegel bundles
is a based isomorphism of principal bundles.

Let Sieg(M) be the groupoid of Siegel bundles defined on M and Sieg (M)
be the full subgroupoid of Siegel bundles of type t. Fix a Siegel bundle P of
type t € Div", whose projection we denote by w. We introduce several fiber
bundles associated to P.

3.2.1. The bundle of integral affine symplectic tori defined by P.

Definition 3.3. A fiber bundle 2 defined on M is called a bundle of integral
affine symplectic tori of rank n if its fibers are 2n-dimensional tori and the
structure group of 2 reduces to a subgroup of Aff¢ for some t € Div". The
smallest element ty € Div"™ with this property is called the type of 2.

Notice that bundles of integral symplectic torus groups coincide with those
bundles of integral affine symplectic tori which admit a smooth global sec-
tion. Indeed, such a section gives a further reduction of structure group from
Affy to Sp(2n,Z). Given a Siegel bundle P of type t € Div" defined on M,
the fiber bundle:

AP) L P x,, U@L

associated to P through the action is a bundle of integral affine sym-
plectic tori of type t. The fibers of the latter admit integral symplectic forms
of type t which vary smoothly over M. The group Sp(V,w) acts freely and
transitively on the set Fr(V,w, A) of integral symplectic bases of any inte-
gral symplectic space (V,w,A). Any bundle 2 of integral affine symplectic
tori of type t is associated through the action ¢; to its Siegel bundle P(2()
of unpointed torus symplectic frames, which has type t and whose fiber at
m € M is defined through:

P() S Fr(Hy (U, R), Hy (U, Z), i) X U, -
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Here wy, < [Qn] € H?(Ap, R) ~ A2H; (U, R)Y is the cohomology class of
the symplectic form €2, of 2,,, viewed as a symplectic pairing defined on
Hy(2,,,R). More precisely, we have:

Proposition 3.4. The correspondences P — 2A(P) and A — P(2A) extend
to mutually quasi-inverse equivalences of groupoids between Sieg(M) and the
groupoid of bundles of integral affine symplectic tori and these equivalences
preserve type.

This statement parallels a similar correspondence which holds for affine torus
bundles (see [11] as well as Theorem 2.2. and Remark 2.3 in [12]).

3.2.2. The Siegel system defined by P. Given a Siegel bundle of type
t € Div"”, consider the bundle of discrete abelian groups defined through:

Z(P)m & H (AP, Z), YmeM.

Since torus translations act trivially on Hy(24(P)m, Z), the structure group of
Z(P) reduces to Sp(2n,Z). Thus Z(P) is a Siegel system on M. Moreover,
Z(P) is isomorphic with the bundle of discrete abelian groups associated
to P through the projection morphism py : Affy — Sp,(2n,Z), when the lat-
ter is viewed as a left action of Affy through automorphisms of the group
<Z2n,—|—).

Definition 3.5. Z(P) is called the Siegel system defined by P.

Notice that the the monodromy of P at a point meM
acts through automorphisms of the integral symplectic space
(H1(A(P)m, R), Hy(A(P)m, Z), [Qn]).-

3.2.3. The adjoint bundle and integral duality structure of P. The
adjoint bundle ad(P) of P can be identified with the tensor product Z(P) ®z
R, whose fiber at m € M is given by:

ad(P)y = Z(P)y @z R =~ Hy (A(P)m, R) .

Notice that ad(P) carries the fiberwise symplectic pairing wp given by

(Wp)m 4 [Q,] for all m e M (see Lemma . Since the Lie algebra

of Affy is abelian, the structure group of ad(P) reduces to Sp(2n,Z).
The Siegel system Z(P) is naturally a sub-bundle of ad(P) whose fibers
Z(P)ym = Hi(A(P)m,Z) are full symplectic lattices with respect to [(2,].
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The monodromy of Z(P) induces a unique flat connection Dp on ad(P)

whose parallel transport preserves Z(P). Setting Sp def- ad(P), it follows

that the system:
A(P) Y (A(P), Z(P)), where A(P) 2" (Sp,wp, Dp),

is an integral duality structure of type t, whose underlying duality structure
is A(P).

Proposition 3.6. There correspondence defined above extends to an essen-
tially surjective functor:

A Sieg(M) — Dualz (M),

which associates to every Siegel bundle P of type t € Div™ defined on M the
integral duality structure A(P), which has type t.

Proof. 1t is clear that the correspondence extends to a functor. Given A =
(A, L) € Dualz(M), denote by @ the frame bundle of the Siegel system
defined by £, which is a principal Sp(2n, Z)-bundle (see Proposition [2.12)).
Let P be the Siegel bundle associated to ) through the natural left action
[ of Spy(2n,Z) on Aff:

P = Q X1 Aﬁt .
Then A(P) = A, showing that the functor is essentially surjective. O

3.2.4. The bundle of integral symplectic torus groups defined by
P. Consider a Siegel bundle P defined on M.

Definition 3.7. The bundle of integral symplectic torus groups defined by
P is the bundle:

A(P) = A(A(P)) = ad(P)/Z(P)
of integral symplectic torus groups defined by the integral duality structure
A(P).

3.2.5. Siegel bundles with trivial monodromy.

Proposition 3.8. Let P be a Siegel bundle of rank n and type t € Div"
defined on M. Then the following statements are equivalent:

(a) The Siegel system Z(P) has trivial monodromy.
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(b) Z(P) is trivial as a bundle of discrete Abelian groups.
(c) The structure group of P reduces to the torus group U(1)*".

(d) The structure group of the bundle of integral symplectic affine tori
2A(P) reduces to U(1)?",

(e) The structure group of the bundle of integral symplectic torus groups
A(P) is trivial.

(f) The duality structure A(P) is holonomy-trivial.

In this case, A(P) identifies with a principal torus bundle and A(P) is a
trivial bundle of integral symplectic torus groups. Moreover, P is isomorphic
with the fiber product A(P) xpr L', where T is the trivial Spy(2n,Z)-bundle
defined on M. Thus P identifies with a countable collection of copies of the
principal torus bundle A(P), indexed by elements of Spy(2n,Z).

Proof. The fact that (a) implies (b) follows from the standard characteriza-
tion of flat bundles in terms of holonomy representations of the fundamental
group of the underlying manifold. If Z(P) is trivial as a bundle of discrete
groups then the holonomy representation preserves a global frame of Z(P),
which in turn implies, using the explicit form of the adjoint representation of
Aff, that the holonomy representation takes values in U(1)** C Aff,. The
associated holonomy bundle defines a reduction of P to a principal torus
bundle with structure group U(1)?". This immediately implies (d), () and
(f). Since the flat connection on A(P) is by definition the real linear ex-
tension of the flat connection of Z(P) the latter has trivial monodromy if
and only if A(P) has trivial monodromy, that is, if and only if A(P) is
holonomy-trivial. This proves (f) = (a). O

3.3. Classification of Siegel bundles
Let P be a Siegel bundle of type t € Div" defined on M and A := A(P) =

(Sp = ad(P),wp, Dp, Z(P)) be the integral duality structure defined by P.
The Bockstein isomorphism reads:

§: HY(M,C®(A(P))) = H*(M, Z(P)).

It was shown in [I1] that P determines a primary characteristic class ¢/ (P) €

HY(M,C>®(A(P))).
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Definition 3.9. The twisted Chen class of P is:
¢(P) = §(d(P)) € H* (M, Z(P)).

Recall from Proposition that isomorphism classes of Siegel bundles de-
fined on M are in bijection with isomorphism classes of bundles of integral
affine symplectic tori. This allows one to classify Siegel bundles by adapting
the classification of affine torus bundles given in [II], Section 2] (see also
[12, Theorem 2.2]). Since the modifications of the argument of loc. cit. are
straightforward, we simply describe the result. Adapting the argument of
[11] we obtain:

Theorem 3.10. Consider the set:

»(M) <

{(Z,6)| 7 € Ob[Se(M)] & ¢ € HE(M, 2)} /..,
where (Z,c) ~ (Z',c) if and only if there exists an isomorphism of Siegel
systems ¢ : Z — Z' such that @.(c) = c'. Then the map:

P = (Z(P),c(P))

induces a bijection between the set of isomorphism classes of Siegel bundles

defined on M and the set X(M).

A more conceptual explanation of this result is given in [35]. Let p:
Sp¢(2n,Z) — Aut(U(1)?") denote the action of Sp((2n,Z) on U(1)?" and
po : Spy(2n,Z) — Autz(Z?") be the corresponding action on Z?". Then
the classifying space of the Affy is a twisted Eilenberg-McLane space L :=
Lsp, (2n,2) (Z*",2) in the sense of [27], which is a sectioned fibration over BI" ~
K (T, 1) whose fibers are homotopy equivalent with BU(1)?" ~ K (Z*",2) ~
(CPP>)*2", This space is a homotopy two-type with:

m1(L) = Sp((2n, Z) , mo(L) = Z°".

The results of [27] are used in [35] to show that isomorphism classes of
principal Affi-bundles P defined on a pointed space X are in bijection
with isomorphism classes of pairs (a,c), where «: m(X) — Sp(2n,Z) is
a morphism of groups and ¢ € H*(X, Z,), where Z, is the local system
with fiber Z?" and monodromy action at the basepoint of X given by
pooa:m(X) — Autz(Z?"). When X = M is a manifold, this local system
coincides with Z(P), while the cohomology class ¢ coincides with ¢(P).
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3.4. Principal connections on Siegel bundles

Let P be a Siegel bundle of type t € Div"” defined on a connected manifold
M, whose projection we denote by w: P — M. For ease of notation, we
set G & Aff, T def. Sp(2n,Z) and A def. U(1)™. We denote the abelian Lie
algebra of A by a ~ R?". Let A = (A, Z) be the integral duality structure
A(P) determined by P, where A = A(P) = (S,w, D) with § = Sp = ad(P),
w=wp and D = Dp and Z = Z(P) is the Siegel system determined by P.
Let:

Conn(P) = {A € Q" (Pa) | r} (A) =7TA & Ay(X]) =a
Vy e P VY (a,7) € G},

be the set of principal connections on P, where r, denotes the right action of
g € G on P and we used the fact that the adjoint representation Ad : G —

Aut(a) is given by (26). Let:

Qaa(P.a) S {ne QP.a) | v, (n) =7 "0 & ixn =0

V(a,7) € GVX € V(P)},
be the set of equivariant horizontal forms on P, where V(P) is the space
of vertical vector fields defined on P. Then Qaq(P, a) is naturally isomor-
phic with Q(M,S). In particular, the curvature Q4 = daA € QQAd(P, a) of
any principal connection A € Conn(P) identifies with a S-valued two-form
V4 € Q*(M,S), which is the adjoint curvature of A. Since a is an abelian
Lie algebra, we are in the situation considered in [35]. Hence the covariant

exterior derivative defined by A restricts to the ordinary exterior derivative
on the space Qaq(P, a):

(27) dalopae) = d: Qaa(Pa) = Qaq(Pa).

Moreover, the principal curvature of A is given by:
Qyq=dA

and the Bianchi identity d 424 = 0 reduces to:

(28) dQ4 =0.

As explained in [35], relation implies that all principal connections on P
induce the same linear connection on the adjoint bundle ad(P) = &, which
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coincides with the flat connection D of the duality structure A defined by
P. Moreover, the adjoint curvature V4 € Q?(M,S) satisfies:

dpV4 =0.

