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COMPLEX HADAMARD MATRICES AND APPLICATIONS
TEO BANICA

ABSTRACT. A complex Hadamard matrix is a square matrix H € My (C) whose entries
are on the unit circle, |H;;| = 1, and whose rows and pairwise orthogonal. The main
example is the Fourier matrix, Fy = (w*”) with w = €>™/N. We discuss here the basic
theory of such matrices, with emphasis on geometric and analytic aspects.
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2 TEO BANICA
INTRODUCTION

A complex Hadamard matrix is a square matrix H € My(C) whose entries are the
unit circle, |H;;| = 1, and whose rows are pairwise orthogonal with respect to the usual
scalar product of CV. These matrices appear in connection with many questions, the

basic example being the Fourier matrix, which is as follows, with w = e2™/V:
Fy = (w");
In standard matrix form, and with the standard discrete Fourier analysis convention

that the indices vary as 7,7 =0,1,..., N — 1, this matrix is as follows:

1 1 1 - 1

1 w w? oo wh

Fy=]1 w? w? o wrEY
1 wN-1 wQ(].V_l) w(]\f—1)2

Observe that this matrix is indeed Hadamard, with the orthogonality formulae between
rows coming from the fact that the barycenter of any centered regular polygon is 0. This
matrix is the matrix of the discrete Fourier transform over Zy, and the arbitrary complex
Hadamard matrices can be thought of as being “generalized Fourier matrices”.

As an illustration, the complex Hadamard matrices cover in fact all the classical discrete
Fourier transforms. Consider indeed the Fourier coupling of an arbitrary finite abelian
group G, regarded via the isomorphism G ~ G as a square matrix, Fg € Mg(C):

Fo =<1,] >icq jed

For the cyclic group G = Zy we obtain in this way the above matrix Fy. In gen-
eral, we can write G = Zy, X ... X Zy,, and modulo some standard identifications, the
corresponding Fourier matrix decomposes then over components, as follows:

Fo=Fy ®...®Fy,

Now since the tensor product of complex Hadamard matrices is Hadamard, we conclude
that this generalized Fourier matrix Fi is a complex Hadamard matrix.

The above generalization is particularly interesting when taking as input the groups
G = Z%. Indeed, for such groups the corresponding Fourier matrices are real. As a first
example here, at n = 1 we obtain the Fourier matrix F5, which is as follows:

11
eei )
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This matrix is also denoted W5, and called first Walsh matrix. At n = 2 now, we obtain
the second Walsh matrix, W, = Wy ® W5, which is given by:

1 1 1 1
1 -1 1 -1
Wi = 1 1 -1 -1
1 -1 -1 1

In general, we obtain in this way the tensor powers Won = 5" of the Fourier matrix
F5, having size N = 2", called Walsh matrices, and having many applications.

The world of the real Hadamard matrices, H € My(41), is quite fascinating, hav-
ing deep ties with combinatorics, coding, and design theory. Due to the orthogonality
conditions between the first 3 rows, the size of such a matrix must satisfy:

N e {2} U4AN

The celebrated Hadamard Conjecture (HC), which is more than 100 years old, and is
one of the most beautiful problems in combinatorics, and mathematics in general, states
that real Hadamard matrices should exist at any N € 4N. Famous as well is the Circulant
Hadamard Conjecture (CHC), which is more than 50 years old, stating that the following
“conjugate” of the above matrix Wy, and its other conjugates, are the unique circulant
real Hadamard matrices, and this regardless of the value of N € N:

-1 1 1 1
1 -1 1 1
Ky = 1 1 -1 1
1 1 1 -1

There are many other interesting questions regarding the real Hadamard matrices,
mostly of algebraic nature, but with some subtle analytic aspects as well.

Getting back now to the general complex case, H € My(T), the situation here is
quite different. We know that at any N € N we have the Fourier matrix Fly, so the HC
dissapears. The CHC dissapears in fact as well, because the Fourier matrix F can be
put in circulant form, up to some simple operations on the rows and columns. As an

example, consider the Fourier matrix Fs, which is as follows, with w = e27%/3:
1 1 1
=1 w w?
1 w? w

By doing some suitable manipulations on the rows and columns, namely permuting
them, or multiplying them by numbers w € T, which are operations which preserve the
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class of complex Hadamard matrices, we can put F3 in circulant form, as follows:

w 1 1
Fo=11 w 1
1 1 w

The situation at general N € N is similar, and as a conclusion, both the HC and CHC
dissapear, in the general complex setting H € My(T). It is possible however to recover
these conjectures, in a more complicated form, by looking at the Hadamard matrices
H € My(Zs) having as entries roots of unity of a given order s € N.

In the purely complex case, where H € My(T) is allowed to have non-roots of unity as
entries, the whole subject rather belongs to geometry. Indeed, for a matrix H € My(T),
the orthogonality condition between the rows tells us that the rescaled matrix U = H/ VN
must be unitary. Thus, the N x N complex Hadamard matrices form a real algebraic
manifold, appearing as an intersection of smooth manifolds, as follows:

Xy = My(T) NV NUy

This intersection is far from being smooth, and generally speaking, the study of the
complex Hadamard matrices belongs to real algebraic geometry, and more specifically to
a real algebraic geometry of rather arithmetic type, related to Fourier analysis.

As an illustration for the various phenomena that might appear, let us briefly discuss
now the classification of the complex Hadamard matrices, at small values of N € N.
At N = 2,3 the situation is elementary, with F5, F3 being the unique matrices, up to
equivalence. At N = 4 now, the solutions are the affine deformations of the Walsh matrix
Wy, depending on complex number of modulus one ¢ € T, as follows:

1 1 1 1
1 -1 1 -1
q __
Wi=l1 ¢ -1 -
I —¢ -1 ¢

At N = 5 now, the situation becomes quite complicated, but Haagerup was able to
prove in [69] that, up to equivalence as usual, the unique complex Hadamard matrix is

the Fourier matrix Fy, which is as follows, with w = €*7%/%:
1 1 1 1 1
1 w w? w w
Fr=|1 w? v w
1w w w' w?
1wt w w? o w

At N = 6 the complex Hadamard matrices are not classified yet, but there are many
known interesting examples. First, since 6 = 2 x 3 is a composite number, the Fourier
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matrix Fy admits certain affine deformations, which are well understood. Next, we have
the following matrix from [69], depending on a parameter on the unit circle, ¢ € T:

11 1 1 1
-1 4 T =1 —1
. =1 — q —q

1 —1 —1 —q gq

- q —q 1 -1
- —q q -1 1

HY =

— = = e

We have as well the following matrix discovered and used by Tao in [131], with w =
e?™/3 which has the property of being “isolated”, in an appropriate sense:

1 1 1 1 1 1

1 1 w w w w?

oo |1 w1 w? w? w
6711 w w1 ow w?
1 w? v w 1 w

1 w? w w w 1

As explained in [17], up to the Hadamard equivalence relation, the above-mentioned
matrices are the only ones at N = 6, whose combinatorics is based on the roots of unity.
Finally, at N = 7, even the matrices whose combinatorics is based on the roots of unity
are not classified yet. Conjecturally, there are only 2 such matrices, namely the Fourier
matrix Fy, and a parametric matrix P, constructed by Petrescu in [111] by using a
computer, and which was later put in a design theory framework by Szollési [127].

Passed these difficult structure and classification problems, the complex Hadamard ma-
trices remain however something very nice, and constructive. From an abstract viewpoint
these matrices can be thought of as being “generalized Fourier matrices”, and due to this
fact, they appear in a wide array of questions in mathematics and physics:

(1) Operator algebras. One important concept in the theory of von Neumann algebras
[99], [100], [101], [141] is that of a maximal abelian subalgebra (MASA). In the “finite”
case, where the algebra has a trace, one can talk about pairs of orthogonal MASA. And
in the simplest such case, that of the matrix algebra My (C), the orthogonal MASA are,
up to conjugation, A = A, B = HAH*, where A C My(C) are the diagonal matrices,
and H € My(C) is Hadamard, as discovered by Popa some 30 years ago [113].

(2) Subfactor theory. Along the same lines, but at a more advanced level, associated
to any Hadamard matrix H € My(C) is the square diagram C C A, HAH* C My(C)
formed by the associated MASA, which is a commuting square in the sense of subfactor
theory. The Jones basic construction produces, out of this diagram, an index N subfactor
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of the Murray-von Neumann hyperfinite II; factor R, whose study a key problem. The
corresponding planar algebra was computed by Jones in [81].

(3) Quantum groups. Associated to any complex Hadamard matrix H € My(C) is a
certain quantum permutation group G C S}, obtained by factorizing the flat representa-
tion 7 : C(S};) — Mx(C) associated to H, with this construction heavily relying on the
work of Woronowicz [149], [150] and Wang [142]. As a basic example, the Fourier matrix
Fg produces the group G itself. In general, as explained in [7], the above-mentioned
subfactor can be recovered from G, whose computation is a key problem.

(4) Lattice models. According to the work of Jones [78], [79], [80], [81], the combina-~
torics of the subfactor associated to a complex Hadamard matrix H € My(C) can be
thought of as being the combinatorics of a certain “spin model”, in the context of statisti-
cal mechanics, taken in an abstract sense. By the above this spin model combinatorics can
be recovered from the representation theory of the associated quantum group G C S}, a
bit in the spirit of [65], although this still remains to be worked out.

Our aim here is to survey this material, theory and applications of the complex Ha-
damard matrices, with emphasis on geometric and analytic aspects. Organizing all this
was not easy, and we have chosen an algebra/geometry/analysis/physics lineup for our
presentation, vaguely coming from the amount of background which is needed:

(1) Sections 1-4 discuss the basic theory in the real case.
2) Sections 5-8 deal with various algebraic and geometric aspects.

(2)
(3) Sections 9-12 are concerned with various analytic considerations.
(4) Sections 13-16 deal with various mathematical physics aspects.
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1. Hadamard matrices

We will be mainly interested in this book in the complex Hadamard matrices, but we
will start with some beautiful pure mathematics, regarding the real case. The definition
that we need, going back to 19th century work of Sylvester [124], on topics such as
tessellated pavements and ornamental tile-work, is as follows:

Definition 1.1. An Hadamard matriz is a square binary matriz,
H e MN(:lzl)
whose Tows are pairwise orthogonal, with respect to the scalar product on RY.

There are many examples of such matrices, and we will discuss this, in what follows.
To start with, here is an example, which is a particularly beautiful one:

-1 1 1 1
1 -1 1 1
Ky = 1 1 -1 1

As a first observation, we do not really need real numbers in order to talk about the
Hadamard matrices, because we have:

Proposition 1.2. A binary matric H € My(£1) is Hadamard when its rows have the
property that, when comparing any two of them

€1 ... €En

fi oo In

the number of matchings (e; = fi) equals the number of mismatchings (e; # fi).
Proof. This is clear from definitions. Indeed, the scalar product on R" is given by:
<wy>=) Ty
Thus, when computing the scalar product between two rows, the matchings contribute
with 1 factors, and the mismatchings with —1 factors, and this gives the result. O

Thus, we can replace if we want the 1, —1 entries of our matrix by any two symbols, of
our choice. Here is an example of an Hadamard matrix, written with this convention:

(VERVERVERY
O & 0O &
OO0 & &
O & & O

However, it is probably better to run away from this, and use real numbers instead,
as in Definition 1.1, with the idea in mind of connecting the Hadamard matrices to the
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foundations of modern mathematics, namely Calculus 1 and Calculus 2. So, getting back
now to the real numbers, here is our first result:
Theorem 1.3. For a square matric H € My(%1), the following are equivalent:

(1) The rows of H are pairwise orthogonal, and so H is Hadamard.
(2) The columns of H are pairwise orthogonal, and so H' is Hadamard.
(3) The rescaled matriz U = H/v/N is orthogonal, U € Oy.

Proof. The idea here is that the equivalence between (1) and (2) is not exactly obvious,
but both these conditions can be shown to be equivalent to (3), as follows:

(1) <= (3) Since the rows of U = H/+/N have norm 1, this matrix is orthogonal
precisely when its rows are pairwise orthogonal. But this latter condition is equivalent to
the fact that the rows of H = v/ NU are pairwise orthogonal, as desired.

(2) <= (3) The same argument as above shows that H' is Hadamard precisely when
its rescaling U* = H'/+/N is orthogonal. But since a matrix U € My(R) is orthogonal
precisely when its transpose U' € My (R) is orthogonal, this gives the result. O

As an abstract consequence of the above result, let us record:
Theorem 1.4. The set of the N x N Hadamard matrices is
Yy = My(£1) NV NOy
where Oy is the orthogonal group, the intersection being taken inside My (R).

Proof. This follows from the equivalence (1) <= (3) in Theorem 1.3, which tells us that
an arbitrary H € My(=£1) belongs to Yy if and only if it belongs to vV NOy. 0

Summarizing, the set Yy that we are interested in appears as a kind of set of “special
rational points” of the real algebraic manifold vV NOy. In the simplest case, N = 2, the
set Y, consists precisely of the rational points of v/20,, as follows:

Theorem 1.5. The binary matrices H € My(£1) are split 50-50 between Hadamard and
non-Hadamard, the Hadamard ones being as follows,

-1 1

1 1

R I G B (A
G G ) (B

and the non-Hadamard ones being the remaining ones. Also, we have Yo = MQ(@)ﬂﬁOg,
with the intersection being taken inside My(R).
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Proof. There are two assertions to be proved, which are both elementary:

(1) In what regards the classification, this is best done by using the Hadamard matrix
criterion from Proposition 1.2, which at N = 2 simply tells us that, once the first row
is chosen, the choices for the second row, as for our matrix to be Hadamard, are exactly
50%. The solutions are those in the statement, listed according to the lexicographic order,
with respect to the standard way of reading, left to right, and top to bottom.

(2) In order to prove the second assertion, we use the fact that Oy consists of 2 types
of matrices, namely rotations R; and symmetries S;. To be more precise, we first have
the rotation of angle ¢ € R, which is given by the following formula:

cost —sint
i = (Sint cost )
We also have the symmetry with respect to the Oz axis rotated by ¢/2 € R:
cost sint
S = (sint — COoS t)

Now by multiplying everything by v/2, we are led to the following formula:

so-{(c 2) c 2)pee-

In order to find now the matrices from /20, having rational entries, we must solve the
equation 22 4y? = 222, over the integers. But this is equivalent to % — 22 = 22 — 22, which
is impossible, unless when 22 = y? = 2z2. Thus, the rational points come from ¢? = s? = 1,
and so we have 2 X 2 x 2 = 8 rational points, which can only be the points of Y5. U

At higher values of N, we cannot expect Yy to consist of the rational points of v/ NOy.
As a basic counterexample, we have the following matrix, which is not Hadamard:

000
0 0
206204
000 2

2
0
0

SN

Summarizing, it is quite unclear what Yy is, geometrically speaking. We can, however,
solve this question by using complex numbers, in the following way:

Theorem 1.6. The Hadamard matrices appear as the real points,
Yy = My(R)N Xy
of the complex Hadamard matriz manifold, which is given by:
Xy = My(T) NV NUy

Thus, Yy is the real part of an intersection of smooth real algebraic manifolds.
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Proof. This is a version of Theorem 1.4, which can be established in two ways:

(1) We can either define a complex Hadamard matrix to be a matrix H € My(T) whose
rows are pairwise orthogonal, with respect to the scalar product of CV, then work out a
straightforward complex analogue of Theorem 1.3, which gives the formula of Xy in the
statement, and then observe that the real points of Xy are the Hadamard matrices.

(2) Or, we can directly use Theorem 1.4, which formally gives the result, as follows:

Yy = My(£1)nVNOy
= [My(R) N My(T)] N [My(R) N VNUY]
= My(R) N [My(T) N VNUy]
= My(R)N Xy

We will be back to this, and more precisely with full details regarding (1), starting from
section 5 below, when studying the complex Hadamard matrices. O

Summarizing, the Hadamard matrices do belong to real algebraic geometry, but in
a quite subtle way. Let us discuss now the examples of Hadamard matrices, with a
systematic study at N = 4,6, 8,10 and so on, continuing the study from Theorem 1.5. In
order to cut a bit from complexity, we can use the following notion:

Definition 1.7. Two Hadamard matrices are called equivalent, and we write H ~ K,
when it is possible to pass from H to K wvia the following operations:

(1) Permuting the rows, or the columns.
(2) Multiplying the rows or columns by —1.

Given an Hadamard matrix H € My(%1), we can use the above two operations in
order to put H in a “nice” form. Although there is no clear definition for what “nice”
should mean, for the Hadamard matrices, with this being actually a quite subtle problem,
that we will discuss later on, here are two things that we can look for:

Definition 1.8. An Hadamard matriz is called dephased when it is of the form

1 ... 1
H=1: %
1

that is, when the first row and the first column consist of 1 entries only.

Here the terminology comes from physics, or rather from the complex Hadamard ma-
trices. Indeed, when regarding H € My(+1) as a complex matrix, H € My(T), the —1
entries have “phases”, equal to 7, and assuming that H is dephased means to assume
that we have no phases, on the first row and the first column.
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Observe that, up to the equivalence relation, any Hadamard matrix H € My(£1) can
be put in dephased form. Moreover, the dephasing operation is unique, if we use only the
operations (2) in Definition 1.7, namely row and column multiplications by —1.

With the above notions in hand, we can formulate a nice classification result:

Theorem 1.9. There is only one Hadamard matriz at N = 2, namely

11
=i )

up to the above equivalence relation for such matrices.

Proof. The matrix in the statement W, called Walsh matrix, is clearly Hadamard. Con-
versely, given H € My(+1) Hadamard, we can dephase it, as follows:

a b 1 1 1 1
cd_>acbd_>labcd

Now since the dephasing operation preserves the class of the Hadamard matrices, we
must have abcd = —1, and so we obtain by dephasing the matrix Ws. U

At N = 3 we cannot have examples, due to the orthogonality condition between the
rows, which forces N to be even, for obvious reasons. At N = 4 now, we have several
examples. In order to discuss them, let us start with:

Proposition 1.10. If H € My (£1) and K € My(£1) are Hadamard matrices, then so
is their tensor product, constructed in double index notation as follows:

H® K € Myy(£1)
(H® K)iaj = HijKu
In particular the Walsh matrices, Wy = W™ with N = 2", are all Hadamard.

Proof. The matrix in the statement H ® K has indeed +1 entries, and its rows R;, are
pairwise orthogonal, as shown by the following computation:

< RigRie> = Y HyKay HiyKo

7b

= Y HyHyY KuKg
J b

= Mdzk : Naac

= MN&ia,kc

As for the second assertion, this follows from this, W5 being Hadamard. O
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Before going further, we should clarify a bit our tensor product notations. In order to
write H € My(+£1) the indices of H must belong to {1,..., N}, or at least to an ordered
set {I1,...,Iy}. But with double indices we are indeed in this latter situation, because
we can use the lexicographic order on these indices. To be more precise, by using the
lexicographic order on the double indices, we have the following result:

Proposition 1.11. Given H € My(£1) and K € My(%1), we have

HhK ... HiyK
H® K = : :
HynK ... HyuK

with respect to the lexicographic order on the double indices.

Proof. We recall that the tensor product is given by (H ® K )4 j» = H;jKu. Now by using
the lexicographic order on the double indices, we obtain:

(HRK)iin  (H®K)i12 (H® K)11,mn
(H®K)ion (HRK)i212 ... (HRK)ioun
H K = : : :
(HK)un1n (HRK)uniz ... (HRK)unun
HyKy  HiuKy ... HiuyKywn
Hi Ky HiKoy .. HiyKoy
HynKni HynKno ... HyyKpywn
Thus, by making blocks, we are led to the formula in the statement. O

As a basic example for the tensor product construction, the matrix Wy, obtained by
tensoring the matrix Wy with itself, is given by:

1 1 1

1
W, — Wy W\ _[1 -1 1 -1
4 Wy, —W, 1 1 -1 -1

1 -1 -1 1
Getting back now to our classification work, here is the result at N = 4:

Theorem 1.12. There 1s only one Hadamard matriz at N = 4, namely
Wy=W,® W,

up to the standard equivalence relation for such matrices.
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Proof. Consider an Hadamard matrix H € My(£1), assumed to be dephased:

— ==
Q@ Qe
>0 o=
S S 0

By orthogonality of the first 2 rows, we must have {a,b,c} = {—1,—1,1}. Thus by
permuting the last 3 columns, we can assume that our matrix is as follows:

1 1 1 1
I — 1 -1 1 -1

1 m n

1 p q r

Now by orthogonality of the first 2 columns, we must have {m,p} = {—1,1}. Thus by
permuting the last 2 rows, we can further that our matrix is as follows:

1 1 1 1
1 -1 1 -1
H = 1 1 z vy
1 -1 z
But this gives the result, because the orthogonality of the rows gives x = y = —1.

Indeed, with these values of x,y plugged in, our matrix becomes:

1 1 1 1

1 -1 1 -1

H=11 1 -1 4

1 -1 =z t
Now from the orthogonality of the columns we obtain z = —1,# = 1. Thus, up to
equivalence we have H = W, as claimed. Il

The case N = 5 is excluded, because the orthogonality condition between the rows
forces N € 2N. The point now is that N = 6 is excluded as well, because we have:

Theorem 1.13. The size of an Hadamard matric H € My(£1) must satisfy
N e {2} U4AN

with this coming from the orthogonality condition between the first 3 rows.
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Proof. By permuting the rows and columns or by multiplying them by —1, as to rearrange
the first 3 rows, we can always assume that our matrix looks as follows:

1., 1 1...... 1 1...... 1 1...... 1
1.0, 1 1...... 1 -1...-1 —-1...-1
H=11...... 1 -1...—-1 1...... 1 —-1...—-1

Now if we denote by x, ¥, z,t the sizes of the 4 block columns, as indicated, the orthog-
onality conditions between the first 3 rows give the following system of equations:

(1L2) : z4+y=z+t
(1L3) : z4+z=y+t
2L13) : z4t=y+2

The numbers z, vy, z,t being such that the average of any two equals the average of the
other two, and so equals the global average, the solution of our system is:

We therefore conclude that the size of our Hadamard matrix, which is the number
N =x+y+ z+t, must be a multiple of 4, as claimed. U

Now back to our small N study, the case N = 6 being excluded, we have to discuss the
case N = 8. We will use here the 3 x N matrix analysis from the proof of Theorem 1.13.
Let us start by giving a name to the rectangular matrices that we are interested in:

Definition 1.14. A partial Hadamard matriz (PHM) is a rectangular matriz
H e MMXN(:I:l)
whose Tows are pairwise orthogonal, with respect to the scalar product of RY.

We refer to [72], [76], [119], [137] for a number of results regarding the PHM. In what
follows we will just develop some basic theory, useful in connection with our N = 8
questions, but we will be back to the PHM, on several occasions. We first have:

Definition 1.15. Two PHM are called equivalent when we can pass from one to the other
by permuting the rows or columns, or multiplying the rows or columns by —1. Also:
(1) We say that a PHM is in dephased form when its first row and its first column
consist of 1 entries.
(2) We say that a PHM s in standard form when it is dephased, with the 1 entries
moved to the left as much as possible, by proceeding from top to bottom.

With these notions in hand, let us go back now to the proof of Theorem 1.13. The
study there concerns the 3 x N case, and we can improve this, as follows:
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Theorem 1.16. The standard form of the dephased PHM at M = 2,3,4 is as follows,
with £ standing respectively for various horizontal vectors filled with +1,

+ o+
H=|_+ -
N/2  N/2
+ o+ o+ o+
+ o+ - -
H=14 - 4+ -
~
N/4 N/4 N/4 N/4
+ + o+ o+ o+ o+ o+ o+
+ + + + - - - =
H=| + + - - + + - =
+ -+ =+, =t -

and with a,b € N being subject to the condition a +b = N/4.

Proof. Here the 2 x N assertion is clear, and the 3 x N assertion is something that we
already know. Let us pick now an arbitrary partial Hadamard matrix H € My, y(£1),
assumed to be in standard form, as in Definition 1.15 (2). According to the 3 x N result,
applied to the upper 3 x N part of our matrix, our matrix must look as follows:

+ o+ o+ o+ o+ 4+ o+ o+
+ + + o+ - = = =

H=|+ + - - + + - -
+ -+ ==+ -
e N N N N N
T z’ y’ Y 2! z t t/

To be more precise, our matrix must be indeed of the above form, with z,y, z,¢ and
',y 2, ' being certain integers, subject to the following relations:

N
rta=y+y =2+ =t+t=—

4
In terms of these parameters, the missing orthogonality conditions are:
1L4) : z+y+2d+t=2a"+y+z+"¢
2L4) : z+y+z+t’'=2"+y++t¢
BL4) : zHy+d+t=a"+y +2+1

Now observe that these orthogonality conditions can be written as follows:
(-2 )= (y—y)—(z=2)+({t-t)=0
(z—2)=(y—y)+(=-2)—(t-t)=0
(@—a)+y—y)-(-2)-@t-t)=0
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Thusz—2' =y—vy = 2z—2" =t —1, and so the conditions to be satisfied by the block
lengths are x =y =z =t =aand 2’ =y =2 =t' = b, with a,b € N being subject to
the condition a + b = N/4. Thus, we are led to the conclusion in the statement. U

In the case N = 8, we have the following more precise result:

Proposition 1.17. There are exactly two 4 x 8 partial Hadamard matrices, namely
[ = (W4 W4> 5 J = (W4 K4)
us to the standard equivalence relation for such matrices.

Proof. We use the last assertion in Theorem 1.16, regarding the 4 x N partial Hadamard
matrices, at N = 8. In the case a = 2,b = 0, the solution is:

+ + + + o+ + o+
+ + + 4

+ — I
+
In the case a = 1,b = 1, the solution is:

+ + + +
+ + 4+ +
+ + - -
+ - 4+ -
Finally, in the case a = 0,b = 2, the solution is:

+ + + +
+ + + +
+ + - -
- -+ 4+

_l_

P=

+ +

I+
I+ |

+ 4+ +

I+ I +
I+
I+

++ 1+
_I_
|

+ o+

+ o+
+ o+

Now observe that, by permuting the columns of P, we can obtain the following matrix,
which is precisely the matrix I = (W, W) from the statement:

+ o+ + o+ o+ o+ o+
P e S e S
+ o+ - -+ + = -
+ - -+ 4+ - - 4+

Also, by permuting the columns of (), we can obtain the following matrix, which is
equivalent to the matrix J = (W, K,) from the statement:

J =

+ o+ 4

+

I+

+
+

+

+

+

+

+
+

+ 4+

|+ ++
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Finally, regarding the last solution, R, by switching the sign on the last row we obtain
R ~ P, and so we have R ~ P ~ [, which finishes the proof. Il

We can now go back to the usual, square Hadamard matrices, and we have:
Theorem 1.18. The third Walsh matriz, namely
(W Wy
= (s i)
15 the unique Hadamard matriz at N = 8, up to equivalence.

Proof. We use Proposition 1.17, which splits the discussion into two cases:
Case 1. We must look here for completions of the following matrix I:

11 1 1 1 1 1 1

j 1 -1 1 -1 1 -1 1 -1
Sl 1 -1 -1 11 -1 -1
1 -1 -1 1 1 -1 -1 1

Let us first try to complete this partial 4 x 8 Hadamard matrix into a partial 5 x 8
Hadamard matrix. The completion must look as follows:

1 1 1 1 1 1 1 1
1 -1 1 -1 1 -1 1 -1
I'=11 1 -1 -1 1 1 -1 -1
1 -1 -1 1 1 -1 -1 1
a b ¢ d a b Jd d

The system of equations for the orthogonality conditions is as follows:

(1.L5) at+b+c+d+d+VV+d+d =0
2L5) : a-btc—d+d-V+—-d=0
(3 L5) atb—c—d+d+b—-—d=0
4L5) : a—-b—c+d+d -V —-+d=0

Now observe that this system of equations can be written as follows:
(a+ad)+Bb+V)+(c+)+ (d+d)
(a+d)—O+V)+(c+)—(d+d)

— ( )
— (

0
0
(a+d)+(O+bV)—(c+)=(d+d)=0
(a+d)—0O+V)—(c+)+(d+d)=0
Since the matrix of this latter system is the Walsh W,, which is Hadamard, and so
rescaled orthogonal, and in particular invertible, the solution is:

(a' V., d)=—(a,b,c,d)
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Thus, in order to complete I into a partial 5 x 8 Hadamard matrix, we can pick any
vector (a,b,c,d) € (£1)%, and then set (a',V',c,d') = —(a,b,c,d).

Now let us try to complete I into a full Hadamard matrix H € Mg(+1). By using the
above observation, applied to each of the 4 lower rows of H, we conclude that H must be
of the following special form, with L € M;(+£1) being a certain matrix:

_ (W Wy
)
Now observe that, in order for H to be Hadamard, L must be Hadamard. Thus, the
solutions are those above, with L € M,;(£1) being Hadamard.

As a third step now, let us recall from Theorem 1.12 that we must have L ~ Wj.
However, in relation with our problem, we cannot really use this in order to conclude
directly that we have H ~ Ws. To be more precise, in order not to mess up the structure
of I = (W, W), we are allowed now to use only operations on the rows. And the
conclusion here is that, up to equivalence, we have 2 solutions, as follows:

_(Wa Wy _(Wa W,y
r=(ur Sw) o=k
We will see in moment that these two solutions are actually equivalent, but let us pause

now our study of Case 1, after all this work done, and discuss Case 2.

Case 2. Here we must look for completions of the following matrix J:

11 1 1 -1 1 1 1
J— 1 -1 1 -1 1 -1 1 1
1 1 -1 -1 1 1 -1 1
1 -1 -1 1 1 1 1 -1

Let us first try to complete this partial 4 x 8 Hadamard matrix into a partial 5 x 8
Hadamard matrix. The completion must look as follows:

11 1 1 -1 1 1 1
1 -1 1 -1 1 -1 1 1
J=11 1 -1 -1 1 1 -1 1
1 -1 -1 1 1 1 1 -1
a b ¢ d xr y z t

The system of equations for the orthogonality conditions is as follows:
(1L5 : a+btct+d—az+y+2+t=0

( ) a—b+c—d+r—y+2+t=0

BL5) : a+b—c—d+r+y—z+t=0

( ) a—b—c+d+rx+y+z2—t=0
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When regarded as a system in x, y, z, t, the matrix of the system is K, which is invert-
ible. Thus, the vector (z,y, z,t) is uniquely determined by the vector (a,b, ¢, d):
(a7 b7 C7 d) — ('I7 y? Z? t)

We have 16 vectors (a, b, ¢, d) € (£1)* to be tried, and the first case, covering 8 of them,
is that of the row vectors of £W,. Here we have an obvious solution, with (z,y, z,t)
appearing at right of (a,b, ¢, d) inside the following matrices, which are Hadamard:

_( Wy Ky Wy Ky
e ) o ()
As for the second situation, this is that of the 8 vectors (a,b,c,d) € (+1)* which are

not row vectors of £W,. But this is the same as saying that, up to permutations, we have
(a,b,c,d) = +(—1,1,1,1). In this case, and with + sign, the system of equations is:

—r4+y+z+t=-2
T—y+z+t=2
rTty—z+t=2
rT+y+z—t=2
By summing the first equation with the other ones we obtain:
y+z=y+t=z+t=0
Thus y = z =t = 0, and this solution does not correspond to an Hadamard matrix.

Summarizing, we are done with the 5 x 8 completion problem in Case 2, the solutions
coming from the rows of the matrices R,S given above. Now when using this, as for
getting up to full 8 x 8 completions, the R, S cases obviously cannot mix, and so we are
left with the Hadamard matrices R, S above, as being the only solutions.

In order to conclude now, observe that we have R = Q' and R ~ S. Also, it is
elementary to check that we have P ~ (), and this finishes the proof. O

At N = 12 now, we can use a construction due to Paley [109]. Let ¢ = p" be an odd
prime power, and consider the quadratic character y : F, — {—1,0, 1}, given by:

0 ifa=0
x(a)=<1 ifa=b0#0
—1 otherwise
We can construct then the following matrix, with indices in F:
Qab = X(b - CL)

With these conventions, the Paley construction is as follows:
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Theorem 1.19. Given an odd prime power q = p”, construct Qu = Xx(b — a) as above.
We have then constructions of Hadamard matrices, as follows:

(1) Paley 1: if ¢ = 3(4) we have a matriz of size N = q+ 1, as follows:

0O 1 ... 1
. —1
—1
(2) Paley 2: if g = 1(4) we have a matriz of size N = 2q + 2, as follows:
01 ... 1
1 1 -1 11
2 .
Py = : 0 : 0—><_1 _1) , i1—>i(1 _1)

1
These matrices are skew-symmetric (H + H' = 2), respectively symmetric (H = H').

Proof. In order to simplify the presentation, we will denote by 1 all the identity matrices,
of any size, and by I all the rectangular all-one matrices, of any size as well.
It is elementary to check that the matrix Qu, = x(a — b) has the following properties:

QR ' =ql -1
Ol =1Q =0

In addition, we have the following formulae, which are elementary as well, coming from
the fact that —1 is a square in [, precisely when ¢ = 1(4):

¢=14) = Q=@
¢=34) = Q=-¢
With these observations in hand, the proof goes as follows:

(1) With our conventions for the symbols 1 and I, explained above, the matrix in the

statement is as follows:
pL_ 1 I
NTA-T 1+Q

With this formula in hand, the Hadamard matrix condition follows from:

e S ()
(N 0
— N0 T+1—?

()
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(2) If we denote by G, F' the matrices in the statement, which replace respectively the
0,1 entries, then we have the following formula for our matrix:

I
P} = (g Q)®F+1®G

With this formula in hand, the Hadamard matrix condition follows from:

2
(P3)? = (g gg) ®F2+((1) ?)@GM(% é)@(FGJrGF)

~ (q O 10 0 I
= (0 q) ® 2+ (0 1) ®2+ (I[ 2 ®0
(N 0
a 0 N
Finally, the last assertion is clear, from the above formulae relating Q, Q*. O
As an illustration for the above result, we have:
Theorem 1.20. We have Paley 1 and 2 matrices at N = 12, which are equivalent:
P 112 ~ P 122
In fact, this matriz is the unique Hadamard one at N = 12, up to equivalence.

Proof. This is a mixture of elementary and difficult results, the idea being as follows:

(1) We have 12 = 11 + 1, with 11 = 3(4) being prime, so the Paley 1 construction
applies indeed, with the first row vector of @ being (0 + — + + + — — — + —).

(2) Also, we have 12 = 2 x 5+ 2, with 5 = 1(4) being prime, so the Paley 2 construction
applies as well, with the first row vector of @ being (0 + — — +).

(3) It is routine to check that we have Pl, ~ PZ, by some computations in the spirit
of those from the end of the proof of Theorem 1.18 above.

(4) As for the last assertion, regarding the global uniqueness, this is something quite
technical, requiring some clever block decomposition techniques. O

At N = 16 now, the situation becomes fairly complicated, as follows:

Theorem 1.21. The Hadamard matrices at N = 16 are as follows:

(1) We have the Walsh matriz Wig.
(2) There are no Paley matrices.
(3) Besides Wig, we have 4 more matrices, up to equivalence.
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Proof. Once again, this is a mixture of elementary and more advanced results:
(1) This is clear.

(2) This comes from the fact that we have 16 = 15 4+ 1, with 15 not being a prime
power, and from the fact that we have 16 = 2 x 7+ 2, with 7 # 1(4).

(3) This is something very technical, basically requiring a computer. O

At N = 20 and bigger, the situation becomes extremely complicated, and the study is
usually done with a mix of advanced algebraic methods, and computer techniques. The
overall conclusion is the number of Hadamard matrices of size N € 4N grows with N, and
in a rather exponential fashion. In particular, we are led in this way into:

Conjecture 1.22 (Hadamard Conjecture (HC)). There is at least one Hadamard matriz
H e My(£1)
for any integer N € 4N.
This conjecture, going back to the 19th century, is one of the most beautiful statements

in combinatorics, linear algebra, and mathematics in general. Quite remarkably, the
numeric verification so far goes up to the number of the beast:

N = 666

Our purpose now will be that of gathering some evidence for this conjecture. By using
the Walsh construction, we have examples at each N = 2. We can add various examples
coming from the Paley 1 and Paley 2 constructions, and we are led to:

Theorem 1.23. The HC is verified at least up to N = 88, as follows:

(1) At N =4,8,16,32,64 we have Walsh matrices.

(2) At N =12,20,24,28,44,48,60, 68, 72,80, 84,88 we have Paley 1 matrices.
(3) At N = 36,52,76 we have Paley 2 matrices.

(4) At N = 40,56 we have Paley 1 matrices tensored with Ws.

However, at N = 92 these constructions (Walsh, Paley, tensoring) don’t work.

Proof. First of all, the numbers in (1-4) are indeed all the multiples of 4, up to 88. As for
the various assertions, the proof here goes as follows:

(1) This is clear.

(2) Here the number N — 1 takes the following values:
q=11,19,23,27,43,47,59,67,71,79, 83, 87

These are all prime powers, so we can apply the Paley 1 construction, in all these cases.

(3) Since N = 4(8) here, and N/2 — 1 takes the values ¢ = 17,25, 37, all prime powers,
we can indeed apply the Paley 2 construction, in these cases.
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(4) At N = 40 we have indeed P, ® W5, and at N = 56 we have Py @ Wh.

Finally, we have 92 — 1 = 7 x 13, so the Paley 1 construction does not work, and
92/2 = 46, so the Paley 2 construction, or tensoring with W5, does not work either. [

At N = 92 now, the situation is considerably more complicated, and we have:

Theorem 1.24. Assuming that A, B,C, D € Mg(%1) are circulant, symmetric, pairwise
commute and satisfy the condition
A+ B+ C? + D* = 4K

the following 4K x 4K matriz

A B C D

I -B A -D (C

-C D A -B

-D -C B A
is Hadamard, called of Williamson type. Moreover, such a matrix exists at K = 23.

Proof. We use the same method as for the Paley theorem, namely tensor calculus.
Consider the following matrices 1,1, j, k € M4(0, 1), called the quaternion units:

1000 0100
_loroo 1000
0010 ) 000 1
000 1 0010
0010 000 1
o001 L_ |00 10
=11 0 0 0 ’ “1lo 100
0100 1000

These matrices describe the positions of the A, B, C, D entries in the matrix H from
the statement, and so this matrix can be written as follows:

H=A®1+BRi+C®j+Dxk
Assuming now that A, B, C, D are symmetric, we have:
HH' = (A1+B®i+C®j+Dxk)
(A®1-BRi-C®j—-—D®k)
= A4+ B +C*+D*)®1—([A,B] - [C,D])®i
—([4,C] = [B,D))®j— ([A. D] - [B,C]) ® k
Now assume that our matrices A, B,C, D pairwise commute, and satisfy as well the

condition in the statement, namely A%+ B2+ C?+ D? = 4K. In this case, it follows from
the above formula that we have HH® = 4K, so we obtain indeed an Hadamard matrix.
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In general, finding such matrices is a difficult task, and this is where Williamson’s extra
assumption that A, B, C, D should be taken circulant comes from. Regarding now the
K = 23 construction, which produces an Hadamard matrix of order N = 92, this comes
via a computer search. We refer here to [34], [147]. O

Things get even worse at higher values of N, where more and more complicated con-
structions are needed. The whole subject is quite technical, and, as already mentioned,
human knowledge here stops so far at 9t = 666. See [1], [55], [57], [74], [86], [119].

As a conceptual finding on the subject, however, we have the recent theory of the
cocyclic Hadamard matrices, which is based on the following notion:

Definition 1.25. A cocycle on a finite group G is a matrix H € Mg(£1) satisfying:
HgnHon ke = Hg peHpk
H11 - 1
If the rows of H are pairwise orthogonal, we say that H is a cocyclic Hadamard matriz.

Here the definition of the cocycles is the usual one, with the equations coming from the
fact that F' = Zs X G must be a group, with multiplication as follows:

(u,9)(v,h) = (Hgyp - uv, gh)

As a basic example here, the Walsh matrix H = Wa» is cocyclic, coming from the group
G = Z3, with cocycle as follows:

H

gh = (_1)<g’h>
As explained in [56], and in other papers, many other known examples of Hadamard

matrices are cocyclic, and this leads to the following conjecture:

Conjecture 1.26 (Cocyclic Hadamard Conjecture). There is at least one cocyclic Hada-
mard matriv H € My(£1), for any N € 4N.

Having such a statement formulated is certainly a big advance with respect to the HC,
and this is probably the main achievement of modern Hadamard matrix theory. However,
in what regards a potential proof, there is no clear strategy here, at least so far.

We will be back to these questions in sections 13-16 below, with the remark that the
construction Z; — Wsn can be extended as to cover all the Hadamard matrices, by
replacing Zi with a suitable quantum permutation group. However, in what regards the
potential applications to the HC, there is no clear strategy here either.
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2. ANALYTIC ASPECTS

We have seen so far that the algebraic theory of the Hadamard matrices, while very nice
at the elementary level, ultimately leads into some difficult questions. So, let us step now
into analytic questions. The first result here, found in 1893 by Hadamard [71], about 25
years after Sylvester’s 1867 founding paper [124], and which actually led to such matrices
being called Hadamard, is a determinant bound, as follows:

Theorem 2.1. Given a matrix H € My(£1), we have
|det H| < NN/2
with equality precisely when H is Hadamard.

Proof. We use here the fact, which often tends to be forgotten, that the determinant of a
system of N vectors in R¥ is the signed volume of the associated parallelepiped:

det(Hl,...,HN) :ZEUOZ<H1,...,HN>

This is actually the definition of the determinant, in case you have forgotten the basics
(1), with the need for the sign coming for having good additivity properties.

In the case where our vectors take their entries in +1, we therefore have the following
inequality, with equality precisely when our vectors are pairwise orthogonal:

|det(Hy, ..., Hy)| < |[Hi|| x ... x |[Hy|| = (VN)V
Thus, we have obtained the result, straight from the definition of det. Il

The above result suggests doing several analytic things, as for instance looking at the
maximizers H € My(+£1) of the quantity | det H|, at values N € N which are not multiples
of 4. As a basic result here, at N = 3 the situation is as follows:

Proposition 2.2. For a matriv H € M;3(£1) we have |det H| < 4, and this estimate is
sharp, with the equality case being attained by the matrix

1 1 1
Q:=[1 1 =1
1 -1 1

and its conjugates, via the Hadamard equivalence relation.

Proof. In order to get started, observe that Theorem 2.1 above provides us with the
following bound, which is of course not sharp, det H being an integer:

|det H| < 3v/3 = 5.1961..

Now observe that, det H being a sum of six +1 terms, it must be en even number. Thus,
we obtain |det H| < 4. Our claim now is that the following happens, with the nonzero
situation appearing precisely for the matrix ()3 in the statement, and its conjugates:

det H € {—4,0,4}
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Indeed, let us try to find the matrices H € Mj3(+£1) having the property det H # 0.
Up to equivalence, we can assume that the first row is (1,1,1). Then, once again up to
equivalence, we can assume that the second row is (1,1, —1). And then, once again up to
equivalence, we can assume that the third row is (1, —1,1). Thus, we must have:

11 1
H=11 1 -1
1 -1 1

The determinant of this matrix being —4, we have proved our claim, and the last
assertion in the statement too, as a consequence of our study. Il

In general, all this suggests the following definition:
Definition 2.3. A quasi-Hadamard matriz is a square binary matriz
H e My(£1)
which maximizes the quantity | det H|.

We know from Theorem 2.1 that at N € 4N such matrices are precisely the Hada-
mard matrices, provided that the Hadamard Conjecture holds at N. At values N ¢ 4N,
what we have are certain matrices which can be thought of as being “generalized Hada-
mard matrices”, the simplest examples being the matrix ()3 from Proposition 2.2, and its
Hadamard conjugates. For more on all this, we refer to [110].

As a comment, however, Proposition 2.2 might look a bit dissapointing, because it is
hard to imagine that the matrix ()3 there, which is not a very interesting matrix, can
really play the role of a “generalized Hadamard matrix” at N = 3. We will come later
with more interesting solutions to this problem, a first solution being as follows:

-1 2 2
Kes=—12 -1 2

To be more precise, this matrix is of course not binary, but it is definitely an interesting
matrix, that we will see to be sharing many properties with the Hadamard matrices. We
have as well another solution to the N = 3 problem, which uses complex numbers, and

more specifically the number w = e2™/?, which is as follows:
1 1 1
FF=[1 w w?
1 w? w

Once again, this matrix is not binary, and not even real, but it is an interesting matrix,
that we will see to be sharing as well many properties with the Hadamard matrices.
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As a conclusion, looking at the maximizers H € My(+£1) of the quantity | det H| is not
exactly an ideal method, when looking for analogues of the Hadamard matrices at the
forbidden size values N ¢ 4N, at least when NN is small. The situation changes, however,
when looking at such questions at big values of N € N. We have here:

Theorem 2.4. We have estimates of type

max | det H| ~ NV/?
HeMpy(£1)

which are valid in the N — oo limit, modulo the Hadamard Conjectuere.
Proof. As already mentioned, this is just an informal statement, which is there as an

introduction to the subject, in the lack of something more precise, and elementary. There
are basically two ways of dealing with such questions, namely:

(1) A first idea is that of using the existence of an Hadamard matrix Hy € My(£1),
at values N € 4N, modulo the Hadamard Conjecture of course, and then completing it
into binary matrices Hyy of size N 4 1,2, 3, for instance in the following way:

1 .1
Hy

1 .1

Hyye= |1 1 -1 1

1 1 1 —1

The determinant estimates for such matrices are however quite technical, and we refer
here to the literature on the subject [110].

