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Abstract

Abelian topologically massive gauge theories (TMGT) provide a topological
mechanism to generate mass for a bosonic p-tensor field in any spacetime
dimension. These theories include the (2+1)-dimensional Maxwell-Chern—
Simons and (3+1)-dimensional Cremmer—Scherk actions as particular cases.
Within the Hamiltonian formulation, the embedded topological field theory
(TFT) sector related to the topological mass term is not manifest in the original
phase space. However, through an appropriate canonical transformation, a
gauge-invariant factorization of phase space into two orthogonal sectors is
feasible. The first of these sectors includes canonically conjugate gauge-
invariant variables with free massive excitations. The second sector, which
decouples from the total Hamiltonian, is equivalent to the phase-space
description of the associated non-dynamical pure TFT. Within canonical
quantization, a likewise factorization of quantum states thus arises for the
full spectrum of TMGT in any dimension. This new factorization scheme
also enables a definition of the usual projection from TMGT onto topological
quantum field theories in a most natural and transparent way. None of these
results rely on any gauge-fixing procedure whatsoever.
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1. Introduction

Topological field theories (TFT, see [1] for a review) have played an important role in a wide
range of fields in mathematics and physics ever since they were first constructed by Schwarz
[2] and Witten [3]. These theories actually possess so large a gauge freedom that their physical,
namely their gauge-invariant observables solely depend on the topology (more precisely, the
diffeomorphism equivalence class) of the underlying manifold. Another related feature of TFT
is the absence of propagating physical degrees of freedom. Upon quantization, these specific
properties survive, possibly modulo some global aspects related to quantum anomalies. As
a consequence, topological quantum field theories (TQFT) often have a finite-dimensional
Hilbert space and are quite generally solvable, even though their formulation requires an
infinite number of degrees of freedom. There exists a famous classification scheme for TQFT,
according to whether they are of the Schwarz or of the Witten type [1].

As a class of great interest, TFT of the Schwarz type have a classical action which is
explicitly independent of any metric structure on the underlying manifold and does not reduce
to a total divergence or surface term. The present work focuses on all such theories defined
by a sequence of Abelian B A F theories for manifolds M of any dimension (d + 1) [2, 4, 5].
Given a real-valued p-form field A in Q7(M) and a real-valued (d — p)-form field B in
Q?=P(M), the general TFT action of interest is of the form

SB/\F[A,B]ZK/ (1-&FAB—-(—1)’§AAH, (1)
M

k being some real normalization parameter of which the properties are specified throughout the
discussion hereafter. This action is invariant under two independent classes of finite Abelian
gauge transformations acting separately in either the A- or B-sector,

A = A+a, B ' =B+8, )

where o and § are closed p- and (d — p)-forms on M, respectively. The derived quantities
F = dA and H = dB are the gauge-invariant field strengths associated with A and B.
The arbitrary real variable & introduced in order to parametrize any possible surface term
is physically irrelevant for an appropriate choice of boundary conditions on M. Given the
definition of the wedge product, A, the integrand in (1) is a (d + 1)-form, the integration of
which over M does not require a metric. In the particular situation when the number of spatial
dimensions d is even and such that d = 2p with p itself being odd, in addition to the B A F
theories defined by (1) there exist TFT of the Schwarz type involving only the single p-form
field A with the following action®:

SA/\F[A]ZK/ ANF. 3)
M

These theories are said to be of the A A F type. They include the Abelian Chern—Simons
theory in 2+1 dimensions [2, 6].

This sequence of TFT of the Schwarz type formulated in any dimension, and related to one
another through dimensional reduction [7], possesses some fascinating properties. First, the
space of gauge-inequivalent classical solutions is isomorphic to H” (M) x H d=r(M), H? (M)
being the pth cohomology group of the manifold M. Second, the types of topological terms
contributing to these actions define generalizations to arbitrary dimensions of ordinary two-
dimensional anyons. Namely, non-local holonomy effects give rise to exotic statistics for
the extended objects which may be coupled to the higher order tensor fields [8, 9]. Third,
these types of quantum field theories display profound connections between mathematics and

® If p is even with d = 2p, this action reduces to a surface term.



Gauge-invariant factorization and canonical quantization of massive gauge theories 9611

physics for what concerns topological properties related, say, to the motion group, the Ray—
Singer torsion and link theory. These connections appear within the canonical quantization’
of these systems [11, 10].

Furthermore, within the context of dynamical relativistic (quantum) field theories in any
spacetime dimension, which is a general framework of potential relevance to fundamental
particle physics as well as mathematical investigations for their own sake, such topological
B A F terms may be considered to define couplings between two independent tensor fields
whose dynamics is characterized by the following action, provided the spacetime manifold
M is endowed now with a Lorentzian metric structure (of mostly negative signature) allowing
for the introduction of the associated Hodge * operator

I o
Stmar[A, Bl= | —(—DPF A*F+—(—1D“"?H AxH
M 2e? 282

+Kf (1—&FAB—(—1)PEA A H. 4)
M

The notations are those introduced previously. Given a choice of units such that ¢ = 1, the
physical dimensions of A and B are L™7 and L~9*7, respectively, whereas the multiplicative
constant k possesses the same physical dimension as the action. The parameters e and g are
arbitrary real constants corresponding to coupling constants when matter fields coupled to
A and B are introduced. Without loss of generality for the present analysis, the parameters
e and g are assumed to be strictly positive. In 3+1 dimensions, one recovers the famous
Cremmer—Scherk action [12, 13] and in 2+1 dimensions, the doubled Chern—Simons theory
[14]. It is well known that the topological terms generate a mass for the dynamical tensor
fields without breaking gauge invariance. Introducing an appropriate choice of gauge fixing,
it is possible to render one of the tensor fields massive through a combination with the other
tensor field [13]. In the particular circumstance that d = 2p with p odd, a topological term
of the A A F type (3) generates also a mass even though the action involves a single p-form
field A:

—1
Stmar[A] =/ ﬁF/\*F+£A/\F. (5)
M 4€ 2

In 2+1 dimensions, this action defines the well-known Maxwell-Chern—Simons theory [15].

The outline of the paper is as follows. Section 2 discusses a new property of the Abelian
TMGT valid whatever the number of space dimensions and the value of 0 < p < d for
the p- and (d — p)-form fields: the ‘physical-topological’ factorization of their degrees of
freedom. This result is achieved within the Hamiltonian formulation through a canonical
transformation of classical phase space leading to two independent and decoupled sectors®.
The first of these sectors, namely the ‘physical’ one, consists of gauge-invariant variables
which are canonically conjugate and describe free massive propagating physical degrees of
freedom. The second sector, namely the ‘topological’ one, consists of canonically conjugate
gauge-variant variables which are decoupled from the total Hamiltonian and, hence, are
non-dynamical. This sector is equivalent to a pure TFT of the A A F or B A F type.
This factorization enables the identification of a mass generating mechanism for any p-form
(or, by dualization, any (d — p)-form) without introducing any gauge-fixing conditions or
second-class constraints whatsoever as has heretofore always been the case in the literature.
Section 3 addresses the Dirac quantization of these systems, with the identification of
the spectrum of physical states through a likewise factorization extended to the space of

7 When M = R x I, the physical Hilbert space is the set of square integrable functions on H? (%) [4].
8 In other words, the Poisson brackets of variables belonging to the two distinct sectors vanish identically.
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quantum states. Finally, section 4 discusses how the factorization leads to a most transparent
understanding of the projection from TMGT onto TQFT in whatever spacetime dimension in
the limit of an infinite topological mass.