Let Sieg®(M) be the groupoid of Siegel bundles with connection, whose
objects are pairs (P, .A) where P is a Siegel bundle and A € Conn(P) and
whose morphisms are connection-preserving based isomorphisms of principal
bundles. Let Dualj(M) be the groupoid of pairs (A,V), where A is an
integral duality structure on M and V € Conf(M, A) is a dp-closed S-valued
2-form whose dp-cohomology class belongs to the charge lattice of A. There
exists a natural functor:

A°: Sieg®(M) — Dual7 (M)

which sends (P, .A) to the pair (A(P),V4). Let Sieg®(M)y C Sieg®(M) be
the full subgroupoid consisting of Siegel bundles with flat connection.

Theorem 3.11. There exists a short exact sequence of groupoids:

curv

1 — Sieg®(M)o = Sieg®(M) <% Dualg (M) — 1,

where k is the inclusion and curv is the curvature map. In particular, for
every integral duality structure A on M and every V € Conf(M, A), there
exists a Siegel bundle with connection (P, A) such that:

Va=V,
and the set of pairs (A,V4) with this property is a torsor for Sieg®(M)y.

Proof. Tt is clear that an object in Sieg®(M) defines an integral duality
structure and a cohomology class in H%(M ,S), whence it defines an ob-
ject in Sieg®(M ). Functoriality of this assignment follows from invariance of
the aforementioned cohomology class under gauge transformations. This is
proved in Lemma The key ingredient of the proof is now to show that
this cohomology class is in fact integral, that is, belongs to j.(H?(M, 7)),
where Z is the Siegel system defined by P. This is a technical point which
is proved in detail in [35], to which we refer the reader for more details.
Once this is proven, it follows from Theorem that the curvature map is
surjective onto Dualf (M) and that its kernel is precisely the pairs of integral
duality structures and flat connections. ([
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The previous theorem shows that integral electromagnetic field strengths
can always be realized as curvatures of principal connections defined on
Siegel bundles, which therefore provide the geometric realization of integral
configurations of abelian gauge theory.

Remark 3.12. Theorem can be elaborated to obtain the Dirac quan-
tization of abelian gauge theory in terms of a certain twisted differential
cohomology theory, though we do not pursue this here. Recall that the
DSZ quantization of various gauge theories using the framework of algebraic
quantum field theory and differentiable cohomology has been considered be-
fore in the literature, see [13] 45] and references therein.

3.5. Polarized Siegel bundles and polarized self-dual connections
Let M be a connected manifold.

Definition 3.13. A polarized Siegel bundle is a pair P = (P, J), where P
is a Siegel bundle and J is a taming of the duality structure A := A(P)
defined by P.

A polarized Siegel bundle P = (P, J) determines an integral electromagnetic
structure Ep < (A(P),J), where A(P) = (A(P), Z(P)) is the integral du-

ality structure defined by P.

Definition 3.14. Let P = (P, J) be a polarized Siegel bundle. A principal
connection A € Conn(P) is called polarized selfdual, respectively polarized
anti-selfdual if its adjoint curvature satisfies:

*g.7VA = V4 , respectively x4 7 Va4 =—V4.

Recall the definitions:

D2 (M, 8) L (Ve (M, S)| g7 Va=+Va} ,

where A(P) = (S,w, D).

Remark 3.15. The polarized selfduality condition is a first-order partial
differential equation for a connection on a Siegel bundle which, to the best
of our knowledge, has not been studied in the literature on mathematical
gauge theory.
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4. Prequantum abelian gauge theory

Let (M,g) be an oriented and connected Lorentzian four-manifold. As ex-
plained in the previous section, imposing the DSZ integrality condition on
an abelian gauge theory allows us to identify its prequantum gauge degrees
of freedom with principal connections on a Siegel bundle. More precisely, let
P = (P, J) be a polarized Siegel bundle on (M, ¢g) and A := A(P) = (A, 2)
be the integral duality structure defined by P, where A := A(P) = (S,w, D)
(with S = ad(P)) and Z := Z(P) are the duality structure and Siegel system
defined by P. Let 2 := E(P) = (A, J) be the integral electromagnetic struc-
ture defined by P and E := E(P) = (A, J) be its underlying electromagnetic
structure. By Theorem the set of integral field strength configurations
determined by the integral duality structure A = A(P) coincides with the
set of adjoint curvatures of principal connections defined on P:

Conf(M,A) ={V4| A€ Conn(P)},

while the set of integral field strength solutions determined by E := E(P) =
(A, T) is:

Sol(M, g,8) = {Va| A€ Conn(P) & %47 Va=Va}.
This motivates the following.

Definition 4.1. The set of prequantum gauge configurations determined
by P is the affine set:

Conf(M, P) < Conn(P)

of principal connections defined on P. The adjoint curvature V4 €
Conf(M, A) of a principal connection A € Conn(P) is called the integral
field strength configuration defined A. The prequantum abelian gauge theory
defined by P on (M, g) is described by the condition:

(29) *xg 7V = Vyfor A € Conn(P).

The solutions A of this equation are called gauge potentials or polarized
self-dual connections and form the set:

Sol(M, g,P) = Sol(M,g,P,T)

W (A € Conn(P) | %47 Va = Va} C Conf(M, P).
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We have:
Sol(M, g,E) = {Va| A € Gol(M,g,P)}

and the adjoint curvature map of P gives surjections:
Conf(M, P) — Conf(M, A) and Sol(M, g,P) — Solz(M, g,E).

Remark 4.2. Condition reduces locally to a system of first-order
differential equations for 2n real-valued one-forms, which describe the lo-
cal electromagnetic and magnetoelectric potentials of the theory (see Ap-
pendix [A). Also notice that any A € Sol(M, g, P) satisfies the following
second order equation of Abelian Yang-Mills type:

dp %7 V4 =0.

4.1. The duality hierarchy of prequantum abelian gauge theory

In this subsection we discuss the duality groups of prequantum abelian gauge
theory. Let P be a Siegel bundle of type t € Div" defined on M. For sim-
plicity, we use the notations:

A v, 1Y Sp2n,2), G Aff = AxT

and denote the Abelian Lie algebra of G by g = aff, ~ R*". Let ¢: G —T'
be the epimorphism entering the short exact sequence of groups:

15A-GS5T —1,
which splits from the right.

Definition 4.3. The discrete remnant bundle of P is the principal I'-bundle

T'(P) < P x,T.

We denote the adjoint representation of G' by Ad : G — Autg(g) and the
adjoint action of G (i.e the action of G on itself by conjugation) by Adg :
G — Aut(G). The restriction of the latter to the normal subgroup A C G is
denoted by Adé : G — Aut(A). Since A is Abelian, this factors through ¢
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to the characteristic morphism p : I' — Aut(A):
Adg =poq,

while the adjoint representation factors through g to the reduced adjoint
representation p: I' — Autg(g):

(30) Ad=pogq.

This representation of I' on g preserves the canonical symplectic form on
R?" ~ g. The exponential map of G gives a surjective morphism of Abelian
groups expg : § — A whose kernel is a full symplectic lattice A of g which
identifies with A¢. This lattice is preserved by the reduced adjoint represen-
tation, which therefore induces a morphism of groups:

Lo : r— Autz(A) .

Accordingly, Ad = p o g also preserves A and hence induces a morphism of
groups:
Adg =popoq: G — Autz(A).

Let A = (A, Z) be the duality structure defined by P, where A = (S,w, D)
(with § = ad(P)) and Z = Z(P) are the duality structure and Siegel system
defined by P. We have:

ad(P) =P xaqa9=I(P) x, g,
Z(P) =P xpq) A=T(P) x5 A, A(P)=P xpq1 A,

where A(P)= A(A(P)) =ad(P)/Z(P)=S/Z is the bundle of integral
symplectic torus groups defined by P. As shown in [35], the connection D
coincides with the flat connection induced on § by the monodromy connec-
tion of I'(P) and the symplectic pairing w of S = ad(P) = P x,, g coincides
with that induced by the canonical symplectic pairing of R?" ~ g.

Let Aut(P) be the group of those unbased automorphisms of P which
cover orientation-preserving diffeomorphisms of M. We have a short exact
sequence:

1 — Auty(P) — Aut(P) — Diffp(M) — 1,
where Diffp(M) C Diff(M) is the group formed by those orientation-

preserving diffeomorphisms of M that can be covered by elements of
Aut(P). Here Auty(P) is the group of based automorphisms of P. For any
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u € Aut(P), denote by f, € Diff(M) the orientation-preserving diffeomor-
phism of M covered by u. Every v € Aut(P) induces an unbased automor-
phism ad,, € Aut(S) of the adjoint bundle & = ad(P) defined through:

adu([y,v]) L [uly),v], V[y,v] €S =ad(P)=P xaqg.

Notice that ad, covers f,.

Proposition 4.4. For every u € Aut(P), the map ad, : S — S is an un-
based automorphism of the integral duality structure A defined by P. More-
over, the map adp : Aut(P) — Aut(A) defined through:

adp(u) = ad, Yu € Aut(P)
s a morphism of groups.

Proof. 1t is clear from its definition that ad, preserves w and Z. It also pre-
serves D, since the latter is induced by the monodromy connection of I'(P),
which is unique. The fact that ad p is a morphism of groups is immediate. []

Notice that adp restricts to a morphism adp: Auty(P) — Auty(A). We set:

9u L (fu)+(9) Vu € Aut(P).

Let A: Aut(P) x Conn(P) — Conn(P) be the affine left action of Aut(P)
on Conn(P) defined through:

Ay(A) L, (A) VA € Conn(P)Vu € Aut(P),

where u,: C*(P,T*P ® g) — C>*(P,T*P ® g) denotes the push-forward of
u extended trivially to g-valued forms defined on P.

