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Abstract Since, the quantum modular variables are encoded in terms of one-parameter unitary groups, we are led
to a careful re-evaluation of the Heisenberg group, from where the commutation relations emerge from. In particular,
the re-evaluation pertains to the discrete Heisenberg group from the perspective of its genuine descent from a more
fundamental layer of structure targeting the origin of the non-commutativity of quantum observables. Due to the fact
that the modular variables commute, they give rise to an integrality condition inherent to the structure of the discrete
Heisenberg group. In this manner, this group should mediate in the structural transition from non-commutativity
to its integral Abelian shadow, which is qualified symplectically via the non-squeezing theorem. In particular, the
integrality of symplectic area pertains to the global topology of the torus, meaning that the phase space of the
2-d Abelian shadow is topologically toroidal and isomorphic to the modular lattice I;—i,
covered by R?, where Z? is the free Abelian group in two generators acting by integer translations. The main
conclusion of this work is that the structural transition from the non-Abelian-free fundamental group of based loops
®,, expressing the synchronization condition of the joint action of modular variables, to the Abelian-free homology
group of cycles Z?, where the entangled symplectic area pertains, factorizes though the discrete Heisenberg group.
This elucidates the role and status of modular variables in quantum mechanics and constitutes a viable theoretical
explanation of the nature and appearance of quantum interference phenomena underlying the significance of the
notion of a geometric phase.

such that it is universally
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1 Introduction

A global complex-valued geometric phase factor is thought of as the “memory” of a quantum system undergoing a
“cyclic evolution” after coming back to its original physical state [1,6,24,30]. The state is identified with a ray in
the complex projective Hilbert space of states, which equivalently, can be considered as a real phase space equipped
with a symplectic form. In this way, the interpretation of the global phase factor refers to the symplectic area
enclosed by the loop along which the transition takes place.
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We pointed out in [32] that the interpretation of the geometric phase factor should follow from the principle of
calculation of the transition probability from an initial state to a final one when one or more potential intervening
states are considered, for instance under the insertion of projection filters that can even be non-simultaneously
realizable, like in the case of the double slit experiment. In particular, leveraging on the fact that the transition
probability remains invariant under both, local phase transformations, and complex conjugation, it turns out that
the transition probability is always associated with a process “evolving” around an imaginary loop in “time”.

This invites caution in interpreting the real parameter t indexing the one-parameter unitary group of “evolution” as
a classical temporal parameter. The reason is that for each description of a quantum system in terms of a state vector
“evolving” along the positive direction of the real parameter ¢, there exists a physically indistinguishable description
in terms of the conjugate state vector “evolving” along the negative direction of the real parameter ¢. Therefore,
thinking in terms of the corresponding transition amplitudes, if one of them is associated with a process “evolving”
forward in “time”, its indistinguishable complex conjugate amplitude is associated with a process “evolving”
backward in “time”. This symmetry boils down to the fact that the transition probability derived by squaring is
associated with a process “evolving” around an imaginary loop in “time”. Taking this symmetry seriously, it leads to
the correct evaluation of the transition probabilities in the case of the double slit experiment. This conceptual stance
constitutes a viable alternative to the “two-state vector formalism”, after Aharonov, Bergmann and Lebowitz [2,3].
It also makes justice to Schwinger’s “closed time path formalism”[21], not in the sense of an efficient calculation
tool, but in reflecting something of a deeper significance that is intertwined with the notion of a global geometric
phase.

Most interestingly, the above symmetry seems to be inter-related with another powerful idea put forward by
Aharonov and collaborators [4,5,25] in trying to decipher the quantum interference pattern of the double slit
experiment. What they figured out is that the deciphering of the interference pattern actually pertains to modular
operators of both position and momentum, instead of the standard corresponding observables. These modular
operators are qualified as non-local, such that it becomes possible to detect a relative phase difference, something
that it is not feasible using local self-adjoint operators. But the most remarkable property of these modular quantum
variables is that they commute in contradistinction to their standard counterparts.

The quantum modular variables pertaining to conjugate observables can be properly encoded in terms of one-
parameter unitary groups acting jointly on the phase space. This paves the way for considering the continuous group
action of R?, to be though of as the product of the group R with its Fourier dual group R, identified as such with R.
Due to the consideration of modular variables, we are led to consider two dual real-valued parameters reciprocally
related to each other via Planck’s constant. The constancy of the product of these reciprocally related real variables
is expressed geometrically by means of a rectangular hyperbola. In this context, we showed in Part I of this work
[33] that % expresses the minimal indistinguishable invariant area—identified under the hyperbola—in the variances
of these conjugate variables if they are thought of as symplectic ones.

Thus, there exists a fundamental symplectic area scale, such that, any variable positional length scale that is
extended or contracted reciprocally with respect to the corresponding momentum scale preserves their product,
which is qualified by means of the invariant indistinguishable symplectic area modulo Z due to modularity. The
underlying reason is due to “Gromov’s non-squeezing theorem” [11], leading to the conclusion that the 2-d sym-
plectic Abelian shadow of the symplectic ball of radius R = /7 in the 2n-phase space of the conjugate position and
momenta has symplectic area equal to % = 17, corresponding to a linear area-preserving transformation, or bigger
than this otherwise. In this manner, all R-valued symplectic areas differing by an integer, induce the same S'-valued
geometric phase. Hence, the geometric phase pertains to the area /7 of the 2-d symplectic Abelian shadow of the
symplectic ball of radius R = /A modulo Z.

The above conclusion leads to a revived interest on Weyl’s view of the quantum kinematical space in terms of
an Abelian group of unitary ray rotations [29], and in particular the role that the discrete Heisenberg group plays in
this conundrum. Taking into account Weyl’s group-theoretic commutation relations

W, W', y) =W (x +x', y +y)
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characteristic of a projective unitary representation [15,26,29]—where
W:(x,y) — e(i/ZE)x'nyUy

denotes the normalized continuous group homomorphism of R? into the projective unitary group of the Hilbert space,
wis the symplectic form on R?, and V, and U y are one-parameter unitary groups infinitesimally generated by the non-
commuting observables P and Q correspondingly—, and applied to the modular variables, we immediately realize
that the commutativity condition requires that the complex exponential phase factor should be unity, meaning that
the symplectic area should be integral in units of Planck’s constant. The constancy of the product of the reciprocally
co-related real symplectic variables, expressed geometrically by means of area preservation under the corresponding
rectangular hyperbola, is a pre-requisite for the satisfaction of the integrality condition. This vindicates our standpoint
that there is no fundamental length or momentum scale, but a fundamental symplectic area scale, which bears the
semantics of the indivisible quantum of action and characterizes the deformation invariance structure of quantum
mechanics under joint complementary actions.

Since, the integrality condition constitutes the dually co-related global one-parameter unitary group actions
of position and momentum commutative in symplectic phase space, the corresponding modular observables of
position and momentum share joint eigenstates, subject to the rectangular hyperbola constraint. Due to the fact
that the modular variables are %-Valued, the cell of the modular lattice [5—; cannot be experimentally distinguished.
Thus, modular variables, although commutative, they are not deterministic due to complete uncertainty of the areal
winding number. In particular, the integrality of symplectic area pertains to the global topology of the torus in this
case, meaning that the global phase space should be topologically toroidal and universally covered by R?, where
77 is the free Abelian fundamental group in two generators. Therefore, it is important to understand the emergence
and instrumental role of this modular Abelian structure from the subsumed non-commutative algebraic structure of
all observables in quantum theory.

We will show that the discrete Heisenberg group plays an instrumental role in this respect that explicates the
function of the modular variables. Since, the quantum modular variables are encoded in terms of one-parameter
unitary groups we are led to a careful re-evaluation of the Heisenberg group, from where the canonical commutation
relations of the standard quantum variables emerge from. In particular, the re-evaluation pertains to the discrete
Heisenberg group, this time not from the perspective of restriction of real variables to integer ones according to
the usual presentations, but from the perspective of its genuine descent from a more fundamental layer of structure
targeting the origin of the non-commutativity of quantum observables. The important issue is that, since the modular
variables commute, they give rise to an integrality condition inherent to the structure of the Heisenberg group. In
this sense, the discrete Heisenberg group should mediate in the structural transition from non-commutativity to its
integral Abelian shadow.