2. Gauge-invariant factorization of the classical theory

2.1. Hamiltonian formulation

Because of the built-in gauge invariances of these systems, the analysis of the constraints
[16, 17] of topologically massive gauge theories is required in order to identify their
Hamiltonian formulation. Given the total action (4) written out in a component form, the
associated Lagrangian density reads

h (=1)? h (=D)d-r
ETMGT — £ ( ) Lty MK Up+l +£ ( ) Hvlmvd, " Vi Vd—p+l
2e2 (p+1)! ’ 2¢2(d — p+1)! 4
1—
(1+p)lid - p)!
1P
—K—g( ) puostpre izt A Hy s (6)
pld—p+1)! ! !
where Greek indices, u,v = 0,1, ...,d, denote the coordinate indices of the spacetime

manifold M while 4 is the absolute value of determinant of the metric. According to our
conventions, the components of the field strength tensors are given as
1

Fm---p-pn = EB[MAM-"MPH]’ Hvl"‘vdfpﬂ = (d_—p)!a[vl sz---vdﬂﬁl]’ )
where square brackets on indices denote total antisymmetrization. The above expression with
the single parameter x multiplying each of the topological B A F and A A H terms while &
parametrizes a possible surface term does not entail any loss of generality. Had two independent
parameters k and A multiplying each of the topological terms been introduced, only their sum,
(x + 1), would have been physically relevant, the other combination corresponding in fact to
a pure surface term.

In order to proceed with the Hamiltonian analysis, the spacetime manifold M is now
taken to have the topology of M = R x X, where X is a compact orientable d-dimensional
Riemannian space manifold without boundary. Adopting then synchronous coordinates on
M, the spacetime metric takes the form ds® = dr*> — /;; dx’ dx/, h;;(¥) being the Riemannian
metric on X. Here Latin indices, i = 1,...,d, label the space directions in X. The
configuration space variable A(f,x) may then be separated into its temporal component
dr A Ag(t, X), with Ay(t, X) being a (p — 1)-form on X, and its remaining components A (z, X)
restricted to Q7 (X):

- 1 . . .
Ao(t, X) = ————=Agi,..i,_, (£, X)dx" A= Adx,
(p—D! !
) ) . . 3)
Alt, 2) = _'Ail---i,,(t’ ?c) dx"" A - Adx'r,
p!

A similar decomposition applies to the (d — p)-form B(z, X).
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The actual phase-space variables are then the spatial components A and B along with
their conjugate momenta P and Q defined to be the following differential forms on X:

I 1. -

p— — ] . C L pheln et AL Jp

P_p!\/%h,m...h,pij' rdx/t A Adx’r,

o I .o ield—p oyt A .o Ja—p

0 =l \/}_lh,lj1 cohi e, O dx/t A A dxdir,
of which the pseudo-tensorial space components are P'i+i» and Q'1""¢-». Expressed in terms
of the configuration space variables, these latter quantities are given as
piveir = —hF()‘ R R +K—(1 = %) etvidir g

62 J1---Jp (d _ p)' JiJd—p

(10)
vh §

ipedd—p — .. Rha Tid—pji-p _ 2 (_1\Pd=p) iviapji=jp A . .
0 r=— H()j....jd,ﬂh L ki — e 2 (1) € l ’Aj]...jp,
g p!

while the symplectic structure of Poisson brackets is characterized by the canonical brackets
{Ai i, (. 3), PIio(, ) = o) 818G = ),
{Biy i, (0, %), Q130 (1, 5)} = 81 L8O — ).
A priori, phase space also includes the canonically conjugate variables Ay and P°, and By and
Q0~
The Legendre transform of the Lagrangian (6) leads to the total gauge-invariant
Hamiltonian,

H= S b -l — 6B+~ (@A) + (. PO
_E(* k(1 —§)B) 2—82( )7+ (u, P7)

Y

2
i 1
+ %(*Q 5= )PP A + 5 (AB) + (v, Q) + (surface term)
g

+f (=P + Ag) Ad(xP +kEB)
>z

+/ (=D P + By) Ad(x0 — k(1 — £)(=1)PY=P A). (12)
>

In this expression as well as throughout hereafter, the Hodge * operation is now considered
only on the space manifold ¥ endowed with the Riemannian metric 4;;. In (12) the inner
product on QK(X) x QK(X) is constructed as

(00)?* = (wx, @) with (wp, M) = fka*nk. (13)
>

The quantities u’ and v’ are Lagrange multipliers for the two first-class constraints associated
with Abelian gauge symmetries while u and v are those for the first-class constraints P* = 0
and Q° = 0 arising because the fields Ay and By are auxiliary degrees of freedom of which
the time derivatives do not contribute to the action. Upon reduction to the basic layer of the
Hamiltonian nested structure [16], P° and Q° decouple from the system, whereas A and
By play the role of Lagrange multipliers enforcing the two Gauss laws. These constraints
generate those gauge transformations in (2) which are continuously connected to the identity
transformation, namely the so-called small gauge symmetries, one generated by the fields P
and B and the other by A and Q, respectively. Note that given Hodge duality, the phase-space
variables are associated with isomorphic spaces, Q”(X) = Q?7(X). Hence at any given
spacetime point, phase space has dimension 4C7.



9614 B Bertrand and J Govaerts

2.2. The physical-topological (PT) factorization

The above results are well known. However, the fields used to construct the theory do not
necessarily create physical states since these are not gauge-invariant variables. Therefore,
let us now introduce the new physical-topological factorization of the classical theory, by
also requiring that these field redefinitions are canonical and preserve canonical commutation
relations. First consider the quantities

A:—l(—l)P<d*P>*Q“+(1—g)A, B:l*ﬁ+gé, (14)
K K

defined on the dual sets Q7 (%) and ¢~7(X). This choice is made in such a way that the two
Gauss laws are expressed in term of these variables only, as is the case for a topological B A F
theory,

kK(—1)P=P dA =0, (—1)PkdB = 0. (15)
As a matter of fact, these variables are canonically conjugate,
- - 1 - -
{Aiyi, @, %), By j, (0.3} = ;fi,.“i,,jl...jd,,,5(d)(x - ). (16)
The two finite gauge transformations in (2) act on these new variables according to the relations
A =A+a, B =B+8. (17)

At a given spacetime point, these canonically conjugate variables carry 2C) degrees of
freedom. The remaining 2C} degrees of freedom are associated with the following pair
of gauge-invariant variables:

G=0+kExA, E=P—«(l—§&)(=1)PU4=P xB. (18)
Their pseudo-tensor Lorentz components are defined as in (9) while they possess the following
non-vanishing canonical Poisson brackets:

(BN (1, 3), GIir 1, §) } = —keh=n iz g & — ). (19)

When considered in combination with the equations of motion, these variables correspond to
the non-commutative electric fields associated, respectively, with the field strength tensors of
A and B, see (7). Consequently, we have achieved a coherent reparametrization of phase space
which, in fact, factorizes the system into two orthogonal sectors, namely sectors of which
mutual Poisson brackets vanish identically,

(A, (0. X), ET0r(1,3)} =0, {Ai..i,(t.X), GT I (1, 5)} =0,
{Biy.i, (%), EIr (2, 7))} = 0, {Biy.iu, 0, %), G (2, 3)} = 0.
Finally in order to obtain the basic nested Hamiltonian formulation [16] within the factorized

parametrization, the Lagrange multipliers in (12) may be redefined in a convenient way as
(— 1)(p—1)(d—p)

u = Ay, Ao = Ag+u' +
0 0 0 2

*d(kB—-2x*E),

v = By, By = By +v + =br xd(k A+ (=1)PY9P2 % G),
22?2
where a dot stands for differentiation with respect to the time coordinate, t € R. Consequently,
the basic total first-class Hamiltonian of the system reads
1
2k2g?

1
2e2k2

2 2
HIE.G. A B] = %(E)Z + @B+ ‘%(G)2 + d'G)?

+K / (—D)P Ay AdB — (—=1)PTDE=P By A dA, (20)
)
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where df = *dx is the coderivative operator. Obviously, Ao and B are Lagrange multipliers
enforcing the first-class constraints which generate the small gauge transformations in (17),

¢ =dAa ¢?» =dB. 1)

When restricted to the physical subspace for which these constraints are satisfied, the above
gauge-invariant Hamiltonian reduces to a functional depending only on the dynamical physical
sector, given by the expression in the first line of (20).

These redefinitions of the phase-space variables have indeed achieved the announced
factorization. A first sector is comprised of the variables constructed in (14), which decouple
from the physical Hamiltonian and are therefore non-propagating degrees of freedom.
Furthermore, the canonically conjugate variables .4 and 5 actually share the same Poisson
brackets, Gauss law constraints and gauge transformations as the phase-space description of a
pure B A F topological field theory constructed only from the topological terms in action (6).
Hence this ‘topological field theory (TFT) sector’ accounts for the B A F theory embedded
into the topologically massive gauge theory.

