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Abstract

We introduce orthogonal quantum Latin squares, which restrict to traditional
orthogonal Latin squares, and investigate their application in quantum information
science. We use quantum Latin squares to build maximally entangled bases, and
show how mutually unbiased maximally entangled bases can be constructed in
square dimension from orthogonal quantum Latin squares. We also compare our
construction to an existing construction due to Beth and Wocjan [P0] and show
that ours is strictly more general.

1 Introduction

In this paper we introduce a notion of orthogonality between quantum Latin squares
(QLSs) [I3], mathematical objects which generalise Latin squares. ~We use this
concept to give a new construction of mazimally entangled mutually unbiased bases
(MUBSs), extending existing known techniques for Latin squares [I8, R0]. In addition
we prove that our construction can produce bases that are unobtainable by existing
methods [I8; PO]. We also introduce the concept of mutually weak orthogonal quantum
Latin squares (MOQLS) which generalise mutually orthogonal Latin squares (MOLS),
about which a significant body of research exists in connection with quantum information,
and particularly pertaining to the connection between MOLS and MUBs [5, 10, 14].
Mutually unbiased bases are of fundamental importance to quantum information, as
they capture the physical notion of complementary observables, quantities that cannot
be simultaneously measured. Entanglement is one of the central phenomena of quantum
theory that is at the foundation of quantum information and computation.

The results presented in this paper were developed using the graphical calculus of
categorical quantum mechanics (CQM), and we have made use of it where we believe it
elucidates some detail. For those unfamiliar with CQM, there is a short introduction of the
concepts necessary to understand this paper in Appendix [@l; for a thorough introduction
please refer to [, 2, G]. Everything that we present here is in the category FHilb of finite
Hilbert spaces and linear maps, but could be interpreted in any monoidal category such
as Rel with quantum-like properties, which have been extensively researched as quantum
toy theories.



We start with a definition of quantum Latin squares.

Definition 1. A gquantum Latin square of order n is an n X n array of elements of the
Hilbert space C", such that every row and every column is an orthonormal basis.

Example 2. Here is an example of a quantum Latin square given in terms of the
computational basis states |i) for i € {0,...,9}, and the following states:
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It can be checked that every row and every column is an orthonormal basis.
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Definition 3 (Latin square). A Latin square is a QLS with entries that all come from
the computational basis. For those who are familiar with the traditional definition, it is
recovered by mapping each computational basis state to a different symbol.

The main result of this paper is a construction of mutually unbiased maximally
entangled bases from orthogonal QLSs. We now define the necessary concepts.

Definition 4 (Mutually unbiased bases). Two orthonormal bases |a;) and |b;) for a
Hilbert space H of dimension n are mutually unbiased when, for all i, 5 € {0,...,n—1} [3]:

el = 7

Definition 5 (Maximally entangled state). A mazimally entangled state of a bipartite
system is a state |¢)) of a product Hilbert space Ha ® Hp with dim(Hp) = n, such
that the partial trace over one of the systems of its density operator pap = |[¥)(¢] is
proportional to the identity. i.e [IT].

pa =D (i1 @ ()pan(ids ® 1K) = Tidsep ®)

(4)
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Remark 1. For the Hilbert space H ® H with dim(H) = n, all maximally entangled

Definition 6 (Maximally entangled basis). A mazimally entangled basis (MEB) for a
bipartite system represented by a tensor product Hilbert space H ® H, is an orthonormal
basis such that each basis state is maximally entangled.

Two MEBs A := |A;) and B := |B;) are equivalent when there exist unitaries U and
V' and complex numbers of modulus 1, ¢; such that:

In Section B we introduce our main result, the most general construction of mutually
unbiased bases of the three presented in this paper. We introduce orthogonal quantum
Latin squares and show how they can be used to construct MUBs, and we construct an
explicit example. In Section B we start with traditional orthogonality of Latin squares
and then show that the definition of orthogonality for QLSs in Section B generalises it. In
Section @ we present Beth and Wocjan’s construction for MUBs in square dimension, and
show that ours is strictly more general. In Section B we explain the correspondence
between unitary error bases and maximally entangled bases and introduce mutually
unbiased error bases. Finally in Section B we introduce mutually weak orthogonal
quantum Latin squares, which generalise mutually orthogonal Latin squares.
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2 New construction for square dimension MUBs