In this frame of thinking, it proves indispensable, first of all, to adopt a topological viewpoint on qualifying non-
commutativity. The idea is to think of an one-parameter unitary group infinitesimally generated by an observable as
abased loop up to continuous deformation within the algebra of all observables commuting with it, and thus, sharing
the same spectral resolution. Since an one-parameter unitary group preserves the degree of distinguishability induced
by the spectral resolution of the observable it is generated from, the corresponding based loop may be considered in
relation to a topological circle constituting a barrier, such that the loop cannot be contracted to its base point upon
passing through this circle with a prescribed orientation. Therefore, the topological circle encodes the resolving
capacity of the considered observable in terms of its simultaneously compatible projective resolution, such that
the non-contractibility of a respective based loop upon passage through this circle enciphers the awareness and
preservation of the degree of distinguishability afforded by the corresponding resolution.

At the next stage, although projection filters corresponding to conjugate observables are not simultaneously
realizable, there might be a condition of joint synchronization with respect to an area bounding cycle in the projective
space, though of as a symplectic phase space, which can be derived from the composition of based loops through
the process of Abelianization. More concretely, if we consider conjugate observables, then the corresponding one-
parameter unitary groups may be thought of in relation to non-directly linked disjoint topological circles from a
homotopy-theoretic viewpoint, where each one of them preserves the degree of distinguishability afforded by the
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corresponding resolving observable spectrum. A composite based loop passing through both circles with some
orientation is qualified as a synchronizing loop under the constraint that it gives rise to a symplectic area bounding
cycle on the space of rays.

The synchronization condition in this way should descend from the possible linking property of based oriented
loops in R? excluding the contraction barriers B imposed by two disjoint topological circles. In particular, the syn-
chronization condition should reflect the homological congruence of an area bounding square loop in R emerging
through the reduction of the fundamental group of R3\ B to the first homology group of this space, according to
the Hurewicz theorem [12]. The necessity of 3-D space comes from the fact that based oriented loops are required
to pass through a topological circle with a prescribed orientation. From the perspective of homotopic deformation,
the exclusion of these two topological circles from 3-D space gives rise to the free non-commutative group in
two generators ®; as its corresponding fundamental group, whose Abelianization is the free Abelian group in two
generators Z x Z = 7. The crucial fact in this context is that all realizations of the free group ©, are isomorphic,
thus in principle, Abelianization can be transferred in the quantum setting under appropriate qualifying conditions.

We will show that these qualifying conditions are essentially based on the articulation of R3 in terms of the group-
theoretic structure of the Heisenberg group, and in particular, on the instrumental role of the discrete Heisenberg
group in unraveling the transition from the non-Abelian homotopy of based loops to the Abelian homology of
cycles. Reciprocally, and in relation to this structural transition, the discrete Heisenberg group transcribes the
synchronization condition in a discrete Abelian context, which nevertheless can be decoded only by homological
means through the integrality qualification of the symplectic structure, when applied to the commutative modular
variables of position and momentum in quantum mechanics.

The source of synchronization is derived via the universal realization of the free group in two non-commuting
generators ©, as the fundamental group of R3\ B, where B refers to the impenetrable barrier for based loops posed
by two disjoint topological circles under the intended semantics of our interpretation. We demonstrate that the
source is a topological link identified as the “Borromean rings” [7,10,27], which is algebraically expressed through
the group-theoretic commutator of the free group ®;. In this way, upon representation in the quantum-theoretic
setting constrained by the Heisenberg group for the satisfaction of unitarity, the group commutator reduces to a
central element in the Heisenberg group, which is physically interpreted as a geometric phase, or equivalently, as a
symplectic area through the underlying symplectic structure constituting the Heisenberg group as a principal fiber
bundle.

Therefore, if we think of the Borromean topological link in temporal terms, as providing the synchronization
condition of based oriented loops, expressed through the commutator of the free non-Abelian group ®», then upon
the representation of ®; in the Hilbert space in terms of one-parameter unitary groups generated infinitesimally by
conjugate observables, and in relation to the unitary representation of the Heisenberg group, the synchronization
condition is the root that gives rise to the entangled symplectic area characteristic of an interference pattern.

The main conclusion of this work is that the structural transition from the non-Abelian-free fundamental group
of based loops (where the synchronization applies) to the Abelian free homology group of cycles (where entangled
symplectic area pertains) factorizes though the discrete Heisenberg group. This elucidates the role and status
of modular variables in quantum mechanics and constitutes a viable theoretical explanation of the nature and
appearance of quantum interference phenomena underlying the significance of the notion of a geometric phase.
Henceforth, the Borromean topological link becomes observable in terms of the geometric phase pertaining to
modular variables, only after the qualification of R by means of the symplectic structure of the Heisenberg group,
and the homotopy-to-homology process of Abelianization being subordinate to its factorization through the discrete
Heisenberg group.

2 Principal fiber bundle structure of the Heisenberg group and the horizontal distribution

Due to the fact that the 2-D symplectic Abelian shadow of the symplectic ball of radius R = /7 in the 2n-phase

space of the conjugate position and momenta has area A equal to % = 17, corresponding to a linear area-preserving
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transformation, we are naturally led to consider the central extension of the Abelian group R? by the multiplicative
Abelian group of complex phases S', which gives rise to the Heisenberg group. It is enunciating to view the
Heisenberg group H as a principal fiber bundle with base space R? and structure group S'. In this manner, we may
define the notions of vertical and horizontal subspaces at a point { := (v, t) of H.

The vertical subspace V; is the set of vectors in T, IH that are tangent to the fiber § ! passing through ¢, and it
is clearly one-dimensional. The horizontal subspace H; is the orthogonal complement of V; in T, H, such that the
distribution of two-dimensional horizontal subspaces is invariant under the action of group multiplication on the
left, and transverse to the fibers of this principal bundle.

Equivalently, the above defines a connection on the total space of the Heisenberg group H. The natural projection

7:H—> R?
induces an isomorphism between H; and TURZ, that is:
H; = T,R?

for any representative ¢ in H of a vector v in T, R?. Furthermore, we may express a connection on the total space
of H by means of a differential 1-form o defined on this space, and taking values in the Heisenberg Lie algebra h.

More precisely, for each point ¢ in H, the projection 7;H — V, = h induced by the preceding direct sum
decomposition of T, defines such a connection 1-form o with values in h. Clearly, we obtain the identification of
the horizontal subspace T, for each point ¢ in H, as the space where o (§) = 0 for any vector £ in T¢, i.e. for any
tangent vector £ at ¢ .

Next, we define a symplectic form w on the vector space H; C h, where the center of h has been identified with
R, by setting:

w(z,7):=[z,7]1€R

for z, 7/ € Hj. Clearly, this structure can be translated to other points ¢ in H by group multiplication on the left. By
the natural projection 77 : H — R? the above symplectic structure can be restricted to R?, denoted by w again.

Conversely, utilizing the distribution of two-dimensional horizontal subspaces in H we can lift paths from the
base R? to H as follows: Consider a path y : [0, 1] — R? together with a point x € 7'y (0). Then, there exists a
unique horizontal lift y : [0, 1] — H, such that: y(0) = x, and 7 o y(s) = y(s) forall s € [0, 1].

In particular, if y is a closed path, i.e. a loop in R?, then 7 is not a loop in H, but it is precisely the symplectic
structure on R? that gives the information regarding the extent that the lifted path fails to be a loop. More precisely,
the vertical distance between y (0) and (1) belonging to the vertical subspace V; of the fiber n_ly(l) equals the
absolute value of the symplectic area enclosed by the loop y € R?, whereas, the sign of the symplectic area informs
us which one between y (0) and y (1) lies above the other.