Physical and non-physical degrees of freedom are mixed in the original phase space.
Our redefinition of fields deals with the original degrees of freedom in such a way that
within the Hamiltonian formalism, non-propagating (and gauge-variant) degrees of freedom
are decoupled from the dynamical sector. This latter sector describes only physical degrees of
freedom, namely the gauge-invariant canonically conjugate electric fields, which diagonalize
the physical Hamiltonian (20) in such a way that they acquire a mass through a mixing of the
original variables (18). However, the Poisson bracket structure remains unaffected since these
field redefinitions define merely a canonical transformation. On account of Hodge duality
between Q7 (%) and Q97 (X), one readily identifies in the dynamical sector the Hamiltonian
of a massive p-form field of mass m = hu:

w1 LTI 2
H[C,E, A, Bl=—(C)"+ -(dC)" + =(E)~ + (dE)” + Hrerl A, B].
2 2 2 2u?
In comparison with (20) the following identifications have been applied:

E
= |keg| E— — *G = ek (—1)P=PC,
e

where C is a p-form field of which the Lorentz components are covariant in the manner of (8).
Physical phase space is then endowed with the elementary Poisson brackets

{Ciriy @, 3), BV, 3y} =8 - 8)8 G = ).
Alternatively, one may also obtain the Hamiltonian of a massive (d — p)-form field of mass
m=hu:

2 1 1 1
HIC. G, A Bl = 5-(C)? + S(dC)? + 5 (G)* + = (dG)? + Hrer[ A, B,
2 2 2 2u?
in which, in comparison with (20), the following identifications have been applied:
G
G—> — xF = —gkC.
8

In this case, C is a (d — p)-form field with covariant Lorentz components as in (8). The
elementary Poisson brackets for these physical phase-space variables are

{Ciria, (0. 3), GI e (1, )} = 88118 G = 5).
To conclude this discussion of the factorized Hamiltonian formulation of these TMGT,
let us emphasize once more that no gauge-fixing procedure whatsoever was applied, in

iedap
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contradistinction to all discussions available until now in the literature leading to an
identification of the physical content of these theories. Through the present approach, the
TFT content of TMGT is made manifest in a most transparent and simple manner, with in
addition a decoupling of the actual physical and dynamical sector of the system from its
purely topological one; the latter carrying only topological information characteristic of the
underlying spacetime manifold.

2.3. Hodge decomposition

The space manifold ¥ having been assumed to be orientable and compact, let us now consider
the consequences of its cohomology group structure, especially in the case when the latter
could be non-trivial. Throughout the discussion it is implicitly assumed that the p- and (d — p)-
form fields A and B are globally defined differentiable forms in 7 (M) and Q¢~7(M). When
parametrizing the theory in terms of the PT factorized variables, the latter assumption of a
topological character concerns only the TFT sector. The variables of the dynamical sector
are already globally defined whatever the topological properties of the original variables. By
virtue of the Hodge theorem [18], the phase-space variables of the TFT sector, thus globally
defined on X itself endowed with the Riemannian metric fzij, may uniquely be decomposed
for each time slice into the sum of an exact, a co-exact and a harmonic form with respect to
the inner product specified in (13),

A=A+ A+ Ay, B = B°+ B+ By. (22)

A likewise decomposition applies to the dynamical sector.

Such a decomposition amounts to a split of the fields into a longitudinal part (subscript
L), a transverse part (subscript 7) and a ‘global’ part. The transverse and longitudinal parts
are associated with idempotent orthogonal projection operators,

nro— g dip) me = dgp_yy d!
(P) — AL “(p+D®P) (p) =7 AL r— (p)’
A ) 3 (23)
M, : /() — (21)"(®), 1§, : 27D - Z[(D),

where Aé) is the Laplacian operator acting on the space Q (X) of p-forms from which

the kernel kerA () of the Laplacian A, has been subtracted, while (ZDP (resp. Z") is the
space of co-closed (resp. closed) p-forms non-cohomologous to zero. One therefore has the
following properties:

_ pd—p)T _ L T L _ i
(=D I, = *MG_ )%, I, + T, = 1dg,),

where * is the Hodge star operator on ¥ and / dé) is the identity operator on the subspace
Ql (D).

In order that the longitudinal and transverse components possess the same physical
dimensions as the original fields, the Hodge decomposition of fields may be expressed in
terms of a convenient normalization,

VALtA=dA, +dtAr, VALB =dB, +d'Br. (24)
Let us then define a new set of variables in the TFT sector, using the projection operators (23),
T L
=11, AL, *Qy = I, Ar,
(p—1) (p+1) (25)

T L
O =My p_yBr. *P,=TIG_,.;)Br,

where the components of *P, and *Qy are pseudo-tensors defined in a manner analogous
to the conjugate momenta in (9). In terms of these new variables the non-vanishing Poisson
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brackets are

(01,050, BEI7 @ )) = 50 - 5),

1. l/J 1

{ ey 1(l‘ x) le -Jd—p— ](I,SI)} _ __(HT)lj]l ljdd pp I18(d)(x _ y).

In conclusion, in the TFT sector, rather than working in terms of the phase-space variables .A
and BB one may parametrize these degrees of freedom in terms of the ‘longitudinal’ fields ¢ and
¥ as well as their conjugate momenta, namely the ‘transverse’ fields P, and Qy, to which the
harmonic components A; and B, of .4 and B must still be adjoined. The same procedure may
be applied to the variables of the dynamical sector. The Hamiltonian (20) then decomposes
into a transverse, a longitudinal and a harmonic contribution from these latter variables only.

A natural consequence of the Hodge decomposition is the isomorphism between the pth
de Rham cohomology group, H” (X, R), and the space of harmonic p-forms, ker A(,). This
means that each equivalence class of H” (X, R) has a unique harmonic p-form representative
identified through the inner product (13). It is possible to choose a basis for ker A(,,) in such a
way that the harmonic component of any p-form is expressed in a topological invariant way.
This may be achieved by defining a topological invariant isomorphism between the components
of an equivalence class of the pth (singular) homology group H, (X%, R) and the components of
aformin ker A, (the p-homology group is the set of equivalence classes of p-cycles differing
by a p-boundary). Thus, instead of constructing the basis from the Hodge decomposition inner
product (13), one uses the bilinear, non-degenerate and topological invariant inner product A
defined by

A: Hy(Z)x H(S) > R: A(T]. [o]) =/a), (26)
r

making explicit the Poincaré duality between homology and cohomology groups [18]. Given
the Hodge theorem, this inner product naturally induces a topological invariant inner product
between the equivalent classes of H,(X) and the elements of ker A(,,. Therefore, if one
introduces generators of the free Abelian part of the pth singular homology group of rank

N, {= (V p)} , a convenient dual basis {X7} of ker A(,) may be chosen such that
NEARORE
Using the duality (26), the harmonic component A; of the p-form variable A is thus
decomposed according to

N,

Ap =) A([E)) An)XY

y=I1

These components of A in the basis { X"} are topological invariants because they express the

periods of A over the cycle generators of H,(X). This is thus nothing other than the classical
Wilson loop argument over these generators

a’ =% Ap. (27)

In other words, the variables a” (¢) specify the complete set of remaining ‘global’ degrees of
freedom in the TFT sector for the field .A:
Ny
Apt.5) =) a’ ()X ().

y=1
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In a likewise manner, the harmonic component of the (d — p)-form variable 5 may be
decomposed according to

Np

B =Y A([E] ) B
y=1

where {Y7} is the dual basis of the cycle generators in Hy_,(X), {E(yd_ p)}gil. Hence, the
components of harmonic (d — p)-forms are expressed as

by — yﬁ B,. 28)
)

(il*/l)
leading to a similar decomposition of the ‘global’ degrees of freedom for the dual field B:
NP
By(t,X) = Y b (Y7 (X).
y=1

The Poisson brackets between the above global variables are topological invariants
. |
{a”, b7} =-1"", (29)
K

namely the signed intersection matrix of which each entry is the sum of the signed intersections
of the generators of H,(X) and Hy_,(%):
L Y Y
1" = 1[50, 2-p) (30)
Within our approach, we recover the results of [19, 10, 11] in 2+1 (on the torus), 3+1 and d+1
dimensions, respectively.