Lemma 4.5. For every u € Aut(P), we have a commutative diagram of
affine spaces and affine maps:

Conn(P) b Conn(P)

P )

27Tj0*(C(P)) ?ﬂ' 27Tj0*(C(P))

where V : Conn(P) — Qq,-a(M,S) is the adjoint curvature map of P,
c(P) € H*(M,Z) is the twisted Chern class of P and the map jos :
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H?*(M,Z) — H*(M,C32.(S)) = H3(M,S) is induced by the sheaf inclusion
C(Z) = C32.(S) (see the exact sequence (19)). Here 2mjo.(c(P)) is viewed
as an affine subspace of Qq,-1(M,S) consisting of dp-closed S-valued forms
which differ by dp-exact S-valued forms and hence as an affine space mod-
eled on the vector space Q% __ (M, S).

p-€eX

Proof. Tt is shown in [35] that the curvature map V, which is clearly affine,
takes values in 27j,(c(P)). Therefore, it only remains to prove that if:

Val = 27 ju(c(P))

then:
Va, )] = 27 ju(c(P)),

or, equivalently, that [V, 4)] = [V4] for every u € Auty(P). Since A is a con-
nection, A, (A) is also a connection on P, whence there exists an equivariant
and horizontal one-form 7 € Q!(P, a) such that:

Ay(A)=A+7.
Hence, dA,(A) = dA + d7, which descends to M as follows:
Viaua) = Va+dpr,

where 7 € Q'(M,Sp) denotes the one-form with values in Sp defined by
7. On the other hand, considering V(4 € Q?(P, aff,) as a two-form on P
taking values in aff, a direct computation shows that:

Vi, () = us(Va) € Q*(P,affy)
which, by the equivariance properties of the latter, immediately implies:
Vi) = adu - Va € Q*(M,A),

where the dot action of an automorphism of A on two- forms taking values
in A was defined in subsection [L.9I Hence we conclude. O

Proposition 4.6. For any u € Aut(P), the map A, : Conn(P) — Conn(P)
restricts to a bijection:

Ay: Gol(M, g, P, J) — Sol(M, gu, P, T.,) .
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Proof. Since Vy,(4) = ady - V.4, it suffices to prove the relation:
(31) *g, 7, 0ad, = ady, 0%g 7.
For o € QF(M) and ¢ € C®(M,S), we compute:

kg, Ty + (@ ® &) = (xg, furr) ® (Ju 0 adu(§) o )
= fu*(*ga) & adu o j(f) © le = aJdu ’ (*g,J(a ® f)) y

which implies O

Definition 4.7. Let P = (P, J) be a polarized Siegel bundle defined on
M.

e The group Aut(P) is the unbased gauge group of P. For any u € Aut(P),
the map:

Ay: Gol(M,g,P,J) — &ol(M, gy, P, Tu)

is the unbased gauge transformation induced by wu.

e The group:

Aut(g, P) < {u € Aut(P) | fu € Iso(M, g)}

is the unbased gauge duality group defined by P and g. For any u €
Aut(g, P), the map:

Ay : Gol(M, g, P, J) — Gol(M, g, P, J)

is the unbased gauge duality transformation induced by u.

e The gauge group Auty(P) of P is the gauge (electromagnetic) duality group
of the abelian gauge theories with underlying Siegel bundle P. For any
u € Auty(P), the map:

Ay : Gol(M, g, P,J) — &ol(M, g, P, J,)

is called the gauge duality transformation induced by u.
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Lemmal4.5|implies that for any u € Aut(P) we have a commutative diagram:

Gol(M, g, P, J) — &Sol(M, gu, P, Ju)

P P
SO]<M7 g, A7 j) ? SOI(Ma Gu, Aa j’u)
and similar diagrams for the other groups in the previous definition. Hence

gauge transformations of P induce integral pseudo-duality and duality trans-
formations of the abelian gauge theory defined by (P, J).

Definition 4.8. Let P = (P, J) be a polarized Siegel bundle on M.
e The group:

(32) Aut(P) < {u e Auwt(P) | J, = T}

is the unbased unitary gauge group defined by P on (M, g). For any u €
Aut(P), the map:

Ay, Gol(M,g,P) — Sol(M, g, P)

is the unbased unitary gauge transformation induced by wu.

e The group:
(33) Aut(g,P) < {u € Aut(P) | gu = gand J, = J}

is the unbased unitary gauge duality group defined by P on (M, g). For
any u € Aut(g, P), the map:

Ay : Gol(M, g, P) — Gol(M, g, P)

is the unbased unitary gauge duality transformation induced by wu.
e The group:
def.
Auty(P) = {u € Auty(P) | Ju = T} .

is the unitary gauge group defined by P on M. For any u € Aut,(P), the
map:
A, Gol(M,g,P) — Sol(M,g,P).

is the unitary gauge transformation induced by u.
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Let & < (A, ). For any u € Aut(P), we have a commutative diagram:

60[(M7 9, P) i) 60[(M7 Gu, P)

P |

Sol(M, g, E) i Sol(M, g, &)

and similar diagrams for the other groups in the previous definition. We
have a short exact sequence:

(34) 1 — Auty(P) — Aut(g, P) — Isop(M,g) — 1,

where Isop(M,g) C Iso(M,g) is the group formed by those orientation-
preserving isometries that can be covered by elements of Aut(g, P). Sim-
ilarly, we have an exact sequence:

1 — Auty(P) — Aut(g,P) — Isop(M,g) — 1,

where Isop (M, g) is the group formed by those orientation-preserving isome-
tries of M which are covered by elements of Aut(g, P).

Definition 4.9. The standard subgroup of the unbased gauge group of P
is defined through:

C(P) ¥ ker(adp) C Aut(P).

When dim M >0 and dim A > 0, the group C(P) is infinite-dimensional.
The classical duality group of a duality structure was shown to be a finite
dimensional Lie group in Section [I| This is no longer true of the gauge
groups introduced above. Instead, they are infinite-dimensional extensions
of the integral duality groups introduced in Section

Proposition 4.10. The gauge group of P fits into the short exact sequence
of groups:

(35) 1 — C(P) = Auty(P) 2% Auty(A) — 1.

Remark 4.11. There exist similar short exact sequences for the remaining
groups introduced in Definition
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Proof. Tt suffices to prove that adp(Auty(P)) = Auty(A). Recall that £ =
P xpgo A=T(P) xp, A and S = P xaq g =I'(P) X5 g, where A = A¢ and
g = R?". Also recall that the gauge group Auty(P) is naturally isomor-
phic with the group C®(P, G)¢ of G-equivariant maps from P to G, where
G =AxT =U(1)?" x Sp(2n,Z) acts on itself through conjugation. This
isomorphism takes u € Auty(P) to the equivariant map f € C®(P,G)%
which satisfies:

(36) u(p) = pf(p)V¥p € PVg e G.

Since the action of G on P is free and we have I' = Aut(R?", wa,, A¢) ~
Aut(Sy, wim, L) for all m € M while the reduced adjoint representation p
is faithful, every automorphism ¢ € Aut(A) determines a map ¢ : P —» T'
which satisfies:

(37) o([p, v]) = p, p(@(p)) (v)]Vp € PVv € g

as well as:
?(pg) = q(g9) ' @(p)a(g)Vp € PVg € G .

The last relation follows from (37) and from the condition ¢([pg,v]) =
o([p, p(q(g))(v)]) of invariance under change of representative of the equiv-
alence class, where we used (30). Let u € Auty(P) be the based automor-
phism of P which corresponds to the G-equivariant map f : P — G defined
through:

F(p) © (04,6(p) €EG=AxTVpeP.

For any p € P and v € g, we have:

adp(u)([p,v]) = [u(p),v] = [pf(p),v]
= [p, Ad(f(p))(v)] = [p, p(@(p)) ()] = ([, v]),

where we used and (37). This shows that adp(u) = . Since ¢ €
Auty(A) is arbitrary, we conclude that adp(Auty(P)) = Auty(A). O

The previous proposition clarifies the geometric origin of electromagnetic du-
ality as a ‘discrete remnant’ of gauge symmetry, a notion which is discussed
in more detail in [35]. In particular, Aut,(P) is an extension of Aut,(A) by
the continuous group C(P). Intuitively, elements of the latter correspond to
the gauge transformations of a principal torus bundle.
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4.2. Duality groups for Siegel bundles with trivial monodromy

Let M be a connected and oriented four-manifold.

Lemma 4.12. Let P be a trivial principal G-bundle over M. Then any
trivialization of P induces an isomorphism of groups:

Aut(P) ~ C>(M,G) x4, Diff (M),
where « : Diff (M) — Aut(C>® (M, G)) is the morphisms of groups defined
through:

(@) (/) fop™, VeeDiff(M), VfeC®(M,G).

In particular, we have a short exact sequence of groups:
1 —C>®(M,G) — Aut(P) — Diff (M) — 1
which is split from the right.

Proof. Let 7: P = M x G be a trivialization of P. Then the map Ad(7) :
Aut(P) — Aut(M x G) defined through:

AT () D 7o fort, VfeAut(P),

is an isomorphism of groups. Let f € Aut(P) be an unbased automorphism
of P which covers the diffeomorphism ¢ € Diff(M). Then Ad(7)(f) is an
unbased automorphism of M x G which covers ¢ and hence we have:

A~

Ad(T)(f)(m, g) = (p(m), f(m,g)), ¥ (m,g) € M xG,

where f : M x G — G is a smooth map which satisfies:

A~ A~

f(m7glgl):f(m7gl)927 VmGM, VglaQQEG'

The last relation is equivalent with the condition that f has the form:

f(mvg):f(m)gv V(m,g)EMXG,

where f : M — G is a smooth function which can be recovered from f
through the relation:

f(m)=f(m,1), VmeM.
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Setting h el fop e C™(M,G), we have:

(38)  Ad(7)(f)(m,g) = (p(m),h(p(m))g), ¥ (m,g) e M x G,

and the correspondence f — (h,p) gives a bijection between Aut(P) ~
Aut(M x G) and the set C*°(M,G) x Diff(M). If fi, fo € Aut(P) cor-
respond through this map to the pairs (hi, 1), (he,p2) € C®°(M,G) x
Diff (M), then direct computation using gives:

Ad(7)(f1 0 f2)(m, 9) = (01 © p2)(m), ha(m)(hz 0 1) (m)g),

showing that fi o fa corresponds to the pair (hy - a(p1)(h2), @1 © p2). O

Let P be a Siegel bundle or rank n and type t € Div" on (M,g) and let
A = (A, Z) be the integral duality structure defined by P. Suppose that P
is topologically trivial and that Z = Z(P) has trivial monodromy, so that
A is holonomy trivial. Choosing a trivialization of P gives:

P =M x Aff, A = (M x R*™, wop,,d, M x Ay)
and:
Auty(P) = C™° (M, Affy), Aut(P) = C™ (M, Affy) x,, Diff (M),

where the last identification follows from Lemma Since Affy = U(1)?" x
Sp¢(2n,Z) and Sp(2n,Z) is discrete, we have:

C®(M, Affy) = C*°(M,U(1)*") x Sp(2n, Z) .

In particular, maps h € C>°(M, Aff;) can be identified with pairs (f,7),
where f € C®°(M,U(1)?") and v € Sp,(2n,7Z). The unbased gauge duality
group is given by:

Aut(g, P) = C™(M, Affy) x4 Iso(M, g) .

The integral pseudo-duality, relative duality and duality groups of A are in
turn given by:

Aut(A) = Sp(2n,Z) x Diff (M),

Aut(g,A) = Sp(2n,Z) x Iso(M, g),
Auty(A) = Sp¢(2n,Z) ,
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and we have short exact sequences:

1 — C®(M,U(1)%") — Aut(P) — Aut(A) — 1,
1 — C>(M,U(1)?") — Aut(g, P) — Aut(g,A) — 1,

1 — C®(M,U(1)%") — Auty(P) — Auty(A) — 1.
Let us fix a taming of A, which we view as a map J € C>(M, Sp(2n,R)).
Then the unbased unitary gauge group of the tamed Siegel bundle P =
(P,J) is:

Aut(g,P) = {(f,7,¢) € [C™(M,U(1)*") x Spy(2n, Z)] x4 Iso(M, g) |
Iy =T 0w},

while its unitary gauge group is:
Auty(P) = {(f,7) € C¥(M, U(1)*") x Spy(2n,Z) | 7Ty = T} .

The integral unbased unitary duality group of the integral electromagnetic
structure 2 = (A, J) is:

Aut(g, ) = {(7,¢) € Sp(2n,Z) x Tso(M, g) [ 7Ty~ =T o ¢} ,
while the integral unitary duality group of E is:
Auty(B) = {y € Sp(2n,Z) | 7Ty ' =T} C Sp(2n, Z).
We have short exact sequences:

1 — C®(M,U(1)*") — Aut(g,P) — Aut(g,E) — 1
1 — C®(M,U(1)?") — Auty(P) — Auty(E) — 1.