Clearly the same prescription holds for the simply-connected universal covering Heisenberg group I, which is
diffeomorphic with the Heisenberg Lie algebra. The important conclusion, according to the preceding, is that the
vertical distance between 7 (0) and y (1) provides a measure of distinguishability between them by means of the
absolute value of the symplectic area enclosed by the loop y in the base space R2. Notice that this vertical distance
is encoded in terms of a real number measuring area located either at Vi of the fiber 7'y (1) of the Heisenberg
group H, or equivalently, at the fiber 7 ~!y (1) of the simply connected H which is isomorphic to R.

3 Loop-bounded signed symplectic area and the geometric phase

We may extend the above frame of thinking as follows: we consider a path « in the universal covering Heisenberg
group H, or equivalently, in the Heisenberg Lie algebra h, characterized by the triplet of path coordinates (1, o2, @3).
We say that a path « is horizontal, if all of its tangent vectors lie in the distribution of two-dimensional horizontal
spaces. This condition is satisfied if and only if:

-

1 , ,
az = 5(061012 — apay)
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Then, for any path (¢, @) from (0, 0) to (x, y) in R2, there is a unique horizontal lift (o1, @2, @3) in h. More
precisely, the lifted path connects (0, 0, 0) to (x, v, €), where the third coordinate ¢ is given by the signed symplectic
area of the region ¥ in R? bounded by the loop 0% formed from (¢, o) and a straight line from (0, 0) to (x, y).
Clearly, the straight line contributes zero to the third coordinate, so all the contribution comes from the horizontal
lift of the plane path («1, @p) from (0, 0) to (x, y).

More concretely, a simple application of Stokes theorem gives:

1
8:—% (aldz—azdl)Z/fdxAdy
2 Jys s

which is the signed symplectic area of the region ¥ in R2. Physically, this is equivalent to the action S of the
connection 1-form

1
o =dw — E(xdy — ydx),

Szezf o,
ED)

whose kernel at any point ¢ belongs to the horizontal space at this point, along the loop 0% bounding the plane
region X. In this manner, the closed and exact 2-form:

Kk =do =dx Ady

is identified as the curvature form of the above connection displayed in the standard real two-dimensional phase
space Darboux form. Its existence captures the non-integrability of the defined horizontal distribution. In this sense
the horizontality condition, or equivalently the connection, depicts an Abelian subgroup of the Heisenberg group,
or equivalently, a commutative subalgebra of the Heisenberg algebra.

Note that any two points in h can be connected by a horizontal path, which is the unique horizontal lift of a
plane path (o, @2). In general, we may consider concatenations of piecewise linear paths on R?, for instance the
concatenation of the piecewise linear path from (0, 0) to (x, y) and the path from (x, y) to (x + x’, y + y’). Then,
similarly we consider the straight line connecting (0, 0) to (x + x’, y + y’) to obtain a loop bounding the formed
plane region. The Heisenberg group element we obtain by the above prescription starting at (0, 0, 0) is given by the
triplet (x + x’, y + y', €) where ¢ is the signed symplectic area bounded by the above loop. Notice that the area is
zero if (x, y) and (x/, y) are collinear. In this manner, the universal covering group composition rule encodes the
sum of the piecewise linear increments in the base space R?, as well as the total generated signed symplectic area,
which is encoded as the third coordinate.

The fundamental group of the Heisenberg group H, as the total space of the principal fiber bundle with base
space R? and structure group S', is given by the additive group of the integers Z, in accordance with the fact
that the universal simply connected Hesisenberg group H, diffeomorphic with the Heisenberg Lie algebra h, is the
total space of the corresponding principal fiber bundle with base space R? and structure group R. This is simply a
consequence of the group isomorphism S! = R/Z.

In addition, due to the universal covering property of H, it can be thought of as a flat principal fiber bundle over
H with discrete structure group Z. This equivalently means that all points on an R-fiber of H differing by an integer
project onto the same point of the corresponding S'-fiber of H. Physically speaking, the semantics of this fact is
that all R-valued signed symplectic areas of regions ¥ in R? differing by an integer, induce the same S'-valued
geometric phase, i.e.

£+Z=¢ U+Z=//dxAdy+Z=/fK+Z§T.
D> b b

At this stage, it is crucial to reflect on the fact that a connection in the total space of the Heisenberg group Hi,
or its universal covering group H depicts an Abelian subgroup, or equivalently, a commutative subalgebra of the
Heisenberg algebra. It is precisely with respect to this commutative substructure and area bounding loops therein
that the third coordinate is qualified as an S!-valued geometric phase in the former case, and as an R-valued signed
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symplectic area in the latter case, together with their previously described interrelation. In this manner, the non-
commutativity encoded in the Heisenberg group is decoded via a connection to the information of a geometric phase
or of a signed symplectic area with respect to the commutative substructure depicted by the employed connection.

F4

&

Equivalently, the non-commutativity in the Heisenberg group appears as an artifact emanating from the exis-
tence of the symplectic area measure expressing exactly the global non-integrability of the horizontal distribu-
tion, i.e. the non-global extendibility of the commutative structure, defined by this connection. In turn, the non-
commutativity in the nilpotent Heisenberg group may be considered as being not a fundamental and genuine form
of non-commutativity, but merely as one that can be legitimately traded for a maximal extension of some local
commutative substructure together with the associated geometric phase or signed symplectic area bounded by loops
therein.

4 Source of non-commutativity and indirect topological linking

A natural question arising in the context of the above conclusion is what is precisely the source of genuine non-
commutativity in the three-dimensional (3-D) space R, which is the set-theoretic domain of definition of the
universal covering Heisenberg group. The strategy here is to approach the problem of non-commutativity displayed
in the group-structure of the Heisenberg group from an opposite conceptual pole in comparison to the former case.
In particular, the aim is to describe the source of genuine non-commutativity in 3-D space excluding two disjoint
topological circles according to the schema developed in Section 5, and then, understand the Heisenberg group
structure as encoding a degenerate form of non-commutativity, induced essentially by the nilpotency condition
together with the area-bounding loop symplectic semantics. This is particularly important in relation to the Hilbert
space representation of the Heisenberg group pertaining to the description of a quantum system obeying the Weyl
commutation relations.

For this purpose, we consider a loop in 3-D space R3 as an unknotted tame closed curve, that is, as a polygonal
curve that can be continuously deformed in 3-D space R? until it lies flat on a plane R? without intersecting itself.
The objective is to study the group structure formed by all possible loops, specified as above, with respect to the
existence of two separate barriers, modelled in terms of topological circles in 3-D space. We immediately realize
that a group structure can be legitimately defined only if these loops can be based at the same reference point.
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In particular, the anticipated group structure should pertain to the number of times a based loop passes through a
barrier together with the pertinent orientation of this passage.

According to the above, a based loop means simply that it starts and ends at a fixed reference point p of the 3-D
space. The orientation of the loop can be thought of in terms of an observer, which is fixed at the point p, such
that: If the loop passes through the barrier A one time with direction away from the observer it is denoted by o!,
whereas, if it passes one time with direction toward the observer it is denoted by e ~!'. We note that any other loop
with the same properties like & can be continuously deformed to the loop «. Thus, the algebraic symbol « actually
denotes the equivalence class [«] of all loops of kind «, passing through the barrier A once with the prescribed
orientation. Conceptually, passage of a loop through the barrier, which prevents the contraction of the loop at the
base point, means awareness and preservation of the distinguishability between the inside and the outside of the
considered topological circle.

Taking into account the algebraic encoding of based oriented loops in relation to topological circles in 3-D space,
we can define the composition of two oriented loops under the proviso that they are based on the same base point
p in 3-D space. Notice that the composition operation « o S of the p-based oriented loops o and B in relation
to circles A and B correspondingly, is not a commutative operation, meaning that the order of composition is not
allowed to be reversed. Clearly, the rule of composition produces a based oriented loop @ o 8 in 3-D space in relation
to the circles A and B in the prescribed order. We think of the composition rule « o 8 as the non-commutative
multiplicative product of the oriented loops « and S based at the same point p in 3-D space, which we may simply
denote as of8. It is immediate to verify that the above defined multiplication is an associative operation.