(2) A second method is by using probability theory. The set of binary matrices My (1)
is of course a probability space, when endowed with the counting measure rescaled by
1/2N * and the determinant can be regarded as a random variable on this space:

det : MN(il) — 7

The point now is that the distribution of this variable can be computed, in the N — oo
limit, and as a consequence, we can investigate the maximizers of |det H|. Once again,
all this is quite technical, and we refer here to the literature [133], [134]. O

From a “dual” point of view, the question of locating Yy inside vV NOy, once again via
analytic methods, makes sense as well. The result here, from [19], is as follows:

Theorem 2.5. Given a matric U € On we have
Ul < NVN
with equality precisely when H = /NU is Hadamard.
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Proof. We have indeed the following estimate, for any U € Oy, which uses the Cauchy-
Schwarz inequality, and the trivial fact that we have ||U||, = v/N:

1/2
|WW=XNMSN<ZNMﬁ ~ NVN

ij i

The equality case holds when we have |U;;| = \/LN’ for any i, 7. But this amounts in
saying that H = v/ NU must satisfy H € My(=£1), as desired. O

We will need more general norms as well, so let record the following result:

Proposition 2.6. If 1 : [0,00) = R s strictly concave/convez, the quantity

F(U) = Y 6(U3)

over Uy is mazimized /minimized by the rescaled Hadamard matrices, U = H/v/N.

Proof. We recall that the Jensen inequality states that for ¢ convex we have:

¢Cm+”+%><¢@g+m+¢@@

n - n

In our case, let us take n = N? and:
(o1, a0} = {Ufj i j= 1,...,N}
We obtain that for any convex function v, the following holds:
o(L) < £0)
N N2
Thus we have the folloowing estimate:
1
F(U) > N | —
W)z ¥ ()

Now by assuming as in the statement that 1 is strictly convex, the equality case holds
precisely when the numbers Ufj are all equal, so when H = v/ NU is Hadamard.
The proof for concave functions is similar. O

Of particular interest for our considerations are the power functions 1(x) = 27/, which
are concave at p € [1,2), and convex at p € (2,00). These functions lead to:

Theorem 2.7. The rescaled versions U = H/\/'N of the Hadamard matrices H €
My (£1) can be characterized as being:

(1) The mazimizers of the p-norm on Oy, at any p € [1,2).
(2) The minimizers of the p-norm on O, at any p € (2,00].
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Proof. Consider indeed the p-norm on Oy, which at p € [1,00) is given by:

1/p
U], = (E |Uz'j|p>
i

By the above discussion, involving the functions ¢ (x) = xP/2, Proposition 2.6 applies
and gives the results at p € [1,00), the precise estimates being as follows:

< N2/P=120 i p < 2
U], = ¢ = N/ if p=2
> N2/p=1/2 if p> 2

As for the case p = oo, this follows with p — oo, or directly via Cauchy-Schwarz.  [J

As it was the case with the Hadamard determinant bound, all this suggests doing some
further geometry and analysis, this time on the Lie group Oy, with a notion of “almost
Hadamard matrix” at stake. Let us formulate indeed, in analogy with Definition 2.3:

Definition 2.8. An optimal almost Hadamard matrix is a rescaled orthogonal matrix

HG\/NON

which mazimizes the 1-norm.

Here the adjective “optimal” comes from the fact that, in contrast with what happens
over My/(=1), in connection with the determinant bound, here over v NOy we have more
flexibility, and we can talk if we want about the local maximizers of the 1-norm. These
latter matrices are called “almost Hadamard”, and we will investigate them in the next
section. Also, we will talk there about more general p-norms as well.

We know from Theorem 2.6 that at N € 4N the absolute almost Hadamard matrices
are precisely the Hadamard matrices, provided that the Hadamard Conjecture holds at
N. At values N ¢ 4N, what we have are certain matrices which can be thought of as
being “generalized Hadamard matrices”, and are waiting to be investigated. Let us begin
with a preliminary study, at N = 3. The result here, from [19], is as follows:

Theorem 2.9. For any matriz U € O3 we have the estimate

Ul <5
and this is sharp, with the equality case being attained by the matrix
1 -1 2 2
U==-|2 -1 2
3\ 2

and its conjugates, via the Hadamard equivalence relation.
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Proof. By dividing by det U, we can assume that we have U € SO3. We use the Euler-
Rodrigues parametrization for the elements of SO3, namely:

2yt =22 12 2(yz — wt) 2(xz + yt)
U= 2(xt + yz) e Tl A 2(zt — xy)
2(yt — x2) 2(zy + 2t) A

Here (x,y,2,t) € S come from the map SU, — SOs;. Now in order to obtain the
estimate, we linearize. We must prove that for any numbers x,y, z,t € R we have:

|2? 4 9% — 22 — 2]+ |22 + 27—y — 1 4 |2 -yt - 2
+2 (lyz — ot| + vz + yt| + |at + yz| + |2t — zy| + |yt — 2| + vy + 2t])
<52 +yP 4 27+ 1)
The problem being symmetric in z,y, 2, ¢, and invariant under sign changes, we may
assume that we have:

r>y>z>t>0

Now if we look at the 9 absolute values in the above formula, in 7 of them the sign is
known, and in the remaining 2 ones the sign is undetermined.
More precisely, the inequality to be proved is:

(24 y? — 22—t + (2 + 22—y — 1)) + 2 17—y — 2
+2 (lyz — at| + (xz + yt) + (at + y2) + (vy — 2t) + (vz — yt) + (xy + 21))
<5 +yt+ 22+ 17)
After simplification and rearrangement of the terms, this inequality reads:
2% + 1% — y* — 22| + 2|2t — y2|
< 32+ 5y  + 522 + TP — dwy — daz — 2at — 2z
In principle we have now 4 cases to discuss, depending on the possible signs appearing
at left. It is, however, easier to proceed simply by searching for the optimal case.
First, by writing y = a + €,2 = a — ¢ and by making ¢ vary over the real line, we see
that the optimal case is when € = 0, hence when y = z.

The case y = 2z = 0 or y = z = 0o being clear, and not sharp, we can assume that we
have y = z = 1. Thus we must prove that for x > 1 >t > 0 we have:

2% + % — 2| + 2|ot — 1| < 32 + 8 + Tt — 8z — 2ut
In the case 2t > 1 we have 22 + t2 > 2, and the inequality becomes:
2t + 4 < 22 + 32+ 6
In the case 2t < 1,22 4 2 < 2 we get:
2+ 142t > 2
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In the remaining case xt < 1,22 +t> > 2 we get:
22 4+ 32 > da

But these inequalities are all true, and this finishes the proof of the estimate.

Now regarding the maximum, according to the above discussion this is attained at
(ryzt) = (1110) or at (xyzt) = (2110), plus permutations.

The corresponding matrix is, modulo permutations:

1 2 2
v==z1|2 1 =2
S -2 2 1
For this matrix we have indeed ||V||; = 5, and we are done. 0

In terms of Definition 2.8, the conclusion is as follows:

Theorem 2.10. The optimal almost Hadamard matrices at N = 3 are

-1 2 2
Ki=—[2 -1 2

V3 2 2 -1

and its conjugates, via the Hadamard equivalence relation.
Proof. This is indeed a reformulation of Theorem 2.9, using Definition 2.8. U

The above result and the matrix K5 appearing there are quite interesting, because they
remind the Hadamard matrix K4 studied in section 1 above, given by:

-1 1 1 1
1 -1 1 1
Ky = 1 1 =1 1
1 1 1 -1

To be more precise, all this suggests looking at the following matrices Ky € vV NOuy,
having arbitrary size N € N:
2—N 2
K ! :
N = = ‘.
VN 2 2—N

These matrices are in general not optimal almost Hadamard, in the sense of Definition
2.8 above, for instance because at N = 2 or N = 8,12, 16, ... they are not Hadamard.
We will see in the next section that these matrices are however “almost Hadamard”, in
the sense that they locally maximize the 1-norm on v NOy.

To summarize, the computation of the maximizers of the 1-norm on Oy is a difficult
question, a bit like the computation of the maximizers of |det| on My(£1) was, and
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looking instead at the local maximizers of the 1-norm on Oy is the way to be followed,
with some interesting examples and combinatorics at stake. We will be back to this.

Let us discuss now, as a continuation of all this, an analytic reformulation of the
Hadamard Conjecture. Following [19], the starting statement here is:

Proposition 2.11. We have the following estimate,
sup ||U|ly < NVN

UeOyn

with equality if and only if there exists an Hadamard matriz of order N.

Proof. This follows indeed from the inequality [|U]|; < Nv/'N, with equality in the rescaled
Hadamard matrix case, U = H/v/N, from Theorem 2.5 above. U

We begin our study with the following observation:

Proposition 2.12. If the Hadamard conjecture holds, then
sup ||U|]; > (N —4.5)VN

UeOn
for any N € N.
Proof. If N is a multiple of 4 we can use an Hadamard matrix, and we are done. In

general, we can write N = M + k with 4|M and 0 < k < 3, and use an Hadamard matrix
of order N, completed with an identity matrix of order k. This gives:

sup [|U]|ly > MvVM+k

UeOn
> (N-3)VN-3+3
> (N —45)vVN +3
Here the last inequality, proved by taking squares, is valid for any N > 5. U

We would like to understand now which estimates on the quantity in Proposition 2.12
imply the Hadamard conjecture. We first have the following result:

Proposition 2.13. For any norm one vector U € RN we have the formula

HU\M:W@M)

where H € RY is the vector given by:
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Proof. We indeed have the following computation:

U —H|? = Z <U- — ng%]"))Z

2IUI

_ 2

= ZU \/_ N
2||U|]x

VN
2[[U1

VN

But this gives the formula in the statement. U

1017 = +1

2 —

Next, we have the following estimate, also from [19]:
Proposition 2.14. Let N be even, and let U € Oy be a matrixz such that

o=

VN

is not Hadamard, where S;; = sgn(U;;). We have then the following estimate:

1
Ul < NVN — ——

Proof. Since H is not Hadamard, this matrix has two distinct rows Hy, Hy which are not
orthogonal. Since N is even, we must have:

2
’<H1,H2>’ZN

We obtain from this the following estimate:

||U1—H1||+||U2—H2|| > |<U1—H1,H2>|+|<U2—H2,U1>|
> ‘<U1—H1,H2>+<U2—H2,U1>|
‘<U2,U1>—<H1,H2>|
= |<H1,H2>|
2
>
- N



34 TEO BANICA

Now by applying the estimate in Proposition 2.13 to Uy, Us, we obtain:

Uy — Hi|]* + ||Us — Hy||?
UL + [Vl = \/N(z—” 1~ Hil ;ll ) z||)

< VN (2_ (L —Hzl\)2>

< m(2—i)

By adding to this inequality the 1-norms of the remaining N — 2 rows, all bounded
from above by v/N, we obtain the result. O

We can now answer the question raised above, as follows:
Theorem 2.15. If N is even and the following holds,

1
su Ully > NVN — ———
Swp Ul = NVN = o7

then the Hadamard conjecture holds at N.

Proof. Indeed, if the Hadamard conjecture does not hold at NV, then the assumption of
Proposition 2.14 is satisfied for any U € Oy, and this gives the result. O

As a related result now, let us compute the average of the 1-norm on Oy. We have
here the following estimate, from [19]:

Theorem 2.16. We have the following estimate,

2
/ U], dU =~ \/:N\/N
On n

valid in the N — oo limit.

Proof. We use the well-known fact that the row slices of Oy are all isomorphic to the
sphere SN~1, with the restriction of the Haar measure of Oy corresponding in this way to
the uniform measure on SV~!. Together with a standard symmetry argument, this shows
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that the average of the 1-norm on Oy is given by:

/ U dv Z/ U] dU
On ij On

_ N?/ U | dU
On

= NQ/ |z1| dx
gN-1

We denote by I the integral on the right. By standard calculus, we obtain:

(2 2.4-6...(N—2)
z. N
R 3-5-7...((]\7—1)) (IV even)
- 3:5-7...(N—=2
1- N
o oy Wedd
( -1
4M (oM
— N =2M
B mM \ M ( )
2M
4—M N=2M+1
() =iy
Now by using the Stirling formula, we get:
(
aM \/a M
— Y (N =2M)
I ~ oM 4
A (N =2M +1)
4. —
. VM
(1
N =2M
B TM ( )
N =2M +1
\ vV M ( )
N 2
- TN

Thus, we are led to the conclusion in the statement.

The above result gives in particular the following estimate, in the N — oo limit:

2
sup ||U|]1 > \/;N\/N

UeOn

35
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In order to find better estimates, the problem is to compute the higher moments of the
1-norm, which are the following integrals, depending on a parameter k € N:

Ik:/ [Ufs dU
On

The computation of these integrals is however a difficult problem, and no concrete
applications to the Hadamard Conjecture have been found so far. See [19], [20].

Let us discuss now a third and final analytic topic, in connection with the bistochastic
Hadamard matrices. The motivation here comes from the fact that the bistochastic
matrices look better than their non-bistochastic counterparts. As an illustration here,
the Walsh matrix W, looks better in its bistochastic form, which is the matrix Kjy:

1 1 1 1 -1 1 1 1
1 -1 1 -1 1 -1 1 1
1 1 -1 =171 1 -1 1
1 -1 -1 1 1 1 1 -1

We have the following algebraic result on the subject, which shows in particular that
we cannot put any Hadamard matrix in bistochastic form:

Theorem 2.17. For an Hadamard matrix H € My (C), the following are equivalent:

(1) H is bistochastic, with sums A.
(2) H is row-stochastic, with sums \, and \* = N.

In particular, is such a matriz exists, then N € 4N must be a square.

Proof. Both the implications are elementary, as follows:

(1) = (2) If we denote by Hi,..., Hy € (£1)" the rows of H, we have indeed:
N = Y <H,H>

= Y HyYy Hy
i i
j

= A\

(2) = (1) Consider the all-one vector £ = (1); € RY. The fact that H is row-
stochastic with sums A reads:

ZHZ']‘ = )\,Vl <~ Zngj = )\&,Vl
J J

e HE=X
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Also, the fact that H is column-stochastic with sums A reads:
Y Hy=AVi < Y Hy& =X Vi
i J

— H'¢=X
We must prove that the first condition implies the second one, provided that the row
sum \ satisfies A = N. But this follows from the following computation:
HE= )N — H'HE=)\H'E
— N¢&=\H
= H'¢ =\
Thus, we have proved both the implications, and we are done. U

In practice now, the even Walsh matrices, having size N = 4", which is a square as
required above, can be put in bistochastic form, as follows:

Xn
W4n ~ K4

As for the odd Walsh matrices, having size N = 2 x 4", these cannot be put in bis-
tochastic form. However, we can do this over the complex numbers, with the equivalence
being as follows at N = 2, and then by tensoring with K" in general:

(b 4)~G)

This is quite interesting, and in general now, it is known from [75] that any complex
Hadamard matrix can be put in bistochastic form, by a certain non-explicit method.
Thus, we have here some theory to be developed. We will be back to this.

There is as well an analytic approach to these questions, based on:

Theorem 2.18. For an Hadamard matrizx H € My(+£1), the excess,

E(H)=) Hj;

satisfies |E(H)| < NN, with equality if and only if H is bistochastic.

Proof. In terms of the all-one vector £ = (1); € RY, we have:

E(H)=> Hyj=>» Hy&t=> (H S =< HE &>
ij ij

Now by using the Cauchy-Schwarz inequality, along with the fact that U = H/ VN is
orthogonal, and hence of norm 1, we obtain, as claimed:

[B(H)| < ||HE]| - (1€l < 1H]| - I€][P = NVN
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Regarding now the equality case, this requires the vectors H¢, & to be proportional, and
so our matrix H to be row-stochastic. But since U = H/v/N is orthogonal, we have:

HéE~E <= HIE~E
Thus our matrix H must be bistochastic, as claimed. Il

One interesting question, that we would like to discuss now, is that of computing the
law of the excess over the equivalence class of H. Following [11], let us start with:

Definition 2.19. The glow of H € My(=£1) is the distribution of the excess,
]
over the Hadamard equivalence class of H.

Since the excess is invariant under permutations of rows and columns, we can restrict
the attention to the matrices H ~ H obtained by switching signs on rows and columns.
More precisely, let (a,b) € Z5 x ZY, and consider the following matrix:

Hij = aiijij

We can regard the sum of entries of H as a random variable, over the group Z% x ZY
and we have the following equivalent description of the glow:

Proposition 2.20. Given a matrizv H € My (£1), if we define ¢ : ZY x ZY — 7 as the
excess of the corresponding Hadamard equivalent of H,

o(a,b) = Z a;b;H;j
ij

then the glow is the probability measure on Z given by u({k}) = P(p = k).

Proof. The function ¢ in the statement can indeed be regarded as a random variable over
the group ZY x ZY, with this latter group being endowed with its uniform probability
measure P. The distribution p of this variable ¢ is then given by:

u({k) = oy {(a.0) € 23 % 2] 1) = &}

By the above discussion, this distribution is exactly the glow. U

The terminology in Definition 2.19 comes from the following picture. Assume that we
have a square city, with N horizontal streets and NV vertical streets, and with street lights
at each crossroads. When evening comes the lights are switched on at the positions (i, j)
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where H;; = 1, and then, all night long, they are randomly switched on and off, with the
help of 2N master switches, one at the end of each street:

= OO0
- & x O X
- & O o x X
- & x x O

(O A

With this picture in mind, p describes indeed the glow of the city. At a more advanced
level now, all this is related to the Gale-Berlekamp game [67], [116]. In order to compute
the glow, it is useful to have in mind the following picture:

by ... by

\J }
(al) — Hy ... Hiy = S5
(aN) — Hyny ... Hyy = SN

Here the columns of H have been multiplied by the entries of the horizontal switching
vector b, the resulting sums on rows are denoted Si,...,Sy, and the vertical switching
vector a still has to act on these sums, and produce the glow component at b. With this
picture in mind, we first have the following result, from [11]:

Proposition 2.21. The glow of a matric H € Mx(%1) is given by
1
I=5N > Biler) * ... % Bn(en)
bezZy

where the measures on the right are convolution powers of Bernoulli laws,

5T+5_r *C
Pr(c) = <T>
and where ¢, = #{r € |S1|,...,|Sn|}, with S = Hb.

Proof. We use the interpretation of the glow explained above. So, consider the decompo-
sition of the glow over b components:

1
= N Z Kb
bezZl

With the notation S = Hb, as in the statement, the numbers S5y, ..., Sy are the row
sums of H;; = H;ja;b;. Thus the glow components are given by:

wy = law (£S57 £ Sy ... £ Sy)
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By permuting now the sums on the right, we have the following formula:
py=law(£0...£0 £1...£1...... +N...£N)

~~ ~~
co C1 CN

Now since the + variables each follow a Bernoulli law, and these Bernoulli laws are
independent, we obtain a convolution product as in the statement. Il

We will need the following elementary fact:

Proposition 2.22. Let H € My(+£1) be an Hadamard matriz of order N > 4.

(1) The sums of entries on rows Sy, ...,Sn are even, and equal modulo 4.

(2) If the sums on the rows Si,...,Sy are all 0 modulo 4, then the number of rows
whose sum is 4 modulo 8 is odd for N = 4(8), and even for N = 0(8).

Proof. This is something elementary, the proof being as follows:

(1) Let us pick two rows of our matrix, and then permute the columns such that these
two rows look as follows:

1...... 1 1...... 1 -1...—1 —-1...—1

1...... 1 —-1...—1 1...... 1 -1 -1

—_— e L L
a b c d

We have a + b+ ¢+ d = N, and by orthogonality we obtain a + d = b+ ¢. Thus
a+d=>b+c= N/2, and since N/2 is even we have b = ¢(2), which gives the result.

(2) In the case where H is “row-dephased”, in the sense that its first row consists of
1 entries only, the row sums are N,0,...,0, and so the result holds. In general now, by
permuting the columns we can assume that our matrix looks as follows:

1o..... 1 —1...—1
x Yy
We have z +y = N = 0(4), and since the first row sum S; = x — y is by assumption 0
modulo 4, we conclude that z,y are even. In particular, since y is even, the passage from
H to its row-dephased version H can be done via y/2 double sign switches.
Now, in view of the above, it is enough to prove that the conclusion in the statement is
stable under a double sign switch. So, let H € My(41) be Hadamard, and let us perform

to it a double sign switch, say on the first two columns. Depending on the values of the
entries on these first two columns, the total sums on the rows change as follows:

(—i— + ... ) A
( o) S8
(— + ... ) 5= 5
(- — )

S—S+4

_|_
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We can see that the changes modulo 8 of the row sum S occur precisely in the first
and in the fourth case. But, since the first two columns of our matrix H € My(=£1) are
orthogonal, the total number of these cases is even, and this finishes the proof. Il

Observe that Proposition 2.21 and Proposition 2.22 (1) show that the glow of an Ha-
damard matrix of order N > 4 is supported by 4Z. With this in hand, we have:

Theorem 2.23. Let H € My(£1) be an Hadamard matriz of order N > 4, and denote
by ", 1u°% the mass one-rescaled restrictions of u € P(47Z) to 8Z,87 + 4.

(1) At N =0(8) we have i = 3p°™ + %,

(2) At N = 4(8) we have pp = " + 3 p°%.

Proof. We use the glow decomposition over b components, from Proposition 2.21:
1
= N Z Kb
bezZl

The idea is that the decomposition formula in the statement will occur over averages
of the following type, over truncated sign vectors ¢ € Z5 ~*:

1
He = 5 (He =)

Indeed, we know from Proposition 2.22 (1) that modulo 4, the sums on rows are either
0,...,00r 2,...,2. Now since these two cases are complementary when pairing switch
vectors (+¢, —c), we can assume that we are in the case 0,...,0 modulo 4.

Now by looking at this sequence modulo 8, and letting x be the number of 4 components,
so that the number of 0 components is N — x, we have:

1 1
Sltiretpi-e) = 5 | law(E0. . £0d4.  £4)+low(E2.  £2)

N—z T N

Now by using Proposition 2.22 (2), the first summand splits 1 —0 or 0—1 on 87, 8Z 4,
depending on the class of N modulo 8. As for the second summand, since N is even this
always splits % — % on 87,87 + 4. Thus, by making the average we obtain either a Z% -1

1
or a i — % splitting on 87, 8Z + 4, depending on the class of N modulo 8, as claimed. [J

Various computer simulations suggest that the above measures pe", 1°* don’t have

further general algebraic properties. Analytically speaking now, we have:

Theorem 2.24. The glow moments of H € Mx(£1) are given by:

/Zévng (%)227 =(2p+O(N)

In particular the normalized variable F' = E /N becomes Gaussian with N — oo.
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Proof. Consider the variable in the statement, written as before, as a function of two
vectors a, b, belonging to the group ZY x ZY:

E= Z aiijij
ij

Let P.yen(r) C P(r) be the set of partitions of {1,...,r} having all blocks of even size.
The moments of E are then given by:

T
/ E / E Agy e ainml e bﬂ?rHiNJl e Hirwr
ZY xzy Y <2y

= E Hi1:v1 e Hir$r / Aiy .. Ay, / bzl c. bxr
: zy zy
iT

2
= E E Hilfrl . Hirxr
m,0€ Peyen (1) ker i=m ker z=0

Thus the moments decompose over partitions m € Py, (7), with the contributions being
obtained by integrating the following quantities:

C(O’) = Z ZHilﬂfl "'Hirmr * Qg .. QG

kerz=0c 1

Now by Mdbius inversion, we obtain a formula as follows:

/ E'= Y  K(mNFi(m)

TEPeven (7')

To be more precise, here the coefficients on the right are as follows, where p is the
Mébius function of Pyyen(r):

Km= Y plro)
0€Peven (7')

As for the contributions on the right, with the convention that H,..., Hy € ZY are
the rows of our matrix H, these are as follows:

IW=ZH%CP%§

i bem reb

With this formula in hand, the first assertion follows, because the biggest elements of
the lattice Peyen(2p) are the (2p)!! partitions consisting of p copies of a 2-block:

As for the second assertion, this follows from the moment formula, and from the fact
that the glow of H € My (=£1) is real, and symmetric with respect to 0. See [11]. O
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3. NORM MAXIMIZERS

We have seen in the previous section that the set Yy = My(£1) NV NOy formed by
the N x N Hadamard matrices can be located inside v NOy by using analytic techniques,
and more precisely variations of the following result:

Theorem 3.1. Given a matric H € \/NON we have:

(1) ||H||x < NP for p € [1,2), with equality precisely when H is Hadamard.
(2) ||H||y > N*? for p € (2,00], with equality precisely when H is Hadamard.

Proof. This is something that we know from section 2, the idea being that for H € vV NOy
we have ||H ||, = N, and by using this, together with the Jensen inequality for 1(x) = x7/2,
or simply the Holder inequality for the norms, we obtain the results. As for the case
p = 00, this follows with p — oo, or directly via Cauchy-Schwarz. O

In general, computing the maximizers of the 1-norm on vV NOy remains a difficult
question. So, based on the above, let us formulate the following definition:

Definition 3.2. A matriz H € VNOy is called:

(1) Almost Hadamard, if it locally mazimizes the 1-norm on v NOy:.
(2) Optimal almost Hadamard, if it mazimizes the 1-norm on v NOy.

More generally, we can talk about p-almost Hadamard matrices, at any p € [1, oo]—{2},

exactly in the same way, by using the results in Theorem 3.1. When a matrix H € vV NOy
is almost Hadamard at any p, we call it “absolute almost Hadamard”.

In order to get started, let us study the local mazimizers of the 1-norm on vV NOy. It
is technically convenient here to rescale by 1v/N, and work instead over the orthogonal
group Oy, by using the avaliable tools here. Following [19], we first have:

Theorem 3.3. If U € Oy locally maximizes the 1-norm, then
Uz‘j 7é 0
must hold for any 1, 7.

Proof. Assume that U has a 0 entry. By permuting the rows we can assume that this 0
entry is in the first row, having under it a nonzero entry in the second row.

We denote by Uy, ...,Uy the rows of U. By permuting the columns we can assume
that we have a block decomposition of the following type:

U\ (0 0 Y A B
U;J] \0 X 0 C D
Here X,Y, A, B,C, D are certain vectors with nonzero entries, with A, B, C, D chosen

such that each entry of A has the same sign as the corresponding entry of C, and each
entry of B has sign opposite to the sign of the corresponding entry of D.
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Our above assumption states that X is not the null vector.
For ¢ > 0 small consider the matrix U’ obtained by rotating by ¢ the first two rows of
U. In row notation, this matrix is given by:

cost sint U, cost-U; +sint - Uy

—sint cost U, —sint - Uy + cost - Uy
Ut = 1 Us | = Us
1 UN UN

We make the convention that the lower-case letters denote the 1-norms of the corre-
sponding upper-case vectors. According to the above sign conventions, we have:

N
[|U]y = [|cost-Uy +sint-Usl|; + || —sint - Uy + cost - Usl|; —I—Zui
i=3

N
= (cost+sint)(xr+y+b+c)+ (cost —sint)(a + d) +Zui

i=3
= ||U||1 + (cost +sint — 1)(x +y+ b+ c) + (cost —sint — 1)(a + d)

By using sint =t + O(t?) and cost = 1 + O(t?) we obtain:

U, = ||UIL+tlz+y+b+c)—tla+d) +O(t?)
= ||UIhW +tlx+y+b+c—a—d) + O(t?)

In order to conclude, we have to prove that U cannot be a local maximizer of the
I-norm. This will basically follow by comparing the norm of U to the norm of U*, with
t > 0 small or ¢ < 0 big. However, since in the above computation it was technically
convenient to assume ¢ > 0, we actually have three cases:

Case 1: b+ ¢ > a+ d. Here for t > 0 small enough the above formula shows that we
have ||U*||; > ||U]||1, and we are done.

Case 2: b+ c = a+d. Here we use the fact that X is not null, which gives x > 0. Once
again for ¢t > 0 small enough we have ||U*||; > ||U]||1, and we are done.

Case 3: b+ ¢ < a+ d. In this case we can interchange the first two rows of U and
restart the whole procedure: we fall in Case 1, and we are done again. O

Let us study now the critical points. It is convenient here to talk about more general
p-norms, or even more general functions of the quantities |U;;|, because this will lead to
some interesting combinatorics. Following [19], [25], we have the following result:



HADAMARD MATRICES

Theorem 3.4. Consider a differentiable function ¢ : [0,00) — R. A matriz U € O} is

then a critical point of the quantity
F(U) = Z‘POUUD
(]
precisely when the matrizx WU is symmetric, where:

Wij = sgn(Us)¢'(1Uy1)
In particular, for F(U) = ||U||; we need SU* to be symmetric, where S;; = sgn(Uy;).

Proof. We regard Oy as a real algebraic manifold, with coordinates U;;. This manifold

consists by definition of the zeroes of the following polynomials:

Aij = Z UinUji — bi;
k

Since Oy is smooth, and so is a differential manifold in the usual sense, it follows from
the general theory of Lagrange multipliers that a given matrix U € Oy is a critical point

of F' precisely when the following condition is satisfied:
dF € span(dA;j)
Regarding the space span(dA;;), this consists of the following quantities:
> MydAy = > My(UdUs + UsedUs)
ij ijk

= ) (M'U)jdUs, + Y (MU dUy,

ik ik
= > (M'U)ydUs; + > (MU);;dU;
i 4]

In order to compute dF, observe first that, with S;; = sgn(U,;), we have:

! ! Ui

= SZJdUU
Now let us set, as in the statement:

Wi = sgn(Us)¢'(1Us))
In terms of these variables, we obtain:

dF = " d(e(|Uy]) = Y ¢ ([Ug)d|Uy| = > WiydUs
ij ij

ij

We conclude that U € Oy is a critical point of F' if and only if there exists a matrix

M € My(R) such that the following two conditions are satisfied:
W=MU , W=MU
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Now observe that these two equations can be written as follows:
M =wU" | M=WU"
Thus, the matrix WU® must be symmetric, as claimed. Il
In order to process the above result, we can use the following notion:

Definition 3.5. Given U € Oy, we consider its “color decomposition”
U=> rU,

with U, € Mn(—1,0,1) containing the sign components at r > 0, and we call U:
(1) Semi-balanced, if U, U" and U'U,, with r > 0, are all symmetric.
(2) Balanced, if U, UL and ULUs, with r,s > 0, are all symmetric.

These conditions are quite natural, because for an orthogonal matrix U € Oy, the
relations UU' = U'U = 1 translate as follows, in terms of the color decomposition:

d U =) UL =

r>0 r>0
E rsU UL = g rsUU, =1
r,s>0 r,s>0

Thus, our balancing conditions express the fact that the various components of the
above sums are all symmetric. Now back to our critical point questions, we have:

Theorem 3.6. For a matriz U € Oy, the following are equivalent:
(1) U is a critical point of F(U) = 3_,;o(|Uyl), for any ¢ : [0,00) — R.
(2) U is a critical point of all the p-norms, with p € [1,00).
(3) U is semi-balanced, in the above sense.

Proof. We use the critical point criterion found in Theorem 3.4 above. In terms of the
color decomposition, the matrix constructed there is given by:

WU = ngn i) (U] ) U;

= ng r Z sgn(Uik)Uji,

r>0 k |Uik|=T'
= E 90 E r 1kUjk
r>0

= > dr) UUt

r>0
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Thus we have the following formula:
WUt =Y (U
r>0

Now when the function ¢ : [0,00) — R varies, either as an arbitrary differentiable
function, or as a power function p(z) = a? with p € [1, 00), the individual components of
this sum must be all self-adjoint, and this leads to the conclusion in the statement.  [J

In practice now, most of the known examples of semi-balanced matrices are actually
balanced, so we will investigate instead this latter class of matrices. Following [25], we
have the following collection of simple facts, regarding such matrices:

Theorem 3.7. The class of balanced matrices is as follows:

(1) It contains the matrices U = H/\/N, with H € My(%1) Hadamard.

(2) It is stable under transposition.

(3) It is stable under taking tensor products.

(4) It is stable under Hadamard equivalence.

(5) It contains the matriz Vy = +(2Ix — Nly), where Ly is the all-1 matriz.

Proof. All these results are elementary, the proof being as follows:

(1) Here U € Oy follows from the Hadamard condition, and since there is only one
color component, namely U, VN = H, the balancing condition is satisfied as well.

(2) Assuming that U =} _ U, is the color decomposition of a given matrix U € Oy,
the color decomposition of the transposed matrix U? is as follows:

Ut=> rUt
r>0

It follows that if U is balanced, so is the transposed matrix U?.

(3) Assuming that U = > _ rU, and V = > __ sV, are the color decompositions of
two given orthogonal matrices U, V', we have:

ST SN ) Sl et
r,s>0 p>0  p=rs
Thus the color components of W = U ® V' are the following matrices:

W,=> U,eV,

p=rs
It follows that if U,V are both balanced, then sois W =U ® V.

(4) We recall that the Hadamard equivalence consists in permuting rows and columns,
and switching signs on rows and columns. Since all these operations correspond to certain
conjugations at the level of the matrices U,U!, ULU,, we obtain the result.
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(5) The matrix in the statement, which goes back to [28], is as follows:

2—N 2 2

1 2 2—N ... 2
W=l o
2 2 ... 2—N
Observe that this matrix is indeed orthogonal, its rows being of norm one, and pairwise
orthogonal. The color components of this matrix being Vo/y_1 = 1y and Vo/y = Iy — 1,

it follows that this matrix is balanced as well, as claimed. Il

Let us look now more in detail at the matrix Vy from the above statement, and at the
matrices having similar properties. Following [28], let us start our study with:

Definition 3.8. An (a,b,c) pattern is a matric M € My(0,1), with N = a+2b+ ¢, such
that any two rows look as follows,

0...0 1
0

0...0 1...1 1...
0...0 1...1 0...0 1...1

up to a permutation of the columns.

As explained in [28], there are many interesting examples of (a,b,c) patterns, coming
from the balanced incomplete block designs (BIBD), and all these examples can produce
two-entry unitary matrices, by replacing the 0, 1 entries with suitable numbers z,y. Now
back to the matrix Viy from Theorem 3.7 (5), observe that this matrix comes from a
(0,1, N — 2) pattern. And also, independently of this, this matrix has the remarkable
property of being at the same time circulant and self-adjoint. We have in fact:
Theorem 3.9. The following matrices are balanced:

(1) The orthogonal matrices coming from (a, b, c) patterns.
(2) The orthogonal matrices which are circulant and symmetric.

Proof. These observations basically go back to [28], the proofs being as follows:

(1) If we denote by P,Q € My(0,1) the matrices describing the positions of the 0,1
entries inside the pattern, then we have the following formulae:

PP'=P'P = aly+bly
QR'=Q'Q = cly+bly
PQ'=PQ=QP'=Q'P = bly—bly
Since all these matrices are symmetric, U is balanced, as claimed.

(2) Assume that U € Oy is circulant, U;; = vj_;, and in addition symmetric, which
means y; = vY_;. Consider the following sets, which must satisty D, = —D,.

Dr:{k:”yr’ :k}
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In terms of these sets, we have the following formula:

(UrUg)ij = Z(Ur>ik<Us)jk
k
= Ol 520 (ki) O .s 520 (o—j)
k

_ Z sgn(Yr—i) sgn(ve—j)

ke(Dr+i)N(Ds+j)
With k£ =1+ j — m we obtain, by using D, = —D,., and then ~; = v_;:
U = > SeN(Vj—m) SEN(Yi—m)

mée(—Dyr+5)N(—Ds+i)

= Z Sgn(’Yj—m) sgn(Yi—m)

m&(Dr+i)N(Dr+j)
= > sgn(Ymey) sgn(Yoni)
me(Dr+i)N(Dr+j)
Now by interchanging ¢ <+ j, and with m — k, this formula becomes:
(UUi= > sen(r-) sen(r—)
ke(Dr+i)N(Dr+5)

By comparing with the previous formula, we deduce that the matrix U, U! is symmetric,
as claimed. The proof for ULU; is similar. O

Let us get now into analytic questions. As in Theorem 3.4, it is convenient to do the
computations in a general framework, with a function as follows:

FU) =) w(U})
]
Consider the following function, depending on ¢ > 0 small:

f(t) = FUE) = D p((Ue)])

Here U € Oy is an arbitrary orthogonal matrix, and A € My(R) is assumed to be
antisymmetric, A' = —A, with this latter assumption needed for having e* € Oy. Let us
first compute the derivative of f. Following [25], we have the following result:

Proposition 3.10. We have the following formula,
Ft)=2) o'((Ue™)])(UAe);(Ue);
j

valid for any U € Oy, and any A € My(R) antisymmetric.
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Proof. The matrices U, ¢4 being both orthogonal, we have:
Uey = (Ue)y((Ue));i
= (Ue™)i(eM U
= (Ue)y(e™U");s
We can now differentiate our function f, and by using once again the orthogonality of
the matrices U, e, along with the formula A* = —A, we obtain:

() = ZW((U@tA)?j) [(UAe)ij(e7 AU js — (Uet)ij(e 4 AU 4]
= ZW((UetA)?j) [(UAe);((e74U")) iy — (U )i (e AUY)),]
- Z¢/((U€tA)?j) [(UAe ) (UeM)i; + (Ueh)i; (U Aet);5]

But this gives the formula in the statement, and we are done. O

Before computing the second derivative, let us evaluate f’(0). In terms of the color
decomposition U = ) _rU, of our matrix, the result is:

Proposition 3.11. We have the followz’ng formula,
=2 Y/ (r*)Tr(UUA)

r>0

where the matrices U, € My(—1,0,1) are the color components of U.

Proof. We use the formula in Proposition 3.10 above. At t = 0, we obtain:
=2 Z W (UE) (U AUy

Consider now the color decomp051t10n of U. We have the following formulae:

Uj=Y r(U)y = UZ=> (Ul

r>0 r>0
-y v
r>0
Now by getting back to the above formula of f'(0), we obtain:
=2 () Y (UA);U5(U )i
r>0 @

Our claim now is that we have:

Uij|(U)ij| = r(Uy )i
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Indeed, in the case |U;;| # r this formula reads U;; - 0 = r - 0, which is true, and in the
case |U;;| = r this formula reads rS;; - 1 = r - S;;, which is once again true. Thus:

(0) =2 r¢'(r?) Z(UA)z‘j(Ur)ij

r>0

But this gives the formula in the statement, and we are done. U
Let us compute now the second derivative. The result here is as follows:

Proposition 3.12. We have the following formula
// _ 4Zw// UA ” U]

+2 Z W(U2) [(UA?);;U35]

+2 Z (U
]

valid for any U € Oy, and any A € My(R) antisymmetric.
Proof. We use the formula in Proposition 3.10 above, namely:

F1(t) =2 W (Ue™)])(UAe);(Ue)y

]
Since the term on the right, or rather its double, appears as the derivative of the

quantity (Ue'4)?,, when differentiating a second time, we obtain:

(1) = 43U (VA Ue))

7,]7

+2) W ((Ue)) [(UAe); (Ue)]
In order to compute now the missing derivative, observe that we have:
[(UAe)5(Uet )] = (UA%);(Ue™)i; + (UAe™),
Summing up, we have obtained the following formula:
(1) = A3 WU [(UA);(Ue),,]”
+2) W ((Ue)y) [(UA%);5(Ue™);5]
1237 (UeH)) (U A,

ij
But at ¢ = 0 this gives the formula in the statement, and we are done. U



52 TEO BANICA

For the function ¢ (x) = \/z, corresponding to the functional F'(U) = ||U||1, there are
some simplifications, that we will work out now in detail. First, we have:

Proposition 3.13. For the function F(U) = ||U||1 we have the formula
f"(0) = Tr(S'UA?)
valid for any antisymmetric matriz A, where S;; = sgn(Uj;).

Proof. We use the formula in Proposition 3.12 above, with ¢ (z) = \/x. We ibtain:

p [(UA);U]* (UA?);Uy (VA
J70) = _Z [P Z U] +Z U]
ij i ij i ij
Ay, (VA
= =D e UANS + Y
ij | Z.7| ij ij | ZJ|

= Y (UA);S;
]
But this gives the formula in the statement, and we are done. U
We are therefore led to the following result, from [25], regarding the 1-norm:
Theorem 3.14. A matriz U € Oy locally mazimizes the 1-norm on Oy precisely when
the following conditions are satisfied:

(1) The matriz U has nonzero entries, U € Ojy.
(2) The matriz X = S*'U is symmetric, where S;; = sgn(U;;).
(3) We have Tr(X A?) <0, for any antisymmetric matriz A € My (R).

Proof. This follows the results that we have, with (1,2,3) coming respectively from The-
orem 3.3, Theorem 3.4 and Proposition 3.13. U

In order to further improve the above result, we will need:

Proposition 3.15. For a symmetric matriz X € My(R), the following are equivalent:

(1) Tr(XA?) <0, for any antisymmetric matriz A.
(2) The sum of the two smallest eigenvalues of X is positive.

Proof. In terms of the vector a = Z Aije; ® ej, we have the following formula:
Tr(XA?) = <X, A*>
= —<AX, A>
= —<a,(1®X)a>

Thus the condition (1) is equivalent to P(1 ® X)P being positive, with P being the
orthogonal projection on the antisymmetric subspace in RV @ RV,
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For any two eigenvectors z; L x; of X, with eigenvalues \;, \;, we have:

)\z+>\J
= 5 ($i®l‘j—l’j®$i)

Thus, we obtain the conclusion in the statement. Il

Following [25], we can now formulate a final result on the subject, which improves some
previous findings from [19], and from [28], as follows:

Theorem 3.16. A matrix U € Oy locally maximizes the 1-norm on Oy precisely when
it has nonzero entries, and when the following matriz, with S;; = sgn(U,;),

X =S'U
s symmetric, and the sum of its two smallest eigenvalues is positive.

Proof. This follows indeed from our main result so far, Theorem 3.14 above, by taking
into account the positivity criterion from Proposition 3.15. U

In terms of the almost Hadamard matrices, as introduced in Definition 3.2 above, as
rescaled versions of the above matrices, the above result reformulates as follows:

Theorem 3.17. The almost Hadamard matrices are the matrices H € vV NOx having
nonzero entries, and which are such that the following matriz, with S;; = sgn(H,;),

X=SH
18 symmetric, and the sum of its two smallest eigenvalues is positive.

Proof. This is a reformulation of Theorem 3.16, by rescaling everything by v/N, as to
reach to the objects axiomatized in Definition 3.2 above. O

We can now state and prove the following theoretical result, from [19], [28]:

Theorem 3.18. The class of almost Hadamard matrices has the following properties:

(1) It contains all the Hadamard matrices.
(2) It is stable under transposition.

(3) It is stable under taking tensor products.
(4) It is stable under Hadamard equivalence.
(5)

It contains the matriz Ky = \/—%(QI[N — Nly).

Proof. All the assertions are clear from what we have, as follows:
(1) This follows either from Theorem 3.1, which shows that Hadamard implies almost

Hadamard, without any need for further computations, or from the fact that if H is
Hadamard then U = H/+/N is orthogonal, and SU* = HU' = /N1y is positive.
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(2) This follows either from definitions, because the transposition operation preserves
the local maximizers of the 1-norm, or from Theorem 3.17 above.

(3) For a tensor product of almost Hadamard matrices H = H' ® H” we have U =
U ®U"” and S = S’ ® 8", so that U is unitary and SU" is symmetric, with the sum of
the two smallest eigenvalues being positive, as claimed.

(4) This follows either from definitions, because the Hadamard equivalence preserves
the local maximizers of the 1-norm, or from Theorem 3.17 above.

(5) We know from Theorem 3.7 that the matrix U = Ky/v/N is orthogonal. Also, we
have S = Iy — 21y, and so SU" is positive, because with Jy = Iy/N we have:

SUt - (NJN - 21N)(2JN - 1N)
= (N—=2)Jy+2(1y — Jy)
Thus, we are led to the conclusion in the statement. U
In the above statement the main result is (5), and we will discuss now various general-
izations of it, first concerning the circulant matrices, and then the 2-entry matrices. Let
us first discuss the circulant case. Let F' € Uy be the normalized Fourier matrix, given by
F;; = w9 /N, where w = e?™/N  Given a vector o € C", we associate to it the diagonal
matrix o = diag(a,...,an—1). We will need the following well-known result:
Proposition 3.19. For a matric H € My(C), the following are equivalent:

(1) H is circulant, i.e. H;; =, for a certain vector v € CV.
(2) H is Fourier-diagonal, i.e. H = FDF*, with D € My(C) diagonal.