5. Time-like dimensional reduction and polarized
Bogomolny equations

This section investigates the time-like dimensional reduction of the equations
of motion of abelian gauge theory on an oriented static space-time (M, g) of
the form:

(M,g) = (R x £, —dt? & h),
where ¢t is the global coordinate on R and (X, h) is an oriented Riemannian

three-manifold. We show that the reduction produces an equation of Bogo-
molny type, similar to the dimensional reduction of the ordinary self-duality
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equation on a Riemannian four-manifold. Unlike that well-known case, here
we reduce the polarized self-duality condition on a Lorentzian four-manifold.

5.1. Preparations

Consider the time-like exact one-form 6 = dt € Q(M). Let v, be the volume
form of (3, h) and orient (M, g) such that its volume form is given by:

vg=0ANAuvp.
Let x4 and #;, be the Hodge operators of (M,g) and (X,h) and ( , )4,
(, )n be the non-degenerate bilinear pairings induced by g and h on Q*(M)
and Q*(X). Let p: M — ¥ be the projection of M =R x ¥ on the second
factor and consider the distribution D = p*(T'¥) C T M, endowed with the

fiberwise Euclidean pairing given by the bundle pullback h? of h. This dis-
tribution is integrable with leaves gives by the spacelike hypersurfaces:

M, {1y xy, VieR,

on which AP restricts to the metric induced by g. Using h?, we extend ( , )
and *j, in the obvious manner to the space C* (M, A\*D*) C Q*(M ). We have:

CO(M,ND*) ={we Q' (M) | ts,w = 0}.
Since ¢ has signature (3,1) while h has signature (3,0), we have:
g O%g = —T, *p 0%y = idce(aADr)

where 7 & @izo(—l)kidm( M) s the signature automorphism of the exterior
algebra (2*(M), A) (see [36]). Moreover, we have (0,6), = —1 and:

(Vg vg)g = =1, (vh,vp)n = +1.
Any polyform w € Q*(M, g) has a unique decomposition:
(39) w=w|twl,
such that wy,w; € Q*(M) satisfy [36]:

(40) 9/\&)”:0, tg,wy = 0.
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The second of these conditions amounts to the requirement that w; €
C> (M, N*D*), while the first is solved by:

.
w| = 0 AwTt wherewt o —tpw € C°(M,N*D").
As shown in loc. cit., the map w — (wt,w,) gives a linear isomorphism

between Q*(M) and C*° (M, A\*D*)®2. For any k =0,...,4 and any w,n €
QOF(M), we have:

(w,mg=—(wr,mm)n+ Wi n)n, (Wmg = —(WT:0T)h-

Hence the isomorphism above identifies the quadratic space (Q*(M), (, )r)
with the direct sum of quadratic spaces (C°(M,AN*D*),—( , )p)®
(C®(M,N*D*),( , )n). Notice that v, = 19,y = —(v4)T. An easy compu-
tation gives:

Lemma 5.1. For any polyform w € Q*(M), we have:

(41) (*gW)T = xpm(wl), (*gW)L = — % WT
and hence:
(42) *ngf*hWTjLe/\*hﬂ'(wL).

Given any vector bundle V defined on M, the Hodge operators of g
and h extend trivially to operators x4 : Q*(M,V) — Q*(M,V) and xp, :
C(M,ND*®@V)— C®°(M,N*D* ® V). The decomposition holds for
any w € Q*(M,V), with components w,w, € Q*(M,V) satisfying .
We have w; € C*(M,A*D*®@V) and w =0 Awt with wr def. —lp,w €
C®(M,A\*D* ® V). Finally, Lemma [5.1] holds for any w € Q*(M, V).

5.2. Timelike dimensional reduction of abelian gauge theory

Let P be a Siegel bundle of type t € Div" defined on X, whose projection we
denote by 7 : P — X. Let P def. p*(P) be the p-pullback of P to M, whose

projection we denote by 7. The map ¢ : P — R x P defined through:

olt, o) L (ty), Y(to)eRxY, YyeP,=r"(0)

allows us to identify P with the principal Affi-bundle with total space
given by R x P, base M = R x ¥ and projection given by R x P > (t,y) —
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(t,m(y)) € M. We make this identification in what follows. Accordingly, we
have:

#(ty) = (t,7(y)), V(t,y)eP=RxP.

Let 7 : P — P be the unbased morphism of principal Aff-bundles given by
projection on the second factor:

def. A
T(ty) =y, Y(ty) eP,

which covers the map p: M — X:

TOoT =poT.
Consider the action p: R — Aut(P) of (R,+) through unbased automor-
phisms of P given by:

ty) = pla)(t,y) L (t+ay), V(y eP=RxP.

This covers the action of R on M = R x ¥ given by time translations:
#(p(a)(t,y)) = (t+a,7(y)), V(ty) e P=RxP.

Definition 5.2. A principal connection on A € Conn(P) is called time-
invariant if it satisfies:

p(a)*(A)=A, YacR.

Notice that time-invariant principal connections defined on P form an affine
subspace Conn®(P) of Conn(P). The timelike one-form 6 € Q'(M) pulls
back through 7 to an exact one-form defined on P which we denote by
6 p(0) € QL(P).

Let A = (S,w, D) be the duality structure defined by P on X. Then it
is easy to see that the duality structure A = (S,d},f?) defined by P on M
is given by:

~ ~

S:p*(S), @:p*(w), D:p*(D).
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Lemma 5.3. A connection A € Conn(P) is time-invariant if and only if
it can be written as:

(43) A=—(U"o1)+7%(A)

for some U € C®(X,S) and some A € Conn(P). In this case, ¥ and A are
determined uniquely by A and any pair (U, A) € C*(%,8) x Conn(P) de-
termines a time-invariant connection on P though this relation. Moreover,
the curvature of A is given by:

(44) Vi=0Ap (dp®) +p*(Va) € 0*(%,8)
and we have:
(45) dpV4=0.

Remark 5.4. Relation gives the decomposition of V; since
to,p*(Va) = 1o,p"(dp¥) = 0. Thus:

(46) V)T =p"(dp¥), (Vi)r=p"(Va).

Proof. Any principal connection A € Conn(P) C Q'(P,a) decomposes
uniquely as:

AZ—(I)é-i-AL,

where ® € O} (P, a) and A, € Conn(P, a) satisfies A (9;) = 0. Tt is clear
that A is time-invariant if and only if ® = ¥’ o 7 for some ¥’ € Q3 ,(P, a)
and A; = 7%(A) for some A € Conn(P). Since Q3 4(P,a) =~ C®(%,S), we
have U/ = U™ for some ¥ € C*®(X,S). Since df = 0, the principal curvature
of A reads:

Q =dA=de A0+ 7(Q),
which is equivalent with (44]). Relation follows from the results of [35].

The remaining statements are immediate. U

Definition 5.5. The Bogomolny pair of a time-invariant connection Ae
Conn®(P) is the pair (¥, A) € C>*(X,S) x Conn(P) defined in Lemma
The section ¥ € C*(X,S) is called the Higgs field of the pair.

Let J be a taming of A; Then the p-pullback J of J defines a time-invariant
taming of S, thus (P, J) is a polarized Siegel bundle. Let x, 7 = %5, ® J be
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the polarized Hodge operator defined by h and J. Since J? = —ids while
*p, squares to the identity on 2*(X), we have:

*h,g © *hg = —idg«(s.s) -
Proposition 5.6. A time-invariant connection A € Conn®(P) is polarized

self-dual with respect to J if and only if its Bogomolny pair (¥, A) satisfies
the polarized Bogomolny equation with respect to J:

~
I

(47) *h,JV.A =dpV¥ <— *hﬂdi\If =-V4.

A polarized Bogomolny pair (V, A) which satisfies this equation is called a
polarized abelian dyon relative to J.

Proof. Relations and give:
*QV i = _p*(*th‘Ij) —+ 9 A p*(*hVA) ,
which implies:
*, Vi = =P (kn,gdpY) + 0 A p*(xngVa) .-

Comparing this with shows that the polarized self-duality condition
for V; amounts to , where we used uniqueness of the decomposition

B9). 0
Let:

Dyons(3, h, P) ‘L {(I, A) € C®(X,S) x Conn(P) | #47 V4 = dp¥}
be the set of all polarized abelian dyons relative to J.

Remark 5.7. Equation is reminiscent of the usual Bogomolny equa-
tions obtained by dimensional reduction of the self-duality equations for a
connection on a principal bundle over a four-dimensional Riemannian man-
ifold. However, it differs from the latter in two crucial respects:

e The usual Bogomolny equations arise by dimensional reduction of the self-
duality equations (which are first order equations for a connection) in four
Fuclidean dimensions. By contrast, equation is the reduction along
a timelike direction of the complete second order equations of motion
defining abelian gauge theory in four Lorentzian dimensions, once these
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equations have been re-written as first-order equations by doubling the
number of variables through the inclusion of both electromagnetic and
magnetoelectric gauge potentials. In particular, our reduction yields a
system of first-order differential equations, despite originating in a theory
that was initially defined by local second-order PDEs (see Appendix [Al).

e Equation is modified by the action of the taming J, which is absent
in the usual Bogomolny equations.

5.3. Gauge transformations of polarized abelian dyons

As explained in Subsection (see [35] for more detail), the gauge group
Auty,(P) of the Siegel bundle P over ¥ has an action:

adp : Auty(P) — Auty(S)

through based automorphisms of the vector bundle S = ad(P). This action
agrees through the adjoint curvature map with the pushforward action:

A: Auty(P) — Aff(Conn(P))

of the gauge group on the space of principal connections defined on P. For
any principal connection A € Conn(P) and any u € Auty(P), we have:

VAu(A) = adp(u)(VA) .

Similar statements hold for the gauge group of the Siegel bundle P defined
on M =R x .

Definition 5.8. A gauge transformation @ € Auty(P) of P is called time-
invariant if:

uop(a) =pla)ou, VaecR.

Notice that time-invariant gauge transformations of P form a subgroup
of Auty(P), which we denote by Autf(P). Such transformations stabilize
the affine subspace Conn®(P) of time-invariant principal connections de-
fined on P. Since P = p*(P), we have Adg(P) = p*(Adp). It is easy to
see that @ € Auty(P) is time-invariant if and only if the corresponding
section oy € C*°(M,Adg(P)) is the bundle pull-back by p of a section
o € C>®(X,Adg(P)). The latter corresponds to a gauge transformation of
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P which we denote by u € Aut,(P). We have:

(48) oq = (ou)?,

(where the subscript p denotes bundle pullback by p) as well as:
(49) ToU=uorT.

Conversely, any gauge transformation u of P determines a gauge transfor-
mation @ of P by relation and 4 satisfies . The correspondence
u — @ gives an isomorphism of groups between Auty(P) and Autf(P).

The following proposition shows that the map which takes a time-
invariant principal connection defined on Ptoits Bogomolny pair intertwines
the action of Aut(P) ~ Aut(P) on Conn®(P) with the action of Auty(P)
on the set C*°(X,S) x Conn(P) given by:

2 def. adp x A : Auty(P) — Autr(C™(X,S)) x Aff(Conn(P)).