A B

o

Having established the closure of the elements of the generic form x under non-commutative associative mul-
tiplication as previously, we look for the existence of an identity element, as well as for the existence of inverses

with respect to this operation. There is an obvious candidate for each based oriented loop «, namely the loop o™,

where the orientation has been reversed. If we consider the compositions & o @ ™!, ™! o & we obtain in both cases
as a multiplication product the based loop at the same point, which does not pass through any circle at all. Thus,
we name the latter loop as the multiplicative identity 1 in our algebraic structure, such that ™! la = 1.
It is also easy to verify that lo« = a1 = 1. We conclude that if we consider two types of p-based oriented loops
as generators in relation to the barriers A and B, denoted by the symbols « and S respectively with the prescribed
orientation and obeying no further constraints, we form a non-commutative free group in two generators, denoted
by ®,. The equality sign in the non-commutative group @ is interpreted topologically as an equivalence relation
of p-based oriented loops under continuous deformation. By making use of the multiplication operation in ®, we
may form any permissible string of symbols in this group, which can be reduced into an irreducible form by using
only the group-theoretic relations co ™" la = 1, 2o = &, and so on.

The claim is that the non-commutative free group in two generators ®,, represented in 3-D space according to the
preceding, expresses a genuine and non-reducible type of non-commutativity. For this purpose, it is indispensable
to examine the behavior of the group commutator and explicate its semantics. The group-theoretic commutator
induced by the generators of ®;:

:(x_

Z(X_

[0, T=ap a7
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produces an irreducible non-commutative string of symbols in ®,. This string represents a new based loop y as
a product loop composed by the ordered composition of the based oriented loops & o 87! o @~! o . The crucial
observation is that deletion of both symbols « and o, an operation that corresponds to removing or cutting the
circle A, reduces the group commutator to the identity 1. Clearly, the same behavior is encountered symmetrically
for both B and g~ 1.

The process of cutting topological circles from a constellation is utilized in the theory of topological links to
express a property called splittability. The notion of a topological link is based on the underlying idea of connectivity
among a collection of loops. A topological N-link is a collection of N loops, defined in the same way as above,
where N is a natural number. Regarding the connectivity of a collection of N loops, the crucial property is the
property of splittability of the corresponding N-link. We say that a topological N-link is splittable if it can be
deformed continuously, such that part of the link lies within B and the rest of the link lies within C, where B, C
denote mutually exclusive solid spheres (balls). Intuitively, the property of splittability of an N-link means that the
link can come at least partly apart without cutting. Complete splittability means that the link can come completely
apart without cutting. On the other side, non-splittability means that not even one of the involved loops, or any pair
of them, or any combination of them, can be separated from the rest without cutting.

From the viewpoint of the theory of topological links, the Borromean link constitutes an interlocking family
of three loops, such that if any one of them is cut at a point and removed, then the remaining two loops become
completely unlinked [9,10,12-14], see also [27,28] for related work. The Borromean link describes topologically
the constellation known as the “Borromean rings”, consisting of three rings, i.e. topological circles, which are linked
together in such a way that each of the rings lies completely over one of the other two, and completely under the
other, as it is shown at the picture below:

The Borromean link is characterized topologically by the property of splittability as follows: The Borromean link
is a non-splittable 3-link (because it consists of three loops), such that every 2-sublink of this 3-link is completely
splittable. It is clear that it is a non-splittable 3-link because not even one of the three loops, or any pair of them,
can be separated from the rest without cutting. A 2-sublink is simply any sub-collection of two loops obtained
by erasing the loop that does not belong to this sub-collection. Since, the Borromean link is characterized by the
property that if we erase any one of the three interlocking loops, then the remaining two loops become unlinked, it
is clear that every 2-sublink of the non-splittable 3-link is completely splittable.
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6)

We will show that the topological splittability information incorporated in the specification of the Borromean
link is precisely encoded in algebraic terms via in the non-commutative group-structure of the free group ®;. The
property of irreducibility of a string of symbols in the group ®; is the guiding idea for the algebraic encoding of
the Borromean link.

The crucial observation is that algebraic irreducibility in ®; can be used to model the topological property of

non-splittability of a 3-link, where complete splittability of all 2-sublinks is encoded by the unique identity element
of ®;. In particular, the group-theoretic commutator induced by the generators of ®;:

[, T=ap a7

produces an irreducible non-commutative string of symbols in ®;. This string represents a new based loop y as a
product loop composed by the ordered and non-reversible composition of the based oriented loops @ o 8~ oa ™ 0 8.
We call the product loop y the Borromean loop and the formula or multiplicative string «~'a~!8 in ©, the
Borromean loop formula.

&

A N B
_

p

The algebraic irreducibility of the group commutator [, 87!] in the free group @, encodes the topological non-
splittability property of the Borromean 3-link. We noticed above that deletion of both & and & ~! (corresponding to
removal of the circle A) reduces the formula to the identity 1 (and the same happens symmetrically for both 8 and
B~1). This fact models algebraically in the terms of ®, that every 2-sublink of the Borromean 3-link is completely
splittable.

We conclude that the topological splittability, that is, the connectivity information of the Borromean 3-link can
be completely encoded in terms of the algebraic structure of the non-commutative multiplicative free group in two
generators ®,. In particular, the group-theoretic commutator [, '] in ®,, encodes algebraically the modular
gluing condition of the based oriented loops o and S~ (with respect to the circles A and B, respectively, in the
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prescribed orientation), and therefore the non-splittability of the Borromean 3-link, together with the complete
splittability of all 2-sublinks of this 3-link.

In view of the established representability of the free group in two non-commuting generators, ®, in the quan-
tum space of state vectors, in terms of one-parameter unitary groups infinitesimally generated by complementary
observables, the group-theoretic commutator in this setting transfers the Borromean linking property in the quantum
regime. Recall that an one-parameter unitary group infinitesimally generated by an observable should be thought
of topologically as a loop based at a reference state vector, up to continuous deformation within the algebra of
all observables commuting with it, and thus sharing the same spectral resolution. Since, an one-parameter unitary
group preserves the degree of distinguishability induced by the spectral resolution of the observable it is generated
from, the corresponding based loop is considered correspondingly in relation to a topological circle constituting a
barrier, preventing the loop from contraction to its base point upon passing through this circle with a prescribed
orientation. In this setting, the topological circle encodes the resolving capacity of the considered observable in
terms of its simultaneously compatible projection filters, such that the non-contractibility of the based loop upon
passage through this circle enciphers the awareness and preservation of the degree of distinguishability afforded by
the corresponding resolution.

This is instrumental in thinking about the notion of quantum probability assigned to a transition by means of
amplitudes. The crucial issue is that quantum transition probability is always bearing the symmetry of a process
“evolving” around a loop in “time”. This is the heuristic standpoint from which we aim to interpret the semantics
of the Borromean linking expressed in terms of one-parameter unitary groups acting on a reference state vector.
The idea is that under the standpoint of this symmetry, the pertinent topological linking property gives rise to a
precise synchronization condition of one-parameter unitary groups generated by complementary observables with
respect to a reference state vector on which they act on. Thus, although simultaneous applicability is not feasible,
synchronization becomes possible. This is the anchor via which the semantics of the geometric phase can be
unfolded.

5 Homological Abelianization through square boundary loops

We note that the Borromean topological link is characterized by threefold symmetry. In the algebraic terms of the
group O this is reflected on the fact that if we consider any two of the based loops &, 8~!, y, then the third is
expressed by the group commutator of the other two. The threefold symmetry of the Borromean link may be broken
by reducing the free non-commutative group on two generators ®; to the free nilpotent group on two generators of
nilpotent class 2.

More concretely, we may choose the based loops o, 87! such that y = [e, 7] = e~ 'a~' B and impose
the relations [«, y] = [B -1 y] = 1. Since in the reduced group all threefold and higher commutators vanish, y
belongs to the center of this group. Moreover, the non-commutativity of the nilpotent group descends from the
non-commutativity of the non-Abelian-free group in two generators.