In addition, if so is the case, then with D = v/No/ we have v = Fa.
Proof. (1) = (2) The matrix D = F*HF is indeed diagonal, given by:

D;; = %Z =tk = 0ij Zwﬁ%

ki
(2) = (1) The matrix H = FDF* is indeed circulant, given by:

= 1 o
k K

Finally, the last assertion is clear from the above formula of H;;. O
Let us investigate now the circulant orthogonal matrices. We have:

Proposition 3.20. For a matriz U € My(C), the following are equivalent:

(1) U is orthogonal and circulant.
(2) U= Fo'F* with a € TV satisfying a; = a_; for any i.
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Proof. We will use many times the fact that given o € (C_N, the vector v = Fa is real if
and only if a; = a_; for any i. This follows indeed from Fa = Fa, with a; = a_;.

(1) = (2) Write H;; = v;—; with v € RY. By using Proposition 3.19 we obtain
H = FDF* with D = +vN«&' and v = Fa. Now since U = Fa/F* is unitary, so is o/, so
we must have a € TV. Finally, since v is real we have a; = a_;, and we are done.

(2) = (1) We know from Proposition 3.19 that U is circulant. Also, from o € TV we
obtain that o/ is unitary, and so must be U. Finally, since we have a; = a_;, the vector
v = Fa is real, and hence we have U € My(R), which finishes the proof. O

Let us discuss now the almost Hadamard case. First, in the usual Hadamard case, the
known examples and the corresponding a-vectors are as follows:

Proposition 3.21. The known circulant Hadamard matrices, namely

-11 1 1 1 —-11 1
1 —-11 1 1 1 -11
+ 1 1 -11 ’ + 1 1 1 -1
1 1 1 -1 -11 1 1
1 1 -11 1 1 1 -1
1 1 1 -1 -11 1 1
+ -11 1 1 ’ + 1 —-11 1
1 —-11 1 1 1 -11
come respectively from the following o vectors, via the above construction:
+(1,-1,-1,-1) , +(1, —i,1,4)
+(1,1,-1,1) , +(1,1,1, —1)

Proof. At N = 4 the conjugate of the Fourier matrix is given by:

11 1 1
{1 — =1 4

=511 -1 1 4
1 ¢ =1 —
Thus the vectors @ = F*v are indeed those in the statement. U

Following [28], we have the following generalization of the above matrices:

Proposition 3.22. If ¢V = 1 then the vector
o = j:(la —q, _q27 S _qN_l)

produces an almost Hadamard matriz, equivalent to Ky = \/LN(ZIN — Nly).
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Proof. Observe first that these matrices generalize those in Proposition 3.21. Indeed, at
N = 4 the choices for q are 1,7, —1, —i, and this gives the above a-vectors.
Assume that the £ sign in the statement is +. With ¢ = w", we have:

N-1 N-1
VN~ = Z whoy, =2 — Z wk =9 0i -+ N
k=0 k=0

In terms of the standard long cycle (Cy)i; = d;+1,;, we obtain:

1
H=—_2Iy—-NCy
\/N( N N )
Thus H is equivalent to K, and by Theorem 3.18, it is almost Hadamard. U

In general, the construction of circulant almost Hadamard matrices is quite a tricky
problem. At the abstract level, we have the following result, from [28]:

Proposition 3.23. A circulant matriv H € My(R*), written H;; = ~;_;, is almost
Hadamard provided that the following conditions are satisfied:

(1) The vector a = F*~y satisfies o € TV.

(2) With e =sgn(vy), pi =), &Vitr and v = F*p, we have v > 0.
In addition, if so is the case, then a; = a_;, p; = p—; and v; = v_; for any 1.
Proof. We know from Theorem 3.17 our matrix H is almost Hadamard if the matrix
U = H/VN is orthogonal and SU* > 0, where S;; = sgn(U;;). By Proposition 3.19
the orthogonality of U is equivalent to the condition (1). Regarding now the condition
SU' > 0, this is equivalent to S'U > 0. But, with k =i — r, we have:

(S'H);; = Z SkiHy; = Zﬁi—k%‘—k = Z&%‘—Hr = Pj—i
k k r

Thus S*U is circulant, with p/v/N as first row. From Proposition 3.19 we get S'U =
FLF* with L = v and v = F*p, so S'U > 0 iff v > 0, which is the condition (2).

Finally, the assertions about «, v follow from the fact that Fo, F'v are real. As for the
assertion about p, this follows from the fact that S'U is symmetric. U

Here are now the main examples of such matrices, once again following [28]:

Theorem 3.24. For N odd the following matriz is almost Hadamard,

1 —cos ' E  cosTlZm cog—1 L
N e ~

-1 (N-D)m _ema—l T _ene—1 V=27

) CcoS ~ 1 COS™ " e CcoS ~
Ly =—
N .
—cogl @ 120 _ .oq-l37
Cos™ " cos™ I COS™ " F  ae.n. 1

and comes from an a-vector having all entries equal to 1 or —1.
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Proof. Write N = 2n + 1, and consider the following vector:

(=) fori=0,1,...,n
Qj = ; .
(=)™ fori=n+1,...,2n

Let us first prove that (Ly)i; = i, where v = Fa. With w = >™/" we have:

. /N%_ _ Z ”‘”w” + Z n+(N A1 N =3)
§=0
Now since N is odd, and since w” = 1, we obtain:
VNy= 30 (-1
j=—n

By computing the sum on the right, with ¢ = e™/" we get, as claimed:

Q™ 25—2m’ 2£—Ni T
VN~ = - = - = . 1)fcos™t —
R 1 + w?t 1 + 521 ffz + é‘z ( ) N

57

In order to prove now that Ly is almost Hadamard, we use Proposition 3.23. Since the

sign vector is simply € = (—1)"«, the vector p; = Z € Yi4r 1S given by:

\/Npi: Z JUJUZO(T

]7—71

Now since the last sum on the right is (vVVNFa); = v/Nv;, we obtain:

n

pi = \/— Z Z (—1)" TRk

j=-n k=—n

Thus we have the following formula:

) ]+k (i+k)j
pi = ¢_ Z Z

j=—mnk=—n

Let us compute now the vector v = F*p. We have:

n N n 2n
_ (—]\17) Z Z (_1)j+kwjk:i2;wi(j—l)

j=—nk=—n

The sum on the right is Nd;;, with both 7, taken modulo N, so it is equal to N¢;z,

where L = [ for [ <n,and L =1 — N for [ > n. We obtain:
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With &€ = e™/N as before, this gives the following formula:

2w~k
"= (_1)L1 + wh
In terms of the variable &€ = e™/V we obtain the following formula:
2 —2nL 2 —NL L
v = (—1)L€— = (— )Lg— — cos~1 2L
1 + §2L é’—L + gL N
Now since L € [—n,n], all the entries of v are positive, and we are done. U

Let us study now the almost Hadamard matrices having only two entries, H € My(z,y),
with z,y € R. Following [25], [28], we have the following definition:

Definition 3.25. An (a,b,c) pattern is a matriz M € My(x,y), with N = a + 2b + c,
such that, in any two rows, the number of x/y/x/y sitting below x/x/y/y is a/b/b/c.

In other words, given any two rows of our matrix, we are asking for the existence of a
permutation of the columns such that these two rows become:

... T...T Y...Y Y...Y
a b c
The Hadamard matrices do not come in general from such patterns. However, there
are many interesting examples of patterns coming from block designs [49], [123]:

Definition 3.26. A (v, k, \) symmetric balanced incomplete block design is a collection
B of subsets of a set X, called blocks, with the following properties:

(1) |X] = [B| =wv.

(2) Each block contains exactly k points from X.

(3) Each pair of distinct points is contained in exactly X blocks of B.

The incidence matrix of a such block design is the v x v matrix defined by:
My, — 1 %f r€b
0 ifzégd
The connection between designs and patterns comes from:

Proposition 3.27. If N = a + 2b + ¢ then the adjacency matriz of any (N,a + b, a)
symmetric balanced incomplete block design is an (a,b,c) pattern.

Proof. Indeed, let us replace the 0 — 1 values in the adjacency matrix M by abstract x —y
values. Then each row of M contains a+b copies of x and b+ c copies of y, and since every
pair of distinct blocks intersect in exactly a points, cf. [123], we see that every pair of
rows has exactly a variables z in matching positions, so that M is an (a, b, ¢) pattern. O
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As a basic application of the above, we have:

Proposition 3.28. Assume that ¢ = p* is a prime power. Then the point-line incidence
matriz of the projective plane over B, is a (1,q,q* — q) pattern.

Proof. The sets X, B of points and lines of the projective plane over [F, are known to form
a (¢*+q+1,q+1,1) block design, and this gives the result. O

We consider now the problem of associating real values to the symbols x, y in an (a, b, ¢)
pattern such that the resulting matrix U(x,y) is orthogonal. We have:

Proposition 3.29. Given a,b,c € N, there exists an orthogonal matriz having pattern
(a,b,c) iff b > ac. In this case the solutions are U(z,y) and —U(z,y), where
t 1

A+ T Vi
with t = (b4 Vb2 — ac)/a being one of the solutions of at® — 2bt + ¢ = 0.
Proof. In order for U to be orthogonal, the following conditions must be satisfied:
az® + 2bzy + cy* =0
(a+0b)z*+ (b+c)y* =1

But this gives the formulae in the statement. U
Following [25], [28], we have the following result:

Proposition 3.30. Let U = U(x,y) be orthogonal, corresponding to an (a,b,c) pattern.
Then H = v/NU is almost Hadamard if-

(N(a = b) + 2b)[z[ + (N(c = b) + 2b)[y| = 0

Proof. Let S;; = sgn(U;;). Since any row of U consists of a+ b copies of x and b+ ¢ copies
of y, we have:

(SUNs = sen(Un) Uik = (a+b)|a| + (b+ c)ly|

Regarding now (SU");; with ¢ # j, we can assume in the computation that the i-th and
j-th row of U are exactly those pictured after Definition 3.25 above. Thus:

(SUt)ij = Z sgn(Uik)Ujk
k

= asgn(z)r + bsgn(x)y + bsgn(y)x + csgn(y)y
= alz| = bly| — blz| + cly|
= (a—0b)lz[+ (c—b)[yl
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We obtain the following formula for the matrix SU" itself, with Jy = Iy /N:
SU' = 2b(|z| + [y))1x + ((a = b)|z] 4 (c = b)[y[) N Ix
2b(|z| + [y[)(In — JIn) + (N(a = b) + 2b)[z] + (N (c — ) + 2b)[y])) Jn

Now since the matrices 1 — Jy, Jy are orthogonal projections, we have SU? > 0 if and
only if the coefficients of these matrices in the above expression are both positive. Since
the coefficient of 15 — Jy is clearly positive, the condition left is:

(N(a —b) +2b)|z| + (N(c—b) + 2b)|y| > 0
So, we have obtained the condition in the statement, and we are done. U

Once again following [25], [28], we have the following result:

Proposition 3.31. Assume that a,b,c € N satisfy ¢ > a and b(b— 1) = ac, and consider
the (a,b, c) pattern U = U(z,y), where:
_a+(1—a—b)\/5 _b+(a+b)\/5
v Na A "
Then H = \/NU ‘s an almost Hadamard matriz.
Proof. We have b®>—ac = b, so Proposition 3.30 applies, and shows that with t = (b—v/b)/a
we have an orthogonal matrix U = U(z,y). But this gives the result. U

We have the following result, from [25], [28]:

Theorem 3.32. Assume that ¢ = p* is a prime power. Then the matriz Iy € My(x,y),
where N = ¢* + ¢+ 1 and

Lo Ll-av/a _qt(e+1)va
N V' N

having (1,q,q*> — q) pattern coming from the point-line incidence of the projective plane
over F, is an almost Hadamard matriz.

Proof. Indeed, the conditions ¢ > a and b(b — 1) = ac which are needed are satisfied, and
the variables constructed there are 2’ = z/v/N and 3 = y/v/N. O

We refer to [25], [28] for more on such matrices, and we will be back to this.
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4. PARTIAL MATRICES

In this section we discuss a number of more specialized questions in the real case,
regarding the square or rectangular submatrices of the Hadamard matrices H € My(£1),
and some related classes of square or rectangular real matrices.

We have already met an interesting class of such matrices in section 1 above, namely
the partial Hadamard matrices (PHM), which naturally appear when classifying the Ha-
damard matrices H € My(£1) at small values of N. So, let us start by reviewing the
material there. The definition of these matrices is as follows:

Definition 4.1. A partial Hadamard matriz (PHM) is a rectangular matriz
H e MMXN(:I:l)

whose Tows are pairwise orthogonal, with respect to the scalar product of RY.

The motivating examples are the usual Hadamard matrices H € My(£1), and their
various M x N submatrices, with M < N. See [52], [59], [72], [76], [137]. However,
there are as well many examples which are not of this form, and the PHM are interesting
combinatorial objects, on their own. We will discuss this in what follows.

Following the study from the square case, we first have:
Proposition 4.2. The set Yy n formed by the M x N partial Hadamard matrices is
Yarn = Mypn(£1) N VNOy v

where Oy s the following space of rectangular matrices:
OM,N = {U S MMXN(R)‘UUt = 1M}

Proof. This follows exactly as in the square case, the idea being that for a rectangular
matrix U € My ny(R) having rows Uy, ..., Uy € RY of norm 1, the condition UU! = 1),
expresses the fact that these row vectors are pairwise orthogonal. Il

The space Oy n appearing above has several interpretations, as follows:
Theorem 4.3. The space O n has the following properties:
(1) It is the space of surjective partial isometries f: RY — RM,
(2) It is the space of vectors Uy, ..., Uy € SN=1 which are pairwise orthogonal.

2)
(3) It is also an homogeneous space, given by Oy n =~ On/On_pr.
(4) It is also the space determined by the first M rows of coordinates on Oy .

Proof. All this is standard algebra and geometry, the idea being as follows:
(1) This follows from the condition UU* = 1 defining O v.
(2) This follows again from the condition UU* = 1 defining Oy n.
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(3) We have indeed an action On ~ Oy n, and the stabilizer is Oy _ ;.

(4) This follows from some basic functional analysis, or algebraic geometry. U

As already mentioned, there are matrices in Yy, x which do not complete into matrices
of Yy, and we will give some explicit counterexamples in a moment. This is in contrast
with the fact that any matrix from Oy n can be completed, for instance via the Gram-
Schmidt procedure, into a matrix of Oy. We will be back later to this phenomenon.

Let us discuss as well, as a continuation of the study from the real case, some basic
analytic aspects. In what regards the 1-norm bound, we have the following result:

Theorem 4.4. Given a matriz U € Oy n we have
IUIL < MVN
with equality precisely when H = \/NU s partial Hadamard.

Proof. We have indeed the following estimate, valid for any U € Oy n:

U1 = ) |Usl
i

1/2
VMN (Z \Uij|2>
= MVN

In this estimate the equality case holds when we have, for any 1, j:
1

Uyl = ——
| ]‘ \/N

But this amounts in saying that the rescaled matrix H = v NU must satisfy H €
My n(£1), and so must be a partial Hadamard matrix, as claimed. U

IN

Similar estimates hold for the p-norms, with p # 2. Thus, we have a subsequent notion
of “almost PHM matrix”. This subject is largely unexplored.

Following the study from the square case, let us formulate now:

Definition 4.5. Two PHM are called equivalent when we can pass from one to the other
by permuting the rows or columns, or multiplying the rows or columns by —1. Also:
(1) We say that a PHM is in dephased form when its first row and its first column
consist of 1 entries.
(2) We say that a PHM s in standard form when it is dephased, with the 1 entries
moved to the left as much as possible, by proceeding from top to bottom.
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Unlike in the square case, where the standard form is generally not used, putting a
rectangular matrix in standard form is something quite useful.

As an illustration here, here is a result that we already know, regarding the partial

Hadamard matrices put in standard form, at small values of M:

Proposition 4.6. The standard form of dephased PHM at M = 2,3,4 is

+ o+
H=|_+ -
—~ ~~
N/2  N/2
+ o+ o+ o+
I
=14 - 4+ =
~
N/4 N/4 N/4 N/4
+ + + o+ + 4+ o+ o+
+ + + + - - = =
H=|+ + - - + - -

where the numbers a,b € N satisfy a + b= N/4.

Proof. This is something that we already know, from section 1 above, the idea being that
the M = 2 result is obvious, the M = 3 result follows from the orthogonality conditions
between the rows, and the M = 4 result follows from the M = 3 result, by writing down
and then solving the supplementary equations coming from the 4th row. U

The above result and its proof might suggest that the standard form of the PHM can be
worked out by recurrence. However, this is not exactly true, the combinatorics becoming
quite complicated starting from M = 5. We will be back to this, later on.

We can fine-tune the M = 4 result, by using the equivalence relation, as follows:

Theorem 4.7. The 4 x N partial Hadamard matrices are of the form
H=Wy ... Wy Ky ... Ky)

v~
a

with a +b = N/4. Moreover, we can assume a > b.
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Proof. Let H € My, n(£1) be as in Proposition 4.6. The matrix formed by the a type
columns, one from each block, is equivalent to Wy, via a permutation of the columns:

+ + + +
+ + - -
+ - + -
+ - - +

NW4

Also, the matrix formed by the b type columns, one from each block, is equivalent to
Ky, via a first column sign switch, plus a certain permutation of the columns:

+ 4+ + +
+ + - -
+ - + -

~ K,

Thus, just by performing operations on the columns, we are led to the conclusion in
the statement, namely:

~ ~

a b
In order to prove now the last assertion, we must prove that we have:

-~ -~ -~ -~

a b a b

But this can be seen by performing a sign switch on the last row, and then permuting
the columns. Equivalently, we can start with the original matrix, in standard form, and
perform a sign switch on the last row. The matrix becomes:

+ + + + 4+ o+ o+ o+

+ + + + - - - =
H~| + + - - + 4+ - =
-+, =+, — Lt

Now by putting this matrix in standard form, we obtain:

+ o+ o+ o+ o+ 4+ o+
+ o+ o+ o+ = = = =

H=| + + - - 4+ + - =
T T
Thus a, b got interchanged, and this gives the result. O

At M = 5 now, as already mentioned above, the combinatorics becomes quite compli-
cated, and we will see in a moment that there are 5 x N partial Hadamard matrices which
do not complete into Hadamard matrices. We first have the following result:
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Proposition 4.8. The 5 x N partial Hadamard matrices are of the form
H:(W4 o Wy Ky oL K4)

(%1 o Uy rr ... Xy

with a > b, a+b = N/4 and with v;,z; € (£1)* satisfying

1 S1

T2 52
Wy =—K4

3 S3

T4 Sq

where 1y =, (vi)r and ;= ;(v))¢-

Proof. This is something that we already worked out at N = 8, in section 1 above, in both
of the cases that can appear, namely a = 2,0 =0 and a = 1,b = 1. The proof in general
is similar, with the equations in the statement coming by processing the orthogonality
conditions between the 5th row and the first 4 rows. U

As a first observation, the equations in the above statement can be written in the
following more convenient form:

T S1
-1 T2 S2
r3 53
Ty S4

Now observe that the matrix of this system is as follows:

- 4+ + +

11— - + —

K{'Wy =<
S B
- - - +
Thus, the system can be written as follows:

- + + + 1 S1
R 1 I
— + = =] 53
- - — +/ \n 54

We can see that we are led into parity and positivity questions, regarding the vectors
re = 3 ;(vi)e and s, = 3 ;(v;)e. It is possible to further go along these lines, but the
structure of the 5 x N partial Hadamard matrices remains something quite complicated.
As an explicit consequence, however, of all this, we have the following result:
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Theorem 4.9. Consider an arbitrary 4 x N partial Hadamard matriz, written as

H=Wy ... W, Ki ... Ky

a b

with a > b, a +b = N/4, up to equivalence. In order for this matriz to complete into a
5 x N partial Hadamard matriz, the following condition must be satisfied:

ab=0 = N =0(8)

In particular, the following 4 x N partial Hadamard matriz does not complete into a 5x N
partial Hadamard matrix:

Z == (W4 W4 W4>

Proof. This follows from Proposition 4.8, because with the notations there, b = 0 implies
that the system there is simply:

T
T2
T3
T4

Wy =0

Since the Walsh matrix Wj is invertible, the solution of this system is » = 0. Now
observe that, by definition of the numbers r;, as sums a quantities of type +1, we have
r; = a(2) for any i. Thus, we must have a = 0(2), and since we have a = N/4, this gives
N = 0(8), as desired. The proof in the case a = 0 is similar. O

In general, the full classification of all the possible 5 x 8 completions of a given 4 x N
partial Hadamard matrix are quite difficult, and we have already seen this at N = 8§,
where a careful study is needed, the result being as follows:

Theorem 4.10. The 4 x 8 partial Hadamard matrices, namely
A=W, Wy)
B =W, Ky)

both complete into 5 x 8 partial Hadamard matrices, with the solutions being those coming
from the lower rows of the following matrices, which are Hadamard:

Wy Wy Wy Wy
Wy =W, ’ K, —Ky
W4 K 4 W4 K 4
W, —K, ’ K, —Wy

This gives as well the higher completions, M x 8 with M = 6,7, 8.

Proof. This is something that we aready know, from section 1 above. U
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At N = 12 now, we have only one matrix to be studied, namely:
P = (W4 W4 K4)

Observe that we have at least 8 solutions to the completion problem, coming from the
Paley matrix, which can be written as:

+ + ++ -+ ++ -+ + 4+
+ -+ - + -+ 4+ 4+ -+ +
+ 4+ - - + 4+ -+ 4+ + -+
+ - -+ + 4+ + - + 4+ + -
-+ - - 4+ -+ 4+ -+ 4+ -
po—| - T+ - -+
- - -+ 4+ +++ - - -+
+ 4+ + - +++ - - - - -
-+ + 4+ 4+ -+ - + 4+ -+
+ 4+ -+ + - - - - -+ +
+ -+ + 4+ - - -+ - -
- -+ - 4+ + - - -+ 4+ +

In general, all this leads to quite complicated algebra and combinatorics. We refer to
[52], [59], [72], [76], [137] for more on the combinatorics of the PHM.

Let us try now to count the partial Hadamard matrices H € My;«n(£1). This is an
easy task at M = 2, 3,4, where the answer is as follows:

Proposition 4.11. The number of PHM at M = 2,3,4 is

4PHMyy — 2N(N]52>

#PHM;n = 2 (N/4, N/4,N/4,N/4)

N
PHM. = 2V
# N Z (a, b,b,a,b,a,a, b)
a+b=N/4
where the quantities on the right are multinomial coefficients.

Proof. Indeed, the multinomial coefficients at right count the matrices having the first
row consisting of 1 entries only, and the 2V factor comes from this. O

In order to convert the above result into N — co estimates, we will need the following
technical result regarding the multinomial coefficients, from [115]:
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Theorem 4.12. We have the estimate

P s(p—
Z N ~ PN s*&)
N \a1, - s ps (27 N)(s—Dp—1)

al+...+tas=

m the N — oo limit.

Proof. This is proved by Richmond and Shallit in [115] at p = 2, and the proof in the

general case, p € N, is similar. More precisely, let us denote by ¢, the sum on the left:

Let us set now:

N
ai:——in\/ﬁ
S

By using the various formulae in [115], we obtain:

12

12

Csp

(-sp s P o
sPN(27N) ) exp (__p xf)

spN(ZwN)(l_;)ps% /N /N exp | — 2 iﬁ day ...da
; e . p 9 2 i 1--- s—1
—_—

(A-s)p sp_1,1-s p 3
sPN(2rN) 2 52 2t 2 ( )

(1-s)(p—1) sp—s 1—s

SPN(QWN) 2 52 pe

PN SS(P—U
s psq(gﬂN)(s—l)(pﬂ)

Thus we have obtained the formula in the statement, and we are done.

4

The above formula is something very useful, that we will heavily use in what follows.
Getting back now to the PHM, we have the following result:
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Theorem 4.13. The probability for a random H € My n(£1) to be a PHM is
2

V2t N

(

~

Py
16
Py~ ———

27 N)3

in the N € 4N, N — oo limit.

Proof. Since there are exactly 2M¥ sign matrices of size N x M, the probability Py, for
a random H € My« n(£1) to be a PHM is given by:

1

Py = 53w

#PHMMXN

With this formula in hand, the result follows from Proposition 4.11, by using the stan-
dard estimates for multinomial coefficients from Theorem 4.12. ]

In their remarkable paper [59], de Launey and Levin were able to count the PHM, in
the asymptotic limit N € 4N, N — oo. Their method is based on:

Proposition 4.14. The probability for a random H € My« n(£1) to be partial Hadamard
equals the probability for a length N random walk with increments drawn from

E-— {(eiéj)iq ecZM }

(%)

regarded as a subset of Zs*’ to return at the origin.

Proof. Indeed, with T'(e) = (€;€;)i<j, & matrix X = [e1,...,en] € Muyxn(Z2) is partial
Hadamard if and only if:

T(er)+...+T(ey)=0
But this gives the result. O

As explained in [59] the above probability can be indeed computed, and we have:

Theorem 4.15. The probability for a random H € My «n(£1) to be PHM is

2(M—1)2
PM ~
M
2rN) (%)

in the N € 4N, N — oo limit.
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Proof. According to Proposition 4.14 above, we have:

1
Py = q(MT)N#{fl,-~7§N€E’Z§iZO}

1
= w2 9w

&1, ENEE
By using the Fourier inversion formula we have, with D = (1\24)

1 .
Ssp. 0 = z<>\,25i>d)\
S0 (2m)P /[m]D ’

After many non-trivial computations, this leads to the result. See [59]. 4

Let us mention as well that for the general matrices H € My« n(£1), which are not
necessarily PHM, such statistics can be deduced from the work of Tau-Vu [133]. All this
is quite interesting, because it provides an alternative to the HC problematics.

Following now [27], and some previous work from [88], [89], let us discuss now another
topic, namely the square submatrices of the Hadamard matrices. We will see that all this
is related to the notion of almost Hadamard matrix (AHM), discussed in section 3 above.
We will be actually interested in the sign matrices of the AHM:

Definition 4.16. A matriz S € My(£1) is called an almost Hadamard sign pattern
(AHP) if there exists an almost Hadamard matric H € My(R) such that:

Sij = sgn(Hij)
Note that if a sign matrix S is an AHP, then there exists a unique almost Hadamard
matrix H such that S;; = sgn(H;;), namely:
H =V NPol(S)

Since the polar part is not uniquely defined for singular sign matrices, in what follows,
we will mostly be concerned with invertible AHP and AHM. We start analyzing square
the submatrices of Hadamard matrices. By permuting rows and columns, we can always
reduce the problem to the following situation:

Definition 4.17. D € My(=£1) is called a submatriz of H € My(£1) if we have
A B
= e o)

up to a permutation of the rows and columns of H. We set r = size(A) = N —d.

Observe that any D € My(+1) having distinct columns appears as a submatrix of W,
and that any D € My(+1) appears as a submatrix of Wg. In fact, we have:
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Proposition 4.18. Let D € My(+£1) be an arbitrary sign matriz.

(1) If D has distinct columns, then D is as submatriz of Wy, with N = 2.
(2) In general, D appears as submatriz of Wy, with M = 24+ o241,

Proof. This is elementary, as follows:
(1) Set N = 2¢. If we use length d bit strings x,y € {0,1}¢ as indices, then:
Wiy = (~1)5 5
Let WN € Myxn(£1) be the submatrix of Wy having as row indices the strings of type:
"= Q01 0,0)
i N—i—1
Then for i € {1,...,d} and y € {0,1}¢, we have:
N (W)iy = (=1)"
Thus the columns of Wy are the N elements of {4-1}¢, which gives the result.

(2) Set R = 2MMe24l > 4. Since the first row of Wx contains only ones, Wr ® Wy
contains as a submatrix R copies of Wy, in which D can be embedded, as desired. O

Let us go back now to Definition 4.17, and try to relate the matrices A, D appearing
there. The following result, due to Szoll6si [127], is a first one in this direction:

é ZB;} is unitary, with A € M,.(C), D € My(C), then:

(1) The singular values of A, D are identical, up to |r — d| values of 1.
(2) det A =det U - det D, so in particular, | det A| = |det D|.

Theorem 4.19. IfU = {

Proof. Here is a simplified proof. From the unitarity of U, we get:
A*A+C*C =1,
CC*+DD* =1,
AC* + BD* = 0,x4

(1) This follows from the first two equations, and from the well-known fact that the
matrices CC*, C*C' have the same eigenvalues, up to |r — d| values of 0.

(2) By using the above unitarity equations, we have:
A 0| (A B||I C*
C 1| |C D||0 D*
The result follows by taking determinants. O

We state and prove now our main results on the submatrices of Hadamard matrices.
Our first goal is to find a formula for the polar decomposition of D. Let us introduce:
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Definition 4.20. Associated to any A € M,(£1) are the matrices

X4 = (VNI +VALA) Pol(A)!
Yy = (\/NL«—F\/@)*I

depending on a parameter N.

U

Observe that, in terms of the polar decomposition A = V P, we have:

Xy = WN+P) V!
Yy = V(VN+P)'vt

The idea now is that, under the assumptions of Theorem 4.19, the polar parts of A, D
are related by a simple formula, with the passage Pol(A) — Pol(D) involving the above
matrices X 4, Y4. In what follows we will focus on the case where U € Uy is replaced by
= V/NH with H € My(#1) Hadamard. In the non-singular case, we have:

Proposition 4.21. Assuming that a matriz

18

H= [é‘ g] € My(+1)

Hadamard, with A € M,(£1) invertible, D € My(#1), and ||A|| < V/N, the polar

decomposition D = UT' is given by

1
U:\/—N(D—E)
T=+NI,— S

with E = CX 4B and S = B'Y,B.

Proof. Since H is Hadamard, we can use the formulae coming from:

{A B} {At Ct} B {At Ct} {A B} _ {N 0}
C D||B* D'\ |B* D'||C D| |0 N
We start from the singular value decomposition of A:
A = Vdiag(s;) X"
Here V, X € O(r), s; € (0,|A]|]. From AA* + BB' = NI, we get:
BB' = Vdiag(N — )V
Thus, the singular value decomposition of B is as follows, with Y € Oy:

B=V [dz’ag(vN - 512) Orx(d—r)} !
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Similarly, from A*A + C*C' = I,, we infer the singular value decomposition for C, the
result being that there exists an orthogonal matrix Z € O(d) such that:

C=_7 {diag(v N — 312)} Xt
O(d—r)xr
From BB + D'D = N1, we obtain:
D'D =Y (diag(s}) ® NIg_n)Y"
Tus the polar decomposition of D reads:
D = UY (diag(s;) ® VNI4_))Y?
Let Z = UY and use the orthogonality relation C A + DB? = 04, to obtain:

z {dmg s/ = 53)] =7 {diag(siM)]

O(d—r)xr O(d—r)xr

From the hypothesis, we have s;4/N —s? > 0 and thus 77 = I. @& @, for some

orthogonal matrix @ € O,. Plugging Z=2 (I, & Q) in the singular value decomposition
formula for C', we obtain:

C=-2(I,& Q) [diag(\/mq Xt— _7 [diag(\/W)] Xt
O(d—ryxr O(d—ryxr
To summarize, we have found V, X € O, and Y, Z € O, such that:
A =Vdiag(s;) X"
B =V [diag(\/N —5?) Opx(a—n] "
C—_g {diag(\/l\f — sf)} 0%

O(d—ryxr
D = Z(diag(s;) @ VNIg_n)Y?
Now with U, T, E/, S defined as in the statement, we obtain:
U = ZYy?!
E = Z(diag(v/N — 5;) © 04_,)Y"
VAIA = Xdiag(s;) X"
(VNI + VA'A)™ = Xdiag(1/(VN + s;)) X"
X4 = Xdiag(1/(V'N + s;))V*
CX,B = Z(diag(V'N —s;) @ 04_,)Y"
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Thus we have F = CX 4B, as claimed. Also, we have:

T = Y(diag(s;)) ® VNIs,)Y"
S = Y(diag(vV'N — s;) ® 04_,)Y"
AAY = Vdiag(s;)V*
Yy = Vdiag(1/(V'N + s;))V*
B'Y,B = Y(diag(VN —s;) ® 04_,)Y"

Hence, S = B'Y,4B, as claimed, and we are done. U

Observe that, in the above statement, in the case where the size of the upper left block
satisfies r < v/ N, the condition ||A|| < VN is automatically satisfied.

As a first application, let us try to find out when D is AHP, in the sense of Definition
4.16. For this purpose, we must estimate the quantity ||E||. = max;;|E;;|:

Proposition 4.22. Assuming that

H= {é g} € My(+1)

is an Hadamard matriz, with A € M,(£1), D € My(+1) and r < d. Then,
1

Pol(D) = T

(D - E)

with E satisfying:

(1) |[El|le < \/;Jr—*/f/ﬁ when A is Hadamard.
(2) ||Elloo < 2N if 12 < N, with ¢ = || Pol(A)

(3) 1B < 20V ypp2 < N,

A
_\/_NHOO-

Proof. We use the basic fact that for two matrices X € M,.(C),Y € M,,,(C) we have:
XY (oo < || X oo [Y ]
Thus, according to Proposition 4.21, we have:

1Elle = [[CXaBlls
< PC ol Xallool [ Bl oo
= (| Xall
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(1) If A is Hadamard, AA* = rI,., Pol(A) = A/\/r and thus:

t

X, = (\/NJTJFJFJT)—Ii

NG
At
 r+VrN
Thus || X al|eo = #W’ which gives the result.

(2) According to the definition of X4, we have:
X4 = (VNI +VAA) " Pol(A)
= (NI, — A'A)"Y(V NI, — VALA) Pol(A)!
— (NI, — A'A)"Y(VNPol(A) — A)
We therefore obtain:
1 Xallw < rII(NL = A"A) 7| [VN Pol(A) — Al

B -1
-5 .

Now by using ||A'Al| < r, we obtain:

I(=5) Il = B

rc

k=0
0 2k—1
< D
k=0
1 1
 r 1-r2/N
B N
PN =13
Thus we have the following estimate:
rc N v/ N

1 Xalloo < =

But this gives the result.
(3) This follows from (2), because:

e < |Pol(A) o+ 114/V Nl < 14+ —

The proof is now complete. U

Following [27], we can now state and prove a main result, as follows:
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Theorem 4.23. Assume that

A B
"= e o)
is Hadamard, with A € M,(£1), H € My(=%1).

(1) If A is Hadamard, and N > r(r — 1)?, then D is AHP.
(2) If N > %(I + Va2 + 4)2, where x = r||Pol(A) — %Hoo: then D is AHP.
(3) If N > Z(r + /12 + 8)2, then D is AHP.

Proof. This basically follows from the various estimates that we have, as follows:

(1) This follows from Proposition 4.22 (1), because:

T

<1l <= r<l++/N/r
Vi + VN /

— r(r—1?*<N
(2) This follows from Proposition 4.22 (2), because:

r’cV/N

voa <l = N —r2¢V/N > 72
— T

— (VN —7r%)? > ri? 4+ 4
Indeed, this is equivalent to:

WN > r2c+ Vi +4=r(z + Va2 + 4)

Here the value of z is as follows:

A

r=rc=r||Pol(A) — —
@- 7l
(3) This follows from Proposition 4.22 (3), because:
r2(1++/N)

——l <1 <= N-r*/N>2?
N —r?
= (2VN — 1% >t 4 82
Indeed, this is equivalent to:

2V/N >r2 £ rvVr2 +8

But this gives the result.
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As a technical comment, for A € M, (+1) Hadamard, Proposition 4.22 (2) gives:

. VN (L . L)
= v\ VR
ry/TN —r?
N —r?
Thus ||E||s < 1 for N > r® which is slightly weaker than Theorem 4.23 (1).

|1 E]]oo

In view of the results above, it is convenient to make the following convention:

Definition 4.24. We denote by {x}imxn € Mpmxn(R) the all-x, m x n matriz, and by

the matriz having all-x;; rectangular blocks X;; = {mij}mimj € My xn, (R), of prescribed
size. In the case of square diagonal blocks, we simply write {z}, = {x},xn and

11 ... X1k r11 ... Tik

ok Kk )y, k1 RE ) (oo X (1)

Modulo equivalence, the 41 matrices of size r = 1,2 are as follows:

N S
SO M N
W T e T e

In the cases (1) and (2) above, where the matrix A is invertible, the spectral properties
of their complementary matrices are as follows:

Theorem 4.25. For the N x N Hadamard matrices of type

+ o+
+ o+ + -+ -
+ Dl 7 |+ Do Do

+ — Dy Dn @)

the polar decomposition D = UT with U = \;_N(D — E), T=+/NI—S is given by:
2 1 1
Eo = {mvw v Boy == { }
{H\/N}N_l 2+v2N (1 -1 N/2-1,N/2—1

2 10
Sw ={mw » S = e { }
{H\/N}N*l V2+VN |01 N/2-1,N/2—1
In particular, all the matrices D above are AHP.
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Proof. For A € M,(+1) Hadamard, the quantities in Definition 4.20 are:
Al I,
= —— 5 YA el —
r++rN VT + VN
These formulae follow indeed from AA" = A'A = rI, and Pol(A) = A/\/r.

(1) Using the notation introduced in Definition 4.20, we have here By = {1}1xn—-1 and
Cuy = Bfy- Since Ay = [+] is Hadamard we have X4, = Ya,, = ﬁ, and so:

Xa

1 1
E(l) = 1+ \/N{]-}N—lxl[l]{l}lxN—l - 1+ \/N{l}N_l
S(l) = ! {1}N—1><1{1}1><N—1 = L {1}]\7_1

1++vVN 1+vVN

(2) Using the orthogonality of the first two rows of H(y), we find that the matrices Dy
and Ds; have size N/2 — 1. Since since the matrix Ay = [{ *] is Hadamard we have
Xap = #ﬁ and Yy, = ﬁﬁ’ and this gives the following formulae:

By = 1 {1 1} [1 1]{1 1}
2++v2N |1 —1 (N/2—1,N/2—1)x(1,1) 1 -1f11 -1 (1,1)x (N/2—1,N/2-1)
B 2 1 1
242N {1 _1}N/2—1,N/2—1
S = 1 {1 1 } {1 1 }
V2+vN 1 1 (N/2—1,N/2—1)x(1,1) 1 -1 (1,1)x(N/2—1,N/2—1)

B 2 {1 o}
V2+vN |0 1 N/2-1,N/2—1
Thus, we obtain the formulae in the statement. Il

We refer to [27] for a complete discussion in relation with the above.
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5. Complex matrices

We have seen that the Hadamard matrices H € My(=£1) are very interesting objects.
In what follows, we will be interested in their complex versions:

Definition 5.1. A complex Hadamard matriz is a square matriz whose entries belong to
the unit circle in the complex plane,

H e My(T)
and whose Tows are pairwise orthogonal, with respect to the scalar product of CV.

Here, and in what follows, the scalar product is the usual one on C¥, taken to be linear
in the first variable and antilinear in the second one:

<y >=) wl

As basic examples of complex Hamadard matrices, we have of course the real Hadamard
matrices, H € My(%1), which have sizes N € {2} U4N. Here is now a new example,

with w = e?™/3 which appears at the forbidden size value N = 3:
1 1 1
=1 w w?
1 w? w

We will see that there are many other examples, and in particular that there are such
matrices at any NV € N, which in addition can be chosen to be circulant. Thus, the HC
and CHC problematics will dissapear in the general complex setting.

Let us start our study of the complex Hadamard matrices by extending some basic
results from the real case, from section 1 above. First, we have:

Proposition 5.2. The set formed by the N x N compler Hadamard matrices is the real
algebraic manifold

Xy = My(T) NV NUy
where Uy is the unitary group, the intersection being taken inside My(C).

Proof. Let H € My(T). Then H is Hadamard if and only if its rescaling U = H/v/N
belongs to the unitary group Uy, and so when H € Xy, as claimed. O

We should mention that the above manifold Xy, while appearing by definition as an
intersection of smooth manifolds, is very far from being smooth. We will be back to this,
later on. As a basic consequence now of the above result, we have:

Proposition 5.3. Let H € My(C) be an Hadamard matriz.

(1) The columns of H must be pairwise orthogonal.
(2) The matrices H', H, H* € My(C) are Hadamard as well.
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Proof. We use the well-known fact that if a matrix is unitary, U € Uy, then so is its
complex conjugate U = (Uj;;), the inversion formulae being as follows:

=01t , U'=U0"
Thus the unitary group Uy is stable under the following operations:
U-U", U—-U , U=U"
It follows that the algebraic manifold X constructed in Proposition 5.2 is stable as

well under these operations. But this gives all the assertions. U

Let us introduce now the following equivalence notion for the complex Hadamard ma-
trices, taking into account some basic operations which can be performed:

Definition 5.4. Two complex Hadamard matrices are called equivalent, and we write
H ~ K, when it is possible to pass from H to K wvia the following operations:

(1) Permuting the rows, or permuting the columns.
(2) Multiplying the rows or columns by numbers in T.

Also, we say that H is dephased when its first row and column consist of 1 entries.

Observe that, up to the above equivalence relation, any complex Hadamard matrix
H € My(T) can be put in dephased form. Moreover, the dephasing operation is unique, if
we allow only the operations (2) in Definition 5.4, namely row and column multiplications
by numbers in T. In what follows, “dephasing the matrix” will have precisely this meaning,
namely dephasing by using the operations (2) in Definition 5.4.

Regarding analytic aspects, once again in analogy with the study from the real case,
we can locate the complex Hadamard matrices inside My (T), as follows:
Theorem 5.5. Given a matric H € My(T), we have
|det(H)| < NN/2
with equality precisely when H s Hadamard.

Proof. By using the basic properties of the determinant, we have indeed the following
estimate, valid for any vectors Hi, ..., Hy € TV:

|det(Hy, ..., Hy)| <||Hi|| % ... x [|Hx|| = (VN)Y

The equality case appears precisely when our vectors Hy,...,Hy € TV are pairwise
orthogonal, and this gives the result. U

From a “dual” point of view, the question of locating Xy inside v NUy, once again via
analytic methods, makes sense as well, and we have here the following result:
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Theorem 5.6. Given a matric U € Uy we have
|lUll, < NVN
with equality precisely when H = /NU is Hadamard.

Proof. We have indeed the following estimate, valid for any U € Uy:

1/2
UL =) Ul <N (ZlUijP) = NVN

ij ij
The equality case holds when |U;;| = VN, for any i, j. But this amounts in saying that
the rescaled matrix H = v/ NU must satisfy H € My(T), as desired. O

At the level of the examples now, we have the following basic construction, which works
at any NV € N, in stark contrast with what happens in the real case:

Theorem 5.7. The Fourier matriz, Fy = (wY) with w = €*™/N | which in standard
matrix form, with indices i,5 =0,1,..., N — 1, 1s as follows,
1 1 1 1
1 w w? wh—1
Fy= |1 w? w w2 V-1)
1 w]\.ffl wz(z.vfl) w(N'fl)2

1s a complex Hadamard matriz, in dephased form.

Proof. By using the standard fact that the averages of complex numbers correspond to
barycenters, we conclude that the scalar products between the rows of Fly are:

< Ry, Ry >= Zwajw’bj = Zw(a’b)j = Nbg
J J

Thus Fy is indeed a complex Hadamard matrix. As for the fact that F) is dephased,
this follows from our convention ¢,7 = 0,1,..., N — 1, which is there for this. O

As a first classification result now, in the complex case, we have:

Proposition 5.8. The Fourier matrices Fy, F3, which are given by

1 1 1
FQ = 1 1 s F3 = 1 w w2
1 -1 ;
1 w* w
with w = €2>™/3 are the only Hadamard matrices at N = 2,3, up to equivalence.
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Proof. The proof at N = 2 is similar to the proof from the real case. Indeed, given
H € My(T) Hadamard, we can dephase it, as follows:

a by _ (1 1) _ (1 1
c d ac bd 1 abed

Now since the dephasing operation preserves the class of the Hadamard matrices, we

have abéd = —1, and so we obtain by dephasing the matrix F». Regarding now the case
N = 3, consider an Hadamard matrix H € Mj3(T), assumed to be in dephased form:
1 1 1
H=11 z y
1 2z t

The orthogonality conditions between the rows of this matrix read:

(1L2) : z4+y=-1
(1L3) : z+t=-1
(2L3) : zz4yt=-1

In order to process these conditions, which are all of the same nature, consider an
arbitrary equation of the following type:

p+tgq=-1 , pqeT

This equation tells us that the triangle having vertices at 1,p, ¢ must be equilateral,
and so that we must have {p, ¢} = {w,w?}, with w = €?>"/3. By using this fact, for the
first two equations, we conclude that we must have:

{xay} = {wan} ) {Zat} = {waw2}

As for the third equation, this tells us that we must have x # z.
Thus, our Hadamard matrix H is either the Fourier matrix Fj3, or the matrix obtained
from F3 by permuting the last two columns, and we are done. U

In order to deal now with the case N = 4, we already know, from our study in the real
case, that we will need tensor products. So, let us formulate:

Definition 5.9. The tensor product of complex Hadamard matrices is given, in double
indices, by (H ® K)iq b = HijKap. In other words, we have the formula

HuK ... HiuK
HoK=| : :
HinK ... HuuK

by using the lexicographic order on the double indices.
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Here the fact that H ® K is indeed Hadamard comes from the fact that its rows R,
are pairwise orthogonal, as shown by the following computation:

<Ria7ch> = Z b Hk] cb

= ZHinijKachb
j b
= M(Szk : N(Sac
= MN(Sia,kc
In order to advance now, our first task will be that of tensoring the Fourier matrices.