In this section we introduce the main result of this paper, a new construction for mutually
unbiased maximally entangled bases. In order to formulate our construction we introduce
weak orthogonal quantum Latin squares which, as we will show in Section B, reduce to
traditional orthogonal Latin squares. It will be useful to introduce some notation for
quantum Latin squares. Given a QLS Q we will denote the vector appearing in the ‘"
column of the 5™ row as |Q;;).

Before the main result it will be requisite to define generalised Hadamards.

Definition 7 (Hadamard, see [4], Definition 2.1). A Hadamard matriz of order n is an
n x n matrix H with the following properties for all 7, 7, which we write in both matrix



and index form:

|Hij| =1 H H =1 (11)
HoH' =nl, >, HyH;, = ndy; (12)
H'o H =nl, >, HyH,i = ndy (13)

We now introduce a method for constructing MEBs given as input a family of
Hadamards and a quantum Latin square. This construction is in fact dual to the quantum
shift-and-multiply method for constructing unitary error bases [[3], as we will explain in
Section B.

Definition 8 (Quantum Latin square maximally entangled basis). Given a quantum
Latin square Q and a family of Hadamards H;, a quantum Latin square mazimally
entangled basis B(Q, H;) is defined as follows:

n—1
A {Aij - = > 1K) Qu bl i) such that i, € {0,..n - 1}} (14)

Lemma 9. Quantum Latin square maximally entangled bases are mazimally entangled
bases.

Proof. This MEB construction is the dual of the quantum shift-and-multiply basis
construction, for a proof of the correctness of that construction see [13, Theorem 19]. [J

Definition 10 (Weak orthogonal quantum Latin squares). Given a pair of QLSs P and
Q with vector entries |P;;) and |@Q);;) respectively, they are weak orthogonal when for all
i,7 € {0,..,n — 1}, there exists unique t € {0,...,n — 1} such that:
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In words: if we take any row from P and any row from Q and compute the componentwise
inner product of their vector entries, the resulting n numbers will always be n — 1 zeros
and a single 1. If the 1 appears in the " column then the output state of the linear map
above will be |t).

Example 11. We present a pair of 9 x 9 weak orthogonal quantum Latin squares, the
first is the QLS from Example B. Again let |i), i € {0, ...,9} be the computational basis
states and define the states |a), |b), |c), |a), |5) and |vy) as in Equations (0) (&) (B) (@) (B)



and (B). We define the following pair of QLSs:
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It can be checked that if we take any row from P and any row from Q and compute the
componentwise inner product of their vector entries, the resulting n numbers will always
be n — 1 zeros and a single 1.

Theorem 12. Given two indexed families of n Hadamards Hy, and Gjboth of size n X n,
and a pair of n x n weak orthogonal quantum Latin squares P and Q, the bases B(Q, Hy,)
and B(P,G;) are mutually unbiased.

(i, 7)™ state of the basis A and the (p, q)"" state of the basis B are as follows:
1 n—1
Aij = —= ) |k) @ | Pij) (k| Hjli)
J \/,ﬁ ; J J

1 n—1
Bo = ; |5) © [Qsq){5]Gylp)

Graphically they are as follows:

(17)

P and Q are weak orthogonal so by Equation (EB), f defined as follows is a function on

computational basis states:



Since f is a function on basis states, f(|j,¢)) is a computational basis state, say |t) i.e.
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We are now ready to show that A and B are mutually unbiased.
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Given as input P and Q from Example [I and the Hadamard

... = G,_1 defined below with w := €*™/? we have
constructed a pair of maximally entangled mutually unbiased bases A and B for the
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A sample of the 162 basis states of A and B with some calculations showing mutual
unbiasedness (see Definition @) can be found in Appendix B. We have performed inner
product calculations for all 6561 combinations of states from A and B and can confirm
that they are mutually unbiased.