It is worth examining the type of non-commutativity displayed by the nilpotent group in more detail. In the
case of the free group ®> we have interpreted the group commutator as the algebraic encoding of the Boromean
topological link formed among the based loops «, B~! and y = [a, B~!] = ap~'a~! 8, or equivalently, among
the barriers A, B, and the commutator product loop y. The key idea is that the loop y depends on the order of the
constituting actions «, 8 1ol B, and thus, cannot be deformed to the identity loop in ®;.

In other words y is homotopically non-trivial, since it is not reducible or contractible to the identity. We identify
this homotopy-theoretic fact with the source of genuine non-commutativity, and concomitantly, with the source of
the topological linking characterizing the connectivity of the Borromean rings. Breaking the threefold symmetry,
according to the above, amounts to two things: First, there takes place a distinction or marking between topological
circles and product loops, or equivalently, between barriers and product actions preserving the distinguishability with
respect to them; Second, the group commutator product action is always a central element in the reduced nilpotent
group. Thus, we obtain a degenerate type of non-commutativity, which is based exclusively on central characters.
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It may be still represented in the pictorial only form of the Borromean link under the proviso that the barriers are
now marked and distinguished from the commutator product loop, which is equivalent to breaking the intrinsic
three-fold symmetry. The question now is if the semantics, which has been assigned to the Heisenberg group before
through the symplectic interpretation, can be recovered through the opposite pole of genuine non-commutativity.

For this purpose, it is possible to formulate a simple argument that hopefully sheds light on the above issue,
and simultaneously paves the way for scrutinizing the apparent type of non-commutativity encountered in quantum
theory via the corresponding representation of the nilpotent group in the Hilbert space of quantum states. We have
deduced that the non-commutative ordered product

y=lo, N1=apla"'p

is not contractible to the identity due to the homotopic non-deformability of the commutator product loop to a
trivial loop. Equivalently, y belongs to the non-trivial homotopy class of the fundamental group defined on the
complement of the disjoint topological circles A and B.

Conversely, we realize that y is actually reducible to the identity if o« commutes with 8~!. Hence, the vanishing
of the commutator y amounts to the Abelianization of the fundamental group, which in turn is identified with the
Abelian first homology group. This means that the reduction of the fundamental group to the Abelian homology
group depicts acommutative group structure identified as an Abelian subgroup of the nilpotent group. Concomitantly,
this commutativity criterion is equivalent to the connection-induced horizontality condition in the principal bundle
displaying the nilpotent group over the base space defined by the above commutative subgroup. We can see this
immediately from the commutativity condition:

y=la.p N=apla7 =1,

which in homology means that y defines a boundary, that is, the extent that two homologous cycles differ by. This is
exactly the form of the homological area boundary that is realized on the nilpotent Heisenberg group, or its universal
covering group in terms of two-dimensional translations taking place in the horizontal distribution.

To gain a better insight, it is worth looking at the semantics of the commutativity condition from the perspective
of topological links. The commutativity condition amounts to the degeneration of the Borromean link, and thus of
its nilpotent avatar, into a Hopf link, meaning that the marked barriers appear in the homological Abelian shadow
as directly linked. In this interesting way, the commutativity condition bears non-trivial topological aspects, since
this type of Hopf link can be actually realized on the non-simply connected surface of a torus S' x S! given that
o, ,3’1, define a homology basis for a torus if linked like this.

In turn, this indicates that from a commutative viewpoint, the universal covering Heisenberg group itself should
be considered as a universal covering space of S! x S! x §!, which by means of its corresponding principal bundle
instantiation, invites attention to the significance of the discrete Heisenberg group Hy in this context.

6 Discrete Heisenberg group and integral signed symplectic area

The discrete Heisenberg group Hy as a set is simply:
Hyz = Z* x Z,
and the composition law is defined as follows:
1
(L y,w)(x Yy w) =X y+ Y w+w' + 79

where the variables (x, y, w) admit only integer values. Note that the order two nilpotency condition is still char-
acteristic of the discrete Heisenberg group Hyz, and thus, the Baker—Campbell-Hausdorff formula simplifies as
follows:

1
Xl = XHYHIIXY]
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We deduce that the following sequence of groups is actually a short exact sequence:
0— Z <> Hy — 7> - 0

where the image of Z is central in Hz. The above means that the discrete Heisenberg group Hy is the uniquely
defined central extension of Z? by Z.

For simplicity in the notation, we denote the non-Abelian-free group in two generators ®, as O, := @ := @y,
whence its commutator normal subgroup [®>, ®>]is denoted as [@,, ©2] := &>, and so on for higher commutators.
We note that &1 D @2 D @3 D ..., and the Abelianization of @ is given by the quotient &1 /@®,. Hence, the discrete
Heisenberg group Hy is actually identified up to isomorphism with the quotient &1/@3. More precisely, since
@> D @3 the Abelianization homomorphism & — 72, where 72 = @, /@2, induces a surjective homomorphism:
Hz = ®1/®3 — Z* = &1/,
whose kernel is the normal subgroup of Hy, generated by the equivalence class of the commutators y = [«, 8711,
denoted by the same symbol.

We also notice that any homomorphism /4 : & — Z factors through Hz, due to the fact that &> D @3. By a slight
abuse of notation we denote these homomorphisms by the same symbol if their domain is restricted to Hz. Then,
for any element g in Hy, the image h(p) is valued in the integers. We consider two homomorphisms x : & — Z,
and y : & — Z, such that:
iy e — 72
amounts to the Abelianization homomorphism whose kernel is generated by the equivalence class of the commutators
y = [a, B, as previously. We denote by (o) := x and y(o) := y the integer images of these homomorphisms
for an element o in Hy. Then, the group [Hz] of upper triangular matrices with integer entries of the form:

lxw

01y | =TI,y w)

001
constitutes a representation of the group Hy. To see how the above works, we may make a convenient gauge choice,
such that & and ~lin @ are mapped to I1(1, 0, 0) and IT1(0, 1, 0) correspondingly in [Hz]. Then, the commutator
y = |a, /3_1] is mapped to I[1(0, O, 1) being central in [Hz]. Moreover, yk is mapped to I1(0, O, k), which for k # 0
is always non-trivial.

Next, we consider the lattice Z? inside the plane R?. Let o be the discrete Heisenberg group avatar of a free
group @ string x1x2 ... xy inina, B, =", 1. Each such string gives rise to a path in the plane R* as follows:
If we consider the origin (0, 0), then we may take the path from (0, 0) to one of the points (1, 0), (0, 1), (—1, 0),
(—1, —1) depending on x; being one of &, B, ', B~! correspondingly. We extend this path in the same manner
by joining successively to it the paths corresponding to x2, ..., Xy—1-

Therefore, we obtain a composite path from the origin (0, 0) to a lattice point described by the integral coordinates
(I, m) in the plane R?. At the final stage v of this process, we extend the path arrived at the point (/, ) with a final one
terminating at the integral coordinates (/, m) + (1, 0), or (I, m) 4+ (0, 1), or (I, m) + (—1,0),0r ([, m) + (—1, —1),
depending on y, being one of a, B, @', B~! correspondingly. We may select the gauge x(0) := x = 0, and
y(o) := y = 0, depicting the integer images of the Z-valued homomorphisms x, and y, for an element o in Hz,
so that the obtained path is actually a loop o in the plane R2. The loop o bounds a region in R?, whose oriented
area is expressed by the integral value w in this gauge. Notice that the integral value w is a measure of signed area,
depending on the orientation of the loop o, which is positive for the counterclockwise orientation and negative for
the clockwise one.

In more detail, we may consider the integral unit square [ in the plane R? described by the vertices (I, m),
(I+1,m),(I,m+1),({+1,m+1). Then, we may define the Z-valued winding number ¥ (/, m) of a loop o around
the undisclosed center of . In this manner, the signed area of the region bounded by the loop o in the plane R? is
given by:

w= Y 9. m

(I,m)
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We emphasize at this point that the commutativity condition:
-1 -1 -1
y=lo,p 1= a B=1,

interpreted homologically means that y defines a boundary, i.e. an area bounding loop of the above form o.