We have here the following statement, refining and generalizing Theorem 5.7:

Theorem 5.10. Given a finite abelian group G, with dual group G = {x : G — T},
consider the Fourier coupling Fg : G x G — T, given by (7,x) = x(3).
(1) Via the standard isomorphism G =~ CA;, this Fourier coupling can be regarded as a
square matriz, Fg € Mq(T), which is a complex Hadamard matriz.
(2) In the case of the cyclic group G = Zy we obtain in this way, via the standard
identification Zy = {1,..., N}, the Fourier matriz Fy.
(3) In general, when using a decomposition G = Zy, X ... X Ly, , the corresponding
Fourier matriz s given by Fo = Fn, @ ... ® Fy, .

Proof. This follows indeed from some basic facts from group theory:

(1) With the identification G ~ G made our matrix is given by (Fa)iy = x(7), and the
scalar products between the rows are computed as follows:

< R Ry >=> x()x(j) sz—j G- 6

X
Thus, we obtain indeed a complex Hadamard matrix.
(2) This follows from the well-known and elementary fact that, via the identifications

Ty =Ty = {1,..., N}, the Fourier coupling here is as follows, with w = *>™/V:

(i,5) — w"
(3) We use here the following well-known formula, for the duals of products:
AxK=HxEK
At the level of the corresponding Fourier couplings, we obtain from this:
Faxx = Fg ® Fi

Now by decomposing G into cyclic groups, as in the statement, and by using (2) for
the cyclic components, we obtain the formula in the statement. U
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As a first application of the above result, we have:

Proposition 5.11. The Walsh matriz, Wy with N = 2", which is given by

1 1\
o= (i)

is the Fourier matrix of the finite abelian group Ky = Z7.

Proof. We know that the first Walsh matrix is a Fourier matrix, Wy = F, = Fg,. Now
by taking tensor powers we obtain from this that we have, for any N = 2™

Wy =W = Ff?;‘ = Fgp = Fry
Thus, we are led to the conclusion in the statement. U
By getting back now to classification, we will need the following result, from [62]:

Theorem 5.12. If H € My (T) and K € My(T) are Hadamard, then so are the following
two matrices, for any choice of a parameter matriz Q € My n(T):

(1) H ®Q K e MMN(T), given by (H ®Q K)ia,jb = Qininab-
(2) HQ® K € MMN(T); giU@?’L by (HQ@ K)ia,jb = QjaHinab~
These are called rTight and left Dita deformations of H ® K, with parameter Q.

Proof. These results follow from the same computations as in the usual tensor product
case, the idea being that the ) parameters will cancel:

(1) The rows R;, of the matrix H ®¢ K are indeed pairwise orthogonal, because:

< Rig, Bye > = Z QinHi; Ko - @kbgkjf(cb
b

- M(szk Z Kachb
b

- M(szk : N(Sac
= MN&ik,ac
(2) The rows L;, of the matrix Ho® K are orthogonal as well, because:

< LigyLie > = Y QjaHijKay - QjeHii Ko,
jb

= N(Sac Z Hij]:[kj
J

Noge - Moy,
= MNéik,ac

Thus, both the matrices in the statement are Hadamard, as claimed. U
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As a first observation, when the parameter matrix is the all-one matrix I € My, n(T),
we obtain in this way the usual tensor product of our matrices:

Hor K =H®K=H®K

As a non-trivial example now, let us compute the right deformations of the Walsh
matrix Wy = F, ® Fy, with arbitrary parameter matrix @ = (? 9):

Fy®qFy = G 11>®<p q) G —11)

r s

p a P q
_|p —a » —q
r S —-r —S8

r =S —-T S

This follows indeed by carefully working out what happens, by using the lexicographic
order on the double indices, as explained in section 1 above. To be more precise, the usual
tensor product Wy = F, ® F; appears as follows:

ia\yb 00 01 10 11

00 1 1 1 1
Wi= 01 1 -1 1 -1
10 1 1 -1 -1

11 1 -1 -1 1
The corresponding values of the parameters ();;, to be inserted are as follows:
ia\jb 00 01 10 11

(Qb) — 00 QOO QOI QOO QOI
’ 01 QOO QOl QOO QOl
10 QlO C211 QlO C211

11 Qo Qu Qu Qu

With the notation @ = (2 9), this latter matrix becomes:

ia\jb 00 01 10 11

v | 00 p g9 p q
(sz) 01 P q P q
10 r s r s

11 r s r s

Now by pointwise multiplying this latter matrix with the matrix W, given above, we
obtain the announced formula for the deformed tensor product F» ®¢q F5.
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As for the left deformations of Wy = F, ® Fy, once again with arbitrary parameter
matrix @) = (2 9), these are given by a similar formula, as follows:

1 1 1 1
Foo®@ Fy, = <1 _1) b g ®(1 _1>
r s
p p r
B qg —q s —s5
|y p —r —r
qg —q —S s

Observe that this latter matrix is transpose to Fy ®¢g F,. However, this is something
accidental, coming from the fact that F5, and so Wy as well, are self-transpose.

With the above constructions in hand, we have the following result:

Theorem 5.13. The only complex Hadamard matrices at N = 4 are, up to the standard
equivalence relation, the matrices

1 1 1 1

s |1 -1 1 -1
Fy 1 s —1 —s
1 —s -1 s

with s € T, which appear as right Dita deformations of Wy = Fo ® Fy.

Proof. First of all, the matrix F} is indeed Hadamard, appearing from the construction
in Theorem 5.12, assuming that the parameter matrix there () € Ms(T) is dephased:

-1 )

Observe also that, conversely, any right Dita deformation of W, = F, ® F5 is of this
form. Indeed, if we consider such a deformation, with general parameter matrix Q = (2 ?)
as above, by dephasing we obtain an equivalence with F}', where s’ = ps/qr:

p q p q 1 1 1 1
p —q p —q - 1 -1 1 -1
r s —-r —s r/p  s/q —r/p —s/q
r —s —r s r/p —s/q —r/p s/q
1 1 1 1
. 1 —1 1 —1
1 ps/qr —1 —ps/qr
1 —ps/qr —1 ps/qr
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It remains to prove that the matrices Fj are non-equivalent, and that any complex
Hadamard matrix H € M,(T) is equivalent to one of these matrices F.

But this follows by using the same kind of arguments as in the proof from the real case,
and from the proof of Proposition 5.8. Indeed, let us first dephase our matrix:

11 1 1
1 a b c
H=11 4 ¢ ¢
1 g h 1

We use now the fact, coming from plane geometry, that the solutions z,y, z,t € T of
the equation x +y + 2z +t = 0 are as follows, with p,q € T:

{l’, Yy, z, t} = {p7 q,—D, _Q}

In our case, we have 1 +a + d + g = 0, and so up to a permutation of the last 3 rows,
our matrix must look at follows, for a certain s € T:

1 1 1 1
1 -1 b ¢
H = 1 s e f
1 —s h i

In the case s = +1 we can permute the middle two columns, then repeat the same
reasoning, and we end up with the matrix in the statement.
In the case s # £1 we have 1 + s+e+ f =0, and so —1 € {e, f}. Up to a permutation

of the last columns, we can assume e = —1, and our matrix becomes:
1 1 1 1
1 -1 b ¢
H = 1 s -1 —s
1 —s h i

Similarly, from 1 — s+ h 4+ i = 0 we deduce that —1 € {h,7}. In the case h = —1 our
matrix must look as follows, and we are led to the matrix in the statement:

11 1 1
i = 1 sl —b 1 —Cs
1 —s —1 1
As for the remaining case i = —1, here our matrix must look as follows:
11 1 1
- 1 -1 b ¢

1 s -1 -—s
1 —s h -1
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We obtain from the last column ¢ = s, then from the second row b = —s, then from
the third column h = s, and so our matrix must be as follows:
11 1 1
- 1 -1 —s s

1 s -1 —s
1 —s s -1
But, in order for the second and third row to be orthogonal, we must have s € R, and
so s = *+1, which contradicts our above assumption s # +1.

Thus, we are done with the proof of the main assertion. As for the fact that the matrices
in the statement are indeed not equivalent, this is standard as well. See [129]. O

At N = 5 now, the situation is considerably more complicated, with Fj5 being the only
matrix. The key technical result here, due to Haagerup [69], is as follows:

Proposition 5.14. Given an Hadamard matriz H € Ms(T), chosen dephased,

11111
1 a =z *
H=|1 vy b % x
1 % % % *
1 *x *x *x %

the numbers a,b, x,y must satisfy the following equation:
(z —y)(x — ab)(y — ab) =0

Proof. This is something quite surprising, and tricky, the proof in [69] being as follows.
Let us look at the upper 3-row truncation of H, which is of the following form:

1 1111
H=1[1a z p q
1y b r s

By using the orthogonality of the rows, we have:
(I+a+2)(1+b+g)(1+ay+bx)=—(p+q)(r+s)(pr+qs)
On the other hand, by using p,q,r, s € T, we have:
0+ a)(r+s)pr+gs) = (r+pgs+pgr+s)(r+5)
1+pgrs+pg+7rs+1r5s+pg+pgrs+1

= 2Re(1+ pg+r5+ pqrs)
= 2Re[(1+4pq)(1 4 rs)]

We conclude that we have the following formula, involving a, b, z, y only:

(I+a+2)1+b+y)(1+ay+bx)eR



HADAMARD MATRICES 89

Now this is a product of type (14 a)(1+/5)(1++), with the first summand being 1, and
with the last summand, namely a7, being real as well, as shown by the above general
p,q,7,s € T computation. Thus, when expanding, and we are left with:

(a+2)+ (b+7) + (ay +bx) + (a +2)(b+7)
+ (a+x)(ay +bz) + (b+7)(ay + bx) € R

By expanding all the products, our formula looks as follows:

a+z+b+7+ay+bT +ab+ ay + br + xj
+ 1+abz+arvy+b+aby+7+a+bzy € R

By removing from this all terms of type z + z, we are left with:
ab + 27 + abZ + aby + axy + by € R

Now by getting back to our Hadamard matrix, all this remains true when transposing
it, which amounts in interchanging x <+ y. Thus, we have as well:

ab + Ty + aby + abx + axy + by € R
By substracting now the two equations that we have, we obtain:
xy — Ty + ab(z — y) + ab(y — z) € R

Now observe that this number, say Z, is purely imaginary, because Z = —Z. Thus our
equation reads Z = 0. On the other hand, we have the following formula:

abryZ = abx® — aby® + a*V*(y — z) + 2y(y — )
= (y—2)(@’®” + zy — ab(z +y))
= (y—x)(ab—z)(ab—y)

Thus, our equation Z = 0 corresponds to the formula in the statement. O

By using the above result, we are led to the following theorem, also from [69]:

Theorem 5.15. The only Hadamard matrix at N =5 is the Fourier matrizx,

1 1 1 1 1
1 w w? w w!
F=|1 w? v w
1w w w' w?
1wt wd w? ow
with w = €2™/% up to the standard equivalence relation for such matrices.
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Proof. Assume that have an Hadamard matrix H € M5(T), chosen dephased, and written
as in Proposition 5.14, with emphasis on the upper left 2 x 2 subcorner:

11111
1 a =z *x =
H=|1 9y b % x
1 % % % *
1 *x *x *x %

We know from Proposition 5.14, applied to H itself, and to its transpose H' as well,
that the entries a, b, x, y must satisfy the following equations:

(a—0)(a—zy)(b—zy) =0

(z —y)(z —ab)(y — ab) =0
Our first claim is that, by doing some combinatorics, we can actually obtain from this
a = b and x =y, up to the equivalence relation for the Hadamard matrices:

11 111
1 T *x %k
H~ 11 2 a * x
1 % * % x%
1 *x % % %

Indeed, the above two equations lead to 9 possible cases, the first of which is, as desired,
a = band x = y. As for the remaining 8 cases, here once again things are determined
by 2 parameters, and in practice, we can always permute the first 3 rows and 3 columns,
and then dephase our matrix, as for our matrix to take the above special form.

With this result in hand, the combinatorics of the scalar products between the first 3
rows, and between the first 3 columns as well, becomes something which is quite simple
to investigate. By doing a routine study here, and then completing it with a study of the
lower right 2 x 2 corner as well, we are led to 2 possible cases, as follows:

1 1 111 11111

1 a b ¢ d 1 a b ¢ d

H~ |1 b a d c , H~ 11 b a d c

1 ¢ d a b 1 ¢ d b a

1 d c b a 1 d c a b

Our claim now is that the first case is in fact not possible. Indeed, we must have:

a+b+c+d = —1
2Re(ab) + 2Re(cd) = —1
2Re(ac) + 2Re(bd) = —1

2Re(ad) 4+ 2Re(be) = -1
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Now since |Re(z)| < 1 for any = € T, we deduce from the second equation that:
Re(ab) < 1/2

In other words, the arc length between a, b satisfies 6(a,b) > 7/3. The same argument
applies to ¢, d, and to the other pairs of numbers in the last 2 equations. Now since our
equations are invariant under permutations of a, b, ¢, d, we can assume that our numbers
a, b, c,d are ordered on the unit circle, and by the above, separated by > 7/3 arc lengths.
But this tells us that we have the following inequalities:

O(a,c)>2n/3 , O(b,d)>2m/3
These two inequalities give the following estimates:
Re(ac) < —1/2 , Re(bd) < —1/2
But these estimates contradict the third equation. Thus, our claim is proved.

Summarizing, we have proved so far that our matrix must be as follows:

11111
1 a b c d
H~ 11 b a d c
1 ¢ d b a
1 d c a b
We are now in position of finishing. The orthogonality equations are as follows:
a+b+c+d = -1
2Re(ab) + 2Re(ed) = —1
ac+cb+bd+da = -1
The third equation can be written in the following equivalent form:
Re[(a+b)(c+d)] = -1
Im[(a—b)(c—d)] = 0
By using now a,b,c,d € T, we obtain from this:
a+b c+d
R R
a—>b €k c—d €t

Thus we can find s,t € R such that:
a+b=is(a—0b) , c+d=1it(c—d)
By plugging in these values, our system of equations simplifies, as follows:
(a4+b)+ (c+d) = -1
la+b*+|c+d? = 3

(a+b)(c+d) = —1
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Now observe that the last equation implies in particular that we have:
la+0b? |e+d? =1
Thus |a + b|?, |c + d|* must be roots of the following polynomial:
X2 -3X+1=0
But this gives the following equality of sets:

{la+1, |c+d|}:{\/5+1, \/5_1}

2 2

This is good news, because we are now into 5-th roots of unity. To be more precise, we
have 2 cases to be considered, the first one being as follows, with z € T:

V5 +1 V5 —1

a+b= 5 % c+d=— 5 ¢
From a + b+ c+d = —1 we obtain z = —1, and by using this we obtain:
b=a , d=c

Thus we have the following formulae:
Re(a) = cos(2m/5) , Re(c) = cos(n/5)
We conclude that we have H ~ Fjy, as claimed. As for the second case, with a,b and

¢, d interchanged, this leads to H ~ Fj as well. Il

At N = 6 now, the situation becomes complicated, with lots of “exotic” solutions. The
simplest examples of Hadamard matrices at N = 6 are as follows:

Theorem 5.16. We have the following basic Hadamard matrices, at N = 6:

(1) The Fourier matriz Fg.

(2) The Dita deformations of Fy» ® F3 and of F3 ® Fy.
(3) The Haagerup matriz H{.

(4) The Tao matriz Tg.

Proof. All this is elementary, the idea, and formulae of the matrices, being as follows:

(1) This is something that we know well.
(2) Consider indeed the dephased Dita deformations of Fy, ® F3 and F3 ® Fy:

1 r s 1 r

ﬂm:g®Cl]>ﬂ . B =Re, |\ b
(1 S)
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Here r, s are two parameters on the unit circle, r, s € T. In matrix form:

1 1 1 1 1 1

1 w  w? 1 w w?

1 w? w 1 w? w
FG(rs) _

1 r s -1 —r —S

1 wr w?s -1 —wr —w?s

1 w’r ws -1 —w?r —ws

As for the other deformation, this is given by:

1 1 1 1 1 1
1 -1 1 -1 1 —1
F(g)_ 1 r w wr w?  wir
6 711 —r w  —wr w?  —w?r
1 s w?  w?s W ws
1 —s w? —w’s w  —ws

(3) The matrix here, from [69], is as follows, with ¢ € T:
1 1 1 1 1 1

1 =1 @« ¢ =i —i
1 7+ -1 —i q —q
q_
Hg = 1 ¢« —i =1 —q ¢
1 - § -G i -1
1 —i -G @ —1 i

(4) The matrix here, from [131], is as follows, with w = €2™/3:

11 1 1 1 1
1 1w w w w
o |1 w1 w? w? w
T ow o w? 1w w?
I w? v w 1 w
I w2 w w w 1
Observe that both H{ and Tg are indeed complex Hadamard matrices. U

The matrices in Theorem 5.16 are “regular”, in the sense that the scalar products
between rows appear in the simplest possible way, namely from vanishing sums of roots
of unity, possibly rotated by a scalar. We will be back to this in section 6 below, with a
result stating that these matrices are the only regular ones, at N = 6.
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In the non-regular case now, there are many known constructions at NV = 6. Here is
one such construction, found by Bjorck and Froberg in [44]:

Proposition 5.17. The following is a complex Hadamard matrix,

1 a —a —1 —a 14
W@ 1 ta —a —1 —a

—a 1a 1 @ —a —1

BF; = ) o )
6 —t —a 14 1 a  —a
—a —1 —a 1a 1 1a
wa —a —1 —a a4 1

where a € T is one of the roots of a®> 4+ (v/3 — 1)a+1=0.

Proof. Observe that the matrix in the statement is circulant, in the sense the rows appear
by cyclically permuting the first row. Thus, we only have to check that the first row is
orthogonal to the other 5 rows. But this follows from a? + (v/3 — 1)a +1 = 0. U

Let us discuss now the case N = 7. We will restrict the attention to case where the
combinatorics comes from roots of unity. We use the following result, from [127]:

Theorem 5.18. If H € My(+1) with N > 8 is dephased symmetric Hadamard, and
(1+ivVN —5)?
N —4
then the following procedure yields a complex Hadamard matriz M € My_1(T):

(1) Erase the first row and column of H.
(2) Replace all diagonal 1 entries with —w.
(3) Replace all off-diagonal —1 entries with w.

Proof. We know that the scalar product between any two rows of H, normalized as there,
appears as follows:
N N N N
P=—-1-14—-1-(-)+—-(-1)-1+—-(—-1)-(—-1) =
Tl L () (1) L e (21 (<1) =0

Let us peform now the above operations (1,2,3), in reverse order. When replacing
—1 — w, all across the matrix, the above scalar product becomes:

N N N N N
P=—.114—1-w+— w-14+—-(=1)-(=1) = —(1
1 + WA w +4()() 2(+Re(w))
Now when adjusting the diagonal via w — —1 back, and 1 — —w, this amounts in

adding the quantity —2(1 + Re(w)) to our product. Thus, our product becomes:
N N —4 6—-N
"o . — —
P’ = (—2 2) (14 Re(w)) 5 (1 + N_4> 1

Finally, erasing the first row and column amounts in substracting 1 from our scalar
product. Thus, our scalar product becomes P” =1 — 1 = 0, and we are done. O
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Observe that the number w in the above statement is a root of unity precisely at N = 8§,
where the only matrix satisfying the conditions in the statement is the Walsh matrix Ws.
So, let us apply, as in [127], the above construction to this matrix, namely:

11 1 1 1 1 1 1
-1 1 -1 1 -1 1 -1
1 -1 -1 1 1 -1 -1
-1 -1 1 1 -1 -1 1
1 1 1 -1 -1 -1 -1
-1 1 -1 -1 1 -1 1
-1 -1 -1 -1 -1 1 1
-1 -1 1 -1 1 1 -1

— = = e e

We obtain in this way the following matrix:

* % * * * * * *

* —1 1 w 1 w 1 w

*x 1 -1 w 1 1 wow

, *x w w —w 1 w w 1
Ws = * 1 1 1 -1 w w w
* w1 woow —w W 1

x 1 w w w w —-—w 1

¥ W w 1 w 1 1 -1

The Hadamard matrix obtained in this way, by deleting the *x entries, is the Petrescu
matrix P7, found in [111]. Thus, we have the following result:

Theorem 5.19. P; is the unique matriz formed by roots of unity that can be obtained by
the Szolldsi construction. It appears at N =8, from H = Wy. Its formula is

—w if (ijk) = (abc), ia + jb+ ke = 0(2)
(Pr)ijk,abe = § W if (ijk) # (abe), ia + jb+ ke # 0(2)
(—1)iatibtke  otherwise

where w = e*™/3 and with the indices belonging to the set {0,1}* — {(0,0,0)}.

Proof. We know that the Szoll6si construction maps Wg — P;. Since the formula of the
second Fourier matrix is (F);; = (—1)¥, the formula of the Walsh matrix Wy is:

(W)ijh.abe = (—1)7 901k
But this gives the formula in the statement. U

Now observe that we are in the quite special situation H = F;, ® K, with K being
dephased and symmetric. Thus, we can search for a one-parameter affine deformation
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K(q) which is dephased and symmetric, and then build the following matrix:

H(q) = (K[((Q) _ ]](((q))

In our case, such a deformation K(q) = Wjy(q) can be obtained by putting the ¢
parameters in the 2 x 2 middle block. Now by performing the Szollési construction, with
the parameters ¢, ¢ left untouched, we obtain the parametric Petrescu matrix [111]:

Theorem 5.20. The following is a complex Hadamard matriz,

—q q w 1 w 1 w
q —q w 1 1 w w
w o ow —w 1 w w 1
Pl=11 1 1 -1 w wow
w 1 w w —qw qw 1
1 w w w qw —quw 1
wow 1 w 1 1 —1

where w = €2™/3 and q € T.

Proof. This follows from the above considerations, or from a direct verification of the
orthogonality of the rows, which uses either 1 —1 =10, or 1 + w + w? = 0. O

Observe that the above matrix P7 has the property of being “regular”, in the sense that
the scalar products between rows appear from vanishing sums of roots of unity, possibly
rotated by a scalar. We will be back to this in the next section, with the conjectural
statement that Fr, P/ are the only regular Hadamard matrices at N = 7.
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6. ROOTS OF UNITY

Many interesting examples of complex Hadamard matrices H € My(T), including the
real ones H € My(=£1), have as entries roots of unity, of finite order. We discuss here
this case, and more generally the “regular” case, where the combinatorics of the scalar
products between the rows comes from vanishing sums of roots of unity. Let us begin
with the following definition, going back to the work in [47]:

Definition 6.1. An Hadamard matriz is called of Butson type if its entries are roots of
unity of finite order. The Butson class Hy(l) consists of the Hadamard matrices

H € My(Z)

where Z; is the group of the I-th roots of unity. The level of a Butson matrizc H € My(T)
is the smallest integer | € N such that H € Hy(l).

As basic examples, we have the real Hadamard matrices, which form the Butson class
Hx(2). The Fourier matrices are Butson matrices as well, because we have Fy € Hy(N),
and more generally F € Hy(l), with N = |G|, and with | € N being the smallest
common order of the elements of G. There are many other examples of such matrices, as
for instance those as N = 6 discussed in section 5, at 1 values of the parameters.

Generally speaking, the main question regarding the Butson matrices is that of under-
standing when Hy(l) # 0, via a theorem providing obstructions, and then a result or
conjecture stating that these obstructions are the only ones. Let us begin with:

Proposition 6.2 (Sylvester obstruction). The following holds,
due to the orthogonality of the first 3 rows.

Proof. This is something that we know from section 1, with the obstruction, going back
to Sylvester’s paper [124], being explained there. O

The above obstruction is fully satisfactory, because according to the Hadamard Con-
jecture, its converse should hold. Thus, we are fully done with the case [ = 2. Our
purpose now will be that of finding analogous statements at [ > 3, theorem plus conjec-
ture. At very small values of [ this is certainly possible, and in what regards the needed
obstructions, we can get away with the following simple fact, from [47], [148]:

Proposition 6.3. For a prime power | = p*, the vanishing sums of l-th roots of unity
Mt...+Av=0 , N €z

appear as formal sums of rotated full sums of p-th roots of unity.
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Proof. This is something elementary, coming from basic number theory. Consider indeed
the full sum of p-th roots of unity, taken in a formal sense:

p
S = Z(eQTFi/p)k
k=1

Let also w = e*™/', and for r € {1,2,...,1/p} let us denote by S5 = w" - S the above
formal sum of roots of unity, rotated by w":

p
S; _ Zwr(e27ri/p>k
k=1

We must show that any vanishing sum of [-th roots of unity appears as a sum of such
quantities S;, with all this taken of course in a formal sense.

For this purpose, consider the following map, which assigns to the abstract elements of
the group ring Z[Z;] their precise numeric values, inside Z(w) C C:

O Z[Z)] — Z(w)

Our claim is that the elements {57} form a basis of ker ®. In order to prove this claim,
observe first that S) € ker ®. Also, these elements S are linearly independent, because
the support of S} contains a unique element of the subset {1,2,..., p*~'} C Z;, namely
the element r € Z;, so all the coefficients of a vanishing linear combination of such sums
Sy must vanish. Thus, we are left with proving that ker ® is spanned by {S7}. For this
purpose, let us recall that the minimal polynomial of w is as follows:

X —1
Xpt -1

We conclude that the dimension of ker ® is given by:

dim(ker ®) = p* — (p* — p*~ ') =p*~!

Now since this is exactly the number of the sums 57, this finishes the proof of our claim.
Thus, any vanishing sum of /-th roots of unity must be of the form } 57, and the above
support considerations show the coefficients must be positive, as desired. U

a—1

=14+ X7 X x e

We can now formulate a result in the spirit of Proposition 6.2, as follows:

Proposition 6.4 (Butson obstruction). The following holds,
Hy(p*) #0 = N € pN
due to the orthogonality of the first 2 rows.

Proof. This follows indeed from Proposition 6.3, because the scalar product between the
first 2 rows of our matrix is a vanishing sum of [-th roots of unity. O

WIth these obstructions in hand, we can discuss the case | < 5, as follows:
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Theorem 6.5. We have the following results,
(1) Hy(2) #0 = N € {2} U4N,

(2) Hy(3) #0 = N €3N,
(3) Hy(4) #0 = N € 2N,
(4) Hy(5) #0 = N € 5N,
with in cases (1,3), a conjecture stating that the converse should hold as well.

Proof. In this statement (1) is the Sylvester obstruction, and (2,3,4) are particular cases
of the Butson obstruction. As for the last assertion, which is of course something rather
informal, but which is important for our purposes, the situation is as follows:

(1) Here, as already mentioned, we have the Hadamard Conjecture, which comes with
solid evidence, as explained in section 1 above.

(2) Here we have an old conjecture, dealing with complex Hadamard matrices over
{£1, £i}, going back to the work in [136], and called Turyn Conjecture. O

At | = 3 the situation is quite complicated, due to the following result, from [54]:
Proposition 6.6 (de Launey obstruction). The following holds,
Hy() #0 = 3d € Z[e*™Y, |d* = NV
due to the orthogonality of all N rows. In particular, we have
5N = Hy(6)=10
so in particular Hi5(3) = 0, showing that the Butson obstruction is too weak at | = 3.

Proof. The obstruction follows from the unitarity condition HH* = N for the complex
Hadamard matrices, by applying the determinant, which gives:

|det(H)|* = NV
Regarding the second assertion, let w = €2™/3 and assume that d = a + bw + cw? with
a,b, ¢ € Z satisfies |d|*> = 0(5). We have the following computation:
d* = (a+bw+ cw?)(a+ bw? + cw)
= &>+ +c* —ab—bc—ac

_ %[(a 024 (b= + (c—a)?

Thus our condition |d|? = 0(5) leads to the following system, modulo 5:
r+y+z2=0
P+ +22=0

But this system has no solutions. Indeed, let us look at 22 + 3% + 22 = 0:
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(1) If this equality appears as 0 + 0+ 0 = 0 we can divide z,y,z by 5 and redo the
computation.

(2) Otherwise, this equality can only appear as 0 4+ 1+ (—1) = 0.

Thus, modulo permutations, we must have x = 0,y = £1, 2 = 42, which contradicts
x+y+ z = 0. Finally, the last assertion follows from Hi5(3) C Hi5(6) = 0. O

At | = 5 now, things are a bit unclear, with the converse of Theorem 6.5 (4) being
something viable, at the conjectural level, at least to our knowledge. At | = 6 the
situation becomes again complicated, as follows:

Proposition 6.7 (Haagerup obstruction). The following holds, due to Haagerup’s N =5
classification result, involving the orthogonality of all 5 rows of the matrix:

Hs(l) £0 = 5|l

In particular we have Hs(6) = 0, which follows by the way from the de Launey obstruction
as well, in contrast with the fact that we generally have Hy(6) # ().

Proof. In this statement the obstruction Hs(l) = ) = 5|l comes indeed from Haagerup’s
classification result, explained in Theorem 5.15 above. As for the last assertion, this is
something very informal, the situation at small values of N being as follows:

— At N = 2,3,4 we have the matrices F5, F3, W.
— At N =6,7,8,9 we have the matrices Fs, P}, Wy, F3 ® F.

— At N = 10 we have the following matrix, found in [17] by using a computer, and
written in logarithmic form, with k& standing for e %/3:

00 0O0O0OO0OO0OO0OTO 0O O
0415313351
012355135 3
05321535 31

6 0351411533
w=10333330000
01153 43¢0 24
0153524320
0535120234
03511442203

We refer to [17] for more details on this topic. O

All this is not good news. Indeed, there is no hope of conjecturally solving our Hy (1) # ()
problem in general, because this would have to take into account, and in a simple and
conceptual way, both the subtle arithmetic consequences of the de Launey obstruction,
and the Haagerup classification result at N = 5, and this does not seem feasible.
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In order to further comment on these difficulties, let us discuss now a generalization of
Proposition 6.3 above, and of the related Butson obstruction from Proposition 6.4, which
has been our main source of obstructions, so far. Let us start with:

Definition 6.8. A cycle is a full sum of roots of unity, possibly rotated by a scalar,
l
C:quk o w=em | qeT
k=1

and taken in a formal sense. A sum of cycles is a formal sum of cycles.

The actual sum of a cycle, or of a sum of cycles, is of course 0. This is why the word
“formal” is there, for reminding us that we are working with formal sums. As an example,
here is a sum of cycles, with w = ¢?™/%, and with |¢| = 1:

1+ w? 4+ w* + qu + qu* =0

We know from Proposition 6.3 above that any vanishing sum of [-th roots of unity must
be a sum of cycles, at least when [ = p® is a prime power. However, this is not the case
in general, the simplest counterexample being as follows, with w = e27%/30:

w® +w® +w? +w® +w? +w? =0
The following deep result on the subject is due to Lam and Leung [90]:
Theorem 6.9. Let | = pi*...p*, and assume that \; € Z; satisfy:
M+...+ Ay =0

1) Y> N is a sum of cycles, with Z coefficients.

2) If k <2 then > \; is a sum of cycles (with N coefficients).

3) If k > 3 then > \; might not decompose as a sum of cycles.

4) >\ has the same length as a sum of cycles: N € pyN+ ...+ p;N.

(
(
(
(

Proof. This is something that we will not really need in what follows, but that we included
here, in view of its importance. The idea of the proof is as follows:

(1) This is a well-known result, which follows from basic number theory, by using
arguments in the spirit of those in the proof of Proposition 6.3 above.

(2) This is something that we already know at k = 1, from Proposition 6.3. At k = 2
the proof is more technical, along the same lines. See [90].

(3) The smallest possible [ potentially producing a counterexample is [ = 2-3-5 = 30,
and we have here indeed the sum given above, with w = e*>7/30,

(4) This is a deep result, due to Lam and Leung, relying on advanced number theory
knowledge. We refer to their paper [90] for the proof. O

As a consequence of the above result, we have the following generalization of the Butson
obstruction, which is something final and optimal on this subject:
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Theorem 6.10 (Lam-Leung obstruction). Assuming the we have
l=p" .. .pF
the following must hold, due to the orthogonality of the first 2 rows:
Hy()#0 = N epN+...+pN
In the case k > 2, the latter condition is automatically satisfied at N >> 0.

Proof. Here the first assertion, which generalizes the [ = p® obstruction from Proposition
6.4 above, comes from Theorem 6.9 (4), applied to the vanishing sum of I-th roots of unity
coming from the scalar product between the first 2 rows. As for the second assertion, this
is something well-known, coming from basic number theory. U

Summarizing, our study so far of the condition Hy(l) # () has led us into an optimal
obstruction coming from the first 2 rows, namely the Lam-Leung one, then an obstruction
coming from the first 3 rows, namely the Sylvester one, and then two subtle obstructions
coming from all N rows, namely the de Launey one, and the Haagerup one.

As an overall conclusion, by contemplating all these obstructions, nothing good in
relation with our problem Hy () # () is going on at small N. So, as a natural and more
modest objective, we should perhaps try instead to solve this problem at N >> 0.

The point indeed is that everything simplifies at N >> 0, with some of the above
obstructions dissapearing, and with some other known obstructions, not to be discussed
here, dissapearing as well. We are therefore led to the following statement:

Conjecture 6.11 (Asymptotic Butson Conjecture (ABC)). The following equivalences
should hold, in an asymptotic sense, at N >> 0,

(1) Hy(2) #0 < 4|N,

(2) Hy(p*) # 0 <= p|N, for p* > 3 prime power,

(3) Hy(l) #0 <= 0, forl € N not a prime power,
modulo the de Launey obstruction, |d|*> = NN for some d € Z[e*™/!].

In short, our belief is that when imposing the condition N >> 0, only the Sylvester,
Butson and de Launey obstructions survive. This is of course something quite nice, but in
what regards a possible proof, this looks difficult. Indeed, our above conjecture generalizes
the HC in the N >> 0 regime, which is so far something beyond reach.

One idea, however, in dealing with such questions, coming from the de Launey-Levin
result from [59], is that of looking at the partial Butson matrices, at N >> 0. Observe
in particular that restricting the attention to the rectangular case, and this not even in
the N >> 0 regime, would make dissapear the de Launey obstruction from the ABC,
which uses the orthogonality of all N rows. We will discuss this later on. For a number
of related considerations, we refer as well to the papers [54], [57].
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Getting away now from all these arithmetic difficulties, let us discuss now, following
[17], the classification of the regular complex Hadamard matrices of small order. The
definition here, which already appeared in the above, is as follows:

Definition 6.12. A complex Hadamard matric H € My (T) is called regular if the scalar
products between rows decompose as sums of cycles.

Our purpose in what follows will be that of showing that the notion of regularity can
lead to full classification results at N < 6, and perhaps at N = 7 too, and all this while
covering most of the interesting complex Hadamard matrices that we met, so far. As a
first observation, supporting this last claim, we have the following result:

Proposition 6.13. The following complex Hadamard matrices are regular:
(1) The matrices at N <5, namely Fy, F3, F} | F5.

T
E]

(2) The main examples at N = 6, namely Férs),Fé )7Hg,T6.
(3) The main examples at N =7, namely F7, Py.

Proof. The Fourier matrices Fly are all regular, with the scalar products between rows
appearing as certain sums of full sums of I-th roots of unity, with [|N. As for the other
matrices appearing in the statement, with the convention that “cycle structure” means
the lengths of the cycles in the regularity property, the situation is as follows:

(1) F} has cycle structure 2 4 2, and this because the verification of the Hadamard
condition is always based on the formula 1+ (—1) = 0, rotated by scalars.

(2) Férs), FG(Q) have mixed cycle structure 2 + 2 4 2/3 + 3, in the sense that both cases
appear, H¢ has cycle structure 2 4+ 2 + 2, and Ty has cycle structure 3 + 3.

(3) P4 has cycle structure 3+2+2, its Hadamard property coming from 1+w+w? = 0,
with w = ?™/3 and from 1 + (—1) = 0, applied twice, rotated by scalars. O

Let us discuss now the classification of regular matrices. We first have:
Theorem 6.14. The reqular Hadamard matrices at N <5 are
Fy, F3, F}, Fy
up to the equivalence relation for the complex Hadamard matrices.

Proof. This is something that we already know, coming from the classification results from
section 5, and from Proposition 6.13 (1). However, and here comes our point, proving
this result does not need in fact all this, the situation being as follows:

(1) At N = 2 the cycle structure can be only 2, and we obtain Fj.
(2) At N = 3 the cycle structure can be only 3, and we obtain Fj.
(3) At N = 4 the cycle structure can be only 2 + 2, and we obtain F}.



104 TEO BANICA

(4) At N = 5 some elementary combinatorics shows that the cycle structure 3 + 2 is
excluded. Thus we are left with the cycle structure 5, and we obtain F5. U

Let us discuss now the classification at N = 6. The result here, from [17], states that the

matrices Fﬁ(m), Fég), H{, T are the only solutions. The proof is quite long and technical,

but we will present here its main ideas. Let us start with:
Proposition 6.15. The reqular Hadamard matrices at N = 6 fall into 3 classes:

(1) Cycle structure 3+ 3, with Ts being an example.
(2) Cycle structure 2+ 2 + 2, with H{ being an example.

(3) Mized cycle structure 3+ 3/2 + 2 + 2, with Férs), FG(g) being examples.

Proof. This is a bit of an empty statement, with the above (1,2,3) possibilities being the
only ones, and with the various examples coming from Proposition 6.13 (2). O

In order to do the classification, we must prove that the examples in (1,2,3) are the
only ones. Let us start with the Tao matrix. The result here is as follows:

Proposition 6.16. The Tao matriz, namely

1 1 1 1 1 1
1 1 w w w w
T — I w 1 w w w
Tl ow w1 ow w?
1 w? w? w 1 w
1 w? w w? w 1
with w = €2™/3 s the only one with cycle structure 3 + 3.

Proof. The proof of this fact, from [17], is quite long and technical, the idea being that of
studying first the 3 x 6 case, then the 4 x 6 case, and finally the 6 x 6 case.

So, consider first a partial Hadamard matrix A € M3,6(T), with the scalar products
between rows assumed to be all of type 3 + 3.

By doing some elementary combinatorics, one can show that, modulo equivalence, either
all the entries of A belong to Zz = {1,w,w?}, or A has the following special form, for
certain parameters r,s € T:

1 1 1 1 1 1
A=1|1 w w? r wr w?r

1 w? w s w?s ws

With this result in hand, we can now investigate the 4 x 6 case.
Assume indeed that we have a partial Hadamard matrix B € Myy4(T), with the scalar
products between rows assumed to be all of type 3 + 3.
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By looking at the 4 submatrices AN, A® ABG) A® obtained from B by deleting one
row, and applying the above 3 x 6 result, we are led, after doing some combinatorics, to
the conclusion that all the possible parameters dissapear.

Thus, our matrix must be of the following type:

B € Myy¢(Zs)
With this result in hand, we can now go for the general case. Indeed, an Hadamard
matrix M € Mg(T) having cycle structure 3 + 3 must be as follows:
M € Mg(Zs)
But the study here is elementary, with Ty as the only solution. See [17]. U

Regarding now the Haagerup matrix, the result is similar, as follows:

Proposition 6.17. The Haagerup matriz, namely

1 1 1 1 1
-1 T =i —1

1 —1 — g —q
1 —1 —1 —q ¢

- q —q ¢ -1
1 = —q q¢ -1 1

HY =

— = = = =

with g € T is the only one with cycle structure 2 + 2 + 2.

Proof. The proof here, from [17], uses the same idea as in the proof of Proposition 6.16,
namely a detailed combinatorial study, by increasing the number of rows.

First of all, the study of the 3 x 6 partial Hadamard matrices with cycle structure 2+2-+2
leads, up to equivalence, to the following 4 solutions, with ¢ € T being a parameter:

11 1 1 1 1
Ai=|(1 — 1 + -1 -1
1 -1 ¢+ — q —q

1 -1 q¢q —q 1ig —iq
1 1 1 1 1 1
As=11 -1 =+ —1 q —q
1 =2 2+ =1 —q ¢

11 1 1 1 1
Ay=|1 — -1 1+ ¢q¢ —q
L =1 —q —iq 1q ¢
With this result in hand, we can go directly for the 6 x 6 case.
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Indeed, a careful examination of the 3 x 6 submatrices, and of the way that differ-
ent parameters can overlap vertically, shows that our matrix must have a 3 x 3 block
decomposition as follows:

A B C
M=\|D zE yF
G zH tI

Here A,...,I are 2 x 2 matrices over {+1,+i}, and z,y,2,t are in {1,¢}. A more
careful examination shows that the solution must be of the following form:

A B (C
M=|D FE gF
G qH ql

More precisely, the matrix must be as follows:
1 1 1 1 1 1

11 —i -1 -1
11+ -1 —-i —q q
M = 1 —i 4 -1 —ig iq
L =1 ¢ —ig iq —q
L =1 —q 14q¢ q —iq
But this matrix is equivalent to H{, and we are done. See [17]. O

Regarding now the mixed case, where both 2+2+2 and 3+ 3 situations can appear, this
is a bit more complicated. We can associate to any mixed Hadamard matrix M € Mg(C)
its “row graph”, having the 6 rows as vertices, and with each edge being called “binary”
or “ternary”, depending on whether the corresponding scalar product is of type 2+ 2 + 2
or 3+ 3. With this convention, we have the following result:

Proposition 6.18. The row graph of a mized matriz M € Mg(C) can be:

(1) Either the bipartite graph having 3 binary edges.
(2) Or the bipartite graph having 2 ternary triangles.

Proof. This is once again something a bit technical, from [17], the idea being as follows.
Let X be the row graph in the statement. By doing some combinatorics, of rather
elementary type, we are led to the following conclusions about X:

— X has no binary triangle.
— X has no ternary square.
— X has at least one ternary triangle.

With these results in hand, we see that there are only two types of squares in our graph
X, namely those having 1 binary edge and 5 ternary edges, and those consisting of a
ternary triangle, connected to the 4-th point with 3 binary edges.
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By looking at pentagons, then hexagons that can be built with these squares, we see
that the above two types of squares cannot appear at the same time, at that at the level
of hexagons, we have the two solutions in the statement. See [17]. 4

We can now complete our classification at N = 6, as follows:

Proposition 6.19. The deformed Fourier matrices, namely

1 1 1 1 1 1

1 w  w? 1 w w?

1 w? w 1 w? w
Férs) _

1 r s -1 —r -5

1 wr w’s -1 —wr -—-w’s

1 w?r ws -1 —w?r —ws

1 1 1 1 1 1

1 —1 1 -1 1 -1
o _ 1 r W wr w?  wir

6 1 —r w  —wr w? —w?r
1 s w?  w?s w o ws
1 —s w? —w’s w  —ws

with r,s € T are the only ones with mixed cycle structure.

Proof. According to Proposition 6.18, we have two cases:

(1) Assume first that the row graph is the bipartite one with 3 binary edges. By
permuting the rows, the upper 4 x 6 submatrix of our matrix must be as follows:

1 1 1 1 1 1
B 1 w w? r wr wr
1 o w? o ow s w?s ws
1 1 1 ¢ t t

Now since the scalar product between the first and the fourth row is binary, we must
have t = —1, so the solution is:

11 1 1 1 1
B— I w w r wr wr
1w ow s w?s ws
11 1 -1 -1 -1

We can use the same argument for finding the fifth and sixth row, by arranging the
matrix formed by the first three rows such as the second, respectively third row consist
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2 r, s in the extra

row, and we obtain in this way a matrix which is equivalent to Fém). See [17].

only of 1’s. This will make appear some parameters of the form w, w

(2) Assume now that the row graph is the bipartite one with 2 ternary triangles. By
permuting the rows, the upper 4 x 6 submatrix of our matrix must be as follows:

1 1 1 1 1
1 w w w w
1 w? w w w

-1 r —-r s -—s

1

1 2
B_l

1

We can use the same argument for finding the fifth and sixth row, and we conclude
that the matrix is of the following type:

1 1 1 1 1 1
1 1 wo ow w? w?
1 1 w? w w w
M = 1 -1 r —r s —s
1 -1 a —a b =b
1 -1 ¢ —c¢ d —d

Now since the last three rows must form a ternary triangle, we conclude that the matrix
must be of the following form:

1 1 1 1 1 1
1 1 w w w?  w?
2 2

M= 1 1 w w w w
1 -1 r —r S —S
1 =1 wr —wr w?’s —w?s
1 —1 w’r —w* ws —ws

But this matrix is equivalent to Fﬁ(;), and we are done. See [17]. 4

Summing up all the above, we have proved the following theorem, from [17]:

Theorem 6.20. The reqular compler Hadamard matrices at N = 6 are:

(1) The deformations F\"", F*) of the Fourier matriz Fy.
(2) The Haagerup matriz H{.
(3) The Tao matriz Tg.

Proof. This follows indeed from the trichotomy from Proposition 6.15, and from the results
in Proposition 6.16, Proposition 6.17 and Proposition 6.19. See [17]. U

All this is quite nice, and our belief is that the N = 7 classification is doable as well.
Here we have 3 possible cycle structures, namely 3+ 2+ 2, 5+ 2, 7, and some elementary
number theory shows that 5 4 2 is excluded, and that 3 + 2 4+ 2 and 7 cannot interact.
Thus we have a dichotomy, and our conjecture is as follows:
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Conjecture 6.21. The regular complex Hadamard matrices at N =7 are:
(1) The Fourier matriz Fr.
(2) The Petrescu matriz Py.