3 Weak orthogonality and Latin square conjugates

In this section we explain how weak orthogonality for QLSs restricts to orthogonality for
Latin squares, and why this is the natural generalisation of orthogonality for QLSs. We
start with the traditional definition of orthogonality.

Definition 14 (Orthogonal Latin squares). Given a pair of Latin squares A and B of
equal size, we take each computational basis state from A and form the ordered pair with
the state from B corresponding to the same position in the grid. A and B are orthogonal
when this procedure gives us all possible pairs of computational basis states [12].

This definition does not lend itself to generalisation to QLSs since we may now have more
than n? possible ordered pairs, but we can take an alternative approach. We characterise
orthogonality in the following way:

Lemma 15. Latin squares A and B are orthogonal if and only if the following linear
map P is a permutation of basis states:
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Proof. We now rearrange the equation defining the linear map P:

P = ZZZ |9)|7) (Auj| (k| Bij) (K|
= ZZZ |9)]7) (A (Bij k) (k|

= 3 A Bl Y K

=D > [ (Aul{Byl

i=0 j=0

The second equality above holds because all |B;;) and |k) are real valued vectors, and so
(k|Bi;) = (k|Bij) = (Bij]k). The third equality is just a rearranging of terms. The last
equality holds by virtue of ), |k)(k| being the resolution of the identity. The linear map
P takes in the state |p)|¢) and outputs a superposition of all the states |i)|j) such that
|A;;) = |p) and |B;;) = |q), or outputs 0 if no such ¢, j exist. P is a permutation if and
only if for all inputs p, ¢ there exists unique 4, j such that |4;;) = |p) and |B;;) = |g), i.e.
A and B are orthogonal Latin squares. ]

We now have a condition that we can apply to quantum Latin squares. However, for
QLSs A and B this turns out to preclude superpositions, thus making A and B Latin
squares.



Lemma 16. Given a pair of quantum Latin squares, if they obey equation (1), then they
are Latin squares.

Proof. Let A and B be QLSs such that the linear map P as defined above is a permutation
of basis states. Then the adjoint of P, PT= 37,373, [Ay;)|k)(i|(Bj;|k)(j| must also be

a permutation of basis states. We input computational basis states p and ¢ into P!

P(Ip)a)) = D [Apq) [k} { By k)
= Z |qu>|k><k|qu>
= > 140 |k) (kI Byy)

> kK

= |qu>
k

- |qu>|qu>

The second equality is due to the fact that the inner product is Hermitian, the third
equality is due to |k) being real valued for all k, the fourth equality is an algebraic
rearrangement and the final equality is a resolution of the identity. If PT above is a
permutation of basis states, then for all p,q € {0,...,n — 1}, |A,,) and |B,,) must be
computational basis states. Thus A and B are Latin squares. ]

| Bpg)

In order to define orthogonality for QLSs we will now make a (very) brief detour into
quasigroup theory. Latin squares can be thought of as the multiplication (Cayley) table
for finite order quasigroups [I3] on the computational basis states. Let % be the binary
operation given by a Latin square. The fact that each state appears exactly once in each
row and each column means that knowledge of any two of a,b and ¢ in the equation
a * b = c uniquely determines the third. This means we can canonically define the binary
operation \ , read as left divide, such that axb = ¢ = a\c = b. This new binary operation
defines a new quasigroup and therefore a new Latin square called the left conjugate Latin
square (it can easily be checked that this does indeed give a Latin square) [I5]. The
map that takes a Latin square and gives the left conjugate L — I/, is in fact involutive
so we can recover L from L’ by applying the map again. We will see a nice graphical
characterisation of this fact below. The map L —— L’ is a bijection on the set of all Latin
squares.

Definition 17 (Left orthogonality). Given a pair of Latin squares they are left orthogonal
when their left conjugates are orthogonal.

Remark 2. We could equally well talk about the right conjugate given by right divide
and define right orthogonality. In this paper we only make use of left orthogonality.

Since L — L' is a bijection as mentioned above, the set of orthogonal Latin squares
and left orthogonal Latin squares are isomorphic. Left orthogonality is in fact the property
that we have generalised to QLSs in Definition M.