Proposition 5.9. Let A be a time-invariant principal connection on P and
(B, A) € C®°(%,S) x Conn(P) be the Bogomolny pair defined by A. For any
u € Auty(P), the Bogomolny pair (¥, Ay,) of the time-invariant connection
Au(fl) obtained from A by applying the time-invariant gauge transformation
U 18 given by:

U, =adp(u)(¥), A, =A,A).
In particular, we have:

Va, = adp(u)(Va).

Proof. We have Ag(A) = (4 ')*(A). Using Lemma this gives:

A~

Ag(A) = —(¥" 0w or)f +7((u ) (A)) = —(¥] 0 7)8 + 7 (Au(A)),

where we used relation and noticed that (41)*(9) = 0 since 6 = 7*(6)
and 7 o 4! = @ because 4! is a based automorphism of P. (]

Notice that the discrete remnant (see [35]) of any gauge transformation of
P is time-invariant since ¥ (and hence M) is connected and therefore any
discrete gauge transformation of P is constant on M. In particular, the
groups of discrete gauge transformations of P and P can be identified. As
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explained in [35], we have:
adp(u) = adp(p) (u), VY ue€Auty(P),

where @ is the discrete remnant of u. This implies that Aut,(P) acts on S
through based automorphism of the integral duality structure A determined
by P:

adp(u) € Auty(A), YV u e Auty(P)

and hence induces an integral duality transformation of W.

Proposition 5.10. Let J be a taming of S. Then (¥, A) € C*®(X%,S) x
Conn(P) is a polarized abelian dyon with respect to J if and only if (U, Ay)

18 a polarized abelian dyon with respect to the taming J, def. adp(u)o J o
adp(u)~t. In particular, the action p of Auty(P) restricts to bijections:

p(u) : Dyons(M, g, P, J) = Dyons(3, 9, P, Ju), Y u€ Auty(P).

Proof. Applying adp(u) shows that the polarized Bogomolny equation
relative to J is equivalent with the polarized Bogomolny equation relative

to Ju:

*h, 7. VA, = dp¥,,

where we used Proposition and the fact that adp(u) commutes with D,
which is proved in [35]. O

5.4. The case when Z(P) has trivial monodromy on X

Suppose that Z(P) has trivial monodromy on ¥, so the duality structure
A := A(P) is holonomy-trivial and its Siegel system is trivial. Then there
exists a flat trivialization of A which identifies the integral duality structure
A = (A, L) of P with (X x R?™,ws,,d, ¥ x A¢). Notice that a Higgs field
identifies with a smooth map from ¥ to R?", which we decompose into
maps ¢, T : ¥ — R" according to:

(50) U = (‘f)
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Proposition 5.11. A pair (¥, .A) € C®(Z,R?*") x Conn(P) satisfies the
polarized Bogomolny equations iff:

E
(51) 4 = (—RE _I*h B) ’

where E € QY(3,R") and B € Q*(X,R") are determined by V4 through the
relation:

B
(52) Va= (—RB + T %, E) '

Proof. In the chosen trivialization of A, tamings identify with taming maps
J : ¥ — GL(2n,R). By Proposition the latter have the form:

7 'R 7!
" \-I-RI7'R —-RI')"

where N =R +1iZ : ¥ — SH" is the corresponding period matrix map. A
similar equatlon relates the taming J=Jo p of A to the period matrlx map
N Nop=R+il: M — GL(2n,R) (where R L R opand 7 < T o p)
defined on M. By Lemma[A.4] the adjoint curvature of A is twisted self-dual
with respect to 7 if and only if it has the form:

(%9 vi=(gy0.)

for some F' € Q?(M,R"™), where:

GyWN )L —RE—Tx, F
Lemma [5.1| gives:
GQ(N7F)T:_7%FT_2.*}LFJ_> Gg(-/\A[aF)J_:_ﬁFJ_‘i‘i*hFT-

Thus amounts to:

~ g FT A = FJ_
o0 0= (e ) 00 (en Tr)-

These relations imply:
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for some F € QY(Z,R") and B € Q*(X,R"). Using (54), we conclude
that is equivalent with:

E B
v = <REI*hB) o Ya= (RB+I*hE> '

Notice that the pair (E, B) is uniquely determined by V4 through the second
of these relations. 0

We will refer to the forms E € Q'(3,R") and B € Q%(X,R") as the electro-
static and magnetostatic field strengths of A. Equation is equivalent to
the system:

A =FE, dY=-RE-Tx,B,
which in turn amounts to:
(55) E = —grad,®, ZIB+RE = —grad,Y,
where we defined E, B € C®(2,TY) @ R™ through:
E=E' B=(\B).

Here f denotes the musical isomorphism given by raising of indices with the
metric h. Equation dV4 = 0 amounts to the system:

(56)

dB=0, d(-RB+ZIx*,E)=0<=div;,B=0, divi(RB+ZFE)=0.

5.5. Polarized dyons in prequantum electrodynamics

Prequantum electrodynamics defined on M corresponds to setting n =1
and R = %,I =47 with constant # € R in the previous subsection (see

Appendix . Then:

d f 920 2
er. 2
j = j@ = _47T87r 9292 929 3

51

g2~ 1673 82

and relation becomes:

57 Vy = b
( ) A= —%B—F%*hE .
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In this case, relations reduce to:

(58) E

I

|

o]

~

I
o

>
i)

which imply B = —% grad, (T — %@) and:

(59) curl, E = curl, B = 0.

On the other hand, relations become:

(60) dB = d(4E) = 0 <= div,B = div;E = 0.

Equations and . ) describe source- free Maxwell electromagnetostat-
ics on 3, Where the vector fields E, B € A(X) are the classical statlc elec-
tric and magnetic fields. Relation shows that & and %T 87r2<I> are
globally-defined classical electrostatic and magnetostatic scalar potentials.
Since H'(X,R) need not vanish, relation need not imply . Hence
polarized dyons describe special potential electromagnetostatic configura-
tions, i.e. solutions of the static Maxwell equations on ¥ which admit both
a globally-defined electric scalar potential and a globally-defined magnetic
scalar potential. Even though E and B satisfy ((60] ., such solutions need not
admit a globally-defined vector electric or vector magnetic potentlal since
H?2(X,R) may be non-zero. The condition that the configuration (E, B) ad-
mits globally-defined electric and magnetic scalar potentials is a consequence
of the fact that a polarized dyon originates from a principal connection de-
fined on P, which itself is a consequence of the DSZ integrality condition.
We formalize this as follows.

Definition 5.12. An electromagnetostatic configuration defined on (X, h)
is a pair of vector fields (E,B) € A(X) x A() which satisfies the static
source-free Maxwell equations and . Such a configuration is said to
be potential if there exist real-valued smooth functions ®,Y defined on X
such that relations hold.

Let EMC(X, h) denote the vector space of all electromagnetostatic config-
urations defined on (X, h) and EMC (X, h) denote the subspace of those
configurations which are potential. Consider the map:

Hy : Dyons(%, h, P, Jy) — EMCpot (3, )
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which associates the electromagnetostatic configuration (E , l?) defined
through relation to the polarized dyon (¥,.4). As in Subsection [2.10}
the chosen trivialization of A induces isomorphisms:

H%(E,S)ZHZ(M,R2n), HQ(Evﬁ) :H2(27At)7

which allow us to identify the morphism j : H*(Z, £) — H3(X,S) with the
morphism ¢ appearing in the long exact sequence:

Lo HYS,A) = HA(S,A) 5 H2(S,R¥) = HA(S,A) — ...
induced by the exponential sequence:
0> A >R 5 A50.
The relation [V4]p = 27j.(c(P)) becomes:
V] = 2 (e(P))

where [w] denotes the de Rham cohomology class of a form w € QF(M, S).
Conversely, any closed two-form V € Q(X,R?") which satisfies [V] =

cl
274 (c(P)) identifies with the curvature of some principal connection A on

P. ¥or any (E, B) € EMC(X, h), let:

Ves = < " >
BB 0 4 ’
E,B _ﬂB + 97721— *p, )
where E Y E? and B — «, (B).

Theorem 5.13. The image of the map Hy coincides with the set:

def. 5B
EMCpot (%, h;0,¢(P)) = {(E, B) € EMCpot(5, ) | [Vi: 5] = 2mes(c(P))} -
Moreover, the Hg-preimage of a configuration

(E, B) € EMCypoi (2, h; 0, ¢(P))

s given by:

Hy (B, B)}) = {(V, 4) € Dyons(S, h, Jp) |

E
VA:V%’E&gradh\If: (_QE_M§> }
27 g2
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Proof. Let (¥, A) be a polarized abelian dyon. Then Hy(¥,A) €
EMCpot(%, k) and by equation (57), there exists an electromagnetostatic
configuration (E, B) such that:

V./G4Z< GBB47r E>

Since V4 is the curvature of a connection A on P, it satisfies [V4]p =
27 (c(P)) and hence (E,B) e EMCypot (X, h;0,c(P)). On the other hand,
if (E,B) e EMCpo(2,h;0,c(P)), equation [V 5l = t+(c(P)) implies that
there exists a connection A on P whose curvature is VY, 5.5 and since (E ﬁ)

is a potential electromagnetostatic solution, choosing potentlals ® and T
and defining:

(61) U= <_Tq>>

we conclude that (V¥,.A) is a polarized abelian dyon whence (E, E) €
Im(Hp). It is now clear that the only freedom in choosing a preimage of
(E, E) by Hy lies only in choosing the potentials ® and T as prescribed in
the statement of the theorem and hence we conclude. (I

5.6. Polarized Bogomolny equations on the punctured Euclidean
3-space

In this subsection, we construct families of solutions (which generalize the
dyons of ordinary electromagnetism) on the punctured Euclidean space ¥ =

R} = def R3\ {0}. Spherical coordinates give a diffeomorphism:

R3 ~ Rsg x S2,
and we denote by r € Ry the radial coordinate. The metric h reads:
h=dr?+r°hg,

where hg2 is the unit round metric of S%2. We have v, = r2dr A vg2, where
vge is the volume form of S2. Let ¢ : }Rg — S? be the map defined though:

x|’

def. T
q(z) =
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where ||z|| is the Euclidean norm of z. Up to isomorphism, any Siegel bundle
of rank n and type t € Div" defined on P on R} is the pull-back through ¢
of a Siegel bundle of the same rank and type defined on S2, which reduces
to a principal torus bundle since S? is simply connected. Accordingly, the
duality structure A of P is holonomy trivial and we can fix a global flat
trivialization in which A identifies with:

(62) A= (2 x R*™, wap,d),

and the Dirac system L determined by P identifies with ¥ x A;. Hence
a Bogomolny pair consists of a map ¥ € C®(X,R?") and a connection
A € Conn(P) whose curvature can be viewed as a vector-valued two-form
V4 € Q3(3,R?™). Moreover, a taming of A can be viewed as a map J €
C> (X, GL(2n,R)) which squares to minus the identity everywhere and sat-
isfies J(0)@anJ (0) = oy, for all o € X.