Regarding (1), one can show indeed that F% is the only matrix having cycle structure 7,
with this being related to more general results from [73]. As for (2), the problem is that
of proving that P is the only matrix having cycle structure 3+ 2 + 2. The computations
here are unfortunately far more involved than those at N = 6, briefly presented above,
and finishing the classification work here is not an easy question.

Besides the classification questions, there are as well a number of theoretical questions
in relation with the notion of regularity, that we believe to be very interesting. We have
for instance the following conjecture, going back to [17], and then to [30]:

Conjecture 6.22 (Regularity Conjecture). The following hold:

(1) Any Butson matriz H € My(C) is regular.
(2) Any regular matric H € My(C) is an affine deformation of a Butson matriz.

We refer to [17] and [30] for more on these topics.
As already mentioned above, after Conjecture 6.11, one way of getting away from these

algebraic difficulties is by doing N >> 0 analysis for the partial Hadamard matrices, with
counting results in the spirit of [59]. Following [10], let us start with:

Definition 6.23. A partial Butson matriz (PBM) is a matriz
H e MMXN(Zq>
having its rows pairwise orthogonal, where Z, C C* is the group of g-roots of unity.

Two PBM are called equivalent if one can pass from one to the other by permuting the
rows and columns, or by multiplying the rows and columns by numbers in Z,. Up to this
equivalence, we can assume that H is dephased, in the sense that its first row consists of
1 entries only. We can also put H in “standard form”, as follows:

Definition 6.24. We say that H € My«n(Zy) is in standard form if the low powers of
w = €2m’/q
are moved to the left as much as possible, by proceeding from top to bottom.

Let us first try to understand the case M = 2. Here a dephased partial Butson matrix
H € Myyn(Z,) must look as follows, with \; € Z, satisfying A\; +...+ Ay =0:

1
H_<>\1 )\N>
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. o kl
With ¢ = py

pt, we must have, according to Lam and Leung [90]:
N ep N+...+pN
Observe however that at s > 2 this obstruction dissapears at N > pips.

Let us discuss now the prime power case. We have:

Proposition 6.25. When ¢ = p* is a prime power, the standard form of the dephased
partial Butson matrices at M = 2 is

1 1 . 1 . 1 1 o 1
H= 1 wooo wdPTU L TR e/l el
~ —— —_—— N—— ~—~—
al as aq/p a1 as
where w = >/ and where ay,

Aq/p

. q/p € N are multiplicities, summing up to N/p.
Proof. Indeed, it is well-known that for ¢ = p* the solutions of \; + ... + Ay = 0 with
i € Zg are, up to permutations of the terms, exactly those in the statement.

O
Now with Proposition 6.25 in hand, we can prove:

Theorem 6.26. When q = p”* is a prime power, the probability for a randomly chosen
M € Msyn(Z,), with N € pN, N — oo, to be partial Butson is:

p g
Py~ o aa—4
(27 N)T»
Proof. According to Proposition 6.25, we have the following formula:

1 N
P = —
2 g Z (al...al

a1+-..+aq/p:N/p \CSASAL SERERE aq/p e aq/p>
p p
B 1 ( N ) Z < N/p )p
- N
q w a1+...+aq/p:N/p 0/1 e a/q/p
p

- %(N/p.].v.zv/p%(q/;pw 2 ( v )

ay...a
a1+...+aq/p:N/p a/p
p

5], explained in

O
Let us discuss now the case where M = 2 and ¢ = p’flpg2 has two prime factors. We
first examine the simplest such case, namely ¢ = p1po, with pq, po primes:

By using the standard estimate for multinomial coefficients from [11
section 4 above, we obtain the formula in the statement.
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Proposition 6.27. When g = p1ps is a product of distinct primes, the standard form of
the dephased partial Butson matrices at M = 2 is

1 1 .. 1 e 1 1 .. 1
H = 1 wooL.owPr o TP ezl gyt
~ O~ —— —_— —— ——
A Aq2 Alp, Apq1 Apq2 Apipy

where w = >/ and A € My, p,(N) is of the form A;; = B; + C;, with B;,Cj € N.

Proof. We use the fact that for ¢ = pyps any vanishing sum of g-roots of unity decomposes
as a sum of cycles. Now if we denote by B;,C; € N the multiplicities of the various ps-
cycles and p;-cycles, then we must have A;; = B; 4+ C}, as claimed. U

Regarding now the matrices of type A;; = B; + C}, when taking them over integers,
B;,C; € Z, these form a vector space of dimension d = p; +p; — 1. Given A € M,, «,,(Z),
the “test” for deciding if we have A;; = B; + C; or not is:

Aij + A = Au + Aji

The problem comes of course from the assumption B;, C; > 0, which is quite a subtle
one. In what follows we restrict the attention to the case p; = 2. Here we have:

Theorem 6.28. For q = 2p with p > 3 prime, P, equals the probability for a random
walk on ZP to end up on the diagonal, i.e. at a position of type (t,...,t), with t € Z.

Proof. According to Proposition 6.27, we must understand the matrices A € May,(N)
which decompose as A;; = B; + C;, with B;,C; > 0. But this is an easy task, because
depending on Aj; vs Ag; we have 3 types of solutions, as follows:

ar ... a ap ar+t ... ap+t
ay ... a ’ ap+t ... ap+t ’ ai ap

Here a; > 0 and ¢t > 1. Now since cases 2,3 contribute in the same way, we obtain:

P, =
2 2pN Z (al,al,.. ap,ap)
N
* NZ Z <a1,a1—|—t,...,ap,ap—|—t)

t>1 2Xa;+pt=N

We can write this formula in a more compact way, as follows:
N
ars T | )
17, 250, pr=n N1 U + 1t ..., ap, ap + [t

Now since the sum on the right, when rescaled by @ ) =, is exactly the probability for
a random walk on ZP to end up at (¢,...,t), this gives the result. U
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Let us discuss now the exponents ¢ = 3p. The same method as in the proof of Theorem
6.28 works, with the “generic” solution for A being as follows:

ay Qp
A= a+t ... ap,+t
ar+s+t ... ap+s+t

Finally, regarding arbitrary exponents with two prime factors, we have:

Proposition 6.29. When q = plflpgg has exactly two prime factors, the dephased partial
Butson matrices at M = 2 are indezed by the solutions of

Aijay = Bijy + Ciay
with Bijy, Cjey € N, with 1 € Zy,, j € Zp;fl_l, T E€ Ly, Yy € Zp;z_l.

Proof. We follow the method in the proof of Proposition 6.27. First, according to [90],
for ¢ = p’fl p’§2 any vanishing sum of ¢-roots of unity decomposes as a sum of cycles.

Let us first work out a simple particular case, namely ¢ = 4p. Here the multiplicity
matrices A € My, (N) appear as follows:

Bl Bl Cl Op
By ... B D, D,
A=1p . BlT|c c,
Bi ... B D, D,

Thus, if we use double binary indices for the elements of {1,2, 3,4}, the condition is:
Aijz = Bij + Cjy
The same method works for any exponent of type ¢ = plfl p’52, the formula being:
Ay iy wr ez, = Bin g, waany, T Cigigg 21k,
But this gives the formula in the statement, and we are done. U

At M = 3 now, we first restrict attention to the case where ¢ = p is prime. In this
case, the general result in Proposition 6.29 becomes simply:

1 1 1
H= 1 w ... wP!
— —~— —~—

We call a matrix A € M,(N) “tristochastic” if the sums on its rows, columns and
diagonals are all equal. Here, and in what follows, we call “diagonals” the main diagonal,
and its p — 1 translates to the right, obtained by using modulo p indices. With this
convention, here is now the result at M = 3:
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Proposition 6.30. For p prime, the standard form of the dephased PBM at M = 3 is

1 1 o 1 A, 1 1 c 1
I 1 1 1 PR 77t S 77t S V72
o 1 woo.oowPTh o 1 w ... wPl
~— O~ ~—~—— ~ ~—~—
A Ao Ap Ap1 Apo App

where w = e2™/? and where A € M,(N) is tristochastic, with sums N/p.

Proof. Consider a dephased matrix H € Msxn(Z,), written in standard form as in the
statement. Then the orthogonality conditions between the rows are as follows:

11 2means Ajy +...+ A, =An+...+ Ay =...... =A,+...+ 4,

11l 3means Ajy +...+ A=A+ . +A4p=...... =Ap+... + A,

21 3means Ay +...+ A, =An+... +An=...... =Ap,+ ..+ A,

Thus A must have constant sums on rows, columns and diagonals, as claimed. Il

It is quite unobvious on how to deal with the tristochastic matrices with bare hands.
For the moment, let us just record a few elementary results:

Proposition 6.31. For p = 2,3, the standard form of the dephased PBM at M = 3 is
respectively as follows, with w = 2™/ gnd a+b+c = N/3 at p = 3:

+ o+ o+ o+

+ + — —
H = + — + —
~
N/4 N/A NJ/4 N/4
1 1 1 1 1 1 1 1 1
1 1 1 w w wo ow? w? w?
H = 2 2 2
1 w w 1 w w 1 w w

Also, for p > 3 prime and N € pN, there is at least one Butson matric H € Msxn(Z,).

Proof. The idea is that the p = 2 assertion follows from Proposition 6.30, and from the
fact that the 2 x 2 tristochastic matrices are as follows:

=)

As for the p = 3 assertion, once again the idea is that this follows from Proposition
6.30, and from the fact that the 3 x 3 tristochastic matrices are as follows:

A:

o R
ISEN NN

c
a
b
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Indeed, the p = 2 assertion is clear. Regarding now the p = 3 assertion, consider an
arbitary 3 x 3 bistochastic matrix, written as follows:

a b n—a-—=>ot
A= d c n—c—d
n—a—d n—b—c *

Here x = a+ b+ ¢+ d — n, but we won’t use this value, because one of the 3 diagonal
equations is redundant anyway. With these notations in hand, the conditions are:

b+(n—c—d)+(n—a—d)=n
(n—a—=b)+d+(n—-b—c)=n

Now since substracting these equations gives b = d, we obtain the result.
Regarding now the last assertion, consider the following p X p permutation matrix:

Since this matrix is tristochastic, for any p > 3 odd, this gives the result. O

Regarding now the asymptotic count, we have here:

Theorem 6.32. For p = 2,3, the probability for a randomly chosen
M € Msun(Zy)
with N € pN, N — oo, to be partial Butson is respectively given by

16 if N € 4N
P?f?) ~ { (27 N)3 !

0 if N ¢ 4N
at p =2, and

(3) _ 2433

P 7 (2rN)3

at p = 3. In addition, we have Pép) > 0 for any N € pN, for any p > 3 prime.

Proof. According to Proposition 6.31, and then to the Stirling formula, we have:

PO _ 1 N N 16
° AN \N/4,N/4,N/4,N/A) — /(21 N)3
The proof of the other assertions is standard as well. U

It is possible to establish a few more results in this direction. See [10]. However, the
main question remains that of adapting the methods in [90] to the root of unity case.
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7. GEOMETRY, DEFECT

In this section and in the next one we discuss various geometric aspects of the complex
Hadamard matrices. Let us recall that the complex Hadamard manifold appears as an

intersection of smooth real algebraic manifolds, as follows:
Xy = My(T) NV NUy

We denote by X, an unspecified neighborhood of a point in a manifold, p € X. Also,
for ¢ € Ty, meaning that ¢ € T is close to 1, we define ¢" with r € R by ()" = €.
With these conventions, we have the following result:

Proposition 7.1. For H € Xy and A € My(R), the following are equivalent:
(1) The following is an Hadamard matriz, for any q € Ty:

quj = Hiquij
(2) The following equations hold, for any i # j and any q € T;:
ZHikI_{jkinkiAjk =0
k

(3) The following equations hold, for any i # j and any ¢ : R — C:
Z HyHjpp(Ai — Aj) =0

(4) For any i # j and any r € R, with El; = {k| Ay — =r}, we have:
> Hikﬂjk =0
keEY,

Proof. These equivalences are all elementary, and can be proved as follows:

(1) <= (2) Indeed, the scalar products between the rows of HY are:
< H{,Hj >= Z Hipq ™ Hjpqte = Z Hip H gt
k k

(2) = (4) This follows from the following formula, and from the fact that the power
functions {¢"|r € R} over the unit circle T are linearly independent:

ZHmH =N "7 Y HyH

reR keE];
(4) = (3) This follows from the following formula:

ZszHngO( ik — Ajk) ZSO Z Hy Hjy,

reR kEEiTj

(3) = (2) This simply follows by taking ¢(r) = ¢".
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In order to understand the above deformations, which are “affine” in a certain sense,
it is convenient to enlarge the attention to all types of deformations. We keep using the
neighborhood notation X, introduced above, and we consider functions of type f : X, —
Y,, which by definition satisfy f(p) = ¢. With these conventions, we have:

Definition 7.2. Let H € My(C) be a complex Hadamard matriz.
(1) A deformation of H is a smooth function f: Ty — (Xy)gu-
(2) The deformation is called “affine” if fi;(q) = Hijq"9, with A € My(R).
(3) We call “trivial” the deformations of type fi;(q) = Hijq% %, with a,b € RY.

Here the adjective “affine” comes from f;;(e') = H;;e*is!, because the function ¢ — A;;t
which produces the exponent is indeed affine. As for the adjective “trivial”, this comes
from the fact that f(q) = (H;;q® " );; is obtained from H by multiplying the rows and
columns by certain numbers in T, so it is automatically Hadamard.

The basic example of an affine deformation comes from the Dita deformations H ®¢ K,
by taking all parameters ¢;; € T to be powers of ¢ € T. As an example, here are the
exponent matrices coming from the left and right Dita deformations of Fy ® Fj:

a a b b a b a b
c ¢ d d a b a b
A= a a b b ’ Ar = c d c d
c ¢ d d c d ¢ d

In order to investigate the above types of deformations, we will use the corresponding
tangent vectors. So, let us recall that the manifold Xy is given by:

Xy = My (T) NV NUy
This observation leads to the following definition, where in the first part we denote by
T,X the tangent space to a point in a smooth manifold, p € X:
Definition 7.3. Associated to a point H € Xx are the following objects:

(1) The enveloping tangent space: TyXy = TyMy(T) N TyuvVNUy.

(2) The tangent cone Ty Xy : the set of tangent vectors to the deformations of H.
(3) The affine tangent cone T5 Xy : same as above, using affine deformations only.
(4) The trivial tangent cone Tj; Xn: as above, using trivial deformations only.

Observe that fHX ~, Tj; X are real linear spaces, and that Ty Xx, T5 X are two-sided
cones, in the sense that they satisfy the following condition:

ANeR AT — NAeT
Observe also that we have inclusions of cones, as follows:

TX Xy CTHXy CTuXy C TyXy
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In more algebraic terms now, these various tangent cones are best described by the
corresponding matrices, and we have here the following result:

Theorem 7.4. The cones Ty Xy C Ty Xy CTuyXy C fHXN are as follows:

(1) Ty Xy can be identified with the linear space formed by the matrices A € My (R)
satisfying:

Z HyHj (A, — Aj) =0
%

(2) Ty Xn consists of those matrices A € My(R) appearing as A;; = g;;(0), where
g: Mn(R)y — My(R)o satisfies:

Z Hikijei(gik(t)_gjk(t)) -0
k

(3) T Xn is formed by the matrices A € My(R) satisfying the following condition,
for any i # 7 and any q € T:

Z HiHjpg "% =0
%

(4) T/ Xn is formed by the matrices A € My (R) which are of the form A;; = a; +b;,
for certain vectors a,b € RY.

Proof. All these assertions can be deduced by using basic differential geometry:

(1) This result is well-known, the idea being as follows. First, My(T) is defined by the
algebraic relations |H;;|* = 1, and with H;; = X;; +1Y;; we have:

d| Hj? = d(X +Y5) = 2(X3;. X5 + YY)
Consider now an arbitrary vector £ € Ty My(C), written as follows:

£ = Z @i Xij + By
ij

This vector belongs then to Ty My(T) if and only if we have < & d|H;;|*> >= 0. We
therefore obtain the following formula, for the tangent cone:

Ajj € R}

We also know that the rescaled unitary group v NUy is defined by the following alge-
braic relations, where Hy, ..., Hy are the rows of H:

< Hi, Hj >= N(ZJ

TyMy(T) = {Z A (Y Xy — XiYig)
ij
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The relations < H;, H; >= N being automatic for the matrices H € My(T), if for i # j
we let L;; =< H;, H; >, then we have:

TyCy = {g € TyuMy(T)| < & L;; >= 0, Vi # j}
On the other hand, differentiating the formula of L;; gives:
Lij =Y (X + Vi) (X — i) + (X — i) (X + Yip)
k

Now if we pick & € Ty My (T), written as above in terms of A € My(R), we obtain:

<& Ly >= iZHZ'kij(Aik — Ajr)
2

Thus we have reached to the description of fHX ~ in the statement.

(2) We pick an arbitrary deformation, and write it as f;;(e’) = H;;e9s(). Observe first
that the Hadamard condition corresponds to the equations in the statement, namely:

Z Hikijei(gik(t)_gjk(t)) =0
k

Observe also that by differentiating this formula at ¢ = 0, we obtain:

Z Hiy Hji(935,(0) — ¢31,(0)) = 0

Thus the matrix A;; = g¢;;(0) belongs indeed to TuXy, so we obtain in this way a
certain map, as follows:

T Xy — THXN

In order to check that this map is indeed the correct one, we have to verify that, for
any 1, 7, the tangent vector to our deformation is given by:

&ij = 95 (0) (Vi Xy — Xi;Y55)

But this latter verification is just a one-variable problem. So, by dropping all ¢, j indices,
which is the same as assuming N = 1, we have to check that for any point H € T, written
H = X +1Y, the tangent vector to the deformation f(e) = He® is:

£=4g(0)(YX - XY)

But this is clear, because the unit tangent vector at H € T is = —i(Y X — XY, and
its coefficient coming from the deformation is:

(€)= = —ig'(0)
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(3) Observe first that by taking the derivative at ¢ = 1 of the condition (2) in Propo-
sition 7.1, of just by using the condition (3) there with the function ¢(r) = r, we get:

Z HyHjpp( Ay — Aj) =0
P

Thus we have a map T Xy — T w Xy, and the fact that is map is indeed the correct
one comes for instance from the computation in (2), with g,;(¢t) = A;;t.

(4) Observe first that the Hadamard matrix condition is satisfied, because:
> HyHjpq % = ¢y " HyHy, = 6y
k k

As for the fact that 77, Xy is indeed the space in the statement, this is clear. O

Let Zy C Xy be the real algebraic manifold formed by all the dephased N x N
complex Hadamard matrices. Observe that we have a quotient map Xy — Zy, obtained
by dephasing. With this notation, we have the following refinement of (4) above:

Proposition 7.5. We have a direct sum decomposition of cones
Tp Xy =ThH XNy S THZN
where at right we have the affine tangent cone to the dephased manifold Xy — Z.

Proof. 1f we denote by My (R) the set of matrices having 0 outside the first row and
column, we have a direct sum decomposition, as follows:

TS Xy = MS(R) ® TS Zy
Now by looking at the affine cones, and using Theorem 7.4, this gives the result. [

As a concrete numerical invariant arising from all this, which can be effectively com-
puted in many cases of interest, we have, following [129]:

Definition 7.6. The real dimension d(H) of the enveloping tangent space
TuXy = TyMy(T) N TyVNUy
is called undephased defect of a complex Hadamard matriz H € Xy.

In view of Proposition 7.5, it is sometimes convenient to replace d(H) by the related
quantity d'(H) = d(H) — 2N + 1, called dephased defect of H. See [129]. In what follows
we will rather use the quantity d(H) defined above, which behaves better with respect to
a number of operations, and simply call it “defect” of H.

We already know, from Theorem 7.4, what is the precise geometric meaning of the
defect, and how to compute it. Let us record again these results, that we will use many
times in what follows, in a slightly different form, closer to the spirit of [129]:
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Theorem 7.7. The defect d(H) is the real dimension of the linear space
fHXN = {A € MN<R)‘ Z Hikﬁjk(Aik —Ajp) = 07Vi>j}
k

and the elements of this space are those making Hfj = H;;q"v Hadamard at order 1.

Proof. Here the first assertion is something that we already know, from Theorem 7.4 (1),
and the second assertion follows either from Theorem 7.4 and its proof, or directly from
the definition of the enveloping tangent space Ty Xy, as used in Definition 7.6. U

Here are a few basic properties of the defect:

Proposition 7.8. Let H € Xy be a complex Hadamard matriz.

(1) If H ~ H then d(H) = d(H).
(2) We have 2N —1 < d(H) < N*.
(3) Ifd(H) = 2N — 1, the image of H in the dephased manifold X — Zy is isolated.

Proof. All these results are elementary, the proof being as follows:

(1) If we let K;; = a;b;H;; with |a;| = |b;| = 1 be a trivial deformation of our matrix
H |, the equations for the enveloping tangent space for K are:

Z &ikaikajBkij(Aik — A]k) =0
k
By simplifying we obtain the equations for H, so d(H) is invariant under trivial defor-
mations. Since d(H) is invariant as well by permuting rows or columns, we are done.

(2) Consider the inclusions Ty Xy C TyXy C Ty Xx. Since dim(T; Xy) = 2N — 1,
the inequality at left holds indeed. As for the inequality at right, this is clear.

(3) If d(H) = 2N — 1 then Ty Xy = T/ Xn, so any deformation of H is trivial. Thus
the image of H in the quotient manifold Xy — Zy is indeed isolated, as stated. O

In order to deal with the real case, it is convenient to modify the general formula from
Theorem 7.7, via a change of variables, as follows:

Proposition 7.9. We have a linear space isomorphism as follows,
TuXy = {E e MN((C)‘E — B*(EH),;H,; € R,Vi,j}
the correspondences A — E and E — A being given by the formulae
Eyj =Y HyHpAy . Ay=(EH);H;
k

with A € fHXN being the usual components, from Theorem 7.7 above.
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Proof. Given a matrix A € My(C), if we set R;; = A;;H;; and E = RH*, the correspon-
dence A — R — E is then bijective onto My (C), and we have:

Ei; = Z H Hijp Ay
2

In terms of these new variables, the equations in Theorem 7.7 become E;; = E’ji. Thus,
when taking into account these conditions, we are simply left with the conditions A;; € R.
But these correspond to the conditions (EH);; H;; € R, as claimed. 4

With the above result in hand, we can now compute the defect of the real Hadamard
matrices. The result here, from [125], is as follows:

Theorem 7.10. For any real Hadamard matric H € My (£1) we have
j:'HXN >~ MN (R)symm
and so the corresponding defect is d(H) = N(N + 1)/2.

Proof. We use Proposition 7.9. Since H is now real the condition (EH);;H;; € R there
simply tells us that £/ must be real, and this gives the result. O

As another computation now, let us discuss the case N = 4. Here we know from
section 5 above that the only complex Hadamard matrices are, up to equivalence, the
Dita deformations of Fy. To be more precise, we have the following result:

Proposition 7.11. The complex Hadamard matrices at N = 4 are, up to equivalence,
the following matrices, appearing as Dita deformations of Fy:

1 1 1 1
1 1 1 1 1 -1 ¢ —gq
q __ —
F272_(1 —1>® 11 <1 —1)— 11 -1 -1
L q I =1 —q¢ ¢
At g € {1,i,—1, —i} we obtain tensor products of Fourier matrices, as follows:
(1) At g =1 we have Fyy = Fo ® Fy.

(2) At g = —1 we have I, ~ 5, ® F.
(3) At ¢ = £i we have I, ~ F}.

Proof. The first assertion is something that we already know, from section 5 above. Re-
garding now the ¢ = 1,4, —1, —i specializations, the situation here is as follows:

(1) This is clear from definitions.

(2) This follows from (1), by permuting the third and the fourth columns:

11 1 1 11 1 1
a1t -1 -1 1 -1 1 =1
Fa=11 1 1 4 11 1 1| Tt

1 -1 1 -1 1 -1 -1 1
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(3) This follows from the following computation:

1 1 1 1 1 1 1 1
, 1 —1 +i i 1 4 -1 —i
:tl— ~Y =
Fya = 1 1 -1 -1 1 -1 1 -1 Fy
1 =1 Fi i 1 —i —1 i

Here we have interchanged the second column with the third one in the case ¢ = 1, and
we have used a cyclic permutation of the last 3 columns in the case ¢ = —i. O

Let us compute now the defect of the above matrices. We will work out everything in
detail, as an illustration for how the equations in Theorem 7.7 work. The result is:

Theorem 7.12. The defect of the 4 x 4 complex Hadamard matrices is given by

10 (g ==+1)
8 (¢#=+1)

with F§2, depending on q € T, being the matrix in Proposition 7.11.

d(F2q,2> = {

Proof. Our starting point are the equations in Theorem 7.7, namely:
Z HyHjp (A — Aj) = 0
h

Since the 7 > j equations are equivalent to the ¢ < j ones, and the ¢ = j equations are
trivial, we just have to write down the equations corresponding to indices ¢ < j. And,
with i5 = 01,02,03,12, 13, 23, these equations are:

(Ao — A1) — (Aor — A1) + (A2 — Arz) —
(Ago — Azo) + (Aor — Ao1) — (Agz — Ag) —
(Ago — Aszo) — (Ao — Asz1) — q(Aoz — Az2) +q
(Alo - AQO) - (An - A21) - Q(Am - A22) q
(Ao — Aszp) + (A1 — As1) — (A — Asg) —
(Ao — Aso) — (A1 — Az1) + (A2 — Aszg) — (A3 — Azz) =

Assume first ¢ # +£1. Then ¢ is not real, and appears in 4 of the above equations. But
these 4 equations can be written in the following way:

(Ago — Ao1) — (Ao — Anr) + (A2 — Aos) —
(Ao — Ao1) — (Aso — As1) — q((Aoz — Aos) —
(A1o - An) - (A20 - A21) - Q((Alz - A13)
(Ago — Ag1) — (Ao — As1) + (A2 — Ags) —

o O O O O O

q(
(
(
(
(
q(

~—~
s
N
N
|
O
[\
w
— N N
— N N
Il
o O O O
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Now since the unknowns are real, and ¢ is not, we conclude that the terms between
braces in the left part must be all equal, and that the same must happen at right:

A — Agr = Aro — A = Agg — Ao = Azo — Az
Ay — Az = Ay — A1z = Agy — Aoz = Agp — Ass
Thus, the equations involving ¢ tell us that A must be of the following form:

a a+x e+y e
b b+xz f+y f
c ¢c+xr g+vy g
d d+x h+4+y h

A:

Let us plug now these values in the remaining 2 equations. We obtain:
a—ct+at+r—c—rv—e—y+gty—e+g = 0
b—d+b+rx—-—d—x—f—-y+h+y—f+h = 0

Thus we must have a+ g = c+e and b+ h = d+ f, which are independent conditions.

We conclude that the dimension of the space of solutions is 10 — 2 = 8, as claimed.

Assume now ¢ = +1. For simplicity we set ¢ = 1, and we compute the dephased defect.
The dephased equations, obtained by setting A;y = Ag; = 0 in our system, are:

A —Ap+A43 = 0

—Ag + Agy + Agz =

Az + Azp — Azz =

—Ap + Agy — App + App + Az — Ay =
A — Ast — Aig+ Asp — Az + Ay =
—Agy + Az + Agy — Azp — Agz + Azg = 0

The first three equations tell us that our matrix must be of the following form:

o O o O

a a+b b
A= |c+d c d
e f e+f

Now by plugging these values in the last three equations, these become:
—a+c+d—a—-b+c+b—-—d = 0
a—e—a—-b+f—-bte+f = 0
—c—d+e+c—f—d+e+f = 0

Thus we must have a = ¢, b = f, d = e, and since these conditions are independent,
the dephased defect is 3, and so the undephased defect is 3 + 7 = 10, as claimed. U

Let us discuss now, following [8], [83], [104], [105], [129] the computation of the defect
of the Fourier matrix Fg;. As a first result on this subject, we have, following [129]:
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Theorem 7.13. For a Fourier matriz F = Fg, the matrices A € TpXy with N = |G|,
are those of the form A = PF*, with P € My(C) satisfying
Pyj=Pi;; =P
where the indices i, j are by definition taken in the group G.

Proof. We use Theorem 7.7. By decomposing our group as G = Zy, X ... X Zy, we can
assume F' = Fy, @ ... ® Fy_. Thus with wy, = >™/* we have:

Eyyivige = (wn)0 L (wp, )
With N = N; ... N, and w = e>™/N | we obtain:

1151 irjr
(7+...+ >N
Fif iy = w\ M r

Thus the matrix of our system is given by:

_ (i1—31)k1 (ir—gr)kr
E1--~ir7/€1~--krF}1--~jr7k1--~kr = w< M N )

Now by plugging in a multi-indexed matrix A, our system becomes:

(il_jl)kl (’W*j'r)k'r
ot N
E w( N Nr ) (Air i derder — Ajrgobrky) =0
kv ke

Now observe that in the above formula we have in fact two matrix multiplications, so
our system can be simply written as:

(AF)il---i'r'ﬂ:l_jl---ir_jr - (AF)jl"'j?”ail_jl"'i'f’_j'f' = 0

Now recall that our indices have a “cyclic” meaning, so they belong in fact to the group
G. So, with P = AF', and by using multi-indices, our system is simply:

.777;7.7'
With ¢ = I + J,j = I we obtain the condition Pr,;; = Py in the statement. In
addition, A = PF™* must be a real matrix. But, if we set P;; = P; _;, we have:

77'7.7

* — pD. . .
(PF )il,,_z‘mjl.,,jr - E Rl---kal---krFJl---Jmkl---kr
k1...kr
o E /‘ D *
- Pil...ir,—k’l...—kr<F )—kl...—k‘r,jl...jr
ki..ky

— (PF*)zl’Lr,]lj'r

Thus we have PF* = PF*, so the fact that the matrix PF™ is real, which means by
definition that we have PF* = PF*, can be reformulated as PF™ = PF*, and hence as

P = P. So, we obtain the conditions P;; = P; _; in the statement. O

We can now compute the defect, and we are led to the following formula:
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Theorem 7.14. The defect of a Fourier matriz Fg is given by

) =3 i

geG

and equals as well the number of 1 entries of the matrix Fg.

Proof. According to the formula A = PF* from Theorem 7.13, the defect d(Fg) is the
dimension of the real vector space formed by the matrices P € My (C) satisfying:
Pj=Pi;; =P
Here, and in what follows, the various indices i, 7, ... will be taken in G. Now the point
is that, in terms of the columns of our matrix P, the above conditions are:
(1) The entries of the j-th column of P, say C, must satisfy C; = Cjy,.
(2) The (—j)-th column of P must be conjugate to the j-th column of P.

Thus, in order to count the above matrices P, we can basically fill the columns one by
one, by taking into account the above conditions. In order to do so, consider the subgroup
Gs = {j € G|2j = 0}, and then write G as a disjoint union, as follows:

G=G,UXU(—X)

With this notation, the algorithm is as follows. First, for any j € G5 we must fill the
j-th column of P with real numbers, according to the periodicity rule:

C; = Ciy,

Then, for any 7 € X we must fill the j-th column of P with complex numbers, according
to the same periodicity rule C; = C;4;. And finally, once this is done, for any j € X we
just have to set the (—7)-th column of P to be the conjugate of the j-th column.

So, let us compute the number of choices for filling these columns. Our claim is that,
when uniformly distributing the choices for the j-th and (—j)-th columns, for j ¢ Gy,
there are exactly [G :< j >] choices for the j-th column, for any j. Indeed:

(1) For the j-th column with j € G2 we must simply pick N real numbers subject to
the condition C; = C;4; for any 7, so we have indeed [G :< j >] such choices.

(2) For filling the j-th and (—j)-th column, with j ¢ Gs, we must pick N complex
numbers subject to the condition C; = C;y; for any i. Now since there are [G :< j >]
choices for these numbers, so a total of 2[G :< j >| choices for their real and imaginary
parts, on average over j, —j we have [G :< j >] choices, and we are done again.

Summarizing, the dimension of the vector space formed by the matrices P, which is
equal to the number of choices for the real and imaginary parts of the entries of P, is:

d(Fo) =) [G:<j>]

JjeG
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But this is exactly the number in the statement. Regarding now the second assertion,
according to the definition of Fi, the number of 1 entries of Fg is given by:

#1eFo) = #{(9.0 € GxCxig) =1}

= Z#{x € é‘X(Q) - 1}
|G|
2 i)

geG

Thus, the second assertion follows from the first one. O

Let us finish now the work, and explicitely compute the defect of Fg. It is convenient
to consider the following quantity, which behaves better:

1
O =2 5

geG

As a first example, consider a cyclic group G = Zy, with N = p® power of a prime.
The count here is very simple, over sets of elements having a given order:

- — a a— — a
0(Zpe) =14+ (p—Dp "+ @ —pp > +...+ (" —p* 121—1—@—}—?

In order to extend this kind of count to the general abelian case, we use two ingredients.
First is the following result, which splits the computation over isotypic components:

Proposition 7.15. For any finite groups G, H we have:
G x H)>0(G)d(H)
In addition, if (|G|, |H|) = 1, we have equality.

Proof. Indeed, we have the following estimate:
1 1
= > fr—
oG x H) gzh lord(g),ord(h)] — gzh ord(g) - ord(h) oG)o(H)

In the case (|G|, |H|) = 1 the least common multiple appearing on the right becomes a
product, [ord(g),ord(h)] = ord(g) - ord(h), so we have equality, as desired. d

We deduce from this that we have the following result:

Proposition 7.16. For a finite abelian group G we have

3(G) =] 6(Gy)

where G, with G = x,G,, are the isotypic components of G.

Proof. This is clear from Proposition 7.15, the order of G, being a power of p. O
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As an illustration for the above results, we can recover in this way the following key
defect computation, from [130]:

Theorem 7.17. The defect of a usual Fourier matriz Fy is given by
S @
d(FN):N <1+CLZ'——Z)
H Di
where N = pi* ...p% is the decomposition of N into prime factors.

Proof. The underlying group here is the cyclic group G = Zy, whose isotypic components
are the following cyclic groups:
Gy, = Zp;_n
By applying now Proposition 7.16, and by using the computation for cyclic p-groups
performed before Proposition 7.15, we obtain:
d(Fn) = NH (T+p7 (0 — Das)
i=1

But this is exactly the formula in the statement. U

Now back to the general case, where we have an arbitrary Fourier matrix Fg, we will
need, as a second ingredient for our computation, the following result:

Proposition 7.18. For the p-groups, the quantities

cr=# {g € G’m"d(g) < p’“}
are multiplicative, in the sense that ¢, (G x H) = ¢, (G)cr(H).

Proof. Indeed, for a product of p-groups we have:

c(Gx H) = #{(g,h)‘ord(g,h) Spk}
= # {(g, h)(ord(g) < p*,ord(h) < p’“}
p

= #{olordtg) <} # {|orawn) < p*}
We recognize at right ¢ (G)cix(H), and we are done. d
Let us compute now J in the general isotypic case:

Proposition 7.19. For G = Zpa X ... X Zyper with a; < ag < ... < a, we have
5(G) =1+ Zp(?“—k)ak_1+(a1+-..+ak—1)—1(pr—k—H _ 1)[ak _ Clkz—l]pr—k
k=1

with the convention ag = 0, and with the notation [a), =1+ q¢+ ¢ +...+q* "
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Proof. First, in terms of the numbers ¢, we have:

_1+ch—0k 1

k>1

In the case of a cyclic group G = Z,« we have ¢ = p™in(ka) - Thus, in the general
isotypic case G = Zya1 X ... X Zpar we have:

min(k,a1) min(k,ar) min(k,a1)+...+min(k,a,)

Cp, =D ..p =P

Now observe that the exponent on the right is a piecewise linear function of k. More
precisely, by assuming a; < ay < ... < a, as in the statement, the exponent is linear on
each of the intervals [0, a4], [a1,as], ..., [a,_1,a,]. So, the quantity 6(G) to be computed

will be 1 plus the sum of 2r geometric progressions, 2 for each interval.

In practice now, the numbers ¢, are as follows:

_ T _ . 2r __ .ra
co=Llc=p,ca=p",....co, =p"",

a1+(r—1)(a1+1) a1+(r—1)(a1+2) N a1+(r—1)az

Ca1+1 =P 7Ca1+2 =Dp '7ca2 =p

a1+az+(r—2)(az+2) ai+az+(r—2)as

a1taz+(r—2)(az+1 _ _
( X )7Ca2+2_p yeeeyCag =P )

Ca2+l = p

ai+...+ar—1+(ar—1+2) ai1+...+ar

a1+..+ar—1+(ar—1+1 _ - —
" (ar )7Car_1+2_p yeeeyCan =P

Car_l—ﬁ—l = p

Now by separating the positive and negative terms in the above formula of §(G), we
have indeed 2r geometric progressions to be summed, as follows:

5(G) — 1_|_( r—1 +p2r—2 +p3r—3+”'+pa1r—a1)
p Tl p T pP T plaT e

—(
+(p r—1)(a1+1)— +p(r—l)(a1+2)—2 + . +pa1+(7‘—2)a2)
(palr a1—1 +p(r 1)(a1+1)—2 4+ pa1+(r71)(a271)7a2)

+<pa1+~~-+a'r—1 +pal+~~~+ar—1 + ... +pa1+~-~+ar—l)
_(pa1+~--+ar—1*1 + pa1+~~-+ar—1*1 + . +pa1+--~+ar—lfl)
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Now by performing all the sums, we obtain:
(r—=1)a1 __ 1
- p
0(G) =1 Ypr — HfA—r——
(G) +p(p )pH_1

(r—2)(e2—a1) _ 1
pr—2 -1
p(T*3)(a3*a2) -1

pr—3 -1

+p(r72)a1+(a171) <pr71 _ 1)p

+p(r73)a2+(a1+a271) (pr72 . 1)

+ptetera iy — 1) (ar — ay—1)
By looking now at the general term, we get the formula in the statement. U

Let us go back now to the general defect formula in Theorem 7.14. By putting it
together with the various results above, we obtain:

Theorem 7.20. For a finite abelian group G, decomposed as G = x,Gp,, we have

d(Fg) = |G| H (1 + Zp(T‘—k‘)ak—1+(a1+...+ak—1)_1<p7"—k‘+1 — Dlay — ak—l]pT—k>

p k=1

where ag =0 and a; < ay < ... < a, are such that G = Zyar X ... X Lpar.
Proof. Indeed, we know from Theorem 7.14 that we have:
d(Fe) = |GJo(G)
The result follows then from Proposition 7.16 and Proposition 7.19. U

Let us prove now, following the paper of Nicoara and White [105], that for the Fourier
matrices the defect is “attained”, in the sense that the deformations at order 0 are true
deformations, at order co. This is something quite surprising, and non-trivial.

Let us begin with some generalities. We first recall that we have:
Proposition 7.21. The unitary matrices U € Uy around 1 are of the form
U=¢e
with A being an antihermitian matriz, A = —A*, around 0.

Proof. This is something well-known. Indeed, assuming that a matrix A is antihermitian,
A = —A*, the matrix U = e follows to be unitary:
UU* = (e =etet =etet =1
As for the converse, this follows either by using a dimension argument, which shows
that the space of antihermitian matrices is the correct one, or by diagonalizing U. U
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Now back to the Hadamard matrices, we will need to rewrite a part of the basic theory
of the defect, using deformations of type t — U, H. First, we have:

Theorem 7.22. Assume that H € My(C) is Hadamard, let A € My(C) be antihermitian,
and consider the matriz UH , where U = €', with t € R.

(1) UH is Hadamard when, for any p,q:
| Z Hrqﬁsq(em)pr(eim)w’ =1

(2) UH is Hadamard at order O when, for any p,q:
|(AH)pq| =1

Proof. We already know that UH is unitary, so we must find the conditions which guar-
antee that we have UH € My (T), in general, and then at order 0.

(1) We have the following computation, valid for any unitary U:
|(UH)pq|2 = (UH)p(UH )pq
= (UH>pq(H*U*)qp
= ZUPTHTQ(H*)QS(U*)SP

rs

= Y HH, Uy Uy,

rs

Now with U = e as in the statement, we obtain:
(€ H)pgl* = HogHog(€)pr(e7)p

Thus, we are led to the conclusion in the statement.

(2) The derivative of the function computed above, taken at 0, is as follows:

(e H)py|? .
ot - |t=0 - Z tAA Jor(— etAA)sp‘tZO

= ZHHA (—A)s,

= ZAPTHW Z(H*)qS(A*)sp
= (AH)pq(H*A*)qp
= |(AH)pq|2
Thus, we are led to the conclusion in the statement. U

In the Fourier matrix case we can go beyond this, and we have:
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Proposition 7.23. Given a Fourier matric F € Mg (C), and an antihermitian matriz
A € Mq(C), the matrizr H = UFg, where U = e with t € R, is Hadamard when

S 2 (7) S

k+l=

- (5n0

for any p, with the indices being k,l,m € N, and n,p,s € G.
Proof. According to the formula in the proof of Theorem 7.22 (1), we have:

‘(UFG)qu = Z(FG>rq(F_G>sq(etA)pr(eitA)SP

rs

= Z <r,qg><—s,q> ("),.(e

s

= Z <r—s,q> (), (e,

rs

—tA)Sp

By setting n = r — s, can write this formula in the following way:

|<UFG)pq|2 = Z <n,q > ( ps+n( _tA)sp

tA —tA
= Z<n’Q>Ze p7s+n€ )sp
n s

Since this quantity must be 1 for any ¢, we must have:

Z(em)p,wn(e_m)sp = Ono

s

On the other hand, we have the following computation'

tA)lSp

D (€ Nparnle™ ) = ZZ T
- ZZWZ(tA)';,S+n<—tA>ip

- ZZ k! Z potn(— Ay

= Zztm Z k'l'z ps+n Sp

k+l=m

=zzmz()zwm

k+l=m

Thus, we are led to the conclusion in the statement. U
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Following [105], let us construct now the deformations. The result here is something
quite surprising, which came a long time after the original defect paper [129], and even
more time after the early computations in [83]:

Theorem 7.24. Let G be a finite abelian group, and for any g, h € G, let us set:

5 {1 if 3k € N,p = h¥g,q = hFtlg

pqg — .
0 otherwise

When (g, h) € G? range in suitable cosets, the unitary matrices
eit(B—l—Bt)FG ’ 6t(B—Bt)I_ij

are both Hadamard, and make the defect of F to be attained.

Proof. The proof of this result, from [105], is quite long and technical, based on the Fourier
computation from Proposition 7.23 above, the idea being as follows:

(1) First of all, an elementary algebraic study shows that when (g,h) € G? range
in some suitable cosets, coming from the proof of Theorem 7.14, the various matrices
B = B9 constructed above are distinct, the matrices A = i(B + B') and A’ = B — B!
are linearly independent, and the number of such matrices equals the defect of Fi.

(2) It is also standard to check that each B = (B,,) is a partial isometry, and that
B* B** are given by simple formulae. With this ingredients in hand, the Hadamard
property follows from the Fourier computation from the proof of Proposition 7.23. Indeed,
we can compute the exponentials there, and eventually use the binomial formula.

(3) Finally, the matrices in the statement can be shown to be non-equivalent, and this
is something more technical, for which we refer to [105]. With this last ingredient in hand,
a comparison with Theorem 7.14 shows that the defect of F; is indeed attained, in the
sense that all order 0 deformations are actually true deformations. See [105]. g

Finally, let us mention that [105] was written in terms of subfactor-theoretic commuting
squares, with a larger class of squares actually under investigation. We will discuss the
relation between Hadamard matrices and commuting squares in sections 12-16 below.
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8. SPECIAL MATRICES

We have seen in the previous section that the defect theory from [129] can be successfully
applied to the real Hadamard matrices, and to the generalized Fourier matrices. Following
[4], [8], [9], [30], [97], [129], [130], we discuss here a number of more specialized questions,
once again in relation with the defect, regarding the following types of matrices:

(1) The tensor products.

2) The Dita deformations of such tensor products.

)
)
3) The Butson and the regular matrices.
) The master Hadamard matrices.

)

(
(
(4
(5) The McNulty-Weigert matrices.
(6) The partial Hadamard matrices.

Let us begin with the tensor products. We have here the following result:
Proposition 8.1. For a tensor product L = H ® K we have

d(L) > d(H)d(K)
coming from an inclusion of linear spaces, as follows:
Tu X @ T Xn C T X

Proof. For a tensor product A = B ® C', we have the following formula:

Z(H & K)ia,kc(H & K)jb’kCAia,kc
kc
= Z H’Lk‘ijBlk Z Kac[_(bccac
k c

We have as well the following formula:

Z(H ® K)ia,kc(H ® K)jb,kcAjbakc
ke

= Z HikijBjk Z Kachchc
k c

Now by assuming B € TuX v and C € T X ~, the two quantities on the right are
equal. Thus we have indeed A € T; X /v, and we are done. O

Observe that we do not have equality in the tensor product estimate, even in very
simple cases. For instance if we consider two Fourier matrices F5, we obtain:

d(F2 & Fg) =10>9= d(FQ)Z
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In fact, besides the isotypic decomposition results from section 7 above, valid for the
Fourier matrices, there does not seem to be anything conceptual on this subject. We will
be back to this, however, in Theorem 8.3 below, with a slight advance on all this.