To proceed further it will be useful to introduce some diagrams (see Appendix [A). Let



basis. Then the left divide map has the following form:

/zL\ SN /qu (22)

The fact that \ is an involution can be verified using the snake equation:

N

For Latin squares A = 4 and B = 4, equation (1) can be expressed diagramatically
as follows:

P = is a permutation (24)
|

We now substitute in the left conjugates of Latin squares A and B, &, —— (o\?J and
A SN (o\?J to obtain a linear map P’ which must be a permutation of basis states for
A and B to be left orthogonal. The condition that A and B are left orthogonal is thus
equivalent to the following statement:

[ |
P / = @ is a permutation  (25)

In words: first we input two states ¢ and j and then compute the component-wise inner
products of the 7" row of A and the j* row of B. There must be one unique column, say
s, such that (By;|As) = 1 with (B,;]A4,;) = 0 for all r not equal to s. We then output
s on the left and |Ag) on the right. The set of output states s ® |Ay;) must be every
possible combination of computational basis states.

We can interpret this for QLSs but again we encounter the same difficulty.

Lemma 18. FEvery pair of left orthogonal QLSs are Latin squares.

Proof. For a contradiction assume that A and B are left orthogonal QLSs that are not
Latin squares. There is some vector entry in A that is not a computational basis state
say |Apg). For P’ as defined in Equation (P8) to be a permutation, |A,,) cannot be the
output on the right for any input ¢,j. This means that no row of B has the complex
conjugate of |A,,) as its p' column entry. But each row of B must have one column
entry that is the complex conjugate of the corresponding column entry of the ¢** row of
A. Thus at least two of the rows of B have the same vector in the same column. This
violates the rule that B is a QLS and thus gives a contradiction. Therefore A must be
a Latin square. Reversing the roles, we find that B must be a Latin square too (left
orthogonality, like orthogonality is a symmetric relation). O



The condition must therefore be weakened if we want to define a property that non-
Latin square QLSs can satisfy. One approach is to delete the output from the right hand
wire and require that the linear map thus obtained be a function on the computational
basis states. This is in fact the weak orthogonality property of Definition 0. This
condition turns out to be strong enough to give rise to interesting and useful properties
such as using QLSs to build mutually unbiased MEBs (see Theorem [3), yet weak enough
so that pairs of Latin squares are weak orthogonal if and only if they are orthogonal.

Diagrammatically Definition [0 becomes the following:

= = is a function (26)

Lemma 19. Given a pair of Latin squares, A and B the following are equivalent:

e A and B are weak orthogonal (see Definition D).

e A and B are left orthogonal (see Definition [I7).

Proof. If A and B are left orthogonal then P’ as defined in Equation (P8), is a
permutation of basis states, which clearly implies the weaker condition that f as defined
in Equation (P8) is a function. For the other implication let A and B be weak
orthogonal Latin squares. Consider the p'* columns of A and B. They both contain
all n computational basis states and there must therefore exist values of ¢ and j for all
q € {0,...,n — 1} such that |A,;) = |B,;) = |¢). So for column p there exist ¢, j such that
P'(li) ® 7)) = |p) ® |¢) for all g. This is true for all rows ¢, so P’ is a permutation. [

Remark 3. We defined weak orthogonality from left orthogonality by setting the
requirement that the linear map P’ (see Equation (PB))with the right hand output
deleted needs to be a function on the basis states, rather than requiring P’ itself to be a
permutation of the basis states. We could have tried to weaken orthogonality directly by
requiring that P (see Equation (B4)) with the right hand output deleted be a function on
basis states. However, it turns out that this would still preclude non-Latin square QLSs.

4 Beth and Wocjan’s MUB construction

In their 2004 paper [20] Beth and Wocjan gave a construction for a pair of mutually
unbiased bases of a Hilbert space H of square dimension s = n?, given as input a pair of
n X n orthogonal Latin squares and an n x n Hadamard matrix which was later put in
explicit Latin square form by Wehner and Winter [IR, 20].