2.4. Large and small gauge transformations

Only the TFT sector is not gauge invariant. Its phase-space variables transform exactly like in
apure B A F theory, see (17). Let us recall that in (17), « and 8 are, respectively, closed p-
and (d — p)-forms on X. In the case of a homologically trivial space ¥ any closed form is also
exact. In the case of a homologically non-trivial space X, according to the Hodge theorem any
closed form « or § may uniquely be decomposed (for a given metric structure) into the sum of
an exact and a harmonic form. The exact parts of & and B define small gauge transformations,
generated by the two Gauss law first-class constraints (15). Given the Hodge decompositions
in the TFT sector (24) and (25), these constraints, which require that the phase-space variables
A and B of the TFT sector be closed forms, reduce to

g =Alx 0y, g% = /AL« P, (31

Small gauge transformations act only on the exact part of the TFT sector fields by translating
them, namely in terms of the longitudinal (p — 1)- and (d — p — 1)-form fields defined in (25),

¢ =¢+ar, =0+ BL,

where o7 and B, are, respectively, the longitudinal (p — 1)- and (d — p — 1)-forms defining the
exact components of the gauge-transformation forms « and g through a construction similar
to that in (25). The harmonic components of o and B define the associated large gauge
transformations.

The physical classical phase space in the TFT sector is the set of all field configurations
A and B obeying the first-class constraints setting to zero their transverse degrees of freedom,
see (31), and identified modulo the action of all gauge transformations, whether small or large.
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Since under small transformations the longitudinal modes ¢ and ¥ are gauge equivalent to the
trivial configuration of vanishing longitudinal fields, like in any pure B A F TFT the physical
phase space of the TFT sector, so far for what concerns small gauge symmetries, is thus finite
dimensional and isomorphic to the ensemble of harmonic forms defined modulo exact forms

P=H'(Z,R)®H""(X,R), (32)
where H”(X, R) is the pth de Rham cohomology group. Let us recall that according to
Poincaré duality, H” (X) is isomorphic to H d=r(%). Hence, whether one considers functionals
of harmonic p-forms or (d — p)-forms is of no consequence. The finite dimension of this
group is given by the corresponding Betti number N, (for example in the case of the torus,
¥ = T;, N, = CJ). The physical phase space of the TFT sector is thus spanned by the
global degrees of freedom a” (¢) and b (¢), which are indeed obviously invariant under all
small gauge transformations. However, this phase space is subjected to further restrictions
still, stemming from large gauge transformations.

In a manner similar to the above characterization of the physical phase space in the TFT
sector, the modular group is the quotient of the full gauge group by the subgroup of small
gauge transformations generated by the first-class constraints, namely essentially the set of
large gauge transformations (LGT) defined modulo small gauge transformations. Large gauge
transformations cannot be built from a succession of infinitesimal transformations. They
correspond to the cohomologically non-trivial, namely the harmonic components of « and
B. Rather than requiring strict invariance of the global phase-space variables a” and b”
under large gauge transformations, having in mind compact U (1) Abelian gauge symmetries
defined in terms of univalued pure imaginary exponential phase factors, the global physical
observables to be considered and thus to be required to remain invariant under large gauge
transformations are the holonomy or Wilson loop operators of the TFT sector around compact
orientable submanifolds ¥, and X,;_, in . The only non-trivial Wilson loops are those
around homotopically non-trivial cycles, namely elements [I",] of H,(X, Z) which may be
decomposed in the basis {E{p)};\’i]. Consequently, given the basis of ker A,y constructed
from (26) one has the following set of global Wilson loop observables:

N, N,
WII'(,)] = exp iZoV ?§ A| =exp iZU”a”
y=1 ):(yp) y=I
N, N,
WIT @a—p)] = exp 126V¢ B| =exp iZ&Vb” ,
y=l1 E(ydfn) y=1
where oV, 67 are arbitrary integers. Large gauge transformations associated with closed forms
o and B act on the global variables a” and b" according to

a’? =a’ +a’, b =b" + B, (33)

where «¥ and 7 are given by

oﬂ”:%2 o, ﬂ)’:ﬁ B.

v v
(p) (d=p)

Although the Wilson loops are constructed on the free Abelian homology group H, (X%, Z),
the cohomology group including the large gauge-transformation parameters is dual to the
singular homology group H, (X, R). Hence, the only allowed large gauge transformations
correspond to components of the harmonic content of the forms « and g which are discrete
and quantized,

ol = %27 o= 27{(’(/[7), BY = fz B = 2n£{d7p). (34)

Y
(p) (d=p)
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Here E)(/p) and E’(/d_ ) are integers which characterize the winding numbers of the large gauge
transformations, namely the periods of these transformations around the homology cycle
generators. The requirement of gauge invariance of all Wilson loops hence constrains the
parameters of large gauge transformations to belong to the dual of the free Abelian homology
group. As a consequence, finally the physical classical phase space in the TFT sector is the
quotient of the de Rham cohomology group H” (X, R) @ H?~7(X, R) by the additive lattice
group defined by the transformations,

a’ =a"+ ZnE{p), b =b" + ZnE{d_p),

namely a finite-dimensional compact space having the topology of a torus of dimension 2N ,.

3. Canonical quantization and physical states

3.1. Physical Hilbert space factorization

The BRST formalism offers a powerful and elegant quantization procedure for TMGT but
requires the introduction of ghosts. In some respects, this formalism has also been used
for the definition and characterization of topological quantum field theories [1]. In a
related manner, the path integral quantization of these theories also brings to the fore the
characterization of topological invariants through concepts of quantum field theory. For
example, the two-point correlation function of B A F (and A A F) theories provides a
quantum field theoretic realization of the linking number of two surfaces of dimensions p
and (d — p) embedded in M and its path integral representation through the Ray—Singer
analytic torsion of the underlying manifold. Notwithstanding these achievements, this paper
will not rely on such methods which necessarily require some gauge-fixing procedure. Rather,
ordinary Dirac canonical quantization methods will be implemented to unravel the physical
content of TMGT. First, this quantization procedure is best adapted to a condensed matter
interpretation. It also enables to deal with large gauge transformations on homologically non-
trivial manifolds. Second, the new physical-topological (PT) factorization identified within
the Hamiltonian formulation independently of any gauge-fixing procedure makes canonical
quantization especially attractive.

Canonical quantization readily proceeds from the correspondence principle, according to
which classical Poisson brackets are mapped onto equal time quantum commutation relations
for the classical variables which are promoted to linear self-adjoint operators acting on the
Hilbert space of quantum states in the Schrodinger picture at the reference time t = fy:

A IR . in Do
[Ail...il, (t0, X), Bj,...js_, (o, y)] = ;Gil...i,,_/'l..._/;,,,,a( (X - ),

(7410, ) G0 1, )] = =g ),
K

A possible representation of the associated Hilbert space is in terms of functionals W[A, E]
with their canonical Hermitian inner product defined in terms of the field degrees of freedom
A(X) and E(X).

It should be clear that the PT factorization identified at the classical level extends to the
quantum system. The full Hilbert space of the system factorizes into the tensor product of
two separate and independent Hilbert spaces, each of which is the representation space of
the operator algebra of either the gauge-invariant dynamical sector or the TFT sector. As a
consequence of the complete decoupling of these two sectors, one of which contributes to
the physical Hamiltonian only, the other to the first-class constraint operators only, a basis of
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the space of quantum states may be constructed in terms of a likewise factorization of wave
functionals. Symbolically one has

V[A, E] = O[EJV[A]L

The component ®[E] associated with the dynamical sector is manifestly gauge invariant and
is the only one which contributes to the energy spectrum. The physical Hilbert subspace
associated with the TFT sector consists of those states wave functionals W [.A] which are
invariant both under small gauge transformations, namely which belong to the kernel of
the first-class constraint operators generating these transformations, and under the large gauge
transformations® characterized in the previous section in terms of their lattice action on
harmonic p- and (d — p)-forms.