In general, the computation of the defect for the Dita deformations is a difficult question.
Our only result here concerns the case when the deformation matrix is generic:

Definition 8.2. A rectangular matriz Q € My n(T) is called “dephased and elsewhere
generic” if the entries on its first row and column are all equal to 1, and the remaining
(M — 1)(N — 1) entries are algebrically independent over Q.

Here the last condition takes of course into account the fact that the entries of @)
themselves have modulus 1, the independence assumption being modulo this fact. With
this convention made, we have the following result, from [9]:

Theorem 8.3. Assume that H € X, K € Xy are dephased, of Butson type, and that
Q € My «n(T) is dephased and elsewhere generic. We have then

A= (Aiake) € Thoox Xun
when the following equations are satisfied,
ey

Al = AT
(Al ),y € T X
for any a,b,c and i # j, where:

Al = Z HiHig Aso ke
k

Proof. Consider the standard system of equations for the enveloping tangent space in the
statement, namely:

Z(H ®q K)ia,kc(H ®q K>jb,kc(Az‘a,kc - Ajb,kc) =0

kc
We have the following formula:

(H ®@¢ K)iajb = qinHij Kap

Thus, our system of equations is:
Z QiCQjcKachc Z Hikij(Aia,k’c - Ajb,k:c) =0
c k
Consider now the variables in the statement, namely:

A;]C = Z HikﬁjkAia,kc
k
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The conjugates of these variables are given by:

Afz]c = ZﬁikijAia,kc
k

= Z Hip Hig Aso ke
k
Thus, in terms of these variables, our system becomes simply:
Z qmqjcKachc<Ag; - A{)z) =0
More precisely, the above equations must hold for any i, j,a,b. By distinguishing now
two cases, depending on whether 7, j are equal or not, the situation is as follows:
(1) Case i # j. In this case, let us look at the row vector of parameters, namely:
(Gicjc)e = (1, qn s - - - 5 GimaGina)
Now since @) was assumed to be dephased and elsewhere generic, and because of our
assumption ¢ # j, the entries of the above vector are linearly independent over Q. But,

since by linear algebra we can restrict attention to the computation of the solutions over
Q, the 7 #£ j part of our system simply becomes:

A = A" | Va,bc,Vi#j
Now by making now a, b, ¢ vary, we are led to the following equations:
AU = A7 AU = Al., Va,bci#j

(2) Case i = j. In this case the ¢ parameters from our equations cancel, and our
equations become:

ZKachc (Al —Aii) =0, Ya,b,c,i

Now observe that we have.
AL =" Aige
k

Thus, our equations become:

Z KaCKbC<AZc - ZLC) = 07 \V/CL, b7 C,i

But these are precisely the equations for the space T xXn, and we are done. O

Let us go back now to the usual tensor product situation, and look at the affine cones.
The problem here is that of finding the biggest subcone of T  Xy/n, obtained by gluing
TogXwm, T Xn. Our answer here, which takes into account the two “semi-trivial” cones
coming from the left and right Dita deformations, is as follows:
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Theorem 8.4. The cones Ty Xy = {B} and Ty Xn = {C} glue via the formulae
Aia gy = ABij + ¥;Cop + Xio + Yo + Fuj
Aza Jb — gbbBZ] + :LLCab + Xza + Y’b + Eib

producing in this way two subcones of the affine cone Ty Xun = {A}.

Proof. Indeed, the idea is that Xj,, Y}, are the trivial parameters, and that Ejy, Fy; are
the Dita parameters. Given a matrix A = (A;,;5), consider the following quantity:

[] I Aza cfA c
P = E Hip Hj K o Kpeq™ioke™ o0k
ke

Let us prove now the first statement, namely that for any choice of matrices B €
Ty Xu,C € Ty Xy and of parameters A, ¢, Xiq, Yjp, Fij, the first matrix A = (A;q )
constructed in the statement belongs indeed to Ty Xan. We have:

Aia,kc = )‘sz + 77Z)kc(ac + Xia + ch + Fak
Ajp ke = ABji + UCye + Xjp + Yie + Fig,

Now by substracting these equations, we obtain:
Aia ke — Ajp ke = M Bir — Bji) + Vk(Coe — Che) + (Xig — Xjp) + (Far — For)
It follows that the above quantity P is given by:
P = Z Hikﬁijacf(bch(Bik—Bjk)+¢k(Cac—Cbc)+(Xia—ij)+(Fak—Fbk)

kc

Xia—X For—F AN Bixr—B Cac—Che
= q Jb§ szH pglar g (Bik—Bjk) E KachC( ﬁ)k) b
— Xuz Xja E H’Lk Bix— B]k

6ab5ij

We conclude that we have, as claimed:
AcThorXun
In the second case now, the proof is similar. First, we have:
Ajg ke = OcBiry + 11Cqc + Xig + Yie + Eic
Ajpke = OB + 1Che + Xjp + Yie + Eje
Thus by substracting, we obtain:
Aiake = Ajpke = Oe(Bix — Bji) + p(Cac — Cpe) + (Xia — Xjp) + (Eic — Eje)
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It follows that the above quantity P is given by:
P = Z HikijKaCKbcq¢C(Bik_Bjk’)"‘ﬂ(oac_cbc)""(xia_ij)+(Eic—ch)
kc

_ qua_ij Z KachchiC_chqﬂ'(cac—cbc) Z Hikij(q¢c)Bik_Bjk
c k

= 51,qu¢an“7 Z Kackbc(q#)c‘wicbc

5ij5ab
Thus, we are led to the conclusion in the statement. U

We believe Theorem 8.4 above to be “optimal”, in the sense that nothing more can be
said about the affine tangent space 154X, in the general case. See [9].

Let us discuss now some rationality questions, in relation with:
Definition 8.5. The rational defect of H € Xy is the following number:
do(H) = dimg(TCx N My (Q))
The vector space on the right will be called rational enveloping tangent space at H.

As a first observation, this notion can be extended to all the tangent cones at H, and
by using an arbitrary field K C C instead of Q. Indeed, we can set:

TpXn(K) =T Xy N Mn(K)

However, in what follows we will be interested only in the objects constructed in Defi-
nition 8.5. It follows from definitions that do(H) < d(H), and we have:

Conjecture 8.6 (Rationality). For the Butson matrices we have:
do(H) = d(H)
That is, for such matrices, the defect equals the rational defect.

More generally, we believe that the above equality should hold in the regular case.
However, since the regular case is not known to fully cover the Butson matrix case, as
explained in section 6, we prefer to state our conjecture as above. As a first piece of
evidence now, we have the following elementary result:

Theorem 8.7. The rationality conjecture holds for H € Hy(l) with | = 2,3,4,6.

Proof. Let us recall that the equations for the enveloping tangent space are:
Z HiHi (A, — Aj) =0
k

With these equations in hand, the proof goes as follows:
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Case I = 2. Here the above equations are all real, and have +1 coefficients, so in
particular, have rational coefficients.

Case | = 3. Here we can use the fact that, with w = e*/3, the real solutions of
x+wy+w?z = 0 are those satisfying = y = 2. We conclude that once again our system,
after some manipulations, is equivalent to a real system having rational coefficients.

Case [ = 4. Here the coefficients are 1,7, —1, —i, so by taking the real and imaginary
parts, we reach once again to system with rational coefficients.

Case [ = 6. Here the study is similar to the study at [ = 3.

Thus, in all cases under investigation, [ = 2, 3,4, 6, we have a real system with rational
coefficients, and the result follows from standard linear algebra. O

Observe that the method in the above proof cannot work at [ = 5, where the equation
a+wb+w?c+wdd+wre = 0 with w = €*™/ and a, b, ¢, d, e € R can have “exotic” solutions.
We refer to [9] for more on these topics, including more evidence for Conjecture 8.6.

Let us discuss now defect computations for an interesting class of Hadamard matrices,
namely the “master” ones, introduced in [4]:

Definition 8.8. A master Hadamard matriz is an Hadamard matriz of the form
Hij =\’

with \; € T,n; € R. The associated “master function” is:
flz) =) 2"
J

Observe that with \; = e we have H;; = ¢"™i". The basic example of such a matrix
is the Fourier matrix Fl, having master function as follows:

N —1
fe) = =
Observe that, in terms of f, the Hadamard condition on H is simply:

A\
/ (x) =Ny

These matrices were introduced in [4], the motivating remark there being the fact that
the following operator defines a representation of the Temperley-Lieb algebra [135]:

I Sy
]
At the level of examples, the first observation, from [4], is that the standard 4 x 4
complex Hadamard matrices are, with 2 exceptions, master Hadamard matrices:
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Proposition 8.9. The following complex Hadamard matriz, with |q| = 1,
1 1 1 1
1 -1 1 -1
1 g -1 —¢
I —q¢ -1 ¢

is a master Hadamard matriz, for any q # £1.

q __
F2,2 =

Proof. We use the exponentiation convention (e*)” = e, for t € [0,27) and r € R. Since
we have ¢? # 1, we can find k£ € R such that:

=1
In terms of this parameter k£ € R, our matrix becomes:
10 11 12k 12k+1
¢ _ | (=17 (=D (=1 (=1
2,2 ¢° q' e ez

(—=9)° (=)' (=@ (—g)**!

Now let us pick A # 1 and write, by using our exponentiation convention above:

1=X, —=1=N
g=X\N , —q=X
But this gives the formula in the statement. U

Observe that the above result shows that any Hamadard matrix at N < 5 is master
Hadamard. We have the following generalization of it, once again from [4]:

Theorem 8.10. The deformed Fourier matrices Fy Qg Fn are master Hadamard, for
any Q € My« n(T) of the form
Qi = qi(pr+b)

where q = e2™/MNE with k € N, and po, . ..,py—1 € R.

Proof. The main construction in [4], in connection with deformations, that we will follow
here, is, in terms of master functions, as follows:

f(2) = fur (V) fn(2)

Here k € N, and the functions on the right are by definition as follows:

fulz) =) Mt

fn(z) = Z pNPete
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We use the eigenvalues \;, = ¢'w®, where w = €>™/V_ and where ¢V* = v, where

vM = 1. We have f(z) = fa(z2V*) fn(2), so the exponents are:
njy = Nk(Mr;+j) + Np, + b
Thus the associated master Hadamard matrix is given by:
Hiajb _ (qiwa)Nk(Mrj—i-j)-l-pr-i-b

i(Npy+b),, ,a(Npy+b)

w
i(Npp+b)

= iy
— Jiyty
Now let us recall that we have the following formula:
(Ev @ FN)iagp = v
Thus we have as claimed H = Fy; ®¢ Fly, with:
Qi = qi(prer)
Observe that @) itself is a “master matrix”, because the indices split. O

In view of the above examples, and of the lack of other known examples of master
Hadamard matrices, he following conjecture was made in [4]:

Conjecture 8.11 (Master Hadamard Conjecture). The master Hadamard matrices ap-
pear as Dita deformations of Fy.

There is a relation here with the notions of defect and isolation, that we would like to
discuss now. First, we have the following defect computation:

Theorem 8.12. The defect of a master Hadamard matrix is given by
_ 1
where the matrices on the right are given by

1 Y
Li=f () o ma=t(52)
i\j i

with f being the master function.

Proof. The first order deformation equations are as follows:

Z HyHj (A — Aj) =0
k

With H;; = A’ we have the following formula:

_ PN
ot = ()
J
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Thus, the defect is given by the following formula:

£\ A\
d(H) = dimg { A € M R‘ A (2) =S4, () i
o = {1 0| S ()" = ()
Now, pick A € My(C) and set B = AH'. We have the following formula:
1 -
A= —BH
N
We have the following computation:
A€ My(R) <= BH=BH
_ 1 _
< DB=_—-BHH"
N
On the other hand, the matrix on the right is given by:

k

= > ()™
k
= Ly
Thus A € My(R) if and only the condition B = +BL in the statement is satisfied.
Regarding now the second condition on A, observe that with A = %BFI we have:

A1 A\
2 Aw (%) - N 2B (3)

1
= N Z BisRs,ij

1
= N(BR)m‘j

Thus the second condition on A reads (BR);;; = (BR);,;, which gives the result. [

In view of the above results, a conjecture would be that the only isolated master Ha-
damard matrices are the Fourier matrices Fj,, with p prime. We refer here to [30].

Let us discuss now yet another interesting construction of complex Hadamard matrices,
due to McNulty and Weigert [97]. The matrices constructed there generalize the Tao
matrix Tg, and usually have the interesting feature of being isolated. The construction
in [97] uses the theory of MUB, as developed in [36], [64], but we will follow here a more
direct approach, from [30]. The starting observation from [97] is as follows:
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Theorem 8.13. Assuming that K € My(C) is Hadamard, so is the matric
1
VQ
provided that {Ly,...,Ly} C/QUg and {Ry,..., Ry} C v/QUg are such that

1

\/@L;ﬁj € /QUq

withi,5 =1,..., N, are complex Hadamard.

Hia,jb = Kz’j(L:Rj)ab

Proof. The check of the unitarity is done as follows:

1 _
<HiHie> = 5 > Ky(Li Ry Ky (L R)),,
b

= Y KiyKij(L; Li)ac
J

- Nézk(L:(Lk)ac
= NQéikéac

The entries being in addition on the unit circle, we are done. U
As input for the above, we can use the following well-known Fourier construction:
Proposition 8.14. For q > 3 prime, the matrices
{F,,DF,,...,D"'F,}

where Fy is the Fourier matriz, and where

D = diag (1, 1,w,w3,w6,w10,...,qul,...,ww,wﬁ,w?’,w)
with w = €™/, qre such that \/%E:Ej 1s complex Hadamard, for any i # j.
Proof. With 0,1,...,¢ — 1 as indices, the formula of the above matrix D is:

c(c—1
Dc — w0+1+...+(c—1) — w%

Since we have \/iaEi*Ej € /qU,, we just need to check that these matrices have entries
belonging to T, for any ¢ # j. With k = j — 4, these entries are given by:
1 1
—(E}Ej)ay, = —(F;D"F,),
\/a( 3 ]) b \/a( q Q) b

1
c(b—a) Nk
= —E w D
\/a c
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Now observe that with s = b — a, we have the following formula:

csDic — E :wcs—dsw@k—@vk
+d 1
_ E w p k—l—s)
2d+e 1
— E :we #-kJrs)
de
_ Z( e(e— 1)k+eszw )
e(e—1)
_ E w2 ‘k+es | 5@0
= C]
Thus the entries are on the unit circle, and we are done. U

We recall that the Legendre symbol is defined as follows:
. 0 if s=0
<—>: 1 if Ja,s=0a?
1 -1 if Aa,s =a?
With this convention, we have the following result from [30], following [97]:

Proposition 8.15. The following matrices,

1 * Mk
Gk: %FqD Fq

with the matriz D being as above,
. c(e=1)
D = diag (w = >

and with k # 0 are circulant, their first row vectors V* being given by

V 5, </€/2> w%'k‘uf%(é_l)

q
where 6, =1 if ¢ = 1(4) and 6, =i if ¢ = 3(4), and with all inverses being taken in Z,.

Proof. This is a standard exercice on quadratic Gauss sums. First of all, the matrices Gy,
in the statement are indeed circulant, their first vectors being given by:

]_ c(c—1) .
‘/ik _ = Z wT'k'HC
Vi
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Let us first compute the square of this quantity. We have:
(VF)? = 1 Z wl L5+ A keti(e+d)
1
q
cd

The point now is that the sum S on the right, which has ¢* terms, decomposes as
follows, where x is a certain exponent, depending on ¢, i, k:

CJ@-D0+w+. 4w +qut if g=1(4)
@+ DA+ w+. . FwT) —qut if g = 3(4)

We conclude that we have a formula as follows, where 6, € {1,7} is as in the statement,
so that 52 € {1, —1} is given by 52 =1if ¢=1(4) and 52 = —1if ¢ =3(4):
(‘/zk)Q — 53 w®
In order to compute now the exponent x, we must go back to the above calculation of

the sum S. We succesively have:

— First of all, at k = 1,7 = 0 we have x = %.

— By translation we obtain x = an_l —i(i—1), at k=1 and any 1.

— By replacing w — w* we obtain z = % k- %(% — 1), at any k # 0 and any 7.

Summarizing, we have computed the square of the quantity that we are interested in,
the formula being as follows, with J, being as in the statement:

(‘/;.k)2 = 53 . qu;lk . w_%(%_l)

By extracting now the square root, we obtain a formula as follows:
R

The computation of the missing sign is non-trivial, but by using the theory of quadratic

Gauss sums, and more specifically a result of Gauss, computing precisely this kind of sign,

we conclude that we have indeed a Legendre symbol, 4+ = (’%2), as claimed. U

Let us combine now all the above results. We obtain the following statement:
Theorem 8.16. Let ¢ > 3 be prime, consider two subsets
S, T c{0,1,...,q—1}
satisfying the conditions |S| = |T| and SNT = 0, and write:
S=A{s1,...,sn} , T=A{t1,...,tn}
Then, with the matriz V' being as above, the matriz
Hiq o = KiV,? ™
is complex Hadamard, provided that K € My(C) is.
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Proof. This follows indeed by using the general construction in Theorem 8.13 above, with
input coming from Proposition 8.14 and Proposition 8.15. O

As explained in [97], the above construction covers many interesting examples of Ha-
damard matrices, known from [129], [130] to be isolated, such as the Tao matrix:

1 1 1 1 1 1

1 1 w w w? w

T _ 1 w 1 w? v w
711 w w1 ow w?
1 w? v w 1 w

1 w? w w w 1

In general, in order to find isolated matrices, the idea from [97] is that of starting with
an isolated matrix, and then use suitable sets S, T". The defect computations are, however,
quite difficult. As a concrete statement, however, we have the following conjecture:

Conjecture 8.17. The complex Hadamard matriz constructed in Theorem 8.13 is iso-
lated, provided that:

(1) K is an isolated Fourier matriz, of prime order.

(2) S, T consist of consecutive odd numbers, and consecutive even numbers.

This statement is supported by the isolation result for Ty, and by several computer
simulations in [97]. For further details on all this, we refer to [97], and to [30].

As a final topic now, we would like to discuss an extension of a part of our results,
from here and from section 7, to the case of the partial Hadamard matrices (PHM).
The extension, done in [30], is quite straightforward, but there are however a number of
subtleties appearing. First of all, we can talk about deformations of PHM, as follows:

Definition 8.18. Let H € Xy n be a partial complex Hadamard matriz.
(1) A deformation of H is a smooth function, as follows:

f . Tl — (XM,N>H
(2) The deformation is called “affine” if we have, with A € My«n(R):
fij(q) = Hiqu”
(3) We call “trivial” the deformations as follows, with a € RM b€ RN :
fij(q) = Hz’jqaﬁbj

Observe now that we have the following equality, where Uy v C My«n(C) is the set
of matrices having all rows of norm 1, and pairwise orthogonal:

Xun = Myrun(T) NV NUy

As in the square case, this leads to the following definition:
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Definition 8.19. Associated to a point H € Xy n are the enveloping tangent space
THXM,N =TuMyxn(T) N TugVNUy N

as well as the following subcones of this enveloping tangent space:

(1) The tangent cone Ty Xy n: the set of tangent vectors to the deformations of H.
(2) The affine tangent cone Ty Xy n: same as above, using affine deformations only.
(3) The trivial tangent cone T Xy n: as above, using trivial deformations only.

Observe that j:HX m,n, T X v are real vector spaces, and that Ty X n, T Xy N are
two-sided cones, in the sense that they satisty the following condition:

ANeRAeT = NAeT
Also, we have inclusions as follows:
T3 XN CToXun C TaXnun C TuXun
As in the square matrix case, we can formulate the following definition:
Definition 8.20. The defect of a matriz H € X is the dimension
d(H) = dim(Ty X )
of the real vector space THXM,N constructed above.

The basic remarks and comments regarding the defect from the square matrix case
extend then to this setting. In particular, we have the following basic result:

Theorem 8.21. The enveloping tangent space at H € Xy n is given by
THXM,N ~ {A € MMXN(R)‘ Z HiyHj (A — Aji) = O,W,J}
k

and the defect of H is the dimension of this real vector space.

Proof. In the square case this was done in section 7 above, and the extension of the
computations there to the rectangular case is straightforward. U

At the level of non-trivial results now, we first have:

Theorem 8.22. Let H € Xy n, and pick K € VNUx extending H. We have then
TyXan =~ {E = (X Y) € Myxn(C)|X = X*,(EK),; H;; € R,Vz’,j}

with the correspondence A — E being given by E;; =, Hik[_(jkAik, Ajj = (EK)UHU-.
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Proof. Let us set indeed R;; = A;;H;; and £ = RK*. The correspondence A = R — E
is then bijective, and we have the following formula:

Ei; = Z Hi K jp A
k

With these changes, the system of equations in Theorem 8.21 becomes E;; = Ej; for
any 7,j with j < M. But this shows that we must have £ = (X Y) with X = X*, and
the condition A;; € R corresponds to the condition (EK);;H;; € R, as claimed. U

As an illustration, in the real case we obtain the following result:
Theorem 8.23. For an Hadamard matriz H € My« n(£1) we have
THXM7N ~ My (R)™™ @ My (nv—nr)(R)

and so the defect is given by

am:ﬁQ;2+Mw_M)

independently of the precise value of H.

Proof. We use Theorem 8.22. Since H is now real we can pick K € vV NUy extending it
to be real too, and with nonzero entries, so the last condition appearing there, namely
(EK);jH;; € R, simply tells us that £ must be real. Thus we have:

TyXun =~ {E —(XY)e MMxN(R)’X - X*}
But this is the formula in the statement, and we are done. ]

A matrix H € Xy cannot be isolated, simply because the space of its Hadamard
equivalents provides a copy TMYN C X}, v, passing through H. However, if we restrict the
attention to the matrices which are dephased, the notion of isolation makes sense:

Proposition 8.24. The defect d(H) = dim(TvHXM,N) satisfies

d(H)> M+ N —1
and if d(H) = M + N — 1 then H is isolated inside the dephased quotient Xy Ny — Zyn-
Proof. Once again, the known results in the square case extend:

(1) We have indeed dim(7;; X n) = M + N — 1, and since the tangent vectors to these
trivial deformations belong to Ty X n, this gives the first assertion.

(2) Since d(H) = M + N — 1, the inclusions T; Xy n C TyXpn C fHXMJV must be
equalities, and from Ty Xy n = TF Xy N we obtain the result. O

Finally, still at the theoretical level, we have the following conjecture:
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Conjecture 8.25. An isolated matriv H € Zy n must have minimal defect, namely
d(H)y=M+ N —1.

In other words, the conjecture is that if H € Zj n has only trivial first order de-
formations, then it has only trivial deformations at any order, including at co. In the
square matrix case this statement comes with solid evidence, all known examples of com-
plex Hadamard matrices H € Xy having non-minimal defect being known to admit
one-parameter deformations. For more on this subject, see [129], [130].

Let us discuss now some examples of isolated partial Hadamard matrices, and provide
some evidence for Conjecture 8.25. We are interested in the following matrices:

Definition 8.26. The truncated Fourier matriz Fs ¢, with G being a finite abelian group,
and with S C G being a subset, is constructed as follows:

(1) Given N € N, we set Fy = (w"),;, where w = e2™/N.
(2) Assuming G = Zy, X ... X Ln,, we set Fg = Fn, ® ... ® Fy,.
(3) We let Fs¢ be the submatriz of F having S C G as row index set.

Observe that Fy is the Fourier matrix of the cyclic group Zy. More generally, Fg is
the Fourier matrix of the finite abelian group G. Observe also that F; ¢ = Fi.

We can compute the defect of Fg¢ by using Theorem 8.21, and we obtain:

Theorem 8.27. For a truncated Fourier matriz ' = Fs ¢ we have the formula
TrXyy={Ae MMxN(R)‘P — AF' satisfies Py = Py = P, ¥,
where M = |S|, N = |G|, and with all the indices being regarded as group elements.

Proof. We use Theorem 8.21. The defect equations there are as follows:
Z FyFip(Aj — Ajy) = 0
k

For F' = Fg ¢ we have the following formula:
FiuFj = (F)gij
We therefore obtain the following formula:
Tr Xy = {A € Maren(R)|(AFY); = (AF");0 ., j}
Now observe that for an arbitrary matrix P € M;,(C), we have:
P, ;=P ;Vi,j <= DPi;=P;;Vij
= Py =Py Vi g
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We therefore conclude that we have the following equality:
TrXorn = {A = MMX]V(R)‘P — AF! satisfies Py; = Piﬂ,j,v@',j}
Now observe that with A € My« n(R) and P = AF" € My;(C) as above, we have:
Py = ) Aw(F)y
k

= > Aw(F)ey
k
Pi77j
Thus, we obtain the formula in the statement, and we are done. Il

Let us try to find some explicit examples of isolated matrices, of truncated Fourier type.
For this purpose, we can use the following improved version of Theorem 8.27:

Theorem 8.28. The defect of F' = Fg¢ 1s the number
d(F) = dim(K) + dim(])
where K, I are the following linear spaces,
K = {Ae MMXN(R)‘AFt =0}
I = {P € LM)HA € Myxn(R), P = AFt}
with Ly being the following linear space,

La = {P € My (C)

Pij = Piyj; = pi,—j,Vi,j}
with all the indices belonging by definition to the group G.

Proof. We use the general formula in Theorem 8.27. With the notations there, and with
the linear space L), being as above, we have a linear map as follows:

& : T Xy — L
P(A) = AF"
By using this map, we obtain the following equality:
dim(Tp X sn) = dim(ker ®) + dim(Im @)

Now since the spaces on the right are precisely those in the statement, ker ® = K and
Im ® = I, by applying Theorem 8.27 we obtain the result. U

In order to look now for isolated matrices, the first remark is that since a deformation
of F will produce a deformation of Fg ¢ too, we must restrict the attention to the case
where G = Z,,, with p prime. And here, we have the following conjecture:



150 TEO BANICA

Conjecture 8.29. There exists a constant € > 0 such that Fs, is isolated, for any p
prime, once S C 7Z, satisfies |S| > (1 —¢)p.

In principle this conjecture can be approached by using the formula in Theorem 8.28,
and we have for instance evidence towards the fact that F},_; , should be always isolated,
that F,_5, should be isolated too, provided that p is big enough, and so on. However,
finding a number € > 0 as above looks like a quite difficult question. See [30].
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9. Circulant matrices

We discuss in this section another type of special complex Hadamard matrices, namely
the circulant ones. There has been a lot of work here, starting with the Circulant Ha-
damard Conjecture (CHC) in the real case, and with many results in the complex case
as well. We will present here the main techniques in dealing with such matrices. It is
convenient to introduce the circulant matrices as follows:

Definition 9.1. A complex matric H € My(C) is called circulant when we have
Hij =i
for some v € CN, with the matriz indices i,j € {0,1,..., N — 1} taken modulo N.

Here the index convention is quite standard, as for the Fourier matrices Fy, and with
this coming from Fourier analysis considerations, that we will get into later on.

As a basic example of such a matrix, in the real case, we have the matrix K. The
circulant Hadamard conjecture states that this matrix is, up to equivalence, the only
circulant Hadamard matrix H € My(+£1), regardless of the value of N € N:

Conjecture 9.2 (Circulant Hadamard Conjecture (CHC)). The only circulant real Ha-
damard matrices H € My(£1) are the matric

1 1 1 1
1 -1 1 1
Ky = 1 1 -1 1
1 1 1 -1

and its Hadamard conjugates, and this regardless of the value of N € N.

The fact that such a simple-looking problem is still open might seem quite surprising.
Indeed, if we denote by S C {1,..., N} the set of positions of the —1 entries of the first
row vector v € (£1)", the Hadamard matrix condition is simply:

|ISN(S+k)|=|S|—N/4

To be more precise, this must hold for any & # 0, taken modulo N. Thus, the above
conjecture simply states that at N # 4, such a set S cannot exist. Let us record here this
latter statement, originally due to Ryser [117]:

Conjecture 9.3 (Ryser Conjecture). Given an integer N > 4, there is no set
Sc{l,...,N}
satisfying |S N (S + k)| = |S| — N/4 for any k # 0, taken modulo N.

Our purpose now will be that of showing that the CHC dissapears in the complex case,
where we have examples at any N € N. As a first result here, we have:
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Proposition 9.4. The following are circulant and symmetric Hadamard matrices,

-1 v 1 v
i1 w 11 v -1 v 1
A=Y m=l1w 1] |, =
1 2 1 1 w 1 —1
1 v -1
where w = e*™/3 v = ™/ equivalent to the Fourier matrices Fy, Fy, Fy.

Proof. The orthogonality between rows being clear, we have here complex Hadamard
matrices. The fact that we have an equivalence Iy ~ Fj follows from:

1 1 T 1 11
1 —-1)7\1 —1)7\1
At N = 3 now, the equivalence F3 ~ Fj can be constructed as follows:

1 1
w  w?
2

1 1 w w 1 1
W w w 1 1 1 1 w

—_ = =

As for the case N = 4, here the equivalence F; ~ F}' can be constructed as follows,
where we use the logarithmic notation [k], = e2™/¢  with respect to s = 8:

0000 01 41 4 1 0 1
0 2 46 1 410 1 410
0 40 4 4 1 01 01 41
0 6 4 2 o 1 01 4 g 1 01 4 N
Thus, the Fourier matrices F5, F3, Iy can be put indeed in circulant form. Il

We will explain later the reasons for denoting the above matrix F, instead of Fj, the
idea being that F will be a matrix belonging to a certain series. Getting back now to
the real circulant matrix K, this is equivalent to the Fourier matrix Fz = Fy ® F5 of the
Klein group G = Zy X Zs, as shown by:

-1 1 1 1 1 1 1 =1 1 1 1 1
1 -1 1 1 1 -1 1 1 1 -1 1 -1
1 1 -1 1711 1 -1t 1] (1t 1 -1 =
1 1 1 -1 -1 1 1 1 1 -1 -1 1

In fact, we have the following construction of circulant and symmetric Hadamard ma-
trices at NV = 4, which involves an extra parameter g € T:
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Proposition 9.5. The following circulant and symmetric matriz is Hadamard,

-1 q¢ 1 g
q __ qg -1 ¢ 1
Ki=11 g -1 ¢

for any q € T. At ¢ = 1,e™* recover respectively the matrices Ky, Fy.

Proof. The rows of the above matrix are pairwise orthogonal for any ¢ € C, and so at
q € T we obtain a complex Hadamard matrix. The last assertion is clear. Il

As a first conclusion, coming from the above considerations, we have:
Theorem 9.6. The complex Hadamard matrices of order N = 2,3,4,5, namely
Fy, F3, F} | F5
can be put, up to equivalence, in circulant and symmetric form.

Proof. As explained in section 5 above, the Hadamard matrices at N = 2, 3,4, 5 are, up to
equivalence, those in the statement. But at N = 2, 3 the problem is solved by Proposition
9.4 above. At N = 4 now, our claim is that, with s = g2, we have:

KI~ F;

By multiplying the rows of K{, and then the columns, by suitable scalars, we have:

-1 gq 1 q 1 —q -1 —gq 1 1 1 1

i | 4 -1 q 1 N 1 =g 1 ¢ N 1 s -1 —s
4 1 g -1 g¢q 1 ¢ -1 ¢ 1 -1 1 -1
g 1 q -1 1 ¢ 1 —q 1 —s —1 s

On the other hand, by permuting the second and third rows of F}, we obtain:

1 1 1 1 1 1 1 1
o R N B EERES A
4711 s -1 —s 1 -1 1 -1
1 —s =1 s 1 —s =1 s

Thus these matrices are equivalent, and the result follows from Proposition 9.5. At

N = 5 now, the matrix that we are looking for is as follows, with w = e?7/°:
w? 1wt w1
1 w? 1 w* wt
Fi=lw* 1 w* 1 w!
wt wt 1 w? 1
1wt w1 w?



154 TEO BANICA

It is indeed clear that this matrix is circulant, symmetric, and complex Hadamard, and
the fact that we have F; ~ F! follows either directly, or by using [69]. O

Summarizing, many interesting examples of complex Hadamard matrices are circulant.
This is in stark contrast with the real case, where the CHC, discussed above, states that
the only circulant real matrices should be those appearing at N = 4.

Let us prove now, as a generalization, that any Fourier matrix Fiy can be put in circulant
and symmetric form. We use Bjorck’s cyclic root formalism [43], which is as follows:

Theorem 9.7. Assume that a matric H € My(T) is circulant, H;j = ~;—;. Then H is is
a complexr Hadamard matriz if and only if the vector

z = (Zo, Zlyeo- 7ZN—1)
given by z; = v;/vi—1 satisfies the following equations:
Zo+zs1+...+t2N1 = 0

20”1 + Z1%9 + ...+ ZN—-120 —

2071..-AN—2+ ...+ 2ZN-120---2N—-3 = 0
2021 ..--ZN—-1 — 1
If so is the case, we say that z = (zq,...,2n-1) S a cyclic N-root.

Proof. This follows from a direct computation, the idea being that, with H;; = v,_; as
above, the orthogonality conditions between the rows are best written in terms of the
variables z; = 7;/vi—1, and correspond to the equations in the statement. See [43]. |

Observe that, up to a global multiplication by a scalar w € T, the first row vector
v = (Yo, -.-,7Yn-1) of the matrix H € My(T) constructed above is as follows:

Y= (Z(), ZOR1s RORTIRQy e v v v v s , Z0R] - - ZN—I)

We will use this observation several times, in what follows. Now back to the Fourier
matrices, we have the following result:

Theorem 9.8. Given N € N, set v = ™V and ¢ = vVN~', w = v>. Then we have a

cyclic N-root as follows,

(¢, qw, qu’, ..., qu™™")
and the corresponding complex Hadamard matriz Fy is circulant and symmetric, and
equivalent to the Fourier matrix Fy.

Nfl)

Proof. Given q,w € T, let us find out when (¢, qu, qu?, ..., quw is a cyclic root:

(1) In order for the = 0 equations in Theorem 9.7 to be satisfied, the value of ¢ is
irrelevant, and w must be a primitive N-root of unity.
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(2) As for the = 1 equation in Theorem 9.7, this states in our case that we must have:

N N@-b

g w 2z =1

Thus, we must have ¢V = (=1)V~1, so with the values of ¢, w € T in the statement, we

have indeed a cyclic N-root. Now construct H;; = 7;_; as in Theorem 9.7. We have:

o k+1 M_ _k+1 M
Ve ="7-k < ¢ W %z =¢(q w2

P =w!
But this latter condition holds indeed, because we have:

q2 — I/2N_2 — V_2 = w™

We conclude that our circulant matrix H is symmetric as well, as claimed. It remains
to construct an equivalence as follows:

1

H ~ Fy

In order to do this, observe that, due to our conventions ¢ = vV~ w = v?, the first
row vector of H is given by:

k(k+1)
w = ¢l
— (N1 (k+1) k(k+1)

L (N+k=1)(k+1)
Thus, the entries of H are given by the following formula:

Hoij = Hoiyj
— (NHiH-1)(itj+1)
Vi2+j2+2ij+Ni+Nj+N71

_ 5 . .o . .
— VN l.yz +N1_V] +NJ.V2Z_]

With this formula in hand, we can now finish. Indeed, the matrix H = (H;;) is
equivalent to the following matrix:

H' = (H_;;)

Now regarding this latter matrix H’, observe that in the above formula, the factors
pN=1 PN i+ NG correspond respectively to a global multiplication by a scalar, and
to row and column multiplications by scalars. Thus this matrix H' is equivalent to the
matrix H” obtained from it by deleting these factors.

But this latter matrix, given by HJ; = 1?7 with v = e™/V is precisely the Fourier
matrix Fly, and we are done. O

As an illustration, let us work out the cases N = 2,3,4,5. We have here:
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Proposition 9.9. The matrices F\ are as follows:
(1) At N = 2,3 we obtain the old matrices Fj, F}.
(2) At N = 4 we obtain the following matriz, with v = e™/*:
4 B VI
A R 7. S R 7
Fa= vt 1
1 v 1
(3) At N =5 we obtain the old matriz F}.
Proof. With notations from Theorem 9.8, the proof goes as follows:
(1) At N =2 we have v = i,q = i,w = —1, so the cyclic root is:
(i7 _l)
The first row vector is (7, 1), and we obtain indeed the old matrix Fj.

At N =3 we have v = ¢™/3 and ¢ = w = v? = *™/3

(w,wg, 1)

, the cyclic root is:

The first row vector is (w, 1, 1), and we obtain indeed the old matrix Fj.

(2) At N = 4 we have v = e™/* and ¢ = 13, w = 1, the cyclic root is:
VAR7R77)

The first row vector is (v3,1,27,1), and we obtain the matrix in the statement.

(3) At N =5 we have v = ¢™/° and ¢ = v* = w?, with w = v? = €2™/5, and the cyclic
root is therefore:
(w?, w?, w1, w)
The first row vector is (w?, 1, w?, w?, 1), and we obtain in this way the old matrix FY,
as claimed. U

Regarding the above matrix F}j, observe that this is equivalent to the matrix F}' from
Proposition 9.4, with the equivalence F; ~ F} being obtained by multiplying everything
by v = e™/*. While both these matrices are circulant and symmetric, and of course equiv-
alent to Fy, one of them, namely F}, is “better” than the other, because the corresponding
cyclic root comes from a progression. This is the reason for our notations Fj, Fy'.

Let us discuss now the case of the generalized Fourier matrices F. In this context,
the assumption of being circulant is somewhat unnatural, because this comes from a Zy
symmetry, and the underlying group is no longer Zy. It is possible to fix this issue by
talking about G-patterned Hadamard matrices, with G being no longer cyclic, but for our
purposes here, best is to formulate the result in a weaker form, as follows:
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Theorem 9.10. The generalized Fourier matrices Fg, associated to the finite abelian
groups G, can be put in symmetric and bistochastic form.
Proof. We know from Theorem 9.8 that any usual Fourier matrix Fy can be put in
circulant and symmetric form. Since circulant implies bistochastic, in the sense that the
sums on all rows and all columns must be equal, the result holds for Fly.

In general now, if we decompose G' = Zy, X ... X Zy,, we have:

Fo=Fyn®...®Fy,

Now since the property of being circulant is stable under taking tensor products, and
so is the property of being bistochastic, we therefore obtain the result. Il

We have as well the following alternative generalization of Theorem 9.8, coming from
Backelin’s work in [5], and remaining in the circulant and symmetric setting:

Theorem 9.11. Let M|N, and set w = e*™/N. We have a cyclic root as follows,
(qla"'a(JJ\/[l?\qlwa'-wQMuia ----- 7\q1wN_17"'7QMwN_1J>
M M M
provided that q,,...,qy € T satisfy the following condition:
(g1 qu)V = (=M

Moreover, assuming that the following conditions are satisfied,

nee=1 , @ =@gu-1=...=w
which imply (q1 ... qu)N = (=1)MWN=Y the Hadamard matriz is symmetric.

Proof. Let us first check the = 0 equations for a cyclic root. Given arbitrary numbers

G, ---,qu € T, if we denote by (z;) the vector in the statement, we have:
22‘1 P G- G + Q2. QK41+ ... +qM-K+1---qM
v FAMm-K+2 - QMW+ +quqi - - gr_w

><(1+wK—|—w2K—|—...—|—w(N’1)K)

Now since the sum on the right vanishes, the = 0 conditions are satisfied. Regarding
now the = 1 condition, the total product of the numbers z; is given by:

Hzi = (q...q)"(1-w-w?. . wNHYM
' MN(N—1)

= (Q1--~C]M)Nw 2

By using w = e2™/N we obtain that the coefficient on the right is:

MN(N-1) 2mi MN(N-1)
w 2 = eN’ 2

67riM(N—1)

(_1)M(N71)
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Thus, if (¢1...qa)" = (—1)MWV =1 we obtain a cyclic root, as stated. See [5], [66].
The corresponding first row vector can be written as follows:

M—-1 2
w w w
V= 41,9192 - - - 541 -« QM 5o oo oo e ’ ) "7—7_a1
~ ~ d q2---qm qu-19M qM
M ~~ -
M

Thus, the corresponding circulant complex Hadamard matrix is as follows:

q1 4192 q19293 41492493494 41492434445
1 q1 4142 q19243 41929344
7 @ 1 q1 q1G2 d14243
N aM—1qMm an 1 gl 0192
’11}3 ’11)2 w
aM—2aM—-1aM M —1qM am 1 gl

We are therefore led to the symmetry conditions in the statement, and we are done. [J

Still in relation with the CHC, the problem of investigating the existence of the circulant

Butson matrices appears. The first result here, due to Turyn [136], is as follows:
Proposition 9.12. The size of a circulant Hadamard matrix

H e My(£1)
must be of the form N = 4n?, with n € N.

Proof. Let a,b € N with a +b = N be the number of 1, —1 entries in the first row of H.
If we denote by Hy, ..., Hy_1 the rows of H, then by summing over columns we get:

N-1

Z<H0,Hi> =

=0

a(a —b) +b(b—a)

= (a—0b)?
On the other hand, by orthogonality of the rows, the quantity on the left is:
< Hy,Hy >= N

Thus the number N = (a — b)? is a square, and together with the fact that we have
N € 2N, this gives N = 4n?, with n € N. O

Also found by Turyn in [136] is the fact that the above number n € N must be odd,
and not a prime power. In the general Butson matrix setting now, we have:
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Proposition 9.13. Assume that H € Hy/(l) is circulant, let w = *™/!. If
ag, ... a1 €N

with Y a; = N are the number of 1,w,...,w'=" entries in the first row of H, then:
Z wkaiaHk =N
ik

This condition, with > a; = N, will be called “Turyn obstruction” on (N,1).

Proof. Indeed, by summing over the columns of H, we obtain:

Z < Hy,H; > = Z <wi,wj > a;a;

= Zwi’jaiaj
]
Now since the left term is < Hy, Hy >= N, this gives the result. U

We can deduce from this a number of concrete obstructions, as follows:

Theorem 9.14. When [ is prime, the Turyn obstruction is
Z(ai — aHk)Q = 2N

for any k # 0. Also, for small values of I, the Turyn obstruction is as follows:

(1) At =2 the condition is:

(ao — a1)2 =N
(2) At l =3 the condition is:
(CLO — CL1)2 + (CLl — a2)2 + (a2 — CL3)2 =2N
(3) At l =4 the condition is:
(ao — CLQ)Q + (a1 — a3)2 =N
(4) Atl =5 the condition is:
Z(ai —a;i1)’ = Z(ai — a;9)° = 2N

Proof. We use the fact, from section 6 above, that when [ is prime, the vanishing sums of
[-roots of unity are exactly the sums of the following type, with ¢ € N:

S=c+cw+.. +cw?

We conclude that the Turyn obstruction is equivalent to the following system of equa-

tions, one for each k # 0:
S~ Y s = N
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Now by forming squares, this gives the equations in the statement. Regarding now the
[ = 2,3,4,5 assertions, these follow from the first assertion when [ is prime, [ = 2,3, 5.
Also, at [ = 4 we have w = i, so the Turyn obstruction reads:

(ag + af + Cl% + CL%) +1 Z ;i1 — 2(&0@2 + &1&3) —1 Z a;a;11 = N
Thus the imaginary terms cancel, and we obtain the formula in the statement. O

The above results are of course just some basic observations on the subject, and the
massive amount of work on the CHC has a number of interesting Butson matrix exten-
sions. For some more advanced theory on all this, we refer to [26], [53].

Let us go back now to the pure complex case, and discuss Fourier analytic aspects.
From a traditional linear algebra viewpoint, the circulant matrices are best understood
as being the matrices which are Fourier-diagonal, and we will exploit this here.

Let us fix N € N, and denote by F = (w”)/v/N with w = ¢*™/N the rescaled Fourier
matrix. Also, given a vector ¢ € CV, we denote by Q € My(C) the diagonal matrix
having ¢ as vector of diagonal entries. That is, @; = ¢;, and @Q;; = 0 for ¢ # j. With
these conventions, we have the following well-known result:

Theorem 9.15. For a complex matric H € My(C), the following are equivalent:
(1) H is circulant, H;j = &;_; for some & € CV.
(2) H is Fourier-diagonal, H = FQF* with Q) diagonal.

In addition, the first row vector of FQF™ is given by & = Fq/\/ﬁ
Proof. If H;; = §;_; is circulant then ) = F*HF' is diagonal, given by:

1 I
Qij = — Z Wy,
N4
0ij Z wjrfr
Also, if Q = diag(q) is diagonal then H = FQF* is circulant, given by:
Hi; = Y FyQuF
k

1 .
_ Z (i=j)k
= 7 w gk
N k
Thus, we have proved the equivalence between the conditions in the statement. Finally,
regarding ¢ = Fiq/+/N, this follows from the last formula established above. O

The above result is useful in connection with any question regarding the circular ma-
trices, and in relation with the orthogonal and unitary cases, we have:
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Proposition 9.16. The various sets of circulant matrices are as follows:

(1) The set of all circulant matrices is:

My (C)eire = {FQF*

geCcV }
(2) The set of all circulant unitary matrices is:
yire — {FQF* g€ ’JTN}
(3) The set of all circulant orhogonal matrices is:
ofre = {FQF*|q e T, g = gi,vi}

In addition, the first row vector of FQF™ is given by & = Fq/\/N
Proof. All this follows from Theorem 9.15, as follows:
(1) This assertion, along with the last one, is Theorem 9.15 itself.