The construction takes each Latin square together with the Hadamard and produces
an MEB of dimension n?. The fact that the Latin squares are orthogonal is then shown to
entail that these two bases are mutually unbiased. I will refer to this MEB construction
as the Left Beth-Wocjan maximally entangled basis (LBW MEB) construction®.

IThe construction presented here is technically the construction given by taking the left conjugate of
the Latin square L first and then applying the construction defined by Beth and Wocjan. Since taking
the left conjugate gives us a bijection (see Equation (B)) on the set of Latin squares the MEBs obtainable
are not affected by this.

10



Definition 20 (Left Beth-Wocjan maximally entangled basis). Given an n x n Latin
square L and an n x n Hadamard H, then B as defined below is a Left Beth-Wocjan
mazimally entangled basis (LBW MEB). 2

n—1
1
B:= {BU - 3" k. p) Hir{ Liplj) such that i, j € {0,..,n - 1}} (27)

k,p=0

The graphical calculus gives a good notation with which to compare LBW MEBs to
QLS MEBs (see Definition B).

Lemma 21. Under the restriction to Latin squares and to having a single fized Hadamard
the QLS MEBs are the same as LBW MEBs.

Proof. We construct an LBW MEB B;; and a QLS MEB C}; from the latin square L = &,
and Hadamard H.

Left Beth-Wocjan MEB Quantum Latin square MEB

R

1
By =~ O L
Vi Q % Y O <
IEE
[\
Vv \%
We see that the diagrams are the same. ]

Theorem 22. Given a pair of nxn left® orthogonal Latin squares and an nxn Hadamard,
construct two LBW MEBs using each Latin square with the Hadamard. The bases are
mutually unbiased.

Lemma 23. The construction of MUBs in Theorem [I2 restricts to the construction of
Theorem [Z2, under the restriction of the QLS to a Latin square and the two families of
Hadamards to a single fived Hadamard.

Proof. Follows directly from Lemma P11 ]

The following corollary gives a construction for MUBs in square dimension that is more
general than the LBW MUB construction but not as general as our main construction.

Corollary 24. Given two indexed families of n Hadamards Hy, and G; both of size n xn,
and a pair of n x n left orthogonal Latin squares P and Q, the bases B(P,Hy) and
B(Q,G;) are mutually unbiased.

2 The definition below is slightly different to the one given by Beth and Wocjan even taking into
account the use of the left conjugate Latin square. However, when the input is a Latin square the two
constructions agree precisely.

3In their paper Beth and Wocjan use orthogonal Latin squares, but since we defined their MEB
construction on the left conjugate the left becomes necessary here.

11



So our new construction generalises Beth and Wocjan’s in two directions, having two
arbitrary families of Hadamards rather than a single fixed Hadamard and quantum Latin
squares rather than Latin squares. The next theorem shows, by explicit example, that
the generalisation is strict.

Theorem 25. The pair of mutually unbiased MEBs from Example I3 are inequivalent
to any MEBs obtainable by the LBW MFEB construction.

Proof. Tt will be sufficient to prove that one of our MEBs is inequivalent to any obtainable
by the LBW MEB construction. Since equivalence of MEBs is the same as equivalence
of UEBs we will take the dual approach here (see Section H) and prove that the UEB
arising from QLS P and Hadamard H in Example @[3, which we will refer to as X, is
inequivalent to any LBW UEB.

We will proceed along the same lines as [I3, Corollary 31]. Note that LBW UEBs
are a restriction to a single fixed Hadamard of shift-and-multiply UEBs. Thus by [I3,
Proposition 30], LBW UEBs are monomial (meaning each unitary matrix of the basis is
the product of a diagonal matrix and a permutation matrix).