Let us assume that J and ¥ depend only on r. Then d¥ = 0, ¥dr and
#,(dr) = 15, vn = r2¢*(vs:), hence the polarized Bogomolny equation reads:
(63) Va= TS 4 ().

r
Since V4 and g2 are closed, a necessary condition for this equation to admit
solutions A € Conn(P) is:

d, 5, d

— —U)=0.

dr (r Jdr )

The general solution of this integrability condition is:
_[Iv

U —
212

dr + ',
for constant vectors v, v’ € R?". Using this in gives:

L.
VA = —§Uq (Vsz) .
The last relation determines A up to a transformation of the form:
A—-A+w

where w € O} (P, R?") is closed and hence corresponds to a closed 1-form
W' € QYX,R?") (recall that dp = d in our trivialization of S). Notice that
w’ need not be exact since > = R} is not contractible.
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5.6.1. The integrality condition for v. Since S? is a deformation re-
tract of ¥, the map ¢* : H*(S?,R?"/A,) — H*(X,R?*"/A,) induced by ¢ on
cohomology is an isomorphism of groups for any abelian group of coefficients
A. Since H1(S%,Z) =0, the universal coefficient theorem for cohomology
gives:

(64) H?(S?, Ay) ~z Homg(Ho(S%,Z), Ay) ~z Ay,

where the last isomorphism is given by evaluation on the fundamental
class [S?] € Hy(S?,Z). This allows us to view the characteristic class ¢(P) =
q*(c(Po)) as an element of A;. Moreover, we have isomorphisms of vector
spaces:

(65) H?(S? R*") ~p H?(S?,Z) @7 R*™ ~p R?",

the last of which takes u ®z « to  for all z € R?". Through the isomorphisms
and (65), the map i, : H*(S?, A¢) — H?(S? R?") corresponds to the
inclusion Ay C R?" and 2mc(P) identifies with the de Rham cohomology

class of V4. The free abelian group H?(S%,7Z) is generated by half of the
Euler class e(S?) of S?, which satisfies:

/2 e(S?) = \($) = 1 + (—1)> = 2.

On the other hand, the de Rham cohomology class u def. [%] € H%*(S%,R?*)

satisfies:
1
U= Uy <2€(82)> )

Val = 2mi(c(P)),

‘We have:

which implies v € A as well as:
c(Py) = 3V e(S*) and i (c(P)) = vu .

Hence we obtain an integrality condition for the integration constant v,
which guarantees the existence of a solution and determines through the
previous equation the topological type of the bundle P carrying the solution.
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Appendix A. Local abelian gauge theory

This appendix discusses the duality-covariant formulation and global sym-
metries of source-free U(1)™ abelian gauge theory on a contractible oriented
four-manifold M endowed with an arbitrary metric of signature (3, 1), with
the goal of motivating the geometric model introduced in Section [I] and of
making contact with the physics literature. The local study of electromag-
netic duality for Maxwell electrodynamics in four Lorentzian dimensions has
a long history, see [21} 22] as well as [41] and its references and citations.
Let %4 be the Hodge operator of (M, g).

The prototypical example of local abelian gauge theory is given by clas-
sical electrodynamics, which is defined by the Lagrangian density functional:

${A) = =2 (Fal FA)™ + 5 (Fa)as (50 Fa).

F =dAwith A € QY(M),

where 6 € R is the theta angle. Classical Maxwell theory is obtained for
0 = 0. Below, we discuss the more general construction of local abelian gauge
theories, which is motivated by the local structure of four-dimensional super-
gravity and supersymmetric field theory and which involves a finite number
of abelian gauge fields.

A.1. Lagrangian formulation

Given n € Z~o and a Lorentzian metric ¢ on M, consider the following
generalization of the previous Lagrangian density, which allows all couplings
to be smooth real-valued functions:

LAY A = —Tax (F4, FY), + Ras (F4, % FY), -
Here A, X =1,...,n and :
Fi =dA?, A=1,...n,

where A% € Q1(M) and Rpyx,Zas € C>°(M) are the components of an R"-
valued one-form A € Q!(M,R"™) and of functions R,Z € C°°(M, Mats(n, R))
valued in the space Matg(n, R) of symmetric square matrices of size n with
real entries. To guarantee a positive-definite kinetic term we must assume
that Z is positive-definite everywhere. Notice that classical electrodynam-

ics corresponds to n =1 with R = % and 7 = ‘;—7;. Since *gFA = —FA | the
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action is equivalent to:
S[AL, ... A" = /Q[Al,...,A"}volg
= —/ (Zass F4 A xgFY + Ras FA A FY) .

The partial differential equations obtained as critical points of the variational
problem with respect to compactly supported variations are:

d(RAEFE +IAE *g FE) == 0,
or, in matrix notation:
Ad(RFA+Z x4 Fa)=0,

where Fy =dA € Q4(M,R") = Q% (M,R") is an R"-valued closed (and
hence exact) two-form. These equations define classical local abelian gauge
theory. Since both R and Z are symmetric and Z is positive definite, the
pair (R,Z) is equivalent to a map:

def. .
NZERA+IT: M — SH,,

where SH,, denotes the Siegel upper half space of symmetric n X n complex
matrices with positive definite imaginary part.

Definition A.1. A period matriz map of size n on M is a smooth func-
tion N € C>°(M,SH,,) valued in SH,,. We denote the set of such maps by
Per,,(M).

When the metric g is fixed, classical local abelian gauge theory is uniquely
determined by a choice of period matrix map.

Definition A.2. Let N =R +iZ be a period matrix map of size n. The
local abelian gauge theory associated to N is defined through the following
system of equations:

(A.1) ARFy+ T, Fa) =0,

with unknowns given by the vector valued one-form A € Q'(M,R"), where

Fy L dA € 02 (M, R).
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Remark A.3. The equations of motion of local abelian gauge theory have
a gauge symmetry consisting of transformations of the type:

A= A+da, a € C®(M,R").

Variables A € Q!(M,R") related by such gauge transformations should be
viewed as physically equivalent.

Let us write the equations of motion (A.1]) in a form amenable to geometric
interpretation. Given a period matrix map A/ = R + iZ and a vector of two-
forms F € Q?(M,R"™), define:

GyWN,F) e —RF—Tx,F.

Then the condition dF' = 0 together with the equations of motion (A.1f) are
equivalent with the single equation:

(A.2) v =0,
where the R?"-valued two-form V is related to F by:

(A3) V= (G (f/ F)> € O2(M,R?™) = Q2(M,R" & R").

As the following lemma shows, not every vector-valued two-form V €
O2(M,R?") can be written as prescribed by equation (A.3)).

Lemma A.4. Let N =R +iZ € Per, (M) be a period matriz map of size
n on M. A vector valued two-form V € Q?(M,R?"™) can be written as:

V= <Gg(f/, F))

for some F € Q*(M,R"™) if and only if:
(A.4) *gV =—-TJV,

where J € C°(M,GL(2n,R)) is the matriz-valued map defined through:

7 1R 71
TN\N-TIT-RZI'R —-RZI!')"

We have J? = —1. Moreover, F with the property above is uniquely deter-
maned by V.
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Remark A.5. Notice that J can be viewed as a complex structure defined
on the trivial real vector bundle of rank 2n over M. For classical electrody-
namics, the taming map is constant and given by:

g°0 g°
_ 82 47
j — _41 . 9292 _gzi .
g 1673 82

In this case, the period matrix map is constant and given by:

A7 . 0
N—?‘Fl%,

being traditionally denoted by 7.

Proof. If:

V= (Gg(f/', F)) :

then direct computation using the fact that *3 = —1 on two-forms shows
that V satisfies ¥, = —7JV. On the other hand, writing V = (G) with
F,G € Q*(M,R") shows that the equation *,V = —JV is equivalent to:

xg B\ —I7'RF -TI71G
xgG ) —(T+RI'R)F-RI'G)"

which in turn amounts to G = G4(N, F). O
Let wo, be the standard symplectic form on R?”, which in our conventions
has the following matrix in the canonical basis € = (e1,...,€pn, f1,..., fn) of
the latter:

(0 I
(A5) Won — (-In 0) .

Here I, is the identity matrix of size n. We have:

n

(A.G) Wan, = Zea A fa )
a=1
where &* = (e7,...,e}, fr,..., f) is the basis dual to

52(61,...,6n,f1,...,fn).
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The following result gives a geometric interpretation of the equations of
motion (A.4]). Recall that an almost complex structure J on R?" is called a
taming of the standard symplectic form wsy,, if:

won (JE1, JE) = wan(&1,&), V &,& € R*™,

and:

won(JE,€) >0, VEeR™ {0} .

Definition A.6. A taming map of size 2n defined on M is a smooth map
J € C*®(M,GL(2n,R)) such that J(m) is a taming of way, for every m € M.
We denote the set of all such maps by J,(M).

Proposition A.7. A matriz-valued map J € C*°(M,GL(2n,R)) can be
written as:

'R A
(A7) J = <—I—Rzl7z ~RI! >
in terms of a period matriz map N =R +iZ € Per,(M) iff T € Jn(M).

Proof. If J is taken as in equation for a period matrix map N then
direct computation shows that J(m) is a taming of wa, for all m € M.
For the converse, assume that J(m) € GL(2n,R) is a taming of wy, for
all m € M (we omit to indicate the evaluation at m for ease of notation).
Let £ = (e1,...,en, f1,..., fn) the canonical basis of R?". The vectors Er =
(fi,--., fn) form a basis over C of the complex vector space (R**, 7 (m)) ~
C™, hence there exists a unique map 7 € C*°(M, Mat(n, C)) which satisfies:

(A.8) ea =TM)ap fo, YVa=1,...,n,
where we use Einstein summation over repeated indices. Thus:

dab = wan(€a, fo) = won(T(M)ac fe, fo) = Im(7(m))ac w2n (T (M) fe; fo) 5

which implies that Im(7(m)) is symmetric and positive-definite. Using the
previous equation and compatibility of 7 (m) with ws,, we compute:

0= W2n(€aa €b) = Re(T(m))ba - Im(T(m))bc W2n(j(m) (ea)v fc)
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which shows that Re(7(m)) is symmetric. Hence the smooth map N €
C>°(M,SH") defined through N' =R + iZ, where:

R Re(r), T Im(r),

is a period matrix map. Equation (A.8|) gives:

J(m)(ea) = R(m)apZ ™ (M)pe €c — R(M)apZ (M), R(M) cq fa
- I(m)ad fd
T (m)(fa) = Z(m),, ey — I(m) ' R(mpe fe »

which is equivalent to (A.7). O
Proposition A.8. The map ©: Per,(M) — J,(M) defined through:

-1 1
Per, (M) 3 N = R +iT s O(N) % (_I SN _7131_1> € Jn(M)

is a bijection between Per, (M) and J,(M).

Proof. Follows directly from the proof of Proposition The inverse of ©
takes a taming map J € J,(M) to the period matrix ©71(J) = Re(7) +
iIm(7), where, for all m € M, 7(m) is the complex symmetric matrix of size
n uniquely determined by the expansion e, = 7y, f; of e, over C when R?"
is endowed with the complex structure J(m). O

Since M is contractible, we have Q2 (M, R?*") = Q2 (M, R?"). By the discus-
sion above, this implies that local abelian gauge theory can be formulated
equivalently as a theory of closed R?"-valued two-forms V € le(M ,R27)
satisfying the condition:

gV = —JV

with respect to a fixed taming map J € J,(M). Consequently, the theory
is uniquely determined by the choice of taming map. The condition dV =
0 is equivalent with V = dA, where A € Q'(M,R?") is considered modulo
gauge transformations A +— A + da with o € C*°(M,R?"). The map [A] —
dA gives a well-defined bijection Q'(M,R?*")/QL (M, R?*") = Q2 (M, R*").
Thus we can formulate classical local abelian gauge theory either in terms
of electromagnetic gauge potentials A € Q'(M,R?") taken modulo gauge-
equivalence or in terms of electromagnetic field strengths V € QEI(M, R?).
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Definition A.9. Let J € J,(M) be a taming map. The space of elec-
tromagnetic gauge configurations of the U(1)™ local abelian gauge is
QY (M, R?M).