Moreover, this is tantamount to the homological area boundary that is realized on the nilpotent Heisenberg group
or its universal covering group in terms of two-dimensional translations taking place in the horizontal distribution.
From the above analysis, we have shown that this interpretation is actually rooted in the explicit consideration of
the lattice Z2 inside RZ. In this vein, R? stands for the universal covering space of the torus S Iy S! where 72
plays the role of the fundamental group of the latter. In turn, the torus S x S! provides the realization surface of the
Hopf link formed by the homology basis -, 7!, instantiated via the commutativity condition as the homological
Abelian shadow of the Borromean link, or more precisely, of its nilpotent Heisenberg avatar.

The homological interpretation pertaining to the modular variables is based on the natural cellular structure of
R? if we consider the lattice Z? inside it, according to the above discussion. Then, an integral unit square [ in the
plane R? is a face of this cellular complex, whose vertices are points on the lattice and edges are paths joining these
vertices. Clearly, there exists a free action of the group Z? on this cellular complex expressed through horizontal
and vertical integer translations. This action is actually the free group action of the fundamental group Z? of the
torus S! x S! on its universal covering space R?, where each R-copy is to be thought of as a simply-connected
spiral unfolding in discrete steps, counted by windings, the corresponding loop in the homology basis.

An interesting observation emerges if we consider the topological graph G obtained by the union of all edges
and vertices of the above cellular complex. In particular, the quotient of this topological graph G by the action of
72 restricted to it, is equivalent to a bouquet of two topological circles oo, whose fundamental group is the non-
Abelian-free group in two generators @ := @;. Then, the topological graph G instantiates the Abelian Galois cover
of the bouquet of two circles oo that corresponds precisely to the commutator normal subgroup [B1, D1] := S2
of @.

Consequently, a free group @ string x1x2 ... xy ina, B, =", B!, whose discrete Heisenberg group avatar is
o, lifts to an 1-chain in the homological Abelian shadow, described by the Abelian Galois cover, and depicted in
terms of a path starting at the origin of the topological graph G. Selecting again the gauge x(0) := x = 0, and
y(o) := y = 0, the above 1-chain becomes an 1-cycle, which in turn, due to the contractibility of the plane, is
actually a boundary, i.e. an area bounding loop in the plane. Thus, we obtain again the signed area w of the region
bounded by the boundary loop o in the plane R

7 Qualifying the interference pattern through integrality

Recall that the Heisenberg group H, defined as a set by the product H := R? x S!, and endowed with the group
composition law:

W, DO, T) =@+, T +7) pn:v) =@+, (T +17)- /2,
where v := (x, y) in R?, such that the following sequence of groups is exact:
1> 8" H-—»R>— 0,

admits a genuine unitary representation in the Hilbert space:

Wy:(, 1) 17-W()

such that:

Wull, o) =1, Wy, 1)=v.
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Moreover, the correspondence W — W, gives rise to a bijection between the set of unitary representations of the
group H and the projective unitary representation of R x R, with multiplier (v : v”). Thus, since the Heisenberg
group H is represented unitarily on the Hilbert space H, it preserves both the complex-valued inner product and the
unit sphere of normalized state vectors in this space SH := U = {|Y) € H|(¥|¢) = 1}.

Taking into account the fact that SH constitutes a principal fiber bundle over the space of rays PH with structure
group S,

pr:SH — PH,
) — pry)) =V = |y) (¥,

if the continuous Abelian group action of R? on the space of rays P instantiates the symmetry group of this space,
then the continuous non-Abelian group action of the Heisenberg group H on the unit sphere SH shall instantiate
the symmetry group of the latter space correspondingly. Since H is a central extension of R” by S, if we project
the symmetry action of H on the unit sphere S onto the symmetry action of R? on the space of rays P, then
the structure group S! of the principal fiber bundle SH over PH is naturally identified with the central normal
subgroup S! of the Heisenberg group central extension. In other words, since the action of the central subgroup S’
of the Heisenberg group H leaves the fibers of the principal bundle pr : SH — P’H invariant it can be naturally
identified with the structure group of this principal bundle. This is important because it shows that the origin of the
Sl-invariance of unit state vectors emanates from the subgroup of central characters of the Heisenberg group in its
function as a symmetry group of the unit sphere SH.

In this state of affairs, we remind that an one-parameter unitary group infinitesimally generated by an observable
is to be thought of as a based loop up to continuous deformation that can be oriented in two possible ways. In
particular, if the observable is a single projector, this based loop may be identified with the orbit of its action on a
reference state vector, i.e. the lift of a triangular loop on the space of rays with a distinguished reference vertex. It is
instructive to recall that a unitary transformation is an automorphism of the Hilbert space of state vectors preserving
the inner product structure.

The inner product between two state vectors, interpreted as the transition amplitude from one to the other, actually
pertains to the space of rays. From the latter viewpoint, the inner product expresses the degree of overlap between
the corresponding rays or projection operators, where a projection operator bears the function of a potential distin-
guishability filter, for instance it can distinguish a slit. In this interpretation, the overlap between two rays amounts
to the degree of objective indistinguishability between the corresponding states. Thus, a unitary transformation is a
transformation which is preserving the degree of objective indistinguishability between states of a quantum system
given that a measurement is not taking place.

Concomitantly, the real-valued continuously varying parameter in an one-parameter group of unitary operators
associated bijectively with an observable is a parameter indexing continuously the preservation of this degree
of objective indistinguishability between quantum states. Therefore, what accounts for the existence of different
oriented based loops after the specification of a reference vertex is the existence of non-simultaneously realizable
potential filters instantiated by sharply incompatible Boolean frames of projection operators.

The change of perspective enunciated by thinking of one-parameter unitary groups in terms of based loops under
the specification of a fixed reference vertex is the fact that different based loops may be composed together in a
particular order and reveal connectivity properties that are not visible from the perspective of sharply incompatible,
or more precisely, conjugate local Boolean frames. In this context, the meaning of topological connectivity acquires
a temporal semantics under the standpoint that quantum transition probability is always bearing the symmetry of a
process “evolving” around a loop in “time”. In this manner, this pertinent topological linking property transcribes
to a synchronization condition of one-parameter unitary groups generated by complementary observables with
respect to a reference state vector on which they act on. This synchronization condition gives rise via the process
of homological Abelianization, which factors through the symplectic structure of the discrete Heisenberg group, to
signed symplectic areas formed by translations expressed in terms of modular conjugate observables, thus bounded
by square loops. In turn, these integral symplectic areas give rise to the geometric phase characteristic of the
interference pattern on the screen.
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The underlying motivation for this consideration comes from the fundamental role that the Borromean link
plays in deciphering the Weyl-Heisenberg commutation relations in quantum mechanics. The notion of a link of
loops pertains to the domain of topological connectivity, which is qualified temporally in terms of synchronization
of one-parameter unitary groups, delineating precisely the type of objective indistinguishability encountered in
quantum theory. More concretely, the existence of the Borromean link as a non-splittable 3-link described by the
non-vanishing commutator y = [«, '] in the free non-Abelian group of two generators @, is indicative of the
topological entanglement between the barriers A, B, and the commutator product loop y. In turn, this type of
entanglement is strictly subordinate to the composition order of the based loop actions r, 87!, @ ™!, B, which is the
hindsight of genuine non-commutativity. The basic notion here is that the entanglement-inducing composite loop
y cannot be deformed to the identity loop in @, i.e. it is homotopically non-contractible to the identity.

Due to the representation of the group @ in the Hilbert space of states of a quantum system in terms of one-
parameter unitary groups, the above setting can be literally transferred in the context of the double slit experiment
under the proviso that: (i) There is a distinction or marking between slits and product loops, or equivalently, between
slits as projection filters and product actions as composite one-parameter unitary groups with respect to these slits;
and (ii) the group commutator product action plays the role of a central element in the symplectic Heisenberg group
reflection of the broken threefold symmetry of the Borromean link due to the above imposed distinctions in (i). Note
that, in the case of the Borromean link, the act of cutting any one of the three entangled loops leads to complete
splittability of the remaining 2-link. Analogously, in the Heisenberg reflection, the act of measurement at any one
of the two marked slits does not preserve the degree of indistinguishability between states, and the corresponding
unitary group action breaks down, meaning that the interference pattern of the double slit experiment disappears.