Suppose for a contradiction that X is equivalent to a monomial basis. The first matrix
of X is as follows:

1000O0O0O0O0O
001 0O0O0O0OO0O©O0
01 00O0O0O0O00O0
0001O0O0O0O0QO0
Xoo=]100000100O0O0
000O01O0O0O00¢O0
000O0O0OO0OT1TO0© 0
000O0O0OO0OO0G©O0T1
000O0O0OO0OO0OT1OQO0

X is self adjoint. We obtain the equivalent UEB X’ by composing all the matrices of X
on the right by Xgo. Thus X, = idg. Now X’ contains the identity and is equivalent to a
monomial basis so by [13, Proposition 26] X' is simultaneously monomializable. (See [13,
Definition 25] . The least common multiple of {1,2,3,4,5,6,7,8,9} is pg = 2520; thus
by [I3, Proposition 28] the 2520 powers of the elements of X will commute. Now let
w = e2™/3and consider X}, and X}, below:

11 1 1 1
000 000 % F 00 0 000 %k
000 000 % 5 g 00 0000 % K
00 0 0 000 L = e 0 0 0000 % =
1 - /2 /2 s /2 2 1
LR pooo0 0 0 0 . ~iE 2 L 000 0 0
1 —1 —1 - —1 -1 1
GovE #0000 00 Tl G @ soo0 0 o
S 2 0000 0 0 S22 000 0 0
0 0 0 1000 0 0 0 0 0 100 0 0
0 0 0 0010 0 0 0 0 00010 0
0 0 0 0100 0 0 0 0 00100 0

For a contradiction we now compute the first column first row entry of the commutator:
K = (X06)2520 <X07)2520 . (XO7)2520 (X06>2520
(0] K]0) = —0.0219 + 0.0252i # 0

12
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Thus X’ and therefore X is not equivalent to any monomial basis, and in particular any

LBW MEB. [l

5 Mutually unbiased error bases

Unitary error bases (UEBs) are the mathematical data necessary for protocols such as
dense coding and teleportation as well as having important applications to quantum error
correction. In this section we explain how the results of this paper can also be described
in terms of UEBs via the correspondence between maximally entangled bases in square
dimension and UEBs by introducing the natural concept of mutually unbiased UEBs.

Definition 26 (Unitary error basis). A unitary error basis on an n-dimensional Hilbert
space is a family of n? unitary matrices U;, each of size n x n, such that [9]:

tr(U] o U;) = di;n (28)

Via state-process duality a bijection exists between UEBs and MEBs (See Defini-
tion ﬁ) [@]. The correspondence is particularly clear diagrammatically

corresponding MEB B = {|U |0 <i < n?} defined as follows (see [I7] Lemma 2):

#| - J‘&Jﬁ = |U;) (29)

By Equation (d) the condition that the matrices U; are unitary means that the states
|U;) are maximally entangled. Under this duality equivalence of MEBs as described
by Equation I, becomes the usual notion of equivalence for UEBs. The fact that the
states on the right hand side of Equation (B0) are orthonormal follows directly from
Equation (29) as follows:

1 o
= —tr(Ul 0 U;) = 65, (30)

In this paper the dual MEB constructions of two of the main constructions for UEBs
were used. As mentioned above Lemma O the QLS MEB of that lemma is the dual of
the quantum shift-and-multiply error bases of this author’s paper with Jamie Vicary [L3].
The MEB used in Corollary P4 is the shift-and-multiply basis introduced by Werner [19].
Thus the LBW MEB construction described in Definition B2 gives us a family of UEBs
strictly contained within Werners construction.

The duality of MEBs and UEBs makes it natural to talk about mutually unbiased
unitary error bases.

Definition 27 (Mutually unbiased error bases). A pair of unitary error bases over a
Hilbert space H of dimension n, A = {U;]i € {0,...,n — 1}} and B = {V;]j € {0,....,n — 1}}
are mutually unbiased when the following equation holds for all i, j:

(Ui o V)P = - 1)
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We had two choices in defining mutually unbiased UEBs above, we used the inner
product of Equation (E9) to interpret Equation (@) of Definition @ directly but we could
have defined mutually unbiased UEBs to be UEBs with corresponding MEBs that are
mutually unbiased. Fortunately it does not matter as they are equivalent by a similar
argument to Equation (BI).

This definition brings up the question of what it may mean for two teleportation
protocols to be mutually unbiased, or what kind of error correction could be performed
by a pair of mutually unbiased error bases.

The main result of this paper can now be interpreted as a construction for a pair of
mutually unbiased unitary error bases from a pair of weak orthogonal quantum Latin
squares.