Two gauge configurations are called gauge equivalent if they differ by an
exact one-form. The theory is defined by the polarized self-duality condition
for A € QY (M, R?"):

(A.9) V4 = —TVa, where V4 L dA.

The space of electromagnetic gauge fields (or electromagnetic gauge poten-
tials) of the theory is the linear subspace of Q!(M,R?") consisting of those
elements which satisfy (A.9)):

def.

Sol, (M, g, T) = {A€ QM R*™) | %y Va=—-TVa} .

Elements A € Q'(M,R?") are called (electromagnetic) gauge potentials or
gauge fields. The space of field strength configurations is the vector space:

def.

Conf, (M) = Q4(M,R*"),

while the space of field strengths is defined through:

Sol, (M, g, 7) L {V € Cont, (M) | #,V = TV} .

The map [A]+ dA gives a bijection QY (M,R?")/QL(M,R?") =

Conf, (M), which restricts to a bijection &ol,,(M,g,J)/QL(M,R?") =
SOln(Mygaj)'

A.2. Duality groups

Let Diff(M) be the group of orientation-preserving diffeomorphisms of M
and J € Jn(M) be a taming map of rank 2n defined on M. For (v, f) €
GL(2n,R) x Diff (M), consider the linear isomorphism:

(A.10) A QF(MLRP) 5 OF (MR w s y(fuw)

where f,: QF(M,R?") — QF(M,R??) is the push-forward through the dif-
feomorphism f. This gives a linear action of GL(2n,R) x Diff (M) on
Qk(M ,R?™). Since this action commutes with the exterior derivative, it pre-
serves the space Conf,, (M) of field strength configurations.
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For any v € Sp(2n,R), the map:

Tog LT o f 7,

is a taming map. This gives an action p of Sp(2n,R) x Diff (M) on J, (M)
defined through:

def. .
wly IT) E Top ¥ (3, f) € Sp(2n,R) x Diff (M) .
Proposition A.10. For every (v, f) € Sp(2n,R) x Diff (M), the map A, 5

induces by restriction a linear isomorphism:

Afy,f: SOln(M7ga j) l> SOln(M7 f*(g)7 j’y,f) s
where f.(g) denotes the push-forward of g by f € Diff(M).

Remark A.11. If we consider a pair (v, f) € GL(2n,R) x Diff (M) with
v & Sp(2n,R), then 7, ; is not a taming map, so it does not define a local
abelian gauge theory. From a different point of view, such a transformation
would not preserve the energy momentum tensor of the theory and its La-
grangian formulation. See [41] and references therein for more details about
this point.

Proof. For any V € Q2 (M,R?*"), we have:

xgV = =TV = A, (xV) = —A, (TV)
= #p,(g) (A, g V) = =Ty p Ay s (V).

Consider the infinite rank vector bundle with total space:

Sol, (M) & I1 Sol, (M, g,.7),
(9,T)eMets,1 (M) xJn (M)
and infinite-dimensional base B,,(M) e Mets 1 (M) x Jn (M), with the nat-
ural projection. Let o be the action of Sp(2n,R) x Diff (M) on B, (M) de-
fined though o = f, x u, i.e.:

o(v, )9, T) = (fe(9), T.5) -

Then Proposition shows that the restriction of A gives a linearization of
o on the vector bundle Sol, (M). In particular, each fiber of Sol, (M) carries
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a linear representation of the isotropy group of the corresponding point in
the base. Let Iso(M, g) be the group of orientation-preserving isometries of
(M, g). Then:

StabSp(2n,R)xDifT(M)(g7 j) = {(’%f) S Sp(2n7R) X ISO(Mv g) | ‘7’va = j}

and we have:

Corollary A.12. Let (v, f) € Sp(2n,R) x Iso(M, g) such that Ty 5= J,
ie. Jof=~Ty ' Then A,y is a linear automorphism of Sol,(M, g, J).

Definition A.13. Let J € J,(M) be a taming map and g be a Lorentzian
metric on M.

The group Sp(2n,R) x Diff (M) is called the unbased pseudo-duality group.
The linear isomorphism:

Ay i Soly (M, g, T) = Soln(M, f(9), T.f)

induced by an element of this group is called a unbased pseudo-duality
transformation.

The group Sp(2n,R) x Iso(M, g) is called the unbased duality group. The
linear isomorphism:

A i Sol, (M, g, J) = Sol,(M, g, T, 1) ,

induced by an element (v, f) of this group is called a unbased duality
transformation.

The group Sp(2n,R) is called the duality group. The linear isomorphism:
A’y,idM : SOln(Ma 97 j) l> SOln(Ma g7 j’y) )

where 7, def. Tyjidy = T~y L, is called a classical duality transformation.

Definition A.14. Let J € J,(M) be a taming map and g be a Lorentzian
metric on M.



2300 C. Lazaroiu and C. S. Shahbazi

e The stabilizer:

(A.11) UM, T)E {(v, f) € Diff(M, g) x Sp(2n, R) |
Jof=vTyv'},

of J in Sp(2n,R) x Diff (M) with respect to the representation y is called
the unbased unitary pseudo-duality group. The linear isomorphism:

A%f: Soln(M,g,J) = SOln(Ma f*(g)vj)a

induced by an element of this group is called an unbased unitary pseudo-
duality transformation.

e The stabilizer:

(A.12) UM, g,T) % {(7, f) € Sp(2n,R) x Tso(M, g) |

Jof=~T7"},

of J in Sp(2n,R) x Iso(M) with respect to the representation yu is called
the unbased unitary duality group. The linear isomorphism:

Ay g:Soly (M, g, J) = Sol,(M,g,7),

induced by an element of this group is called an unbased unitary duality
transformation.

e The stabilizer:

def.

Us(n) = {7y €Sp2n,R) [vJy ' =T} .

of J in Sp(2n,R) with respect to the action J — vJ~~! is called the
unitary duality group. The linear automorphism:

Ay i Sol, (M, g,J) = Sol,(M,g,7)

of Sol, (M, g,J) induced by an element of this group is called a unitary
duality transformation.
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We have inclusions:
Ug(n) CUM,g,T) CUM,T)
and short exact sequences:

(A.13) 1—-Ugzs(n)—>UM,g9,T) = Isoz(M,g) — 1,
(A.14) 1 —=1Iso(M,g9)y = UM,T) = Sps(2n,R) = 1,

where Iso7(M,g) is the subgroup of those f € Iso(M,g) for which there
exists v € Sp(n,R) such that J o f = vJ~~!, while Sp7(2n,R) is the sub-
group of those v € Sp(2n,R) for which there exists f € Iso(M, g) such that
J o f =~J~~L. Finally, the group:

Iso(M, )7 = {f € Iso(M,g) | T o f = T}
is the stabilizer of J in Iso(M, g). In particular, we have:

Corollary A.15. If Ugy(n)=1 then U(M,9,T)=1Is0o7(M,q). If
Iso(M,g)7 =1 thenU(M,g,J) = Sp7(2n,R).

A.3. Gluing local abelian gauge theories

Let now M be an arbitrary oriented manifold admitting Lorentzian metrics.
Let U = (Uy)aer be a good open cover of M, where [ is an index set. Denote
by g the restriction of g to U,. Roughly speaking, the definition of abelian
gauge theory on (M, g) given in Section (1] is the result of gluing the local
U(1)™ abelian gauge theories defined on the contractible Lorentzian four-
manifolds (U, go) using electromagnetic dualities. In order to implement
this idea, we choose a locally constant Sp(2n, R)-valued Cech cocycle for U:

uap: Us NUg — Sp(2n,R)
and a family of taming maps J,: Uy, — R?" for wo, such that:
Tp = tap Jatip
on double overlaps. The collection:

{(Uoé)aefa (ga)aela (ja)aela (uaﬁ)a,ﬁel} 5

is equivalent to a flat symplectic vector bundle (S,w,D) with symplectic
form w and symplectic flat connection D, equipped with an almost complex
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structure J which is a taming of w. A family (V,)aer of solutions of the
local abelian gauge theories defined by (Ju)aer on (Ua, go) Which satisfies:

Vs = uapVa
corresponds to an S-valued two-form V € Q?(M,S) which obeys:
dpV =0,

where dp: Q*(M,S) — Q*(M,S) is the exterior differential twisted by D.
This construction motivates the global geometric model introduced in [32]
and further elaborated in Section [II

Appendix B. Integral symplectic spaces and integral
symplectic tori

This appendix recalls some notions from the theory of symplectic lattices
and symplectic tori which are used throughout the paper. We also introduce
the notion of integral symplectic torus.

Definition B.1. An integral symplectic space is a triple (V, w, A) such that:
e (V,w) is a finite-dimensional symplectic vector space over R.

e A C V is full lattice in V, i.e. a lattice in V such that V = A ®z R.

e w is integral with respect to A, i.e. we have w(A,A) C Z.

An isomorphism of integral symplectic spaces f: (V1,wi, A1) = (Va, w2, Ag)
is a bijective symplectomorphism from (Vi,w;) to (Va,ws2) which satisfies:

f(A1) = As.

Denote by Symp, the groupoid of integral symplectic spaces and isomor-
phisms of such. Let Aut(V) be the group of linear automorphisms of the
vector space V' and Sp(V,w) C Aut(V') be the subgroup of symplectic trans-
formations. Then the automorphism group of the integral symplectic space
(V,w,A) is denoted by:

Sp(V,w, A) = {T € Sp(V,w) | T(A) = A} .

Definition B.2. An integral symplectic basis of a 2n-dimensional integral
symplectic space (V,w, A) is a basis € = (§1,...,&n,C1,---,Cn) of A (as a free
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Z-module) such that:

w(fz,{]) = w( Z,C]) = 07

where t1,...,t, € Z are strictly positive integers satisfying the divisibility
conditions:

tlta] .. [t -

By the elementary divisor theorem, see [19, Chapter VI|, every integral sym-
plectic space admits an integral symplectic basis and the positive integers
t1,...,t, (which are called the elementary divisors of (V,w,A)) do not de-
pend on the choice of such a basis. Define:

. def.
Div" < {(tl,,tn) S ZQO | t1|t2‘ |tn} ’

and:
def. . n
d(n) = (1,...,1) € Div".
Let < be the partial order relation on Div"™ defined through:

(t1y e otn) < (H), . ) ifft|tiVi=1,... n.

Then 6(n) is the least element of the ordered set (Div", <). Notice that this
ordered set is directed, since any two elements ¢, € Div" have an upper
bound given by (t1t],...,t,t,). In fact, (Div", <) is a lattice with join and
meet given by:

tV it = (lem(ty,t)),...,lem(ty, t))), t At = (ged(t1, 1)), ..., ged(tn, th)) -

This lattice is semi-bounded from below with bottom element given by d(n)
and it is complete for meets (i.e., it is a complete meet semi-lattice).