When the space manifold X is topologically trivial, for instance in the case of the
hyperplane, quantization of TMGT does not offer much interest per se besides the free
dynamics of the dynamical sector, since the TFT sector then possesses a single gauge-invariant
quantum state. However, in the presence of external sources, or when the space manifold ¥
does have non-trivial topology, new and interesting features arise. In the latter situation, to be
addressed hereafter, the finite though multi-dimensional gauge invariant content of the TFT
sector, W[ A], does not contribute to the energy spectrum. Hence it induces a degeneracy
of the energy eigenstates of the complete system. As demonstrated later, this degeneracy is
restricted by gauge invariance under large gauge transformations (LGT). Since the physical
wave functional W7 [A] in the TFT sector coincides with that of a pure topological quantum
field theory, one recovers the results of R. J. Szabo [10] who solved in the Schrodinger
picture the pure topological B A F theory (as well as in the presence of sources) in any
dimension.

3.2. The topological sector: Gauss’ constraints and LGT

3.2.1. Hilbert space and holomorphic polarization. At the classical level, phase space has
been separated into two decoupled sectors: the TFT and the dynamical sectors. According
to the Hodge decomposition theorem (22), each of the corresponding fields may in turn be
decomposed into three further subsectors in terms of their longitudinal, transverse and global
components. The Gauss law constraints in conjunction with invariance under small gauge
transformations reduce the TFT sector to its global variables only, characterized by the vector
space P of the de Rham cohomology group in (32), which is to be restricted further into a
compact torus by the lattice action of the appropriate discrete large gauge transformations.
Likewise in the dynamical sector, the global degrees of freedom of phase space are also purely
topological and are again isomorphic to the 2N ,-dimensional symplectic vector space P in
(32). In each case, these spaces are spanned by the global variables defined as in (27) and
(28), namely (a”, b?) and (E?, G7), respectively. It is quite natural to introduce for these
even-dimensional vector spaces a complex structure parametrized by a N, x N, complex
symmetric matrix, T = Re(t) + ip, such that (—7) takes its values in the Siegel upper half-
space. Such a complex structure introduced over the phase space of global degrees of freedom
enables the definition of a holomorphic phase-space polarization, hence quantization of these
sectors.

The same decomposition in terms of longitudinal, transverse and global degrees of
freedom applies at the quantum level. Through the correspondence principle, these three
subsectors of quantum operators obey the Heisenberg algebra, whether for the TFT or
dynamical sector. Let us presently restrict to the TFT sector. For what concerns the local

9 Otherwise, the physical wave functional carries a projective representation of the group of LGT [10].
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operators, one has

(1,1, (t0. %), Py 7" (10, )] = —(n Hr s DG - y),
(35)

[ iy l(fo,x) le Jd—p— 1(1‘0,5;)] __(1—1 )/1 Jd—p— IS(d)(x _ y)

.. ld

while for the global operators,
- h
[a” (), b"" ()] = i —1I""".
K

Introducing now the holomorphic combinations of the latter operators10

NP
A K A T
¢, = /ﬁ ;Uyéaa +1,5b%), ¢l = /27’1 Z(Iyga +7,56%),  (36)

where 1,5 is the inverse of the intersection matrix

N,

Z Iyélsy/ — 8}}///’

=1
one finds the Fock-type algebra

[6,.2,] =Im()y, = oy (37)
all other possible commutators vanishing identically. Note that this result implies that the inner
product in this sector of Hilbert space is to be defined in terms of the imaginary part (p~!)7?’,
in a manner totally independent from the Riemannian metric structure of the compact space
submanifold X. A priori, physical observables in pure topological quantum field theories
ought nevertheless to be independent from any extraneous ad hoc structure introduced through
the quantization process such as the present complex structure.

Gauss law constraints and large gauge transformations are to be considered in the wave
functional representation of Hilbert space. The latter is spanned by the direct product of
basis vectors for the representation spaces of the algebras (35) and (37). These consist of
functionals W[, ¥, c] of the infinite-dimensional space of field configurations in the TFT
sector. Accordingly, the inner product of such states is defined by

(W1 [W2) = /[DQO][D?] l_[ de, | Wile, 9, c]¥alp, ¥, cl,
14

which requires the specification of a functional integration measure. This measure is taken to
be the gaussian measure for fluctuations in the corresponding fields, which is induced by the
complex structure 7 in the global sector or else by the Riemannian metric on X for fluctuations
in ¢ and ¥:

8¢ = / dX RN E) < B ()86, (B)8 ke, (X,
z

892 = f dxX R () - Rt ()89, ()8, (X),
> (38)

Nl’
Z (p~1)7'8¢, 8¢,

y.y'=1

101t is implicitly assumed here that the parameter « is strictly positive. If k is negative, the roles of the operators a”
and b are simply exchanged in the discussion hereafter.
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In contradistinction to an ordinary pure topological quantum field theory, such a space metric
is readily available within the context of TMGT, being necessary for the specification of the
dynamical fields. Independently from the complex structure introduced in the global sector,
independence of the physical Hilbert space measure in the (¢, ) sector on the metric on X
will be established hereafter. Consequently, the canonical commutation relations (35) and (37)
in the TFT sector are represented by the following functional operators acting on the Hilbert
space wave functionals:

b D= @) Py @) =~y 2 %9
Leedp—1 — Tledpd ? ¢ K It ]5§0J1 Jp- 1( )
A lh 6
o N l] lrl 1 o T“ ld —1
Bt B = i B, O @) = SO e, 0

N,
& =cy, ¢l = Z Prvs (41)
— v

3.2.2. Gauss law constraints. The physical Hilbert space is invariant under all gauge
transformations. A first restriction arises by requiring the physical quantum states to be
invariant under small gauge transformations generated by the first class constraints. This set is
the kernel of the Gauss law constraint operators (21) which remain defined as in the classical
theory since no operator ordering ambiguity is encountered,

. 8

GO =0 = ——— WP, 0,c]=0
Vi gy (X)

. s

GO =0 = —UP[p,0,c]=0
8¢iy i, (%)

Hence physical quantum states necessarily consist of wave functionals which are totally
independent of the longitudinal variables (¢, ). When restricted to such states and properly
renormalized, the inner product integration measure is constructed from definition (38) of the
gaussian metric on the space of fluctuations in the global coordinates

i) = [ J C R

This measure on the physical Hllbert space is thus indeed independent of the Riemannian metric
on X, and involves only the ad hoc complex structure t introduced towards the quantization
of the global TFT sector.

3.2.3. LGT and global variables. The structure of the physical Hilbert space dramatically
depends on the way one deals with LGT. Given the holomorphic parametrization (36), under

the lattice action of LGT of periods ( Z’(/d p)) = (L) La—p) as defined in (34) the new
global operators should transform as

22K
_CV V5 Z VV’K(p)-'_‘CVV/g(d p))
27‘[2I{
T
Gty Z (Lyy €y + Ty lia—p)-

(p)’

(42)
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~ A

Using the Baker—Campbell-Hausdorff (BCH) formulae for any two operators A and B
commuting with their own commutator

edBe 4 = B+[A, B, A8 — o 3IABI A B (43)

it may be seen that the quantum operator generating the LGT of periods Ky kg—py) is

U k) kia—py) = Cllgyy ki) 1_[ exp {2”\/ (0™ [(Lyek(yy +Tyekiy_ )2y
v,v',€
— (Iyekf,) + ryek@,_m)e;,] } (44)

The 1-cocycle C(k,), k(;_p,) Will be determined presently. This operator (44) defines the
action of LGT on the Hilbert space in the global TFT sector

NF
; S L N R W S SR VAN RSN S
Uk kg-p)¥(cy) = 1_[ e P eTIrRd-n ¥ oeka—p)
v,y
2 Lo
K
y! yr
X C ki) kgp)¥ | ¢y +7 7Z[IVV’k(p)+fW’k(dfp)] ; (45)
y'=1

where the BCH formula (43) has been used. However, a U(1)x U(1) 2-cocycle w,(k; £)
appears in the composition law of this quantum representation

7 _ D2irwy (ki) 7 2>
Ukipy + £y Kiapy + Lia—p) =70 0U ki) kg p)U Ly g py)s

N,

0y = : _ Tk v v v

02k 0 = 02 Kipy, ki Ly bia—p) = 7= D Dov [€lapkly = Kl ptip ]
y.y'=1

The 1-cocycle C(k,). k., ) appearing in (44) may be determined by requiring that the
Abelian group composition law for LGT is recovered. This implies that w,(k; €) is a
co-boundary,

wy(k; £) = Cl(]i(p) + ﬁ(mv k(d—p) + ﬁ(dfp)) —C (li(p)’ li(d_,,)) —C (ﬁ(p), ﬁ(d,p)) (mod Z),
C) = Cllyy, ki) = 700,

A careful analysis, analogous to the one in [20], finds that the unique solution to this co-
boundary condition is

N
h L H Y v
k=o-Tk,  Clhgy kg p) = [] ™ Hentrtio, (46)
T
v,y'=1

where k € Z and'! 7 = det(I"”’) € N. It is noteworthy to recall that although I, is a
rational-valued matrix, 71, is integer valued. Note also the quantization condition arising
for the coefficient x multiplying the topological terms in the original action of TMGT.