6 Mutually orthogonal quantum Latin squares

In this section we introduce the concept of families of orthogonal quantum Latin
squares. In their 2004 paper Beth and Wocjan [20] introduced the construction of
square dimensional MUBs from orthogonal Latin squares as described in Section A. They
used this construction to improve the known lower bounds for maximal sets of pairwise
mutually unbiased bases. A set of mutually orthogonal Latin squares (MOLs) is a set
of two or more Latin squares that are pairwise orthogonal. Beth and Wocjan use their
construction on a set of w MOLs of size n x n and give w + 2 MUBs for dimension n?.
The extra two MUBs come from the two squares of vectors (which do not satisfy the

axioms to be Latin squares, or even quantum Latin squares) described below: 2

e The first is the n x n grid with the i* row consisting of the repeated entry |i) for
every column.

e The second is the n xn grid with S77" |k) as every diagonal entry and Os elsewhere,

Some thought reveals that although they are not Latin squares, these two squares are left
orthogonal to every n x n Latin square and to each other. Note that the bases obtained
from these extra two however are not maximally entangled. The following definition is a
natural extension of the concept of sets of MOLs.

Definition 28 (Mutually weak orthogonal quantum Latin squares). A set of w quantum
Latin squares are Mutually weak orthogonal quantum Latin squares (MOQLs) when they
are pairwise weak orthogonal.

There are no generalisations of the two squares of vectors described above that would
be weak orthogonal to every QLS. However, with a particular set of MOQLs, an analogue
of the first vector square above can be found by considering the subspaces spanned by
the non-computational basis states. As an example we present a square of vectors that is
weak orthogonal to both of the pair of weak orthogonal QLSs from Example [1. Again let
i), i € {0, ...,9} be the computational basis states and define the states |a), |b), |c), |a), |3)

4Note that due to the presentation of Beth and Wocjan’s construction in Section B, in which we start
by taking the left-conjugate, the left conjugate map must also be applied to these squares of vectors to
recover the ones used by Beth and Wocjan. In addition the second square here only gives a basis using
the original Beth-Wocjan method and not the altered version given by definition (See footnote B).
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and |y) as in Equations () () (B) (A) (H) and (B). We define the following square of

vectors:

10) [10) [10) 103 102 | 10) | |} | |ev) | |ev)
DD DD [0 D18 ]18)]18)
2|12 [ 12 ][12)]12) 12| 17) |10 |7
ja) e} 1a) | 13) ]13) |13) | 13) | I3) | 3)
[0) [ 10) | [0) |[4) |14 14) | [4) | [4) ] [4)
o) [le) [le) |50 |15) [ 15) | 152 | 57 | [5)
6)|16) |16) |6) |16) |16) ] 6) | 6) | [6)
DD DD D DT 17 ]17)
8)|18)[18)]18) [18)]18)] [8) | 18) ] [8)

It can be checked that this square is weak orthogonal to P and Q in Example M. It is
also weak orthogonal to any QLS weak orthogonal to P or Q. To see this consider that
any two weak orthogonal QLSs must have columns that are permutations of each other.

This example relies on the block-like structure of the QLSs in question. Any family of
MOQLS having a similar structure will admit a similar square of vectors. It is unknown
whether all QLSs are of this form, but to the authors knowledge none have been found
yet that do not have this structure up to equivalence.

The lower bound for the number of MOQLS in dimension n must be at least the lower
bound for the number of MOLS, more research is required to say any more than that at
this stage.

7 Conclusion

In our 2015 paper [13] the author together with Jamie Vicary introduced the quantum
combinatorial objects of quantum Latin squares and gave a construction of UEBs using
them. In this paper we have built upon that work by introducing mutually orthogonal
quantum Latin squares which generalise mutually orthogonal Latin squares, which have
been used extensively to derive results in quantum information. As an application we
have given a construction for mutually unbiased bases in square dimension which gives
MUBs that are inequivalent to those that can be constructed by any known method.
Their is the potential for improved bounds on maximal families of MUBs in composite
dimensions using the main result of this paper.
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A Categorical quantum mechanics

The graphical calculus of categorical quantum mechanics gives us a diagrammatic
notation through which certain kind of problems are easier. The results of this paper
were all achieved using these high level techniques.