Definition B.3. The type of an integral symplectic space (V,w,A) is the
ordered system of elementary divisors of (V,w, A), which we denote by:

t(V,w,A) = (t1,...,t,) € Div".
The integral symplectic space (V,w, A) is called principal if:

t(V,w,A) = d(n) € Div".
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Let wo, denotes the standard symplectic pairing on R?".

Proposition B.4. Two integral symplectic spaces have the same type if
and only if they are isomorphic. Moreover, every element of Div™ is the type
of an integral symplectic space. Hence the type induces a bijection between
the set of isomorphism classes of integral symplectic spaces and the set Div"™.

Proof. The first statement is obvious. For the second statement, fix ¢

t1,...,t,) € Div". Consider the full lattice Ay C R?" defined as follows:
( )

(B.15) A L, bt tadan) | D lon € Z)
Then (R?",ws,, A¢) is an integral symplectic space of type t. O

Definition B.5. The lattice A defined in (B.15) is called the standard
symplectic lattice of type t and (R?™, way,, A¢) is called the standard integral
symplectic space of type t.

We have As(,) = 72", Moreover, A¢ is a sub-lattice of Z?" and we have
22Ny ~ Zy, X ... x Zy, for all t € Div(n). For t,t' € Div", we have Ay C A¢
if and only if t < t'. The lattice A¢ admits the basis:

fi=e1=(1,0,...,0),....60 =€, = (0,...,0,1,0,...,0)
Cl:tlfl:(O)°"aoutl)o)"'50)7"‘7 n:tnfn:(0a7oatn)7

in which the standard symplectic form of R?” has coefficients:

wan(&i, &) = wan(Giy Gj) = 0
wan (&, ) = tidij , wan(Gi, §5) = —tidij -

The isomorphism which takes &; to e; and ¢ to f; identifies (R?",way,, A¢)
with the integral symplectic space (R?",wy, Z>"), where wy is the symplectic
pairing defined on R?" by:

(B.16) wt(ei, ej) = wt(fi, f]) = 0,
wt(ei,fj) :51‘j, wt(fi,ej) = _51']', Vi= 1,...,n.

Given t = (t1,...,t,) € Div", consider the diagonal n x n matrix:

D, " diag(ty,. .., t,) € Mat(n, Z),
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as well as:

def. (I, 0
Iy = <0 D{) € Mat(2n,Z) .
Definition B.6. The modified Siegel modular group of type t € Div" is the
subgroup of Aut(R?", wsy,) ~ Sp(2n,R) defined through:

Sp(2n,Z) S {T € Aut(R* wan) | T(A) = Ad}
~{T € Sp(2n,R) | T IT{' =T} .

Since (R?", wap, Ay) =~ (R?",wy, Z2"), we have
Sp,(2n, Z) ~ Aut(R?", wy, Z*").
Hence Sp¢(2n,Z) is a subgroup of GL(2n,Z). The remarks above give:

Proposition B.7. [32 Proposition F.12] Let (V,w, A) be an integral sym-
plectic space of dimension 2n. Any integral symplectic basis of this space
induces an isomorphism of integral symplectic spaces between (V,w,A) and
(R?™ wap, Ay) as well as an isomorphism of groups between Sp(V,w,A) and
Spe(2n,Z).

We have Spy,,)(2n, Z) = Sp(2n,Z) and Sp((2n,Z) C Spy(2n,Z) when t < t'.
Hence Sp(2n,Z) forms a direct system of groups and we have Sp(2n,Z) C
Sp¢(2n,Z) for all t € Div". The direct limit lim o Sp¢(2n,Z) identifies
with the following subgroup of Sp(2n,R):

Spo(2n,Z) € {T € GL(2n,R) | 3 t7 € Div" : T € Sp,, (2n, )},
through the isomorphism of groups ¢ : Sp..(2n,Z) — hﬂteDiv" Sp(2n, Z)
which sends T € Sp,.(2n,Z) to the equivalence class [o(T)] €
ling .o Spi(2n,Z) of the family (7)€ UepiveSp¢(2n,Z) defined
through:

def. T if tr <t
a(l)e = { 1 iftp £t
Notice that Sp(2n,Z) = Sp;(,)(2n, Z) is a subgroup of Sp.(2n, Z).

Definition B.8. The type of an element T € Sp,,(2n,Z) is defined as the
greatest lower bound t(T") € Div" of the finite set {t € Div"|t|tp}, where tp
is any element of Div" such that T' € Sp¢(2n,Z).

Notice that the type of T'is well-defined and that we have T' € Spyy(2n, Z).
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B.1. Integral symplectic tori

The following definition distinguishes between a few closely related notions.

Definition B.9. A d-dimensional torus is a smooth manifold T diffeomor-
phic with the standard d-torus T% def- (SY)?. A d-dimensional torus group is
a compact abelian Lie group A which is isomorphic with the standard d-
dimensional torus group U(1)? as a Lie group. A d-dimensional affine torus
is a principal homogeneous space A for a d-dimensional torus group. The
standard affine d-torus is the d-dimensional affine torus A, defined by the
right action of U(1)? on itself.

The underlying manifold of the standard d-dimensional torus group is the
standard d-torus while the underlying manifold of a d-dimensional torus
group is a d-torus. Moreover, any d-dimensional affine torus group is iso-
morphic with a standard affine d-torus. The transformations of an affine
torus given the right action of its underlying group will be called transia-
tions. Choosing a distinguished point in any affine torus makes it into a
torus group having that point as zero element. Conversely, any torus group
defines an affine torus obtained by ‘forgetting’ its zero element. The singular
homology and cohomology groups of a d-torus T are the free abelian groups
given by:

Hy(T,Z) ~ A\*H\(T,7Z)
H¥(T,2) ~ A*"HYT,Z) ~ \NFH\ (T, Z)Y

forall k =0,...,d, where H(T,Z) ~ H'(T,Z) ~ Z%. The underlying torus
group of any affine torus A is isomorphic with A def. H{(A,R)/H,(A,Z). The
group of automorphisms of a d-dimensional torus group A is given by:

Aut(A) = Aut(H;(A,R), H1(A,Z)) ~ GL(d,Z) .
Note that the group of automorphisms of the d-dimensional affine torus is
isomorphic to U(1)? x Aut(U(1)%) ~ U(1)? x GL(2n,Z), where GL(2n,Z)

acts on U(1)? through the morphism of groups p: GL(2n,Z) — Aut(A) given
by:

(B.17) p(T)(exp(27izx)) = exp(2niT(z)), VT € GL(d,Z), VxeR?.
Here exp : R? — U(1)¢ is the exponential map of U(1)?, which is given by:

exp(v) = (e¥,...,e%), Yov=(vy,...,v9) € R?.



The duality covariant geometry of abelian gauge theory 2307

Definition B.10. Let T be a torus of dimension at least two. A subtorus
T" C T is called primitive it Hy(T’,Z) is a primitive sub-lattice of Hy(T,Z),
i.e. if the abelian group H1(T,Z)/H;(T’,Z) is torsion-free.

Definition B.11. A symplectic torus is a pair T = (T,Q), where T is an
even-dimensional torus and 2 is a symplectic form defined on T. A symplectic
torus group is a pair A = (A, ), where A is an even-dimensional torus group
and (2 is a symplectic form defined on the underlying torus which is invariant
under translations by all elements of A. An affine symplectic torus is a pair
A = (A, Q), where A is an even-dimensional affine torus and €2 is a symplectic
form on A which is invariant under translations.

Definition B.12. A symplectic torus T = (T,Q) is called integral if the
symplectic area fT, Q of any of its primitive two-dimensional subtori 7" is
an integer.

Let (T,Q) be a symplectic torus. The cohomology class of € is a non-
degenerate element w € H%(T,R) ~ A2H(T,R)Y, i.e a symplectic pairing
on the vector space Hi(T,R). The symplectic torus (T, ) is integral if and
only if the triplet (H1(T,R), H1(T,Z),w) is an integral symplectic space. In
this case, w descends to a symplectic form € which makes H; (T, R)/H; (T, Z)
into an integral symplectic torus group. If A = (A, Q) is an integral affine
symplectic torus, then €2 is determined by its cohomology class w, hence A
can also be viewed as a pair (A,w) where A is an affine torus and w is a
symplectic form on Hj(A,R) which is integral for the lattice Hi(A,Z). In
this case, any choice of a point in T allows us to identify A with the integral
symplectic torus group (Hi(A,R)/Hi(A,Z),).

Let (R?",wap, A¢) be the standard integral symplectic space of type t €
Div™ and ¢ be the translationally invariant symplectic form induced by ws,
on the torus group R?"/A;. Then the symplectic torus group (R2” /A, Qt)
is integral.

Definition B.13. The 2n-dimensional standard integral symplectic torus
group of type t € Div" is:

A (R/A, Q)

The integral affine symplectic torus A obtained from A by forgetting the
origin is the standard integral affine symplectic torus of type t.
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Note that every integral affine symplectic torus A is affinely symplectomor-
phic to a standard affine symplectic torus A¢, whose type t is uniquely-
determined and called the type of A. Similarly, every integral symplectic
torus group A is isomorphic with a standard integral symplectic torus group
A whose type t is uniquely determined by A and called the type of A. The
group of automorphisms of Ay for t € Div" is given by:

Aut(Ay) = Sp,(2n, Z)

while the group of automorphisms of an integral symplectic affine torus
Ay = (A, Q) of type t € Div" is:

Aut(A) = A x Spy(2n,7Z),

where A = Hi(A,R)/H;(A,Z) is the underlying torus group of A and the ac-
tion of Spy(2n,Z) C GL(2n,Z) ~ Aut(A) on A coincides with that induced

from the action on Hy(A,R) ~ R?". We denote by Aff; e Aut(Ay) the au-
tomorphism group of the integral affine symplectic torus of type t. We have:

Affe = U(1)?" x Sp,(2n,Z) ,

where Sp(2n,Z) C GL(2n,Z) acts on U(1)?" through the restriction

of (BT7).

Definition B.14. Let A = (A4,Q) and A’ = (4’, Q') be two integral sym-
plectic torus groups. A symplectic isogeny from A to A’ is a surjective mor-
phism of groups f : A — A’ with finite kernel such that f*(Q') = Q.

The following statement is immediate.

Proposition B.15. Let t,t' € Div" be such that t <t', namely t; = q;t;
(where q; € Zsgo) for all i =1,...,n. Then the map f: Ay — A defined
through:

f(z 4+ Ay) = 2+ A Vz € R

s a symplectic isogeny whose kernel is given by:
ker(f) >~ Zg, X ... X Zq, .

In particular, A¢ is isogenous with A, for all t € Div".
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B.2. Tamings

Definition B.16. A tamed integral symplectic space is a quadruple
(V,w, A, J), where (V,w, A) is an integral symplectic space and J is a taming
of the symplectic space (V,w). The type of a tamed integral symplectic space
is the type of its underlying integral symplectic space.

Given a tamed integral symplectic space (V,w, A, J) of type t € Div", the
taming J makes V into a n-dimensional complex vector space, which we
denote by Vj. The symplectic pairing w induces a Kahler form {2 which
makes the complex torus V;/A into a (generally non-principal) polarized
abelian variety whose underlying symplectic torus coincides with A¢. We
refer the reader to [32, Appendix F| for details on the relation between tamed
integral symplectic spaces and (generally non-principal) abelian varieties.
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