If & is rational, namely if k = k| /k,, with ki, k, being strictly positive natural numbers,
invariance of physical states under LGT cannot be achieved. However, in this case the LGT
group has a finite-dimensional projective representation which may be constructed by finding
a normal subgroup generated by the LGT operators. As demonstrated in [10], the TFT part

11 Recall that «, hence k is assumed to be strictly positive in the present discussion, while the situation for a negative
Kk or k is obtained through the exchange of the sectors a” and b”.
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of the physical wavefunctions carries a projective representation of the group of LGT while
the above discussion establishes that the dimension of Hilbert space is ]_[g]:”l ki1ko,Z Min(Igs).
Any state of a given irreducible representation gives the same matrix element for a physical
observable. The characterization of Hilbert space changes qualitatively for integer or rational
values of k, but the theory remains well defined.

If we take £ to be an integer, see (46), wavefunctions of the physical Hilbert space may
be classified in terms of irreducible representations of the group of LGT (45),

N,
U | 9150 +VrTk Z [Iw/kz/p/) + rw/k{d/_p)]
w

NP
= ]I e"P{‘ ATk [Lysklyy + Tykily_p] (077"
1

y.v'8=
vrZk
g |:Cy, ’ 2 Z {Iy'fkgp) + 1'V’GkEaHv)}
€
NP
X l_[ exp{Zinm(lg(p), K—p) — inka{d_p)Iy},rk(yI;)}lIl(m; cy)s 47)
vy'=l1

where the 1-cocycle n1(k,), k(,_,,) characterizes the irreducible representation. Since for
an Abelian group each of its irreducible representations is one dimensional, physical states
corresponding to a given irreducible representation are singlet under LGT.

As is well known, functions obeying such a double periodicity condition are nothing other
than the generalized Riemann theta functions defined in any dimension on the complex N -
torus [10], with the compact reduced phase space resulting from the requirement of invariance
under LGT,

Np N, ¥
s [48 —Le, (e, L= (ay +r1y Tk
v (b5> )= [] oo [25—1 IIZ; s “)} (,/—n ¢y

y.y'=1

— Zkt) . (48)

where rs € [0, kZ Min(/55) — 1] C N. Each physical subspace, characterized by the 1-cocycle

(ab) _ Y y
M Ky kg py) = aykiyy +bykig_ ),

where a,, b, € [0, 1[ CR, is invariant under a particular irreducible representation of LGT.
The TFT component of each physical Hilbert space is of dimension ]_[;V:”l kZ Min(Iss).
In general, the choice of physical Hilbert space which is invariant under all LGT is the
representation space with 7y (k). k,_ ) € 7, namely corresponding to a,,, b, = 0.

3.3. The dynamical sector: Hamiltonian diagonalization

Based on Hodge’s theorem, (22) and (24) define the decomposition of the dynamical sector into
three decoupled subsectors of canonically conjugate variables: the global harmonic sector and
the local (E., Pg) and (G, Q¢) sectors. In turn the classical Hamiltonian (20) decomposes
into three separate contributions, one for each subsector. When quantizing the system in each
subsector, the total quantum Hamiltonian follows from the classical one without any operator
ordering ambiguity,

HIE,Gl = HuE), Gy 1+ H|[EL, P+ HaGr, Okl

The physical spectrum is thus identified by diagonalizing each of these contributions separately.
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3.3.1. Global degrees of freedom. The choice of normalization used previously in the
harmonic sector relies on the Poincaré duality between the basis elements [X”] and [Y”] of
the relevant cohomology groups and their associated homology generators 2(11) and E( d—p)
respectively, see (26). This choice is of a purely topological character. However, in the
dynamical sector, there is a remaining freedom as far as the normalization of the choice of
the harmonic representative of the cohomology group is concerned, depending on the metric
structure, and thus fixing the basis elements X” of ker A,y and Y7 of ker Ay ). This choice
involves the inner product in (13) on which the Hodge decomposition relies. Hence one sets

e ~
/ X, AkXy = SQ,,, / Y, AxY, =58, (49)
b 8 ) e

where €2,/ and ,, are N, x N, real symmetric matrices. Given this normalization, the
global part of the metric-dependent quantum Hamiltonian operator constructed from (20) is
expressed as
1
H,EY, G = 58 S IEEY Ry, + GGy, (50)
v.y'=1

while the non-vanishing commutation relations between the global phase-space operators read
[E7, G = —ihk 17" (51)

As in the TFT sector, see (36), the following holomorphic polarization of the global
dynamical sector is used:
G,

G%), dl =

Lo E* — v, Lo E* =0,
V «/ﬁz(y Y 14 \/ﬁz(}’ Y

where v = Re(v) +io is the N, x N, complex symmetric matrix characterizing the complex
structure introduced in the global dynamical phase-space sector, of which the imaginary part
determines the non-vanishing commutation relations of the Fock like algebra

[dy. d;lx] = Oyy' (52)
In order to readily diagonalize the Hamiltonian in the global sector which is of the
harmonic oscillator form, it is convenient to make the following choice for the complex
structure matrix v as well as for the normalization quantities specified in (49):
N,
Re(v) =0, oy =y =8,y Q= Y Luylpy s, (53)
o,p=1
where 8”7 is the N, x N, Kronecker symbol. With these choices, the contribution of the
global variables to the Hamiltonian is indeed diagonal,
N,
hpLN +hu Z dT d, 8", = egk.
v.y'=1
One recognizes the Hamiltonian of a collection of N, independent harmonic oscillators of
angular frequency'? 11 = egk, which turns out to be the mass gap of the quantum field theory.
The operators d,, and dj, are, respectively, annihilation and creation operators obeying the Fock
algebra (52) now with o, = §,,/. The energy spectrum in the global dynamical sector of the

12 Recall that under the assumptions of the analysis, this combination of parameters is indeed positive.
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system is readily identified. The normalized fundamental state is the kernel of all annihilation
operators

dal0) =0, el =iNJip,  {0[0) =1,

where 8{10) is the vacuum energy. Excited states, |n, ), are obtained through the action of the
N, creation operators dj, on the fundamental state. This leads to the energy eigenvalue for
any of these states
1 L
n h
(d;) "10), Em,) = €@y Tt Znyv (54)

|ny) =
|
1 V! o

{n,} y‘z | being the eigenvalues of each of the number operators d} d,, , hence positive integers.

3.3.2. Local degrees of freedom on the torus. The canonical treatment of the global degrees of
freedom in both the TFT and dynamical sectors does not require the explicit specification of the
space manifold ¥ with its topology and Riemannian metric, yet allowing the general discussion
of the previous sections. However, in order to identify the full spectrum of dynamical physical
states, the space manifold ¥ including its geometry has now to be completely specified.
The explicit choice to be made for the purpose of the present discussion is that of the d-
dimensional Euclidean torus, ¥ = T, enabling straightforward Fourier mode analysis of
the then infinite discrete, thus countable set of degrees of freedom, and diagonalization of
the harmonic oscillator structure of the Hamiltonian. This particular choice of the d-torus
is motivated by the fact that this manifold is the simplest flat yet homologically non-trivial
manifold. The notations used are those of [21] where pure quantum electrodynamics is solved
on the torus, of which the conventions are extended to any p-form.

