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Abstract

We present an infinite number of constructions involving unitary error bases, Hadamard
matrices, quantum Latin squares and controlled families, many of which have not previously
been described. Our results rely on biunitary connections, algebraic objects which play a
central role in the theory of planar algebras. They have an attractive graphical calculus which
allows simple correctness proofs for the constructions we present. We apply these techniques
to construct a unitary error basis that cannot be built using any previously known method.

This is an extended abstract for|arXiw:1609.07775 and was presented at QIP 2017.

Biunitaries. Biunitary connections (or simply biunitaries) have been widely studied by Jones
and others [7], [§, [14], [I7] as a central tool in the classification of subfactors, part of the theory
of von Neumann algebras. They have an attractive graphical calculus, usually expressed in
the language of planar algebras, which describes the linear representation theory of algebraic
structures in the plane. In this calculus, a biunitary can be presented informally as a planar
algebra element U with two inputs and two outputs, which is vertically unitary , and which
is horizontally unitary up to a scalar factor A :

£ :
8- D=d hed-d -

In this paper, diagrams of this sort denote linear algebraic data, in a simple way. Regions are
labelled with finite indexing sets, with blank regions corresponding to the trivial indexing set.
Wires and vertices correspond to families of Hilbert spaces or linear maps, respectively, indexed
by the parameters of regions adjacent to the wire or vertex. In concrete terms, a biunitary
therefore simply corresponds to a family of linear maps satisfying some algebraic equations.

Characterizing quantum structures. It has been shown by Jones [7] that Hadamard
matricesﬂ can be exactly characterized in terms of biunitaries of the form given in (a).
The second author has shown [25] 26] that unitary error basesﬂ can be characterized similarly,
in terms of biunitaries of the form given in [Figure 1|(b). In this paper we show that a similar
approach can be used to characterize quantum Latin squaresﬂ as biunitaries of the form

A Hadamard matriz is a square complex matrix with all entries of modulus 1, which is proportional to a
unitary matrix.

2A wunitary error basis is a basis of unitary operators on a finite-dimensional Hilbert space, orthogonal with
respect to the trace inner product.

3A quantum Latin square [16] is a square grid of vectors in a finite-dimensional Hilbert space, such that every
row and every column is an orthonormal basis.
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Figure 1: Biunitary characterizations of quantum structures.

illustrated in (c) We also show that controlled families of biunitaries can be described
by attaching additional regions in certain ways; we illustrate one example in [Figure 1f(d), a
controlled family of Hadamard matrices. These images are 3-dimensional; for example, in the
last image, the blue sheet lies beneath the yellow sheet. The colours do not convey mathematical
information, but rather make the geometry easier to understand. Rotations by a quarter-turn,
and reflections about the horizontal or vertical axes, preserve the given interpretations of the
pictures in terms of quantum structures.

Composing biunitaries. Our main results are based on the simple fact that the diagonal
composite of two biunitaries is again biunitary. Given the description of quantum structures
in terms of biunitaries as summarized above, one can immediately write down a large number
of schemes for the construction of certain quantum structures from others, many of which are
not previously known. We give some examples in (only a subset of the constructions
we consider in the full paper), which we briefly explore here. Note that the biunitaries are
connected diagonally in each case, as required.

e [Figure 2((a). Two Hadamards give a quantum Latin square, generalizing a known construc-
tion [16] in which one Hadamard gives a quantum Latin squareﬂ

° @(b). Two unitary error bases give a quantum Latin square, a new construction.

° @(c). A controlled family of Hadamards and a quantum Latin square give a unitary
error basis, recovering the quantum shift-and-multiply construction [I6] which generalizes
Werner’s shift-and-multiply construction [27].

e [Figure 2(d). Two controlled families of Hadamards give a single Hadamard, recovering a
construction of Hosoya and Suzuki [6] which generalizes a construction of Dita [3].

o(e). Three Hadamards give a unitary error basis, generalizing a known construc-
tion [I6] in which one Hadamard gives a unitary error basis.

o [Figure 2(f). A double-controlled family of Hadamards (H), two quantum Latin squares
(Q1,Q2) and a unitary error basis (U) give a unitary error basis, a new construction.

Correctness of these constructions follows immediately from diagonality of the composition; no
further details need to be checked. Our approach therefore offers advantages even for those
constructions that are already known, since the traditional proofs of correctness are nontrivial.

Of course, these constructions can be iterated; for example, the schemes of (a) and
Figure 2(c) give a way to combine two Hadamards and a further list of Hadamards to produce
a unitary error basis (and in fact [Figure 2|e) is the special case when this list is of length one).

Further results. In the main paper, we further show that an infinite number of independent
constructions of the sort shown in can be obtained. We use construction (f) to
produce an explicit unitary error basis on an 8-dimensional Hilbert space which we prove cannot
be obtained from any previously-known construction method, yielding a proof of principle that
our biunitary methods give rise to genuinely new concrete structures.

“Note that the wires terminating near the upper-right of a) are interpreted as a single composite wire
for the purpose of identifying it as having the basic quantum Latin square type of ¢), a method that we
use repeatedly.
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Figure 2: A variety of biunitary constructions of quantum structures.

Significance. Hadamard matrices and unitary error bases provide the mathematical founda-
tion for an extremely rich variety of quantum computational phenomena, amongst them the
study of mutually unbiased bases, quantum key distribution, quantum teleportation, dense cod-
ing and quantum error correction [4, O, 11l 21, 27]. Nevertheless their general structure is
notoriously difficult to understand; in dimension n, Hadamard matrices have only been classi-
fied up to n =5 [22), 24], and the general structure of unitary error bases is virtually unknown
for n > 2. Quantum Latin squares have been introduced much more recently [I, 15] [16], gener-
alizing classical Latin squares which have a wide range of applications in classical and quantum
information [2], 13}, 20].

By unifying these quantum structures as special cases of the single notion of biunitary, and
providing simple type-theoretical tools to understand the intricate interplay between them, we
unify several already-known and seemingly-unrelated constructions [I, 3], [6 16l 27], uncover
an infinite number of new constructions, and produce novel, concrete examples. These new
tools may lead to further progress in questions of classification and applications of Hadamard
matrices, unitary error bases and quantum Latin squares, and perhaps move us closer to full
classification results for these important structures.

On the other hand, biunitaries are central tools in the study and classification of
subfactors [7, [8, 14} 17, 19], a highly significant activity in the theory of von Neumann algebras.
We hope that our work leads to the development of further connections between subfactor theory
and quantum computation.

Criticisms. There are many constructions of quantum structures which we cannot capture
using our biunitary techniques. For unitary error bases, there is the nice error basis construction
of Knill [10]. For Hadamard matrices, an analogue of Knill’s construction are the Fourier
matrices arising from finite abelian groups. Other examples include Petrescu’s construction
of continuous families of Hadamard matrices in prime dimension [18], Wocjan’s and Beth’s
construction [28] and its generalization by Musto [I5], or several other less-general constructions
which only work in specific dimensions [5], 12, 22], 23]. In all of these cases, the methods are not
purely compositional; they make use of some additional group-theoretic or algebraic structure
which is out of reach of the biunitary approach.
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