(2) This is clear from (1), because the eigenvalues must be on the unit circle T.

(3) Observe first that for ¢ € CV we have Fq = F§, with §; = ¢_;, and so £ = Fq is
real if and only if ¢; = ¢_; for any i. Together with (2), this gives the result. U

Observe that in (3), the equations for the parameter space are qo = Go, 1 = Gn_1,
Go = @2, and so on until [N/2] + 1. Thus, with the convention Z., = T we have:

Orire o ] 22 % 782 (N odd)
N 72 x A (N even)
In terms of circulant Hadamard matrices, we have the following statement:

Theorem 9.17. The sets of complex and real circulant Hadamard matrices are:

xgre = {VNFQF'|q € TV} 1 My(T)

vire = {VNFQF*|q € TV, g = q_i} 0 My (1)

In addition, the sets of q parameters are invariant under cyclic permutations, and also
under mutiplying by numbers in T, respectively under multiplying by —1.

Proof. All the assertions are indeed clear from Proposition 9.16 above, by intersecting the
sets there with My (T). O

The above statement is of course something quite theoretical in the real case, where
the CHC states that we should have Vi = (), at any N # 4. However, in the complex
case all this is useful, and complementary to Bjorck’s cyclic root formalism.

Let us discuss now a number of geometric and analytic aspects. First, we have the
following deep counting result, due to Haagerup [70]:
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Theorem 9.18. When N is prime, the number of circulant N x N complex Hadamard
matrices, counted with certain multiplicities, is exactly:

2N — 2
Ncirc =
()
Proof. This is something advanced, using a variety of techiques from Fourier analysis,

number theory, complex analysis and algebraic geometry. The idea is as follows:

(1) As explained in [70], when N is prime, Bjorck’s cyclic root formalism, explained
above, can be further manipulated, by using discrete Fourier transforms, and we are
eventually led to a simpler system of equations.

(2) This simplified system can be shown then to have a finite number of solutions, the
key ingredient here being a well-known theorem of Chebotarev, which states that when
N is prime, all the minors of the Fourier matrix Fy are nonzero.

(3) With this finiteness result in hand, the precise count can be done as well, by using
various techniques from classical algebraic geometry, and we are led to the formula in the
statement. For the details here, see [70]. O

When N is not prime, the situation is considerably more complicated, with some values
leading to finitely many solutions, and with other values leading to an infinite number of
solutions, and with many other new phenomena appearing. See [43], [44], [45], [70].

Let us discuss now an alternative take on these questions, based on the p-norm con-
siderations from sections 2-3 above. As explained in [26], the most adapted exponent for
the circulant case is p = 4. So, as a starting point, let us formulate:

Proposition 9.19. Given a matriz U € Uy we have
Ulls > 1
with equality precisely when H = U/\/N 1s Hadamard.

Proof. This follows from the Cauchy-Schwarz inequality, as follows:
oy = vyl
ij
. 2
> 3 (Z U “'2>
ij
=1
Thus we have ||U||4 > 1, with equality if and only if H = +/NU is Hadamard. O

In the circulant case now, and in Fourier formulation, the estimate is as follows:
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Theorem 9.20. Given a vector ¢ € TV, written q = (qo, . .., qn_1) consider the following
quantity, with all the indices being taken modulo N :
P — 4iqx
ikt L

Then this quantity ® is real, and we have the estimate
d > N?

with equality happening precisely when v/ Nq is the eigenvalue vector of a circulant Hada-
mard matric H € My(C).

Proof. By conjugating the formula of ® we see that this quantity is indeed real. In fact,
® appears by definition as a sum of N? terms, consisting of N(2N — 1) values of 1 and of
N(N —1)% other complex numbers of modulus 1, coming in pairs (a, a).

Regarding now the second assertion, by using the various identifications in Theorem
9.15 and Proposition 9.16, and the formula £ = Fq/\/N there, we have:

ot = N3l
_ %Z‘Zwsiq#
- HE XS et e
_ %iiw(iﬂ;l)s% k |

s ijkl 4%

1 i
:mzq%

ith=gtt

Thus Proposition 9.19 gives the following estimate:
® = N?||U[; = N*
Moreover, we have equality precisely in the Hadamard matrix case, as claimed. U
We have the following more direct explanation of the above result:
Proposition 9.21. With the above notations, we have the formula
O =N+ (uf* =yl
i#]

where v = (v, ...,VUn_1) is the vector given by v = Fyq.
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Proof. This follows by replacing in the above proof the Cauchy-Schwarz estimate by the
corresponding sum of squares. More precisely, we know from the above proof that:

=N &
On the other hand U;; = &;_; being unitary, we have >_.|&]* = 1, and so:

L= > Gl + )16l 1gP

i i#j
_ Nzxsir*—( 03l - Tl w)

7]
= <I> > &l = 1&1)
i#]

Now by multiplying by N2, this gives the formula in the statement. U

As an application of the above considerations, in the real Hadamard matrix case, we
have the following analytic reformulation of the CHC, from [26]:

Theorem 9.22. For a vector ¢ € TV satisfying §; = q_; the following quantity is real,
O= > Ggna
i+j+k+1=0
and satisfies the following inequality:
> N?
The CHC states that we cannot have equality at N > 4.

Proof. This follows from Theorem 9.20, via the identifications from Theorem 9.15, the
parameter space in the real case being {q € T"|g = ¢_;}. Thus, we obtain the result. [

Following [26], let us further discuss all this. We first have:

Theorem 9.23. Let us decompose the above function as
(I):q)o—i-...—i—q)]\[,l

with each ®; being given by the same formula as ®, namely

4iqx

459k

b =
i+k=j+1

but keeping the index i fized. Then:

(1) The critical points of ® are those where ®; € R, for any 1.
(2) In the Hadamard case we have ®; = N, for any i.
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Proof. This follows by doing some elementary computations, as follows:

(1) The first observation is that the non-constant terms in the definition of ® involving
the variable g; are the terms of the sum K; + K;, where:

K; = Z Q_f_i_zz Z 4idk

2impt Lt Wi it kgt 199

Thus if we fix i and we write ¢; = €', we obtain:

od . ik
do; Afte (Z Z Zl(]le)

k itk=j+l

_ 4Im( Z %‘%)
ith=grr L4

= 4Im(P;)

Now since the derivative must vanish for any ¢, this gives the result.

(2) We first perform the end of the Fourier computation in the proof of Theorem 9.20
above backwards, by keeping the index ¢ fixed. We obtain:

o, = 4ik
itk=j+1 a;q
= L (i—j+k—1)s ik
N ; % v a;qi
= %Zwsiqizw—sjqj Zwsquzw_slql
S j k I
- N2 Z wSiqz'gsfsgs

Here we have used the formula £ = Fq/ V/N. Now by assuming that we are in the
Hadamard case, we have |£,| = 1/v/N for any s, and so we obtain:

(I)'L' = NZwSlQ’LES

NV Ng;(F*€),
= Nqg
N

Thus, we have obtained the conclusion in the statement. U
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Let us discuss now a probabilistic approach to all this. Given a compact manifold
X endowed with a probability measure, and a bounded function © : X — [0,00), the
maximum of this function can be recaptured via following well-known formula:

1/p
max © = lim (/ O(x)? dx)
p—r00 X

In our case, we are rather interested in computing a minimum, and we have:

Proposition 9.24. We have the formula

1/p
min ® = N — lim (/ (Ng—@)pdq>
TN

p—00
where the torus TV is endowed with its usual probability measure.

Proof. This follows from the above formula, with © = N3 — ®. Observe that © is indeed
positive, because ® is by definition a sum of N? complex numbers of modulus 1. U

Let us restrict now the attention to the problem of computing the moments of ®, which
is more or less the same as computing those of N3 — ®. We have here:

Proposition 9.25. The moments of ® are given by

i1kt .. ik
DP dg = : pp
\/'I[‘N q #{(jlll .. -jplp)

where the sets between brackets are by definition sets with repetition.

is+ kg = jy + L, [inky - ipky) = [l - .jpzp]}

Proof. This is indeed clear from the formula of ®. See [27]. O

Regarding now the real case, an analogue of Proposition 9.25 holds, but the combina-
torics does not get any simpler. One idea in dealing with this problem is by considering
the “enveloping sum”, obtained from ® by dropping the condition 7 + k = j + I:

4i4k
im D

O =

The point is that the moments of ® appear as “sub-quantities” of the moments of P,
so perhaps the question to start with is to understand very well the moments of ®. And
this latter problem sounds like a quite familiar one, because:

Z%’

We will be back to this later. For the moment, let us do some combinatorics:

4
o =
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Proposition 9.26. We have the moment formula

~ 2p N!
/EN wePZ@p) 7w ) (N —|x|)!

where the coefficients on the right are given by

(2:) B (b12p bm)

with by, ..., b being the lengths of the blocks of .

Proof. Indeed, by using the same method as for ®, we obtain:

= i1k .. ipk . . : :
D(g)?P dq = ; PUP N Mivky .. ipk,] = [Jaly - .. jpl
/TN (q)" dq #{(glll...gplp) [irky - iphy] = [y Jpp]}
The sets with repetitions on the right are best counted by introducing the corresponding
partitions m = ker (i1k1 .. .z'pk;p), and this gives the formula in the statement. ]

In order to discuss now the real case, we have to slightly generalize the above result,
by computing all the half-moments of ®. The result here is best formulated as:

Proposition 9.27. We have the moment formula

2p
N
/TN Zi:%’ dq:zkchkm

with the coefficients being given by

B p
Cor=" D (bl,...,bﬂ)

weP(p),|w|=k

where by, ..., b are the lengths of the blocks of .

Proof. This follows indeed exactly as Proposition 9.26 above, by replacing the exponent
p by the exponent p/2, and by splitting the resulting sum as in the statement. Il

Finally, here is a random walk formulation of the problem:

Proposition 9.28. The moments of ® have the following interpretation:

(1) First, the moments of the enveloping sum [ P count the loops of length 4p on the
standard lattice ZV C RN, based at the origin.

(2) [ ®P counts those loops which are “piecewise balanced”, in the sense that each of
the p consecutive 4-paths forming the loop satisfy i +k = 7 + 1 modulo N.

Proof. The first assertion follows from the formula in the proof of Proposition 9.26, and
the second assertion follows from the formula in Proposition 9.25. O
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This statement looks quite encouraging, but passing from (1) to (2) is quite a delicate
task, because in order to interpret the condition ¢+ + £ = 7 + [ we have to label the
coordinate axes of RY by elements of the cyclic group Zy, and this is a quite unfamiliar
operation. In addition, in the real case the combinatorics becomes more complex due to
the symmetries of the parameter space, and no further results are available so far.
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10. BISTOCHASTIC FORM

In this section and the next two ones we discuss certain further analytic aspects of the
complex Hadamard matrices. Let us begin with the following definition:

Definition 10.1. A complez Hadamard matriz H € My(C) is called bistochastic when
the sums on all rows and all columns are equal. We denote by

X = {H € XN‘ H = bistochastic}
the real algebraic manifold formed by such matrices.

The bistochastic Hadamard matrices are quite interesting objects, and include for in-
stance all the circulant Hadamard matrices, that we discussed in section 9. Indeed,
assuming that H;; = &;_; is circulant, all rows and columns sum up to:

AzZ@

Let us begin, however, with some considerations regarding the real case. As a first and
trivial remark, the first Walsh matrix Wy = F5 looks better in bistochastic form:

(b 4)~G)

The second Walsh matrix W, = W, ® W5 looks as well better in bistochastic form:

1 1 1 1 1 1 1 1
1 -1 1 -1 1 1 -1 -1
1 1 -1 =1/ 7 11 =1 1 =1
1 -1 -1 1 1 -1 -1 1
1 -1 -1 -1
1 -1 1 1
[ I T TR |
1 1 1 -1

-1 1 1 1

1 -1 1 1

~ 1 1 -1 1

1 1 1 -1

All this is quite interesting, philosophically speaking. Indeed, we have here a new
idea, in connection with the various questions explained in sections 1-4 above, namely
that of studying the real Hadamard matrices H € My(+£1) by putting them in complex
bistochastic form, H" € My(T), and then studying these latter matrices.

Let us record here, as a partial conclusion, the following simple fact:
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Theorem 10.2. All the Walsh matrices can be put in bistocastic form, as follows:
(1) The matrices Wy with N = 4" admit a real bistochastic form, namely:

-1 1 1 1\
1 -1 1 1
Wy~1 1 210
1 1 1 -1

(2) The matrices Wy with N = 2 x 4" admit a complex bistochastic form, namely:
-1 1 1 1\™

i1 1 -1 1 1

Wa ~ <1 z> 111 -1

1 1 -1

Proof. This follows indeed from the above discussion. O

Let us review now the material in section 9. According to the results there, and to the
above-mentioned fact that circulant implies bistochastic, we have:

Theorem 10.3. The class of bistochastic Hadamard matrices is stable under permuting
rows and columns, and under taking tensor products. As examples, we have:

(1) The circulant and symmetric forms F); of the Fourier matrices Fy.
(2) The bistochastic and symmetric forms F(, of the Fourier matrices Fg.
(3) The circulant and symmetric Backelin matrices, having size MN with M|N.

Proof. In this statement the claim regarding permutations of rows and columns is clear.
Assuming now that H, K are bistochastic, with sums A, i, we have:

Z(H ® K)iajb = Z HiKa = Z Hi; Z Kap = A
We have as well the following computation:
Z(H ® K )iajp = Z Hij Koy = Z Hi; Z Ko = A
jb jb j b
Thus, the matrix H ® K is bistochastic as well. As for the assertions (1,2,3), we already
know all this, from section 9 above. U

In the above list of examples, (2) is the key entry. Indeed, while many interesting
complex Hadamard matrices, such as the usual Fourier ones F, can be put in circulant
form, this is something quite exceptional, which does not work any longer when looking
at the general Fourier matrices Fz. To be more precise, with G = Zy, X ... X Zy,, we
can consider the following matrix, which is equivalent to Fg:

Fo=Fy ®...0 Fy,
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Now since the tensor product of circulant matrices is not necessarily circulant, we can
only say that this matrix F{, is bistochastic. As a conclusion, the bistochastic Hadamard
matrices are interesting objects, definitely worth some study. So, let us develop now some
general theory, for such matrices. First, we have the following elementary result:

Proposition 10.4. For an Hadamard matriz H € My(C), the following are equivalent:

(1) H is bistochastic, with sums A.
(2) H is row-stochastic, with sums X\, and |[\|*> = N.

Proof. Both the implications are elementary, as follows:
(1) = (2) If we denote by Hi,..., Hy € TV the rows of H, we have indeed:

N = ) <H,H>
= ;;HMHH
:Z%;@
= EJ:HU-)\

j

= AP

(2) = (1) Consider the all-one vector £ = (1); € CV. The fact that H is row-
stochastic with sums A reads:

Z Hz‘j = )\,VZ < Z Hijgj = )\fZ,VZ
J J

— H{= X
Also, the fact that H is column-stochastic with sums A reads:
D Hy =AY = > Hy& =)\
i J
— H'¢=X
We must prove that the first condition implies the second one, provided that the row
sum \ satisfies [\|> = N. But this follows from the following computation:
HE=)X = H'H{=)\H"¢
— N2 =)\H*¢
— N2 = )\H%
— H'¢=\¢

Thus, we have proved both the implications, and we are done. U
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Here is another basic result, that we will need as well in what follows:

Proposition 10.5. For a compler Hadamard matric H € Myx(C), and a number A € C
satisfying |\|* = N, the following are equivalent:

(1) We have H ~ H', with H' being bistochastic, with sums \.
(2) Ki; = a;bjH;; is bistochastic with sums X, for some a,b € TV.
(3) The equation Hb = \a has solutions a,b € TV.

Proof. Once again, this is an elementary result, the proof being as follows:

(1) <= (2) Since the permutations of the rows and columns preserve the bistochas-
ticity condition, the equivalence H ~ H’ that we are looking for can be assumed to come
only from multiplying the rows and columns by numbers in T. Thus, we are looking for
scalars a;, b; € T such that K;; = a;b;H,; is bistochastic with sums A, as claimed.

(2) <= (3) The row sums of the matrix K;; = a;b;H;; are given by:
Z Kij = Z a:b;Hy; = a;(Hb);

Thus K is row-stochastic with sums A precisely when Hb = Aa, and by using the
equivalence in Proposition 10.4, we obtain the result. U

Finally, here is an extension of the excess inequality from section 2 above:

Theorem 10.6. For a complex Hadamard matriz H € My(C), the excess,
=24
4]

satisfies |E(H)| < NN, with equality if and only if H is bistochastic.
Proof. In terms of the all-one vector £ = (1); € CV, we have:
= ZHz'j = ZHz‘jfjgi = Z(HQZ& =< HE >
ij ij i

Now by using the Cauchy-Schwarz inequality, along with the fact that U = H/+v/N is
unitary, and hence of norm 1, we obtain, as claimed:

|E(H)| < [|HE|| - €]l < |H| - |€][P = NVN

Regarding now the equality case, this requires the vectors H¢, & to be proportional, and
so our matrix H to be row-stochastic. Now, let us assume:

HE =X
We have then |\|? = N, and by Proposition 10.4 we obtain the result. U



HADAMARD MATRICES 173

Let us go back now to the fundamental question, which already appeared several times
in the above, of putting an arbitrary Hadamard matrix in bistochastic form. As already
explained, we are interested in solving this question in general, and in particular in the
real case, with potential complex reformulations of the HC and CHC at stake. What we
know so far on this subject can be summarized as follows:

Proposition 10.7. An Hadamard matric H € My(C) can be put in bistochastic form
when one of the following conditions is satisfied:

(1) The equations |Ha|; = /N, with i = 1,..., N, have solutions a € TV.
(2) The quantity |E| attains its mazimum Nv'N over the equivalence class of H.

Proof. This follows indeed from Proposition 10.4 and Proposition 10.5 above, which alto-
gether gives the equivalence between the two conditions in the statement. O

Thus, we have two approaches to the problem, one algebraic, and one analytic. Let
us first discuss the algebraic approach, coming from (1) above. What we have there is a
certain system of N equations, having as unknowns N real variables, namely the phases
of ay,...,ay. This system is highly non-linear, but can be solved, however, via a certain
non-explicit method, as explained by Idel and Wolf in [75].

In order to discuss this material, which is quite advanced, let us begin with some
preliminaries. The complex projective space appears by definition as follows:

Pt =(CN —{0})/ <z =)y >
Inside this projective space, we have the Clifford torus, constructed as follows:
TV = {(zl,...,zN) € P(év_l‘|zl| =...= |zN|}
With these conventions, we have the following result, from [75]:
Proposition 10.8. For a unitary matrix U € Uy, the following are equivalent:
(1) There exist L, R € Uy diagonal such that the following matriz is bistochastic:
U =LUR
(2) The standard torus TV C CV satisfies:
TN NUTY £
(3) The Clifford torus TN=* C PN~ satisfies:
TV LN UTN ! £
Proof. These equivalences are all elementary, as follows:

(1) = (2) Assuming that U’ = LUR is bistochastic, which in terms of the all-1
vector £ means U'€ = &, if we set f = RE € TV we have:

Uf =LU'Rf=LU¢=1L¢eTV
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Thus we have Uf € TN N UTY, which gives the conclusion.

(2) = (1) Given g € TN NUTY, we can define R, L as follows:
R = diag(g1,...,9n)

L = diag(Ug)1, -, (Ug)n)

With these values for L, R, we have then the following formulae:
RE=g , LE=Uyg

Thus the matrix U’ = LUR is bistochastic, because:

U¢=LURE=LUg=¢

(2) == (3) This is clear, because TN~! C PY~! appears as the projective image of
TN c CV, and so TN "' N UTYN~! appears as the projective image of TV N UTY.

(3) = (2) We have indeed the following equivalence:
TV IAUTVN 1 £ 0 <= INA0NTVNUTN £0
But U € Uy implies |A| = 1, and this gives the result. O

The point now is that the condition (3) above is something familiar in symplectic
geometry, and known to hold for any U € Uy. Thus, following [75], we have:

Theorem 10.9. Any unitary matrizc U € Uy can be put in bistochastic form,
U =LUR
with L, R € Uy being both diagonal, via a certain non-explicit method.

Proof. As already mentioned, the condition TN N UTN "1 # () in Proposition 10.8 (3) is
something quite natural in symplectic geometry. To be more precise, TV~! C Pév “lisa
Lagrangian submanifold, TV=! — UTY~! is a Hamiltonian isotopy, and a result from [42],
[48] states that TV ~! cannot be displaced from itself via a Hamiltonian isotopy. Thus,
the results in [42], [48] tells us that TN "' NUTY ! # 0 holds indeed, for any U € Uy. We
therefore obtain the result, via Proposition 10.8. See [75]. O

In relation now with our Hadamard matrix questions, we have:

Theorem 10.10. Any complex Hadamard matriz can be put in bistochastic form, up to
the standard equivalence relations for such matrices.

Proof. This follows indeed from Theorem 10.9, because if H = v/NU is Hadamard then
sois H' = v/NU’, and with the remark that, in what regards the equivalence relation, we
just need the multiplication of the rows and columns by scalars in T. U
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As explained in [75], the various technical results from [42], [48] show that in the
generic, “transverse” situation, there are at least 2V~! ways of putting a unitary matrix
U € Uy in bistochastic form, and this modulo the obvious transformation U — zU, with
|z| = 1. Thus, the question of explicitely putting the Hadamard matrices H € My(C)
in bistochastic form remains open, and open as well is the question of finding a simpler
proof for the fact that this can be done indeed, without using [42], [48].

Regarding this latter question, a possible approach comes from the excess result from
Theorem 10.6 above. Indeed, in view of the remark there, it is enough to show that the
law of |E| over the equivalence class of H has N V/N as upper support bound. In order
to comment on this, let us first formulate:

Definition 10.11. The glow of H € My(C) is the measure u € P(C) given by:

/(Cw(x)d/vb(ff) = /TNXTN P (Z az‘ijz'j> d(a, b)

]
That is, the glow is the law of the excess E = Zij H;j over the equivalence class of H.

In this definition H can be any complex matrix, but the equivalence relation is the
one for the complex Hadamard matrices. To be more precise, let us call two matrices
H,K € My(C) equivalent if one can pass from one to the other by permuting rows
and columns, or by multiplying the rows and columns by numbers in T. Now since
permuting rows and columns does not change the quantity £ =), i H;;, we can restrict
attention from the full equivalence group G = (Sy x TV) x (Sy x TV) to the smaller
group G’ = TV x TV, and we obtain the measure y in Definition 10.11.

As in the real case, the terminology comes from a picture of the following type, with
the stars * representing the entries of our matrix, and with the switches being supposed
now to be continuous, randomly changing the phases of the concerned entries:

— sk k k ok
— ok ok k%
— k% k%
— k% ok ox

()

In short, what we have here is a complex generalization of the Gale-Berlekamp game
[67], [116], and this is where the main motivation for studying the glow comes from.

We are in fact interested in computing a real measure, because we have:
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Proposition 10.12. The laws pu, i of E,|E| over the torus TV x TV are related by

p=cxpu’
where X s the multiplicative convolution, and € is the uniform measure on T.

Proof. We have E(AH) = AE(H) for any A\ € T, and so p = law(E) is invariant under
the action of T. Thus p must decompose as = ¢ X u+, where u* is a certain probability
measure on [0,00), and this measure p* is the measure in the statement. U

In particular, we can see from the above result that the glow is invariant under rotations.
With this observation made, we can formulate the following result:

Theorem 10.13. The glow of any Hadamard matrix H € My(C), or more generally of
any H € VNUy, satisfies the following conditions, where D is the unit disk,

NVNT C supp(u) € NVND

with the inclusion on the right coming from Cauchy-Schwarz, and with the inclusion on
the left corresponding to the fact that H can be put in bistochastic form.

Proof. In this statement the inclusion on the right comes indeed from Cauchy-Schwarz,
as explained in the proof of Theorem 10.6 above, with the remark that the computation
there only uses the fact that the rescaled matrix U = H/ VN is unitary.

Regarding now the inclusion on the left, we know from Theorem 10.9 that H can be
put in bistochastic form. According to Proposition 10.7, this tells us that we have:

NVN T N supp(p) # 0

Now by using the rotational invariance of the glow, and hence of its support, coming
from Proposition 10.12, we obtain from this:

NVNT C supp()
Thus, we are led to the conclusions in the statement. O

The challenging question is that of proving the above result by using probabilistic
techniques. Indeed, as explained in section 9, the support of a measure can be recaptured
from the moments, by computing a limit. Thus, knowing the moments of the glow well
enough would solve the problem. Regarding these moments, the formula is as follows:

Proposition 10.14. For H € My(T) the even moments of |E| are given by

TN xTN

inP
H., .. H
=k = Folp

where the sets between brackets are by definition sets with repetition.
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Proof. We have indeed the following computation:

|E|2p = / ‘ H;jaib;
/TNxTrN TN xTN %: Y
_ / ZHij aiby \"

TN xTN \ ;7 Hy o apb

jkl

o Z Hiljl .. -Hipjp / Ay - - .al-p / bj . "bjp
Hklh .. -Hkplp ™~ Ay - - .(ka TN bl1 . --blp

ijkl

2p

Now since the integrals at right equal respectively the Kronecker symbols dp;) ) and
d5,11> we are led to the formula in the statement.

With this formula in hand, the main result, regarding the fact that the complex Hada-
mard matrices can be put in bistochastic form, reformulates as follows:

Theorem 10.15. For a complex Hadamard matriz H € My(T) we have
1/p

H ... H .
lim } : 1171 pJp _ N3
%) H ... H
P == R Rl

coming from the fact that H can be put in bistochastic form.

Proof. This follows from the well-known fact that the maximum of a bounded function
©: X — [0,00) can be recaptured via following formula:

max(0) = lim < /X @@)pm) "

p—o0

With X = TV x TV and with © = |E|?, we conclude that the limit in the statement is
the square of the upper bound of the glow. But, according to Theorem 10.13, this upper
bound is known to be < N3 by Cauchy-Schwarz, and the equality holds by [75]. O

To conclude now, the challenging question is that of finding a direct proof for Theorem
10.15. All this would provide an alternative aproach to the results in [75], which would be
of course still not explicit, but which would use at least some more familiar tools. We will
discuss such questions in section 11 below, with the remark however that the problems at
N € N fixed being quite difficult, we will do a N — oo study only.

Getting away now from these difficult questions, we have nothing concrete so far, besides
the list of examples from Theorem 10.3, coming from the circulant matrix considerations
in section 9. So, our purpose will be that of extending that list. A first natural question
is that of looking at the Butson matrix case. We have here the following result:



178 TEO BANICA

Proposition 10.16. Assuming that Hy(l) contains a bistochastic matrix, the equations

a+ar+...4+a-1 = N
|a0+a1w+...—|—al,1wl*1|2 = N

must have solutions, over the positive integers.

Proof. This is a reformulation of the equality |[A\|? = N, from Proposition 10.5 above.
Indeed, if we set w = e>™/! and we denote by a; € N the number of w’ entries appearing
in the first row of our matrix, then the row sum of the matrix is given by:

A=ay+aw+...+a_w?

Thus, we obtain the system of equations in the statement. U

The point now is that, in practice, we are led precisely to the Turyn obstructions from
section 9 above. At very small values of [, the obstructions are as follows:

Theorem 10.17. Assuming that Hy(l) contains a bistochastic matriz, the following equa-
tions must have solutions, over the integers:

(1) I =2:4n*=N.

(2) 1 =322+ 92+ 22 =2N, witha +y+ 2= 0.

(3)l=4:a>+0b*=N.

Proof. This follows indeed from the results that we have:
(1) This is something well-known, which follows from Proposition 10.17.

(2) This is best viewed by using Proposition 10.17, and the following formula, that we
already know, from section 5 above:
1
a+ bw + cw2‘2 = 5[(& —b)?+(b—c)?+(c—a)?
At the level of the concrete obstructions, we must have for instance 5 /N. Indeed, this
follows as in the proof of the de Launey obstruction for Hy(3) with 5|N.

(3) This follows again from Proposition 10.17, and from |a + b|* = a? + b*. O

As a conclusion, nothing much interesting is going on in the Butson matrix case, with
various arithmetic obstructions, that we partly already met, appearing here. See [85]. In
order to reach, however, to a number of positive results, beyond those in Theorem 10.4,
we can investigate various special classes of matrices, such as the Dita products. In order
to formulate our results, we will use the following notion:

Definition 10.18. We say that a complex Hadamard matric H € My(C) is in “almost
bistochastic form” when all the row sums belong to VN - T.
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Observe that, assuming that this condition holds, the matrix H can be put in bistochas-
tic form, just by multiplying its rows by suitable numbers from T. We will be particularly
interested here in the special situation where the affine deformations H? € My(C) of a
given complex Hadamard matrix H € My(C) can be put in almost bistochastic form,
independently of the value of the parameter q. For the simplest deformations, namely
those of Iy, ® F5, this is indeed the case:

Proposition 10.19. The deformations of Fy @ Fy, with parameter matriz Q = (£ 7),

p q p 4
R A
r —=-s —-r S

can be put in almost bistochastic form, independently of the value of Q.

Proof. By multiplying the columns of the matrix in the statement with 1,1, —1, 1 respec-
tively, we obtain the following matrix:

p q —pP (g
" _|P —q —p —¢q
Fowg Iz = r s r —s
r —s T S
The row sums of this matrix being 2q, —2q, 2r, 2r € 2T, we are done. U

We will see later on that the above matrix F, ®/c,’g F5 is equivalent to a certain matrix
Fy ® Iy, which looks a bit more complicated, but is part of a series Fiy @ Fy. Now back
to the general case, we have the following result:

Theorem 10.20. A deformed tensor product H ®¢g K can be put in bistochastic form
when there exist numbers ' € T such that with

(K*ZEZ)b

Gip =
" Qu

we have |(H*G)y| = VMN, for any i,b.
Proof. The deformed tensor product L = H ®¢ K is given by the following formula:
Liajb = QinHij Kap
By multiplying the columns by scalars Rj, € T, this matrix becomes:

: RipyQinHij K

ia,jb —
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The row sums of this matrix are given by:

Sia = ZijQininab
b

= Z K Qi Z H;;Rj,
b J

= Z KaupQin(HR)y,
b

Consider now the following variables:
Cy = Qu(HR)y,
In terms of these variables, the rows sums are given by:

Siy =Y KaCj = (KC"),
b

Thus H ®q K can be put in bistochastic form when we can find scalars Rj, € T and
z' € T such that, with C} = Q;(HR);, the following condition is satisfied:

(KCY, = VMNz. | Via
But this condition is equivalent to the following condition:
KC'=vMNz' | Vi
Now by multiplying to the left by K*, we are led to the following condition:
VNC! = VMK*z | Vi
Now by recalling that C} = Qu(HR), this condition is equivalent to:
VNQu(HR)y = VM(K*z'), , Vib
Consider now the variables in the statement, namely:
(K*x%),
Qv
In terms of these variables, the above condition reads:
VN(HR)y, =VMGy , Vi,b
But this condition is equivalent to:
VNHR = VMG
Now by multiplying to the left by H*, we are led to the following condition:
VMNR = H*G

Thus, we have obtained the condition in the statement. U

Gip =
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As an illustration for the above result, assume that H, K can be put in bistochastic
form, by using vectors y € TV, 2z € TV. If we set 2, = y;z,, with Q = 1 we have:
Gip = (K*a')y = [K™(:2)]p = yi(K™2)s
We therefore obtain the following formula:
(H*G)iy = > (H")iGjo = Y J(H" )iy (K*2)p = (H*y)i(K*2),
J J
Thus the usual tensor product H ® K can be put in bistochastic form as well.

In the case H = F); the equations simplify, and we have:

Proposition 10.21. A deformed tensor product Fy; ®¢g K can be put in bistochastic form
when there exist numbers x', € T such that with

(K*$Z>b
Qip
we have the following formulae, with | being taken modulo M :

> GG =MNbo , Vb

J

Gip =

Moreover, the M x N matriz |G| is row-stochastic with sums N2, and the l = 0 equations
state that this matriz must be column-stochastic, with sums M N .

Proof. With notations from Theorem 10.20, and with w = e2>™/M | we have:

(H*G)zb = Z w_ijGjb
J
The absolute value of this number can be computed as follows:

(H*G)a|* = Zwl(k G GG
= Zw GGz

= Z W'D GG
If we denote by v? the sum on the right, we obtain:

zb’Q szl b __ FMU )

Now if we denote by £ the all-one vector in CM | the condition |(H*G)gs| = VMN for
any 7, b found in Theorem 10.20 above reformulates as follows:

FMyb = MNE Vb
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By multiplying to the left by F', /M, this condition is equivalent to:
MN

v’ = NFy & =
0
Let us examine the first equation, v = M N. By definition of v}, we have:

= GiGp=) |Gul
j j

Now recall from Theorem 10.20 that we have, for certain numbers x{, eT:
(K*279),

Qo

Since we have Q;, € T and K*/v/N € Uy, we obtain:

NG = Y (K )2 = ||K* 2|2 = Nja|)3 = N?
b b

Gy =

Thus the M x N matrix |G|* is row-stochastic, with sums N?  and our equations
vy = MN for any b state that this matrix must be column-stochastic, with sums MN.

Regarding now the other equations that we found, namely v? = 0 for [ # 0, by definition
of v? and of the variables G, these state that we must have:

> GpGiap=0 , VI#0,b
J
Thus, we are led to the conditions in the statement. U

As an illustration for this result, let us go back to the () = 1 situation, explained after
Theorem 10.20. By using the formula Gy, = y;(K*2), there, we have:

Z GGy = Z Yi (K" 2)p Y (K% 2)
- .

J

= 'Y A
7 Yi+

= M- Ny

Thus, if K can be put in bistochastic form, then so can be put Fjy; ® K. As a second
illustration, let us go back to the matrices I ®¢, Fy from the proof of Proposition 10.19



HADAMARD MATRICES 183

above. The vector of the row sums being S = (2¢, —2q, 2r, 2r), we have = = (¢, —q,r,7),
and so we obtain the following formulae for the upper entries of G:

B (G 1) A €5

Qo " Qu

As for the lower entries of GG, these are as follows:

L G )OL6),

Qv Qu

Thus, in this case the matrix G is as follows, independently of Q:

o-(02)

In particular, we see that the conditions in Proposition 10.21 are satisfied. As a main
application now, we have the following result:

Theorem 10.22. The Dita deformations of tensor squares of Fourier matrices,
Fy ®qg Fn
can be put in almost bistochastic form, independently of the value of Q € My(T).

Proof. We use Proposition 10.21 above, with M = N, and with K = Fy. Let w = e2mi/N
and consider the vectors z* € TV given by:

2= (w(i—l)a)a

Since K*K = N1y, and z° are the column vectors of K, shifted by 1, we have:

0 N 0
0 0 0
K*2=| : . Krat=| s, KNl =
0 0 N
N 0 0
We conclude that we have (K*z"), = N&;_1,, and so the matrix G is given by:
No;_
G = L
Qiv

With this formula in hand, the sums in Proposition 10.21 are given by:

- Néj_1p Nojpi1p
GiGipip = L T
zj: S zj: Qi Qjrip
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In the case | # 0 we clearly get 0, because the products of Kronecker symbols are 0. In
the case [ = 0 the denominators are |Q;|* = 1, and we obtain:

Z Gjbéjb - N2 Z 5]'_1’5 - N2
J J
Thus, the conditions in Proposition 10.21 are satisfied, and we obtain the result. U
Here is an equivalent formulation of the above result:
Theorem 10.23. The matriz Fy ®g Fy, with Q € My (T), defined by
wij+ab Qib
whiti Qb+1,b

is almost bistochastic, and equivalent to Fy ®¢g Fi.

(Fn ®g FN)iago =

where w = e2™/N

Proof. Our claim is that this is the matrix constructed in the proof of Theorem 10.22.
Indeed, let us first go back to the proof of Theorem 10.20. In the case M = N and
H = K = Fy, the Dita deformation L = H ®¢g K studied there is given by:

_ __ ,.ij+tab
Lia b, = QinHij Koy = w7 Qy

As explained in the proof of Theorem 10.22, if the conditions in the statement there
are satisfied, then the matrix L;a’jb = RjpLiq j» is almost bistochastic, where:
VMN -R=H"G
In our case now, M = N and H = K = Fy, we know from the proof of Proposition
10.21 that the choice of G which makes work Theorem 10.22 is as follows:

No;_
G = -
Qip
With this formula in hand, we can compute the matrix R, as follows:

1 w—(b+l)j

1 . Y
Riy= —(H'G)p = — Gy =S i G
=y O = 2 wGa =) wt g =

i

Thus, the modified version of Fiy ®¢g Fx which is almost bistochastic is given by:

/ _
ia,jb T ijLia,jb
—(b+1)j
w( g
_ ij+ab
= Ui,
QbJrl,b

wz‘j—l—ab Qib
whiti Qb1

Thus we have obtained the formula in the statement, and we are done. U
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As an illustration, let us work out the case N = 2. Here we have w = —1, and with
Q= (I'?), and then with u = £,v = 2, we obtain the following matrix:

P q _b q

r g r g u 1 —u 1

p _49 _P _4 _ _ _
FoogFR=|r 9 7 q | = U 1 U 1

o a o —(—1 ]_ v 1 —v

r _s r s 1 —v 1 v

r q T q

In general, the question of putting the Dita deformations of the tensor products in
explicit bistochastic form remains open. Open as well is the question of putting the
arbitrary affine deformations of the Fourier matrices in explicit bistochastic form.

A related interesting question, which can serve as a good motivation for all this, is
whether the real Hadamard matrices, H € My(=£1), can be put or not in bistochastic
form, in an explicit way. This is certainly true for the Walsh matrices, but for the other
basic examples, such as the Paley or the Williamson matrices, no results seem to be
known so far. Having such a theory would be potentially very interesting, with a complex
reformulation of the HC and of the other real Hadamard questions at stake.

We already know that we are done with the case NV < 8. The next problem regards the
Paley matrix at N = 12, which is the unique real Hadamard matrix there:

1 2
P12NP12NP12

This matrix cannot be put of course in real bistochastic form, its size being not of the
form N = 4n% Nor can it be put in bistochastic form over {#1, +i}, because the Turyn
obstruction for matrices over {£1,+i} is N = a* + b?, and we have:

12 # a® + b?

However, the question of putting Pj5 in bistochastic form over the 3-roots of unity
makes sense, because the Turyn obstruction here is:

r+y+z=0
v +y? + 22 =2N
And, we do have solutions to these equations at N = 12, as follows:
42+ (=22 + (=22 =24

Another question is whether Pj5 can be put in bistochastic form over the 8-roots of
unity. In order to comment on this, let us first work out the Turyn obstruction, for the
bistochastic matrices having as entries the 8-roots of unity. The result is as follows:
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Proposition 10.24. The Turyn obstruction for the bistochastic matrices having as entries
the 8-roots of unity is
P2y AP =N
xy+yz+zt =uat
with x,y, z,t € 7.
Proof. The 8-roots of unity are as follows, with w = e™/*:
1, w,,mw,—1, —w, —i, —tw
Thus, we are led to an equation as follows, with x,y, z,t € Z:
v +wy + iz + iwt]> = N
We have the following computation:
|z + wy + iz + iwt|?
= (x4 wy+ iz +iwt)(x — iwy — iz — wt)
= 22+ + 22+ +w(l —i)(rvy +yz + 2t — at)
= 2242+ 22+ 12— V2%ay+yz + 2t — at)
Thus, we are led to the conclusion in the statement. U

The point now is that the equations in Proposition 10.24 do have solutions at N = 12,
namely:
r=0y=2,2=—-2,t=+2
Summarizing, the Paley matrix Pjs cannot be put in bistochastic form over the 4-roots,
but the question makes sense over the 3-roots, and over the 8-roots. There are many
questions here, and as already mentioned above, all this can potentially lead to a complex
reformulation of the HC and of the other real Hadamard matrix questions.
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11. GLOW COMPUTATIONS

We discuss here the computation of the glow of the complex Hadamard matrices, in
the N — oo limit. As a first motivation, we have the Gale-Berlekamp game [67], [116].
Another motivation comes from the questions regarding the bistochastic matrices, in
relation with [75], explained in section 10. Finally, we have the question of connecting
the defect, and other invariants of the Hadamard matrices, to the glow.

Let us begin by reviewing the few theoretical things that we know about the glow, from
section 10. The main results there can be summarized as follows:

Theorem 11.1. The glow of H € My(C), which is the law p € P(C) of the excess
]

over the Hadamard equivalence class of H, has the following properties:
(1) p=¢e x p*, where u* = law(|E]).
(2) p is invariant under rotations.

(3) H € VNUy implies supp(p) € NV/ND.

(4) H € V/NUy implies as well Nv/N'T C supp(p).

Proof. We already know all this from section 10, the idea being as follows:

(1) This follows indeed by using H — zH with |z| = 1.

(2)
(3) This folllows indeed from Cauchy-Schwarz.
4)

(

In what follows we will be mainly interested in the Hadamard matrix case, but since
the computations here are quite difficult, let us begin our study with other matrices.
It is convenient to normalize our matrices, by assuming that the corresponding 2-norm

[[H|[2 = y/>_,; | Hij|* takes the same value as for the Hadamard matrices, namely:

This follows from (1), the convolution with ¢ bringing the invariance.

This is something highly non-trivial, coming from [75]. O

|Hlls =N

We recall that the complex Gaussian distribution C is the law of z = \%(l‘ +1iy), where
x,y are independent standard Gaussian variables. In order to detect this distribution, we
can use the moment method, and the following well-known formula:

E(|2*) = p!

Finally, we use the symbol ~ to denote an equality of distributions.

With these conventions, we have the following result:
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Proposition 11.2. We have the following computations:
(1) For the rescaled identity Iy = v NIy we have
E~VN(gi+... +aqv)

with ¢ € TV random. With N — oo we have E/N ~ C.
(2) For the flat matriz Jy = (1);; we have

E)AJ(al%—...+‘GN)(b1%—...+‘bN)
with (a,b) € TN x TV random. With N — oo we have E/N ~ C x C.
Proof. We use Theorem 11.1, and the moment method:

(1) Here we have E = VN >_. a;b;, with a,b € TV random. With ¢; = a;b; this gives
the first assertion. Let us estimate now the moments of |E|?. We have:

[, ee
TN xTN

ZJW/|m+~+wW®
']TN

Gy - Qi
= Np/ —— L dq
ij;:(bi...Q%
- M#{@ﬁeﬂwwNVxﬂwwNPmwwmzbh”wﬂ
~ NP.-pIN(N—-1)...(N—p+1)

NP . pIN?

pIN%

12

Here, and in what follows, the sets between brackets are by defintion sets with repetition,
and the middle estimate comes from the fact that, with N — oo, only the multi-indices
i = (i1,...,1p,) having distinct entries contribute. But this gives the result.

(2) Here we have the following formula, which gives the first assertion:
=Y ab =Y u Yl
ij i j
Now since a,b € TV are independent, so are the quantities Y. a;, > ; b;, so we have:

2
/ WW:(/'%+~+wW@):@ww
TN xTN TN

Here we have used the estimate in the proof of (1), and this gives the result. U
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As a first conclusion, the glow is intimately related to the basic hypertoral law, namely
that of ¢; + ...+ qn, with ¢ € TV random. Observe that at N = 1 this hypertoral law is
simply 97, and that at N = 2 we obtain the following law:

law[1+q| = law/(1+et)(1+ e it)

= lawv2 + 2cost

t
- ) hd
law ( cos 2)

In general, the law of ) ¢; is known to be related to the Pdlya random walk [112]. Also,
as explained for instance in section 9, the moments of this law are:

P N!
g+ g |Pdg = ()—
/TN ﬂe;(p) ) (N —|m|)!

As a second conclusion, even under the normalization ||H||s = N, the glow can behave
quite differently in the N — oo limit. So, let us restrict now the attention to the Hadamard
matrices. At N = 2 we only have F, to be invesigated, the result being:

Proposition 11.3. For the Fourier matriz Fy we have
|E|? = 4+ 2Re(a — B)
for certain variables o, B € T which are uniform, and independent.