In order to read these diagrams the first thing to understand is that wires represent
Hilbert spaces and boxes between wires are linear maps. We will use the convention
that diagrams are read from bottom to top. The composition of linear maps U and V is
given by vertical composition and the tensor product is given by horizontal composition.
We represent n-partite states by triangles with no wires in and n wires out. Scalars are
represented by boxes with no wires in or out and can move freely around the diagram.
Adjoints are given by vertical mirror image, so asymmetry in the boxes representing
linear maps is introduced to avoid ambiguity. Thus we have the following diagrammatic
rendering of (U o V|k)) @ UT|l):

I
wevieUin=_| 77 (32)
VA

v v

We will represent quantum Latin squares as linear maps & and 4, these are obtained
from QLSs by having the left input wire represent the columns , and the right input wire
represent the rows of the QLS indexed by the computational basis states. So the (i,7)"
entry |Q;;), of some QLS Q, is represented by the following diagram:

Qi) == § %

The final definition we require is that of a classical structure. Classical structures are
dagger special frobenius algebras. In FHilb given an orthonormal basis |i), classical
structures are equivalent to families of linear maps H®* — H®" for varying s and r

(possibly zero) of the following form [8]:

Classical structures are thus in one to one correspondence with orthonormal bases. It is
standard notation to use different colours to represent different bases. Throughout this

S
A

|
—

n

)

Il
o

J/

-~
T

following theorem gives us a way to rewrite connected diagrams of classical structures.
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e any connected tensor diagram of the linear maps with swap maps and identities is
equal to the unique linear map from H®" to H®*

e.g.

> o

S
A

-~ -~
T T

Classical structures are also useful for performing linear algebraic operations such as
the trace of a linear map, the following diagram shows how this is done:

Trace(U) := N (34)

(Classical structures copy the basis states of the corresponding orthonormal basis.

C -

If the state |k) is real valued then the following holds:

e

On the left, the classical structure acts as a transpose which is equal to the adjoint since
|k) is real valued.

B Quantum Latin square 9 X 9 example MUB

We now give a sample of the 81 states of basis A and the 81 states of basis B from
Example [3, with some calculations of their inner products showing mutual unbiasedness.
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We give everything in terms of the computational basis states [i,j) such that i,j €
{0,...,n — 1}. And we define the scalar w := ¢*"/3. Here are some states from A and B:

Az = =(]0,8) + w1, 7) + w|2,6) + w?3,2) + w4, 1) + |5,0) + wl|6,5) + |7, 4) + w?|8, 3))

A = (\/_!0 ,3) + fjo ,4) + \F|05 \[|13 \/_|1 L4) + \/_11 +zw\/7|23

+—tc;;>|)—k

\/_12 ,4) + fyz 5) + w?|3,6) +wl4,8) +|5,7) + \/_\6 ,0) + \/_|6 1) + \/_]6 ,2)
1 1 w?
+7§|7’0>+ﬁ|7’1>+ﬁ|7’2>+%‘8’0>+%'8’1>+ﬁ|&2>>

1 w? 1 w
Bss = =(10,7) +|1,8) + |2,6) + w|3,4) + wl|4,5) + w|5,3) + —16,0) + —16,1) + —|6,2
38 3(| ) +11,8) +12,6) + w3, 4) + wl4,5) +wl5,3) \/§| ) \/§| ) \/3\ )

w? w 1 w? w? w?

4+ —\7,0) + —|7,1) + —|7,2) + —=|8,0) + —|8,1) + —=8,2
ﬁ|>\/§|>\/§|>\/§l>¢§l>\/§l>)
1

Here are some calculations for mutual unbiasedness. Note that they all equal 8% as

required:

[ Aral Bss) P = [l = o

74| B3g)|” = 1

1

[(Az4|Bos)|* = |—w |2:ﬁ
|(Aug| Bas) | —|— (w +w+1)+§(w +w+1)—|—§(w +w+1)|| =3

1

2 _ oL

| (Aus|Bos)| —|9w| a1
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