Accordingly, the variables E and G of the dynamical sector are periodic around the torus
p- and (d — p)-cycles, respectively. Their Fourier mode expansions read

d—1

Ej]_...[p ()_é) — 8i1j1 . Si”j” Z Z 8;[1].:.;;[) (]S)Eal...ap (lﬁ) eZink(;)’
L5 U
ap 1=l

where E*%r(k) is a complex-valued antisymmetric tensor and k are discrete vectors of the
torus dual lattice of which the components are measured in units of L~!. Their norm is
expressed as w (k) = ,/kikjcﬁif. Note that the zero modes of the fields are not included in
these expressions, as emphasized by the subscript L. In fact, these zero modes are the global
degrees of freedom which have already been dealt with in the previous section. The real-valued
tensors eﬁ'lj” (k) define a basis of orthonormalized polarization tensors for each k % 0. In
our conventions, these tensors are constructed from a orthonormalized basis of polarization

vectors & (k) for a vector field such that
e (0)ef (k)8! = 8¢ (55)

where §%f is the Kronecker symbol in polarization space. This basis is chosen in such a way
that, for each k # 0, the dual lattice vector £ (k) is longitudinal whereas the vectors g% (k) are

transverse fora = 1, ..., d — 1. Finally, it is convenient to choose for the longitudinal vector
k
d K
= —, k#0
(k) o) k#0



9628 B Bertrand and J Govaerts

Given the recursion relation induced by the Hodge decomposition theorem, the general
polarization tensor of any p-tensor field may be expressed as

Oll Olp( k) = —g[ll(k) i,,p](li)’

zl qp
which may likewise be decomposed into transverse and longitudinal components

e an, d,, yd—1 )
Longitudinal: {sf” lpal’;pl (k )} """ eyl Transverse: {e; ' o a’ (k)}

(56)

44444 ap=1"

Given any mode, the C}/ degrees of freedom of a phase-space field then separate into C 5:]1
longitudinal and CJ_| transverse degrees of freedom. These notations having been specified,
and using the decompositions defined in (24), the relevant quantum operators are Fourier
expanded as

Er@ =3 jat sy Z S WELT T W

k#0
a,,,I:l
d—1
Ell dpJieJa—p @y d o i N
+ K £° p—1 (k)Q 1---Od—p— I(k) eka(x)’
(d p— 1)! JUeeJd—p-1Jd—p
=1
ad,,;:lzl
d—1
Adpodg—p > i ) , oy...0g 1d A0 p—]
GJ]_ "(X) = Z s 81(1 pld—p d—- p) Z 8 o pﬁl]d p(k)G ’ (k)
kA0 et
Ag—p— ]—1
P d—1
R T~ P d Aoy, _ itk (R
¢ e 5 e ey | o,
0t1=1
D(],:l'zl

The self-adjoint property of the operator E’~ir(¥) translates into the following relations
between the associated mode operators and their adjoint:

d—1 d—1

2 i WETT W = 3 T B (k).

aj=1 a=1

0[,,_"1.=1 0(,,.”]’:1

d—1 d—1
et 0 R =Y e (g (k).
a=1 a=1

Old_[;:|=1 O[d_l;:1=1

Similar relations apply for the modes of the self-adjoint operator G'r-¢» (X).
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Consequently, this decomposition of the nonzero modes of the field operators in the
dynamical sector leads to two decoupled subsectors, each of which is comprised of a countable
set of mode operators with k % 0. In the first subsector one has the operators E; (k) and
P £ (k) with the following non-vanishing commutation relations:

Atar..a ABLe 1 . h
[E]; 101 (k)» P/Zl Bp- (k/)] — lvgal[ﬁl L. 8(1],,1/3”,1]8@,7 (57)
while in the second subsector the operators G (k) and Q (k) possess the commutator algebra
Aol ABr Byt 1 Lh
[GTL 1.Cd—p 1(]9’ Q}(ﬂ;l Ba—p 1@ )] _ ]V(sal[ﬁl ,,,30147,)71/6(/71)71]5@,, (38)

V being the volume of the space torus ¥ = Tj.
This Fourier mode decomposition reduces the problem of diagonalizing the Hamiltonian
to a simple exercise in decoupled quantum oscillators, with

/y r D 14 Oll Oy ~2(lﬁ) oy
Hl[EL,PE]Img{K g (P} (k)) %(EL (k))2}7 (59)

~ A A VK2€2 ar...o ~2() Aut ..,
(6. Opl= ———> {(Q‘ )’ = (G1 ”"‘(k))} (60)
2d—p-D! & L

In these expressions the following notation is being used:

d-1

(E (k))2 = Z ES et ) PPt (ysebr L seriPo
Alyenny Olp,]=1
BisesBp-1=1

Operators (59) and (60) are nothing other than the Hamiltonians of a collection of C 5__1] and
CJ_, independent harmonic oscillators, respectively, all of angular frequency

(k) = /42w (k) + 2, W = egk.

The physical spectrum may easily be constructed by introducing annihilation and creation
operators associated with algebras (57) and (58). The annihilation operators are defined by

qoi--op-1 Va(k) Fotn gsz per-p-
(k) = o ( L (k) +1~(k) e (/s)) ,
Ay —p—1 Vw(k) A0 Od—p—1 AQL...0d—p—1
b k) = 7 <GL (k) + i— ~(k) Q (k)> ;

whereas the creation operators aT“‘“'“ﬁ*‘ (k) and b® %=1 (k) are merely the adjoint operators
of a®*-1(k) and b*~*-r-1(k), respectively. One then establishes the Fock algebras

[aal...a,,,l (k)’ aw]..ﬂp—l (k,)] _ 8&1[51 L 50’”’15”’1]3@’,
[p—p-1 (]S)’ bTﬁl“'ﬁd—p-l (lﬁ/)] _ 80“[/31 o 8ad—p—l/3d—p—]]8ﬁ,’

whereas (59) and (60) then reduce to the simple expressions

(61)

d—1
5 1,
Hila.a'1=1) " @k §C5-11+ o e |
k#0 <<y
d—1

'y ~ 1 LO[]---O(], —1 Aa1...0g—p—1
Holb, 6Tl =n) o0 | SCI+ 3 bl b ()

k#0 A< <Qd—p—1
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The Fock space representation is based on the normalized Fock vacuum |0), (0|0) = 1, which
is the kernel of all annihilation operators

1
@ @0) =0, BT @0) =0, e} = SACH Y a).
k#0

where 8(10*)2 is the divergent total vacuum energy. Excited states are obtained through the action

onto the Fock vacuum of all C} = Cé’__ll + CJ_, creation operators, see (61). This leads to
states |n, (k)) with energy eigenvalues

cy
Eay ) = £ +h Y Y ny, (D@ ®), (62)

k#0 y=1

where {n,,(k)}gz1 are positive integers corresponding to number operator eigenvalues. A
shorthand notation is used in (62) with the index y labelling the C} possible combinations
of a set of p distinct integers in the range [1,d], {«y, ..., o;, ...,ap}gi:l, which will be
referred to as I').

4. Spectrum and projection onto the TFT sector

4.1. Physical spectrum on the torus

Combining all the results of the previous sections for what concerns the diagonalization of the
physical TMGT Hamiltonian on the spatial d-torus ¥ = T, the complete energy spectrum of
states is given as

En, () =€) + 1T Z Zny(k)d)(k), (63)
kezd v

which is the sum of the contributions (54) and (62). Note that on the d-torus, the pth Betti
number, N,, equals C. The components of the vector k of the dual lattice may take any
integer values since it is implicit in (63) that {n,, (Q)}fi = 1{n, };VLI. However, the index y has
a different meaning whether k # 0 or k = 0. In the first case it refers to a value in the set I' é,’
and denotes one of the possible C” polarizations, while in the second case it is a (co)homology
index,y =1,..., C[’j . The total vacuum energy ¢ in (63) is divergent,

1 .
8(0) = zhcg k%{ w(@,
ke

and must be subtracted from the energy spectrum.
The positive integer-valued functions 7, (k) count, for each k # 0, the number of massive
quanta of a p- or (d — p)-tensor field of momentum 271k, of polarization (56), namely

Transverse: sl.’:ml.p(k), yelh ; Longitudinal: sx?.ip(lg), yer? |,

and of rest mass'?
M =hu = hkeg. (64)
There are also the contributions of the global quanta of the p- and (d — p)-tensor fields, where

»
{”y(Q)}Sil count the numbers of excitations along the homology cycle generators E(V ) and

13 A quantity indeed positive under the assumptions made.
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E(yd_ - In the particular case when p = 1, the integers {ny(lg)};‘f=1 count, for each k # 0, the
number of massive photons of momentum 2n7ik, of rest mass M and of polarization
Transverse: {sly (Ig)}i;ll, Longitudinal: sf(lg).