Itis essential at this point to examine in more detail what is actually involved in the specification of the interference
pattern characteristic of the double slit experiment from the proposed topological perspective. The claim is that
the interference pattern should be understood as a pattern of double periodicity pertaining to modular observables,
i.e. the commuting one-parameter unitary groups of position and momentum, or equivalently, their based loops
with respect to the choice of the initial reference state vector. This is based on the conception of the screen where
the interference pattern is displayed as the homological Abelian shadow of the non-reducible commutator in the
Heisenberg group. In other words, the insertion of a screen is tantamount to a process of Abelianization pertaining
to both the unitary translation actions of the position and momentum observables. More precisely, the screen forms
ahomological area boundary that is realized on the representation of the nilpotent Heisenberg group, or its universal
covering group, in terms of two-dimensional unitary translations taking place in the horizontal distribution.

The semantics of this homological Abelian shadow is clarified if we think in link-theoretic terms. In this manner,
the commutativity condition amounts to the appearance of the nilpotent Heisenberg reflection of the Borromean link
as a Hopf link, which in turn, is realizable on a torus, given that the pertinent based loops give rise to a homology
basis for the torus, if linked like this. This is precisely what is accomplished by the discrete Heisenberg group.
The aftermath is that on the homological Abelian shadow of modular position and momentum, the marked slits
appear as directly linked or entangled, giving rise to an invariant symplectic area characterized by double integral
periodicity. This is what qualifies the quantum interference pattern in terms of the notion of the quantum of action,
expressed symplectically through Planck’s constant.

In this sense, it becomes obvious that sharp specifications of the position or momentum observables, are untenable
and actually irrelevant to the deciphering of the double slit interference pattern. What is actually relevant and
necessary is the geometric encoding of double integral periodicity in terms of a cellular integral lattice structure
of translations in position and momentum unfolding in a simply-connected way the corresponding homology basis
loops of the induced torus in these variables. It is exactly this integral lattice structure that qualifies the semantics
of objective indistinguishability in the case of the double slit experiment. Remarkably, this physically natural and
decisive aspect of double periodicity remains only implicit in the Schrodinger representation of the Heisenberg
commutation relations in the position representation.
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8 Integrality of the quantum of action and the geometric phase

The signed symplectic area invariant constraining the observed interference pattern in the double slit experiment
can be equivalently qualified in terms of the corresponding S'-valued geometric phase, i.e. in terms of a holonomy
group element. In this context, we recall that the notion of a connection in the total space of the Heisenberg group H,
or its universal covering group H delimits an Abelian subgroup, and consequently, a commutative subalgebra of the
Heisenberg algebra. In other words, the Abelian homological shadow is effectuated with respect to this commutative
substructure. An area-delimiting boundary therein qualifies the third coordinate as a geometric phase in the former
case, and as a signed symplectic area in the latter case.

Given the toroidal topological structure of this Abelian shadow, according to the preceding, in the geometric
simply-connected manifestation of the interference pattern what is essential and decisive is the instantiation of a
cellular integral lattice structure of translations in position and momentum bearing an invariant scale or measure of
area. This amounts to the requirement that in the unitary representation of the Heisenberg group on the principal S'-
bundle over the space of rays, considered as a symplectic phase space via the natural symplectic structure provided
by the Hermitean inner product, the curvature 2-form of this inner-product induced connection, is integral in units
of area. Thus, if we consider that the quantum of action defines an invariant scale of area with respect to this lattice,
the curvature form should be integral in units of Planck’s constant.

In more detail, we may employ the connection 1-form A, defined according to:

AW) - @ = =Im(y|p)

where Im denotes the imaginary part of the Hermitian inner product. The closed and exact differential 2-form R,
i.e. the pertinent curvature 2-form is given by the differential of A, that is:

R(p. ¥) =2Im(p|¥),

identified in terms of the standard symplectic form reduced to the space of rays.

Therefore, its surface integration gives twice the signed symplectic area of the two-dimensional region enclosed
by a boundary loop in the space of rays, whence the complex S'-valued exponential of the same gives the holonomy,
or equivalently, the global geometric phase. Notice again that since S' = R/Z, symplectic areas of boundary loops
differing by an integer provide the same geometric phase. This is important to realize that the Abelian shadow
displayed on the interference pattern is of a homological nature, as we will describe in more detail in the sequel.

If we consider the established representation relation:

W, W', y) =e2oWx +x',y + ),

we also conclude that the commutativity condition constituting the Abelian shadow requires that the complex
exponential phase factor should be unity, i.e. that the symplectic area should be integral in units of Planck’s
constant. At this point, it becomes clear that the instantiation of this type of Abelian shadow on the screen involves
the consideration of both the discrete Heisenberg group, and the continuous one, where the first stands for a Z-
central extension and the second for an S'-central extension over a cellular integral lattice structure of translations
in position and momentum in the space of rays delineating a maximal commutative subgroup.

It is worth reflecting once again on the peculiar type of non-commutativity encoded in the Heisenberg group via
central characters. Itis the nilpotent characterization of this group together with its specification via a principal bundle
structure endowed with a connection that allows it to mediate between the purely non-commutative, ordered world
of the free group in two generators and the Abelian shadow of this world in the manner of the homotopy/homology
interrelation.

In this unique way, the type of non-commutativity imposed by the canonical commutation relations can be
decoded via a bundle connection to the information of an invariant global geometric phase or of a signed symplectic
area integral in units of Planck’s constant, with respect to the commutative substructure delineated by the employed
connection. In turn, this commutative substructure of a toroidal origin, assumes existence only as a homological
Abelian shadow due to the integrality condition, rooted physically on the double periodicity character of the
interference pattern on a screen.
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9 Cohomological interpretation of modular variables

To gain a deeper insight on the integrality condition, we come back to the fact that SH constitutes a principal fiber
bundle over the space of rays PH with structure group ',

pr :SH — PH,
) — pr(l¥) =¥ = [y ) (V]

In this bundle setting, the action of the central subgroup S' of the Heisenberg group H leaves the fibers of the
principal bundle pr : SH — PH invariant, and therefore, it can be naturally identified with the structure group of
this principal bundle. This principal bundle is endowed with a connection induced by the Hermitian inner product.

Instead of the principal bundle structure, we may equivalently focus on the associated complex line bundle
structure with fiber C endowed also with a connection. In this state of affairs it is well-known that the curvature
of this complex line bundle assumes the status of a symplectic form if and only if the curvature is integral. More
precisely, a global closed 2-form, identified as the curvature R differential invariant of a complex line bundle with
a connection over a base space X functions as a symplectic form if and only if its two-dimensional de Rham
cohomology class is integral:

[R] € H*(X,Z) < H*(X,R)

Since the Abelian shadow pertains to the commutative toroidal substructure, according to the preceding, the base
X should be identified in this case with an even-dimensional torus in the space of rays, thought of as a compact
Abelian group. We focus our attention on the case of the two-dimensional torus:

R2
X:=T?=s xsl=(=).
% zZ

Since X is a compact Abelian group whose group of characters is X, its Fourier algebra A := A(X), namely
the algebra of absolutely convergent Fourier series on X with the /!-norm, is a complex unital commutative and
self-adjoint Banach-Silov al gebra having the Banach approximation property, whose topological spectrum is (home-
omorphic to) X [16]. The study of a complex line bundle over the torus from this viewpoint has been first proposed
and worked out in detail by Selesnick [22,23]. In the sequel, we follow Selesnick’s approach keeping in mind the
symplectic rendering of this framework in relation to the role of the discrete Heisenberg group. In this manner, we
obtain a cohomological interpretation of the modular variables, which leads to an irreducible unitary representation
of the Weyl-Heisenberg group in terms of theta functions.