Depending on how one deals with large gauge transformations in the TFT sector,
each energy state is either infinitely degenerate for a real-valued k, see (46), or

( ff;l kiko T Min(l(;(;«)) times degenerate if k is a rational number of the form k = k;/k».

If k is an integer, each energy state is ( ;vil kT Mil‘l([g(s/)) times degenerate and the mass gap
is then quantized

h2
M = —Tkeg.
2

In the Maxwell-Chern—Simons (MCS) case in 2 + 1 dimensions, we recover in the global
sector a quantum mechanical system corresponding to the Landau problem of condensed
matter physics on the 2-torus.

4.2. Projection onto the topological field theory sector

At least formally, the naive limit of infinite coupling constants, ¢ — 0o and g — 00, in the
classical Lagrangian of topologically massive gauge theories, see (4) and (5), must lead to a
pure topological field theory (TFT) of the B A F or A A F type, see (1) or (3). However,
as pointed out by several authors (see for example [19, 22]), a paradox seems to arise at
the quantum level (as well as within the classical Hamiltonian formulation) when the pure
Chern—Simons (CS) theory is viewed as the limit ¢ — oo of the Maxwell-Chern—Simons
(MCS) theory. The Hilbert space of the CS theory is constructed from the algebra of the
non-commuting configuration space operators which are in fact canonically conjugate phase-
space operators. As far as the MCS theory is concerned, its Hilbert space is constructed
from the Heisenberg algebras of twice as many phase-space operators. This problem is
generic whenever a pure quantum TFT (TQFT) is considered as the limit of its associated
TMGT because two distinct Hilbert spaces are being compared. Actually, due to the second-
class constraints appearing in the Hamiltonian analysis of a TFT which is already in the
Hamiltonian form, non-vanishing commutation relations apply to the configuration space
operators. Furthermore, the Gauss law constraints of pure TFT are not the limit of the Gauss
law constraints of TMGT. The former operators tend to restrict too drastically the physical
Hilbert space in comparison to the limit of the TMGT physical Hilbert space.

This problem of an ill-defined limit is usually handled by projecting from the Hilbert
space of the TMGT onto its degenerate ground state. This projection actually acts in a manner
similar to second-class constraints which then lead to a reduced phase space and non-vanishing
configuration space commutation relations determined from the associated Dirac brackets. The
global sector of the MCS theory is analogous to the classical Landau problem of a charged
point particle of mass m moving in a two-dimensional surface in the presence of a uniform
external magnetic field B perpendicular to that surface. Within the latter context the mass gap
(64) corresponds to the cyclotron frequency w, [22, 23]. The spectrum of the quantized model
is organized into Landau levels (with a degeneracy dependent on the underlying manifold) of
which the energy separation w, is proportional to the ratio B/m. The limit B — ocoorm — 0
effectively projects onto the lowest Landau level (LLL) in which one obtains a non-commuting
algebra for the space coordinates. By analogy, projection onto the ground state reduces the
phase space of the MCS theory to the canonically conjugate configuration space operators of a
pure CS theory. In the global sector, the projection from a general TMGT, (4), to a pure TQFT
offers in some sense a generalization of the LLL projection in any dimension. Considering that
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the mass gap (64) of the TMGT becomes infinite for coupling constants running to infinity, all
excited states decouple from the physical spectrum, leaving over only the degenerate ground
states. Projection onto these ground states restricts the Hilbert space to that of a TQFT.
Interestingly, the PT factorization established in this work enables the usual projection
from TMGT to TQFT to be defined in a natural way. Already in the classical Hamiltonian
formulation phase space is separated into two decoupled sectors, the first being dynamical
and manifestly gauge invariant, and the second being equivalent to a pure TFT with identical
Gauss law constraints and commutation relations. As a matter of fact in the present approach
which does not require any gauge-fixing procedure whatsoever, the non-commuting sector
of a CS theory or, more generally, the reduced phase space of a TQFT appears no longer
after the projection onto the ground state at the quantum level (or after the introduction of
Dirac brackets) but is manifest already at the classical Hamiltonian level. By letting e or
g grow infinite, the mass gap (64) becomes infinite, hence dynamical massive excitations
decouple whereas the TFT sector, which is independent of the coupling constants, remains
unaffected. In this limit, the system looses any dynamics, the latter being intimately related
to the Riemannian metric structure of the spacetime manifold, while all that is then left is a
wavefunction depending on global variables only, namely the quantum states of a TQFT.

5. Conclusion and outlook

The main result of this paper is the identification of a physical-topological (PT) factorization
of the classical phase space of Abelian topologically massive gauge theories (TMGT) in
any dimension, into a manifestly gauge invariant and dynamical sector of non-commuting
‘electric fields’ and a gauge variant purely topological sector of the B A F or A A F type.
This factorization is achieved through a canonical transformation in the phase space of TMGT.
The discussion considers the most general action for Abelian TMGT in any dimension and
for any p-form fields, including the two possible types of topological terms related through an
integration by parts. The clue to this PT factorization relies on the identification of a topological
field theory embedded in the full TMGT, which is not manifest in the original Hamiltonian
formulation. Let us emphasize that the procedure does not require any gauge-fixing choice
whatsoever, with its cortege of second-class constraints or ghost degrees of freedom. Rather,
the PT classical factorization readily allows for a straightforward quantization of these systems
and the identification of their spectrum of gauge-invariant physical states, accounting also for
all the topological features inherent to such dynamics.

In the early 1990’s, A P Balachandran and P Teotonio-Sobrinho [24] established that it is
possible to identify among the phase-space variables of a TMGT combinations corresponding
to those of a TFT. They noticed that, in a particular case of an underlying manifold with
boundary, edge states may be understood in terms of a TFT, already at the classical level.
Nevertheless, this paper did not realize the powerful gauge-fixing free factorization of the
theory into two decoupled sectors as described in the present work. Incidentally, it should be
of interest to analyse how this new approach may shed new light onto this paper, in a manner
akin to that in which it makes most transparent and natural the projection onto a topological
field theory through the limits e, g — o0, generalizing the concept of projection onto the
lowest Landau level of the Landau problem. In the present approach, the TFT sector with its
reduced phase space is actually made manifest already at the classical level, independently of
any projection onto the quantum ground state, or any classical projection onto physical edge
states in the case of a manifold with boundary.

The formalism of TMGT defined by the actions in (4) or (5) offers a possible description of
some phenomenological phenomena such as effective superconductivity [24, 25], Josephson
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arrays [26], etc. Furthermore, it is certainly of interest to investigate the perspectives offered
by the PT factorization when a B A F or A A F field theory is coupled to (non)relativistic
matter fields as an effective description of phenomena related, for example, to QCD
confinement [27]. It is also of interest to extend this approach to Yang—Mills—Chern—Simons
theories [15, 23] or to the non-Abelian generalization of the Cremmer—Scherk theory which
requires the introduction of extra fields or to allow for non-renormalizable couplings since the
generalization to a local, power counting renormalizable action while preserving the same field
content and the same number of local symmetries as the Abelian theory (4) is not possible (see
[28] and references therein). However, the long term goal is to gain a deeper understanding of
the influence of topological terms, such as the topological mass gap, and of topological sectors
in field configuration space on the nonperturbative dynamics of gauge theories, beginning with
Yang—Mills theories coupled to whether fermionic or bosonic matter fields.
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