Each element v of Z2 defines a character on T2, which for A in 72 and v in R2, it takes the form:

Xv(A) = expmiv - v)

Therefore, we obtain that 72 = Z2. We consider the standard orthonormal basis in Z2 and denote the corresponding
characters by x1, x2. The important issue is that the modelling of a quantum beam may be expressed in terms of
the commutative observable algebra sheaf A := A(T?) of absolutely convergent Fourier series on 72,

In this way, the pair (72, A) constitutes the Gelfand spectrum of the algebra of observables .A. Together with the
C-algebra sheaf A we also consider the Abelian group sheaf of invertible elements of A, denoted by A. The set of
sections of a complex line bundle L over X forms a sheaf of sections localized over X, called a line sheaf of states
L. Locally for any state x € X there exists an open set U of X such that:

Ly=Aly

It is also standard that the set of sections of a line sheaf L can be equipped locally with the structure of a Hilbert
space.
In this setting, the basic result that is established by means of the Chern isomorphism is that:

¢ := Pic(X) = H*(X,7Z)
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meaning that each equivalence classes of line sheaves of states in the Picard group Pic(X) is in bijective corre-
spondence with a cohomology class in the integral two-dimensional cohomology group of X [17]. An equivalence
class of line sheaves equipped locally with the structure of a Hilbert space is identified as the carrier state space of
a quantum beam [18,31].

Next, we would like to make use of the compact connected Abelian group structure of X. In the case of compact
connected Abelian group every non vanishing element of .4 can be written as the product of an element of exp .4
with a unique character x. Hence we obtain:

A
exp A
Furthermore, the Cech cohomology algebra of X with coefficients in Z is naturally isomorphic with the exterior
algebra being generated by elements of first degree:

APHYX,7) = HP (X, 7)

12

HY(X,7) = ~ X =72

Thus, we deduce that:

HP(X,7) = APX = APZK

Henceforth, in the case of interest, we obtain:

HP(X,7) = APX = AP72

where p = 1, 2. Additionally, since X is connected, X is torsion-free. Therefore, AP X is also torsion-free, and we
finally obtain that H? (X, Z) is torsion-free. The inclusion of coefficients Z < R induces the morphism:
HP(X,7) — HP(X,R) = HP(X,7) ®z R

which is injective, since H?” (X, Z) is torsion-free.

At the next stage, we use the fact that each equivalence class of line sheaves of states is in bijective correspondence
with a cohomology class in the integral two-dimensional cohomology group of X in order to obtain the following
isomorphisms of Abelian groups:

CZHXX, D)= AN X =N =T
Therefore, if we consider a generator x A ¢ of AZX = 7 we obtain a line sheaf of states L, r¢. Because of the

above isomorphism of Abelian groups, we conclude that each line sheaf of states L on X of a quantum beam is
equivalent to a finite tensor product of line sheaves of states of the form L, ., over A:

2
L= ® LXi/\Cj

i,j=1

where the Chern isomorphism 8, evaluated in H>(X, Z) is expressed by:

2
(L) =) Xi NG

ij=1

In addition, since H2(X, Z) — H?(X, R) is injective, the integral Chern cohomology class of a line sheaf of
states 8. (L) is completely determined by its image in H2(X, R), namely by its corresponding real Chern cohomology
class. This injective morphism in cohomology classes is given according to the above by:

A27% < APR?
7 — R

We consider the standard orthonormal basis in Z? and denote the corresponding characters by x1, x2. This basis
induces a basis in A2Z? = 7, with respect to which the Abelian group A2Z? = 7 can be identified with the group
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of integer-valued skew-symmetric or alternating forms on Z?. By utilizing this basis extension by the inclusion
7? — R2, we obtain the R-vector space of real-valued skew-symmetric or alternating bilinear forms, which is
finally identified with the space A2R? = R.

Therefore, the real Chern class of a line sheaf on X is representable by a real-valued skew-symmetric bilinear
form on R?, which is integer-valued if restricted Z?. Inversely, any real-valued skew-symmetric bilinear form on
R2, which is integer-valued if restricted to 72, represents the real Chern class of a line sheaf on X. Therefore, the
above correspondence is a bijective correspondence, and in consonance with the symplectic semantics implicated
via the discrete Heisenberg group.

Furthermore, we know that a global closed 2-form is the curvature R of a differential line sheaf, i.e. of a line
sheaf equipped with a connection, if and only if its 2-dimensional de Rham cohomology class is integral, that is:

[R] € H*(X,Z) — H*(X,R) — H?*(X,C)

Therefore, any real-valued skew-symmetric bilinear form on R2, which is integer-valued if restricted to 72, thus
qualified as a symplectic form, also represents the curvature 2-dimensional cohomology class of a gauge equivalence
class of differential line sheaves on X, and conversely, it is represented in differential terms by a corresponding
global closed 2-form [16,18,22].

Because of the fact that each real-valued skew-symmetric bilinear form on R?, which is integer-valued if restricted
to Z?, determines a uniquely defined line sheaf on X, it is important to examine how we may obtain a line sheaf
on X directly from such a form. For this purpose, we consider the standard lattice Z? in R?. For v in R? and v in
72, the module of continuous sections of the line sheaf on X is determined by the module of continuous sections
of the line sheaf on R? via the condition [22]:

v +v) =uy)

where u, (v) is a unitary phase. This relation expresses the indistinguishability condition in the present case.
Therefore, since

Y +v+V) = Uy (VY (V) =ty (U + V) (V)Y (V)

we obtain the cocycle condition:

Uy (V) = uy (U + V)uy (V)

Therefore, given cocycles u,, (v) as above stalk-wise, we may erect a line sheaf, or equivalently a line bundle, on
the torus X := T2 = S! x §1 = (%)2 by defining for each v € Z? the action on C x R

(z, V) = () -z, v+v)

The quotient of the trivial complex line bundle on R? by the above-defined action of Z? provides a complex line
bundle on X, and all line bundles on X may be effected in this manner.

We recall that any real-valued skew-symmetric bilinear form on R?, which is integer-valued if restricted to Z2,
also represents the curvature 2-dimensional cohomology class of a gauge equivalence class of differential line
sheaves on X, identified concomitantly as a symplectic form via the discrete Heisenberg group in our framework,
and conversely. Let  be such a symplectic form, and also let ¢ : Z?> — R be any function satisfying the following
congruence relation, for u, v € 72

Sw i=¢(u+v) =gy + s +w(u,v) mod?2

Then, the complex line bundle on X, defined in terms u, (v), according to the preceding, admits the specification
of the cocycle u, (v) according to:

uy(v) = expri(sy + (i, v))

such that, up to isomorphism, it is independent of the choice of ¢, and moreover, its real Chern class is represented
by w. Thus, e is a real symplectic form in H>(X, R) = A?R? = R, being identified as the image of the integral
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symplectic form w in H>(X, Z) = A*Z? = Z. Note that it is denoted by the same symbol w due to the injectivity
of the map H%(X,Z) — H*(X,R).

We conclude that the module of continuous sections of the line sheaf on X characterized by Chern class
is determined and isomorphically represented by the module of continuous sections of the line sheaf on R, i.e.
functions p : R2 — C, which satisfy the condition:

p+v)=p)expri(sy + w(u,v))

These functions p : R2 — C considered as analytic ones are known as theta functions [8,19,20].

Finally, we conclude that since H>(X, Z) = A%Z? = 7, meaning that the Abelian group of isomorphism classes
of line sheaves of states over X, denoted by €&, is isomorphic with the free Abelian group Z, there exists a single
generator w of €. Therefore, the Hilbert space of sections H,,, for each integer x # 0, denoted by the H,“, by
virtue of the Stone-von Neumann theorem, admits an irreducible unitary representation of the Weyl-Heisenberg
group with multiplier

Q i g
EXPTTIK— — €Xp — * Kid,
prHe =P 5y

where the quantum of action appears explicitly, in terms of theta functions.
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