Proof. The matrix that we interested in, namely the Fourier matrix F5 altered by a vertical
switching vector (a,b) and an horizontal switching vector (¢, d), is

~ ac ad
= (bc —bd)

With this notation, we have the following formula:

|E]*> = l|ac+ ad + bc — bd)?
= 4+ %Z + % _ % — CL_C
bc ad ac bd
For proving that the variables a = % and g = Z—‘Z are independent, we can use the

moment method, as follows:

/ a_dpyq:/apq/bqp/ /dp+q
Ta \ bC ac
= 5pq5pq5p —q p —q

- 5p,q,0

Thus «, § are indeed independent, and we are done. U
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It is possible of course to derive from this some more concrete formulae, but let us look
instead at the case N = 3. Here the matrix that we are interested in is:

_ ad ae af
Fy=|bd wbe w?bf

cd wice wcf

Thus, we would like to compute the law of the following quantity:
|E| = |ad + ae + af + bd + wbe + w?bf + cd + wce + wef|

The problem is that when trying to compute |E|?, the terms won’t cancel much. More
precisely, we have a formula of the following type:

|E‘|2 = 9+ Co + Clw + Czw2

Here the quantities Cy, C, Cy are as follows:

ae af af bd be bf cd ce cf
G = X,
0 bd+ d+bd+cd+ + of f—|— + + f f

ad ad ae af be be be cf cf f
o - . ea ae aj  ba b be be  cd o) ¢l
A oF T o T e 40 +&d+ Gt d+bf+ad+ ~
C, = ad+ad a€+af+ LU N N e e e ce

cf cf be cf ad ae cd be ad a,f+EZ

In short, all this leads nowhere, and the exact study stops at F5. In general now, one
idea is that of using Bernoulli-type variables coming from the row sums, as follows:

Theorem 11.4. The glow of H € My(C) is given by the formula

law(E) = / . BllHay . (Ha)y)

where the quantities on the right are

B(Cl, . 7CN) = law (Z )\zcz>

with X € TV being random.

Proof. This is clear from E =< a, Hb >. Indeed, when the vector a € TV is assumed to
be fixed, this variable E follows the law B((Ha)y,...,(Ha)y) in the statement. d

Observe that we can write a formula of the following type:

Bles,... en) = & x Blleil, . lew])
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To be more precise, such a formula holds indeed, with the measure B(ry,...,ry) €
P(Ry) with r1,...,ry > 0 being given by:

B(ry,...,ry) =law

Z)\ﬂ“z‘

Regarding now the computation of 3, we have:

B(ry,...,ry) = law

Consider now the following variable, which is easily seen, for instance by using the
moment method, to be uniform over the projective torus TV 1 = TV /T:;

( (M A
M1, f2, -5 UN) = )\27)\37"'7A1

Now since we have \;/\; = fifti+1 ... @y, with the convention p;...p; = ;.- f; for
i > 7, this gives the following formula, with y € TV ! random:

B(ri,...,TN) :law\/ZMz’Hi—l-l---Mj'rz‘Tj
1j

It is possible to further study the laws 8 by using this formula. However, in practice,
it is more convenient to use the complex measures B from Theorem 11.4.

Let us end these preliminaries with a discussion of the “arithmetic” version of the
problem, which makes the link with the Gale-Berlekamp switching game [67], [116] and
with the work in section 2. We have the following unifying formalism:

Definition 11.5. Given H € My(C) and s € NU {oo}, we define a measure us € P(C)

by the formula
[etwan@=[ (} jaiijz-j) d(a.)
C ZN x7ZN i

where Zs C T is the group of the s-roots of unity, with the convention Z., = T.

Observe that at s = oo we obtain the measure in Theorem 11.1. Also, at s = 2 and for
a usual Hadamard matrix, H € My(41), we obtain the measure from section 2. Observe
also that for H € My(=£1), knowing us is the same as knowing the statistics of the number
of one entries, |1 € H|. This follows indeed from the following formula:

Y Hy=[l€H|—|-1€H|[=2[]1€H|-N
]

More generally, at s = p prime, we have the following result:
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Theorem 11.6. When s is prime and H € My(Zs), the statistics of the number of one
entries, |1 € H|, can be recovered from that of the total sum, E =}, H;;.

Proof. The problem here is of vectorial nature, so given V' € Z?, we would like to compare
the quantities |1 € V| and ) V. Let us write, up to permutations:

V=l...lw...w...... w L wh)

aop al as—1
We have then |1 € V| = ag, as well as:
ZVi =ap+aw+...+as_qw!

We also know that ag + a3 + ...+ as—1 = n. Now when s is prime, the only ambiguity
in recovering ay from ag + a1w + ... + as_jw*"! can come from:

l4+w+...+w1=0

But since the sum of the numbers q; is fixed, ag + a; + ... + as_1 = n, this ambiguity
dissapears, and this gives the result. Il

Let us investigate now the glow of the complex Hadamard matrices, by using the
moment method. We use the moment formula from section 10, namely:

Proposition 11.7. For H € My(T) the even moments of |E| are given by

/ ’E|2p — 2 : Hiljl co Hipjp
TN TN Hklh . Hkplp

[i]=[k],[51=[1]
where the sets between brackets are by definition sets with repetition.

Proof. As explained in section 10, with £ =), ; Hija;b; we obtain:

p
/ B> = / Z iy aib;
TN xTN TN xTN ikl Hy  aib

. Z Hiljl .. 'Hipjp / Ajy - - .G,Z'p / b] . "bjp
Hk1l1 .. 'Hkplp ™ Qfy - - .CL]CF TN bll . ~-blp

ijkl

The integrals on the right being dj;,) and 6y, we obtain the result. O
As a first application, let us investigate the tensor products. We have:

Proposition 11.8. The even moments of |E| for a tensor product L = H ® K are given
by the formula

/ |E|2p _ Z Hij ... Hyj, . Kap, - Kapp,
TNM  TNM lia]=[kdl. b= [id] Hk’lh ce Hkplp K01d1 R chdp

where the sets between brackets are as usual sets with repetition.
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Proof. With L = H ® K, the formula in Proposition 11.7 reads:

/ |E|2p — : : Lilalvjlbl ce Lipapyjpbp
NM NM L “ .. L
B [ia]=[kc],[7b]=[ld] kiei,lidy kpep,lpdp

But this gives the formula in the statement, and we are done.
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g

Let us develop now some moment machinery. Let P(p) be the set of partitions of

{1,...,p}, with its standard order relation <, which is such that, for any = € P(p):
Mm...<7<|]...]]

We denote by p(m, o) the associated Mobius function, given by:

1 itr=o0
o) =S =3 ) ifr<o
0 ifrLo

For m € P(p) we use the following notation, where by, ..., b, are the block lenghts:

AT P
™ bl...bw bll...b|7r|!

Finally, we use the following notation, where Hy, ..., Hy € TV are the rows of H:
H.(i) = Q[ .
Ber rep

With these notations, we have the following result:
Theorem 11.9. The glow moments of a matriz H € My(T) are given by
[, B =Y K@NI
TNXTN ﬂ_ep(p)
where K(m) =3 pg 1(T, o)(?), and where the contributions are given by
1 . .
[d]=[7]
by using the above notations and conventions.

Proof. We know from Proposition 11.7 that the moments are given by:

H. . ...H
E2p _ 1121 1pTp
D S

H,., . H:
[i]=[5],[x]=[y] ~~ 7V Ip¥p
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With ¢ = kerz, p = kery, we deduce that the moments of |E|*> decompose over parti-
tions, according to a formula as follows:

[, me= [ 3 cen
THXTH o,pEP(p)
To be more precise, the contributions are as follows:

z:c .. szp Ay - - - Gy,
C(o,p) = Z Olal, ylz - CH; 'a-l a;

ker =0 ker y=p Hjyy - Hjpy, g, - aj,

We have C(o,p) = 0 unless o ~ p, in the sense that o, p must have the same block
structure. The point now is that the sums of type ), . .__ can be computed by using the
Mobius inversion formula. We obtain a formula as follows:

C(0,p) = Smp > p(m,0) [ [ Clai(@)

<o pem
Here the functions on the right are by definition given by:

o) = SY g et

i - ]rCL“ Qjy v .- Aj,

Qiy - .- Q4
- Z<H11le7Hle]r> !

ajl...aj

T

Now since there are (f; ) partitions having the same block structure as o, we obtain:

/TNW 2 = /TN > (ZZN 0 ) 11 Ciai(a)

meP(p) \o~p pu<lo pem

- Y| X wma(?)) [ Tt

meP(p) \o€P(p) pem

But this gives the formula in the statement, and we are done. O

Let us discuss now the asymptotic behavior of the glow. For this purpose, we first
study the coefficients K(7) in Theorem 11.9. We have here the following result:

Proposition 11.10. K(m) =, u(m, o)(?) has the following properties:
(1) K(r) = % is multiplicative: K (nn') = K(7)K ().

(2) K(M...m) = 3 cpp (=D (o] = 1I(D).
(3) K(M...n) = X" (=1 (r = D)ICy, where Cpo =30 0 (7 )%

al,...,0r
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Proof. This follows from some standard computations, as follows:

195

(1) We can use here the formula u(nn’,00’) = u(m,o)u(n’,0’), which is a well-known
property of the Mobius function, which can be proved by recurrence. Now if by, ...

and cq,...

K(rr")

,¢; are the block lengths of o, 0’, we obtain, as claimed:

1 1
/ /
M;ﬂ,“(m’“) bl bl ol e
1 1
mo)u(n’, o) - )
ﬂgo;ga/#( )/JL( ) bl'bs' 01!---Ct!
K(m)K (')

, bs

(2) We can use here the following formula, which once again is well-known, and can be
proved by recurrence on |ol:

We obtain, as claimed:

p(rm...

K(m...n

M,0) = (=1)1""} (o] = 1)!

= X ool ()

g€P(p)

(3) By using the formula in (2), and summing over r = ||, we obtain:

Now if we denote by a4, ...

K(m...n)

On the other hand, given aq, ...,

partitions ¢ having these numbers as block lengths, and this gives the result.

= zp:(—w-l(r =Y (ﬁ)

r=1 lo|=r

,a, with a; > 1 the block lengths of o, then:

0)-(" )

a, > 1withai+...+a, =

Now let us take a closer look at the integrals /(7). We have here:

(1) I(m...

M

[1...11

...

A

M) =

Proposition 11.11. Consider the one-block partition T1...M € P(p).
#{1,5 € {1,..., N}?|[d] = [5]}-
Jon 122 il pda
|
ZO’EP (p)(NL\U\)"
2
E 7” (NN' I where CPT - Zp bi+...4br (bl,.l.).,b)

(
(
(

I
I
I

M

...

_

) =
)=
)=

~~~~~~

U
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Proof. Once again, this follows from some standard combinatorics, as follows:

(1) This follows indeed from the following computation:

1
I(m..m=>Y_ ~ < Hi oo Hi Hy o H, = >
g= [i1=1

(2) This follows from the following computation:
2p
Ajqy - .. Q4 Lo
a;| = —Fda = # {z, J
/]I:N; /ENiZjajl...ajp
(3) If we let o = keri in the above formula of I(IT1...11), we obtain:

(m..m= Y #{i,j keriza,[i]zm}

oc€P(p)

i) =[]}

Now since there are (N_L"UD, choices for 7, and then (i ) for 7, this gives the result.

(4) If we set r = |o|, the formula in (3) becomes:

[(ﬂﬂ..ﬂ):g% > (i)

r=1 " oeP(p),|o|=r
Now since there are exactly (b1 Py br) permutations o € P(p) having by, ..., b, as block
lengths, the sum on the right equals Zp:b1+...+bT (b1 r br)Q, as claimed. U

In general, the integrals I(m) can be estimated as follows:

Proposition 11.12. Let H € My(T), having its rows pairwise orthogonal.
(1) I(]] ...]) = N7,
(2) I(]|...| m) = N*I(m), for any m € P(p — a).
(3) |1(m)| < p!NP, for any = € P(p).

Proof. This is something elementary, as follows:

(1) Since the rows of H are pairwise orthogonal, we have:

p
(D= [0 =D 05=> 1=N"
=[] r=1 i

iJ=[j] [i)=L[4]
(2) This follows by the same computation as the above one for (1).
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(3) We have indeed the following estimate:

m < S I

[i]=[j] Bem
- T
[i1=4]
= #{igefn... M=}
~ p!NP
Thus we have obtained the formula in the statement, and we are done. Il

We have now all needed ingredients for a universality result:

Theorem 11.13. The glow of a complex Hadamard matric H € My(T) is given by:

1 |E| 2 p -1 -2
— — =1- N O(N
Pl v N ( N) 2 - ( )

In particular, E/N becomes complex Gaussian in the N — oo limit.

Proof. We use the moment formula in Theorem 11.9. By using Proposition 11.12 (3), we
conclude that only the p-block and (p — 1)-block partitions contribute at order 2, so:

/’JI‘N qu|E|2p = K(||...)NPI(||...])

+ (;’)K(m\...|)NP—1I(H!---D
+ O(N%72)

Now by dividing by N? and then by using the various formulae in Proposition 11.10,
Proposition 11.11 and Proposition 11.12 above, we obtain, as claimed:

|E| 2p_ p\p! 2N —1 L
/(W = g)y e O

Finally, since the law of E is invariant under centered rotations in the complex plane,
this moment formula gives as well the last assertion. O

Let us study now the glow of the Fourier matrices, F' = Fg. We use the following
standard formulae:
ExFiy = Fi,:r+y

Fix = E,—m
> Fi = Néy

We first have the following result:
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Proposition 11.14. For a Fourier matrix Fg we have

I(m) = # {i,jtm — LY =Y gnvs e w}

res rep

with all the indices, and with the sums at right, taken inside G.
Proof. The basic components of the integrals I(m) are given by:

! F F _ 2 F F

N H iT’H i o N< 2repir Zre,@“>

rep ref

= 6Zr€ﬁ i e Jr
But this gives the formula in the statement, and we are done.

We have the following interpretation of the above integrals:

Proposition 11.15. For any partition ™ we have the formula

1
) = / Al (m )3 IHZ-W) da
T ben ij
where H = FAF*, with F = Fg and A = diag(ag, . ..,an_1).
Proof. We have the following computation:
Ey-F}'$ a;

H=FAF = ’Hwy‘QZZF.F. " a;
Y J

ij

s ’H ‘2}3 . Fjlaz'-'Fjpx ) Fily...ﬂpy ] ail...aip
11T - 1pT J1Y L Ipy g1 - - Qg

i

2 Qg ...
= Y |Hy|” =) |<H,.. Hy H.  H> -2
Yy i o

But this gives the formula in the statement, and we are done.

We must estimate now the quantities /(7). We first have the following result:

Proposition 11.16. For [y we have the estimate

I(m) = byl ... by IN? + O(NP™)
where by, ..., bz with by + ...+ b = p are the block lengths of .
Proof. With ¢ = keri we obtain:

Im=3 #{i,j)kem':a, =130 = 3098 ew}

oc€P(p) ref rep
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There are ﬁ ~ NI choices for i satisfying keri = ¢. Then, there are (*) = O(1)
choices for j satisfying [i] = [j]. We conclude that the main contribution comes from the
partition o = ||...|. Thus, we have the following formula:

I(ﬂ'):#{ i=1].. ZZT er,VBEW}—i—O(N”l)
ref reg

Now the condition keri = ||...| tells us that ¢ must have distinct entries, and there
are (NL_EP)! ~ NP choices for such multi-indices i. Regarding now the indices j, the main
contribution comes from those obtained from ¢ by permuting the entries over the blocks
of m, and since there are b;!...b;! choices here, this gives the result. O

At the second order now, the estimate is as follows:
Proposition 11.17. For Fg we have the formula

(RO m )

1<j ¢>2 %

where by, ..., bs being the block lengths of m € P(p).
Proof. Let us define the “non-arithmetic” part of I(m) as follows:
1°(v) = # {i |lisIr € 8] = [joIr € B), B € 7}

We then have the following formula:

1°(7r)=H{ } [178

pem pem

Also, Proposition 11.16 shows that we have the following estimate:
I(m) = I°(7) + O(N")
Our claim now is that we have the following formula:

s~ 2 () () oo

1<j ¢>2
Indeed, according to Proposition 11.16, we have a formula of the following type:
I(m) = I°(m) + I'(m) + O(N??)

More precisely, this formula holds indeed, with I'(7) coming from iy,..., i, distinct,
[i] = [j], and with one constraint of type:

Y= G lidr€ Bl # Gl

rep JjEB
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Now observe that for a two-block partition m = (a, b) this constraint is implemented,
up to permutations which leave invariant the blocks of 7, as follows:

i1 .te ki ke g1 de Lo la—e
J1eJe kiooikee  dr.ite Dy lge
—_——— — — —— ——
c a—c c b—c
Let us compute now I*(a,b). We cannot have ¢ = 0, 1, and once ¢ > 2 is given, we have
(a), (g) choices for the positions of the 7, j variables in the upper row, then N?~1+O(N?~2)

C
choices for the variables in the upper row, and then finally we have a!b! permutations which

can produce the lower row. We therefore obtain the following formula:
a\ (b
I! = alb! p-1 p=2
(a,b) = alb! ) (C) (C)N + O(NP72)
c>2
In the general case now, a similar discussion applies.

Indeed, the constraint of type >_, csir = 32,5 With [i,[r € 8] # [j;[r € 5] cannot
affect < 1 blocks, because we are not in the non-arithmetic case, and cannot affect either
> 3 blocks, because affecting > 3 blocks would require > 2 constraints.

Thus this condition affects exactly 2 blocks, and if we let ¢ < j be the indices in

{1,...,s} corresponding to these 2 blocks, we obtain:
bi\ (b;
It :b!...bslg g ! TINPTL L O(NP2
<7T) 1 1<j ¢>2 <C) <C> ! ( )

But this proves the above claim. Let us estimate now I(IT1...M). We have:

N ! N »
I(M...n) = p!m+(g)%.m+0(]vp )

= pIN’ (1 - (2) N7 +0<N2)> + (p) %!Npl +O(NP2)

2
= pIN? (1 - %(Z) N7+ O(N‘2)>

Now recall that we have:

@ =111
BeET
We therefore obtain:

I°(x) = by! ... b,IN? (1 - %Z (’;) N+ O(N—2)>

By plugging this quantity into the above estimate, we obtain the result. U

In order to estimate glow, we will need the explicit formula of I(MM):
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Proposition 11.18. For Fg with G = Zn, X ... X Ly, we have the formula
I(MM) = N(4N® — 11N +2° +7)
where e € {0,1,...,k} is the number of even numbers among Ny, ..., Ny.

Proof. Let us first recall that the conditions defining the quantities I(7) are as follows:
e =D i
rep rep

We use the fact that, when dealing with these conditions, one can always erase some
of the variables i,, j,, as to reduce to the “purely arithmetic” case, namely:

{irlr € By {Gr|r € B} =10
We deduce from this that we have:
I(NM) = I1°(nn) 4 I197(1r)
Let us compute now [%*(Mr1). There are 3 contributions to this quantity, namely:

(1) Case (;’JJZJZ), with ¢ # j, 20 = 2j. Since 2(i1, ..., i) = 2(j1,. .., Jx) corresponds to the
collection of conditions 27, = 2j,, inside Zy,., which each have 1 or 2 solutions, depending
on whether /N, is odd or even, the contribution here is:

nron) = 4 # jl2i = 24}
= #{d, 4120 = 25} — #{i, jli = j}

2°N — N
(2° = 1)N
(2) Case (;%), with 7, 7, k distinct, 2¢ = j + k. The contribution here is:

I5"(N) = 44H{i, j, k distinct|2i = j + k}
= ad{i # 120 # i,
— ag{i A 42 # 2}
Al £ ) — 40 # 120 = 27))
— 4(N(N —1)— (2°— 1)N)
= 4N(N —2°)
(3) Case (?lfjl), with 4, j, k, [ distinct, i + j = k 4+ [. The contribution here is:

"My = 44+{i, j, k, 1 distinct|i + j = k + [}
= A#{i,j, k distinct|i + j — k #14,7,k}
= 4#{i, j, k distinct|i + j — k # k}
= 4#{i, j, k distinct|i # 2k — j}



202 TEO BANICA

We can split this quantity over two cases, 27 # 2k and 25 = 2k, and we obtain:
LMY = 4(#{4, j, k distinet|25 # 2k, i # 2k — 5}
+#{i, 7, k distinct|2j = 2k, 1 # 2k — j})

The point now is that in the first case, 2j # 2k, the numbers j, k, 2k — j are distinct,
while in the second case, 27 = 2k, we simply have 2k — 7 = 7. Thus, we obtain:

() = 4 ( Yo #iliAgk2k =Y+ Y #{ili#), k})
J#k, 272k j#k,2j=2k
= 4(N(N =2°(N —=3)+ N(2°=1)(N —2))
= 4AN(N(N —3) —2°(N —3) +2°(N —2) — (N —2))
= 4N(N? —4N +2° +2)
We can now compute the arithmetic part. This is given by:
I(N) = (2° = 1)N +4N(N —2°) + 4N(N? — 4N +2° + 2)
N(2° =14+ 4(N —2°) +4(N? — 4N +2° + 2))
= N(4N? — 12N +2°+7)
Thus the integral to be computed is given by:
I(MN) = N?*2N — 1)+ N(4N? — 12N +2°+7)
= N(4N? —4N? + N +4N? — 12N +2° +7)
= N(@A4N? — 11N +2°47)
Thus we have reached to the formula in the statement, and we are done. O

We have the following asymptotic result, from [11]:
Theorem 11.19. The glow of Fg, with |G| = N, is given by

1 B[\ 1 s 3 -
H N N W = 1—K1N —|—K2N —KgN —|—O(N )
: X

with the coefficients being as follows:

3p? +p — 8 S dp? +p—18
Klz(p) 7 KQZ(p)erp | ng(p)p+p+p

2 2 12 3 8
Thus, the rescaled complex glow is asymptotically complex Gaussian,
E
Z~C
N

and we have in fact universality at least up to order 3.
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Proof. We use the following quantities:

K(r) = K}E'ﬂ . I(m) = Ii)

These are subject to the following formulae:
K(r|...)=K(x) , I(x]...])=I(n)

Consider as well the following quantities:

In terms of these quantities, we have:
1

— EP = J@®
i . |E| )
+ N7UJ(M)
+ N72(J(M) + J(Nr))
+ N7(JTT) + J(rmn) + J(Mn))
+ O(N™%
We have the following formulae:
Ky =
K, =1
~ 1 1
Ka==-—-1=—=
2 2
~ 1 3 2
Ki==-—=-+42=-
T6 27773
~ 1 4 3 12 11
K= — —-_ 2422 - _—~
YT 6 12 8
Regarding now the numbers C), in Proposition 11.16, these are given by:
1/2p pl(p
We deduce that we have the following formulae:
I()) =N

I(M) = N(2N — 1)
I(rT1) = N(6N? — 9N + 4)
I(rTT) = N(24N3 — 72N? 4+ 82N — 33)
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By using Proposition 11.17 and Proposition 11.18, we obtain the following formula:

1 1 2
- B = 1-=(P)en"t - N2+ Z(P)(6N2 - oN?)
pl Jon ypn 2\2 3\3
p ) p -3 p -3
3 N™—-33 N —40 N
=) m(E) v n()
DY Ar—3 —4
- 15 (6) N7 +O(N™)
But this gives the formulae of K, K5, K3 in the statement, and we are done. U

It is possible to compute the next term as well, the result being:

Theorem 11.20. Let G = Zy, X ... X Ly, be a finite abelian group, and set:
N = N;...N,

Then the glow of the associated Fourier matriz Fg is given by

1 EN?
ol . (|—N|) =1-KIN '+ KN 2~ KN+ KGN+ O(N?)
s JTNXT

where the quantities Ky, Ko, K3, K4 are given by

5= (2)

3p? -8
k- ()2

12
3 42 -1

K, = (PP tdrtp—18

3 8

8(p 3 2¢ D P 2915 (p P P
K, = = - (121 + — 41 — 4 1
4 3(3)+4( +N)(4>+ 6<5>+ 2(6+o7+058

where e € {0,1,...,k} is the number of even numbers among Ny, ..., Ny.

Proof. This is something that we already know, up to order 3, and the next coefficient
K4 can be computed in a similar way, based on results that we already have. U

The passage to Theorem 11.20 is quite interesting, because it shows that the glow of
the Fourier matrices Fg is not polynomial in N = |G|. When restricting the attention to
the usual Fourier matrices Fi, the glow up to order 4 is polynomial both in N odd, and
in N even, but it is not clear what happens at higher order. An interesting question here
is that of computing the glow of the Walsh matrices, where the integrals I(7), and hence
the glow, might be polynomial in N. We do not know if this is really the case.
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12. LOCAL ESTIMATES

We discuss here some further analytic questions, regarding the complex Hadamard
matrices, following [25], in analogy with the considerations in sections 2-3 above. First,
we have the following basic estimate, that we already know:

Theorem 12.1. Given a function v : [0,00) — R, the following function over Uy
FU)=>_ y(U;P)
]
satisfies the following inequality, when v is conver,
1
F(U) > N*% | —
W)z ¥ ()
and the following inequality, when 1 is concave,
1
F(U) < N*% | —
RIS
and assuming that 1 is strictly convex/concave, the equality case appears precisely for the
rescaled Hadamard matrices, U = H//N with H € My(T) Hadamard.

Proof. This follows indeed from the Jensen inequality, exactly as in the real case. U

Of particular interest for us are the power functions ¢ (z) = 2?/2, which are concave at
p € [1,2), and convex at p € (2,00). These lead to the following statement:

Theorem 12.2. Let U € Uy, and set H = +/NU.
(1) For p € [1,2) we have ||U||, < N?P=Y2 with equality when H is Hadamard.
(2) For p € (2,00] we have ||U||, > N*P=Y/2 with equality when H is Hadamard.

Proof. Consider indeed the p-norm on Uy, which at p € [1,00) is given by:

1/p
Ul = (E |Uz'j|p>
i

By the above discussion, involving the functions ¢(z) = 27/2, Theorem 12.1 applies and
gives the results at p € [1,00), the precise estimates being as follows:

< N2/P=12 i p < 2
1Ull, = (=N ifp=2
> N2/p=1/2 if p> 2
As for the case p = oo, this follows with p — oo, or directly via Cauchy-Schwarz. [J

For future reference, let us record as well the particular cases p = 1,4, oo of the above
result, that we already met before, and which are of particular interest:
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Theorem 12.3. For any matriz U € Uy we have the estimates
1

Ul < NVN , [[Ula>1 IIUIIOO_\/—N

which in terms of the rescaled matriz H = vV NU read
IH[L < N*  JH[s= VN , [[H|lx>1
and in each case, the equality case holds when H 1s Hadamard.

Proof. These results follow from Theorem 12.2 at p = 1,4, oo, with the remark that for
each of these particular exponents, we do not really need the Holder inequality, with a
basic application of the Cauchy-Schwarz inequality doing the job. U

The above results suggest the following definition:

Definition 12.4. Given U € Uy, the matrizc H = V/NU s called:

(1) Almost Hadamard, if U locally maximizes the 1-norm on U.

(2) p-almost Hadamard, with p < 2, if U locally maximizes the p-norm on Uy.
(3) p-almost Hadamard, with p > 2, if U locally minimizes the p-norm on Uy.
(4) Absolute almost Hadamard, if it is p-almost Hadamard at any p # 2.

We have as well real versions of these notions, with Uy replaced by Oy .

All this might seem a bit complicated, but this is the best way of presenting things.
We are mainly interested in (1), but as explained in section 9, the exponent p = 4 from
(3) is interesting as well, and once we have (3) we must formulate (2) as well, and finally
(4) is a useful thing too, because the absolute case is sometimes easier to study.

As for the “doubling” of all these notions, via the last sentence, this is necessary too,
because given a function F': Uy — R, an element U € Oy can be a local extremum of
the restriction Fjo, : Ox — R, but not of the function F' itself. And, we will see in what
follows that this is the case, and in a quite surprising way, with the p-norms.

Let us first study the critical points. Things are quite tricky here, and complete results
are available so far only at p = 1. Following [25], we first have the following result:
Theorem 12.5. If U € Uy locally maximizes the 1-norm, then
must hold for any 1, .

Proof. We use the same method as in the real case, namely a “rotation trick”. Let us
denote by Uy, ..., Uy the rows of U, and let us perform a rotation of Uy, Us:

Ul |eost-Uy —sint - Uy
Ul |sint- Uy + cost - Uy
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In order to compute the 1-norm, let us permute the columns of U, in such a way that
the first two rows look as follows, with X, Y, A, B having nonzero entries:

Uil |0 0 Y A
U] |0 X 0 B
The rotated matrix will look then as follows:

Ufl |0 —sint-X cost-Y cost-A—sint- B
Ul |0 cost-X sint-y sint-A+cost-B

Our claim is that X, Y must be empty. Indeed, if A and B are not empty, let us fix a
column index k for both A, B, and set a = Ay, 8 = Bi. We have then:

(UDg| + (U] = |cost-a—sint-B|+|sint-a+ cost- [

= \/coszt~ |2 +sin® ¢ - |B]2 — sint cost(afB + Ba)

+ \/sin2t |2 + cos?t - |B|2 + sint cost(af + Ba)
Since «, 8 # 0, the above function is derivable at ¢ = 0, and we obtain:

O (Ul + 1(Ug)e]) sin 2¢(|8]* — |a|?) — cos 2t(af + Ba)
ot 2¢/cos?t - |a|? +sin’t - | 3|2 — sint cost(af + fa)
sin 2t(|a|?> — |3]?) + cos 2t(a3 + @)

2¢/sin’t - |a|? + cos?t - |32 + sint cost(af + fa)

Thus at ¢t = 0, we obtain the following formula:

9 (J(UD)k] + |(U2t)k’)(0) _ af + Ba ( 1 1 )

ot 2 18] ol

Now since U locally maximizes the 1-norm, both directional derivatives of [|U*||; must
be negative in the limit ¢ — 0. On the other hand, if we denote by C' the contribution
coming from the right, which might be zero in the case where A and B are empty, i.e.
the sum over k of the above quantities, we have:

w2
at ‘t:()Jr @t ’t:o+
= (—sint+cost)‘t:0(||X||1+||Y||1)+C

| cost| + [sint)([| X[l + [[Y][1) + C

= |IXIh + YL +C
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As for the derivative at left, this is given by the following formula:
w2

ot |t=0— ot ‘t:O—
= (—sint — cost)‘t:O(HXHl +||Y|h) +C

| cos ] + [sint|) (|| X[l + [[Y][) + C

= —|Xlh =¥l +C
We therefore obtain the following inequalities, where C' is as above:
X[+ Y[ +C < 0
=X = Y[ +C < 0
Consider now the matrix obtained from U by interchanging Uy, Us. Since this matrix

must be as well a local maximizer of the 1-norm, and since the above formula shows that
C changes its sign when interchanging Uy, Us, we obtain:

X[+ Y[ —C < 0
=X =[Y[]-C < 0

The four inequalities that we have give altogether || X||; + ||Y||y = C = 0, and from
[| X1 + [|Y||1 = 0 we obtain that both X, Y must be empty, as claimed.

As a conclusion, up to a permutation of the columns, the first two rows must be of the
following form, with A, B having only nonzero entries:

Uil [0 A

Uyl |0 B
By permuting the rows of U, the same must hold for any two rows U;, U;. Now since U
cannot have a zero column, we conclude that U cannot have zero entries, as claimed. [J

Let us compute now the critical points. Following [25], we have:

Theorem 12.6. Let ¢ : [0,00) — R be a differentiable function. A matriz U € U}, is a
critical point of the quantity

FU) =) o(|Uy))
]
precisely when WU* is self-adjoint, where:
Wiy = sgn(Uy)¢'(1U31)

Proof. We regard Uy as a real algebraic manifold, with coordinates U;;, U;;. This manifold
consists by definition of the zeroes of the following polynomials:

Aij = Z UUjr — 0ij
k
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Since Uy is smooth, and so is a differential manifold in the usual sense, it follows from
the general theory of Lagrange multipliers that a given matrix U € Uy is a critical point
of F precisely when the following condition is satisfied:

dF € span(dA;j)
Regarding the space span(dA;;), this consists of the following quantities:
Z M;;dA;; = Z (UdUyr + UjdUs)

ijk
= Y (M'U)jdUs, + Y (MU dUs,
jk ik
= > (M'U)ydUs; + > (MU);;dU;
ij ij
In order to compute dF', observe first that, with S;; = sgn(U;;), we have:

d|Us| = dy/U;;Us
- deUlj—FdeUw
2|U3;]

1 _ _
= 5(5ydU;; + 5,dUs)
Now let us set, as in the statement:
Wiy = sgn(Us)'(IUy1)

In terms of these variables, we obtain:

dF = Zd (1U4)))
= ZSD |Uij|)d|Usl

1 _ -
ij
We conclude that U € Uy is a critical point of F' if and only if there exists a matrix
M € My(C) such that the following two conditions are satisfied:

W =2M'U , W=2MU

Now observe that these two equations can be written as follows:

1 1
M = WU M = U
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Summing up, the critical point condition on U € Uy simply reads:
wWuU*=UW*
But this means that the matrix WU* must be self-adjoint, as claimed. U
In order to process the above result, we can use the following notion:
Definition 12.7. Given U € Uy, we consider its “color decomposition”

U=> rU,

r>0
with U, € Mn(T U {0}) containing the phase components at r > 0, and we call U:
(1) Semi-balanced, if U, U* and U*U,, with r > 0, are all self-adjoint.
(2) Balanced, if U,UF and U;Us, with r,s > 0, are all self-adjoint.

These conditions are quite natural, because for a unitary matrix U € Uy, the relations
UU* = U*U =1 translate as follows, in terms of the color decomposition:

ZTUTU* = ZTU*UT =1

r>0 >0
E rsUU; = g rsUUs =1
r,s>0 r,s>0

Thus, our balancing conditions express the fact that the various components of the
above sums all self-adjoint. Now back to our critical point questions, we have:

Theorem 12.8. For a matriz U € U}, the following are equivalent:
(1) U is a critical point of F(U) = 3_,;o(|Uyl), for any ¢ : [0,00) — R.
(2) U is a critical point of all the p-norms, with p € [1,00).
(3) U is semi-balanced, in the above sense.

Proof. We use Theorem 12.6 above. The matrix constructed there is given by:

WUy = > sen(Uan)¢ (U Uj
k

= D ) Y sen(Ua)Us

r>0 k,|Usk|=r

= 3P0 YWl

r>0 k

= > P )UU);

r>0
Thus we have the following formula:

wWU* = Zgo’(r)UrU*

r>0
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Now when ¢ : [0,00) — R varies, as a differentiable function, or as a power function
o(x) = 2P with p € [1,00), the individual components must be self-adjoint, as desired. [

In practice now, most of the known examples of semi-balanced matrices are actually
balanced. We have the following collection of simple facts, regarding such matrices:

Proposition 12.9. The class of balanced matrices is as follows:

(1) It contains the matrices U = H//N, with H € My(C) Hadamard.

(2) It is stable under transposition, complex conjugation, and taking adjoints.
(3) It is stable under taking tensor products.

(4) It is stable under the Hadamard equivalence relation.

(5) It contains the matriz Vy = +(2Iy — N1y), where Ly is the all-1 matriz.

Proof. All these results are elementary, the proof being as follows:

(1) Here U € Uy follows from the Hadamard condition, and since there is only one
color component, namely U, JVN = H, the balancing condition is satisfied as well.

(2) Assuming that U = Y _,7U, is a color decomposition of a given matrix U € Uy,
the following are color decompositions too, and this gives the assertions:

Ut=> rUt

r>0
0= r0,
r>0
U => rU;
r>0

(3) Assuming that U = > _ rU, and V = > __ sV, are the color decompositions of
two given unitary matrices U, V', we have:

UV = ZT’S-UT(@‘/S

Thus the color components of W = U ® V are the following matrices:

W,=> U, @V,

p=rs
It follows that if U,V are both balanced, then sois W =U ® V.

(4) We recall that the Hadamard equivalence consists in permuting rows and columns,
and switching signs on rows and columns. Since all these operations correspond to certain
conjugations at the level of the matrices U, U}, UUs, we obtain the result.
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(5) The matrix in the statement, which goes back to [28], is as follows:

2—N 2 - 2
1 2 2—N ... 2
W=nl
2 2 ... 2—N
Observe that this matrix is indeed unitary, its rows being of norm one, and pairwise
orthogonal. The color components of this matrix being Vo/y_1 = 1n and Vy/y = Iy — 1,
it follows that this matrix is balanced as well, as claimed. Il

Let us look now more in detail at Vi, and at the matrices having similar properties.
Following [28], let us call (a, b, ¢) pattern any matrix M € My(0,1), with N = a+2b+ ¢,
such that any two rows look as follows, up to a permutation of the columns:

0...0 0...0 1...1 1...1
0...0 1...1 0...0 1...1

As explained in [28], there are many interesting examples of (a, b, c) patterns, coming
from the balanced incomplete block designs (BIBD), and all these examples can produce
two-entry unitary matrices, by replacing the 0,1 entries with suitable numbers z, y.

Now back to the matrix Vy from Proposition 12.9 (5), observe that this matrix comes
from a (0,1, N —2) pattern. And also, independently of this, this matrix has the remark-
able property of being at the same time circulant and self-adjoint.

We have in fact the following result, generalizing Proposition 12.9 (5):

Theorem 12.10. The following matrices are balanced:
(1) The orthogonal matrices coming from (a,b,c) patterns.
(2) The unitary matrices which are circulant and self-adjoint.

Proof. These observations basically go back to [28], the proofs being as follows:

(1) If we denote by P,@ € My(0,1) the matrices describing the positions of the 0,1
entries inside the pattern, then we have the following formulae:

PP' = P'P = aly +bly
QR'=Q'Q = cly+bly
PQ'=P'Q=QP' =Q'P = bly —bln
Since all these matrices are symmetric, U is balanced, as claimed.

(2) Assume that U € Uy is circulant, U;; = v;_;, and in addition self-adjoint, which
means v; = v_;. Consider the following sets, which must satisfy D, = —D,.

Dr:{k:”yr’ :k}
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In terms of these sets, we have the following formula:

(U:Ug)i; = Z(Ur)ik(US)jk
k
= > Ot s (Vi) - Oy 580(Th5)
k

_ Z sgn(ve—i) sgn(Yx—j)

ke(Dr+i)N(Ds+7)
With £ =14 7 — m we obtain, by using D, = —D,, and then 7; = v_;:
(U:Ug)i; = > sgN(Yj—m) SN (Yi—m)

— Z Sgn(’}/jfm) Sgn('_yifm)

me(Dr+i)N(Dy+5)
= > sgn(mj) sen(m-i)
me(Dr+i)N(Dr+j)
Now by interchanging ¢ <+ j, and with m — k, this formula becomes:
(UUS)i = Z sgn (Vi) sgn(Vk—j)
ke(Dr+i)N(Dr+j4)

We recognize here the complex conjugate of (U,U});;, as previously computed above,
and we therefore deduce that U, U} is self-adjoint. The proof for UUs is similar. g

Let us compute now derivatives. As in Theorem 12.6, it is convenient to do the com-
putations in a more general framework, where we have a function as follows:

FU) = 30105 )

In order to study the local extrema of these quantities, consider the following function,
depending on ¢ > 0 small:

) = FUe) = 3 w(lUe);l)

Here U € Uy is a unitary matrix, and A € My(C) is assumed to be anti-hermitian,
A* = — A, as for having e? € Uy. Let us first compute the derivative of f. We have:

Proposition 12.11. We have the following formula,
Fit)=2> W (|(Ue)]*) Re (UAetA)ij(UetA)ij]
tj
valid for any U € Uy, and any A € My(C) anti-hermitian.
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Proof. The matrices U, ¢4 being both unitary, we have:
|(U€tA>ij|2 = (UetA)w(UetA)w
(U (Ue));i
= (Uet )ij (etA ") ji
(U tA)zj (€_tAU*)J2

We can now differentiate our function f, and by using once again the unitarity of the
matrices U, e, along with the formula A* = —A, we obtain:

ft) = ZW(l(UGM)z‘jP) [(UAe )i (e U) i — (Ueh) (e M AU™) ;1]

= ZW(l(UGtA)z‘jF) [(UAetA)z’j((e_tAU*)*)ij — (UetA)z‘j((e_tAAU*)*)ij]
= ZW(l(UGm)z‘jF) [(UAetA)z'j(UetA)ij + (UetA)z’j(UAetA)ij}

But this gives the formula in the statement, and we are done. U
Before computing the second derivative, let us evaluate f/(0). We have:
Proposition 12.12. We have the following formula,
=2 1/ (r*)Re [Tr(U;UA)]

>0
where the matrices U, € Mn(T U{0}) are the color components of U.

Proof. We use the formula in Proposition 12.11 above. At ¢t = 0, we obtain:
F1(0) =2 4/ ([Uy*) Re [(UA);;TU 5]
]
Consider now the color decomposition of U. We have the following formulae:

Uj=> r(U); = |Ugl" =) r’|(U.);]

r>0 r>0
- ¢ ‘Um‘ Z¢
r>0
Now by getting back to the above formula of f(0), we obtain:
0) =2 _9'(r*)> Re [(UA);T](U,)i]]
r>0 i

Our claim now is that we have:
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Indeed, in the case [Uj;| # r this formula reads U,;j-0=r-0, which is true, and in the
case |U;;| = r this formula reads rS;; - 1 = r - S;;, which is once again true.
We therefore conclude that we have:

f’(o) = QZTw’(TQ) ZR@ [(UA)ZJ(UT)Z]]

r>0

But this gives the formula in the statement, and we are done. U

Let us compute now the second derivative. The result here is as follows:

Proposition 12.13. We have the following formula,
" " 77 2
F1(0) = 4> " (|Uy*)Re [(UA);;TU ]
ij
+2 ) ¥/ (|U[*) Re [(UA®);T3]

ij

+2) ¢ (|Uy) (U A)y[?
ij

valid for any U € Uy, and any A € My(C) anti-hermitian.
Proof. We use the formula in Proposition 12.11 above, namely:
f(t) =2 ' (|(Ue)y]*) Re [(UAetA)ij(UetA)ij]
tj

Since the real part on the right, or rather its double, appears as the derivative of the
quantity |(Uet4),;]?, when differentiating a second time, we obtain:

1) = A W) Re [0 AT, |

1237 (U ) Re [(U A, T |

ij
In order to compute now the missing derivative, observe that we have:
E— P -
(UA) (UetA)z‘j] = (UA%);;(Ueth);; + (UAe™);; (U Aet)
= (UA%);;(Ueth);; + (U A )7
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Summing up, we have obtained the following formula:
42
) = 4 WUy Re |(UA)Te )]
]
+2) " (|(Ue)y|*) Re [(UAQ@tA)ij(UetA)ij]
]

+2) (U )| (U A
But at ¢ = 0 this gives the formula in the statement, and we are done. U
For the function ¢(z) = \/z, corresponding to F(U) = ||U||1, we have:
Proposition 12.14. Let U € Uj,. For the function F(U) = ||U||; we have the formula

7(0) = Re [Tr(s7U4%)] + 30 2 [(@fjgﬂ

ij
valid for any anti-hermitian matriz A, where U;; = S;;|Ui;|.
Proof. We use the formula in Proposition 12.13 above, with the following data:
1 1
o / _ " _
We obtain the following formula:
(UA),;T,]°

" o Re [(U ij ‘ UA 13‘2
Fo) = ‘Z i *Z [ D i

ij
= — Z UA ” ” + ZRe UAQ zj_z] Z | UA z]
Ui Ui

— Re [(UA)Z]S”] 2
Ui

(UA),;
= Re|[Tr(S*UA*)] + Z WA,
ij
But this gives the formula in the statement, and we are done. O

We are therefore led to the following result, regarding the 1-norm:

Theorem 12.15. A matriz U € Uy, locally mazimizes the one-norm on Uy precisely
when S*U is self-adjoint, where S;; = sgn(U;;), and when
- 12
1 UA);;Si;
rr(svar + 30 IU)|J L <
ij

ij

holds, for any anti-hermitian matric A € My (C).
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Proof. According to Theorem 12.6 and Proposition 12.14, the local maximizer condition
requires X = S*U to be self-adjoint, and the following inequality to be satisfied:

Im [(UA);;5;]°

Re [Tr(STUA*)| +> <0

p Ui
Now observe that since both X and A? are self-adjoint, we have:
1
Re [Tr(XA%)] = o [Tr(XA%) + Tr(A*X)]
= Tr(XA?

Thus we can remove the real part, and we obtain the inequality in the statement. [J
In order to further improve the above result, we will need:

Proposition 12.16. For a self-adjoint matric X € My(C), the following are equivalent:
(1) Tr(X A?) <0, for any anti-hermitian matriz A € My(C).
(2) Tr(XB?) >0, for any hermitian matriz B € My(C).
(3) Tr(XC) >0, for any positive matriz C € My(C).
4) X > 0.

Proof. These equivalences are well-known, the proof being as follows:

(1) = (2) follows by taking B = iA.

(2) = (3) follows by taking C' = B
(3) = (4) follows by diagonalizing X, and then taking C' to be diagonal.
(4) = (1) is clear as well, because with Y = /X we have:
Tr(XA* = Tr(Y?4?)

= Tr(YA%)

= ey A AY)

< 0
Thus, the above four conditions are indeed equivalent. O

Following [25], we can now formulate a final result on the subject, as follows:

Theorem 12.17. Given U € Uy, set S;; = sgn(U;;), and X = S*U. Then U locally
mazximizes the 1-norm on Uy precisely when X > 0, and when

— 12
Re [(UB);Sy]

®(U,B) =Tr(XB*) - 7|

]

is positive, for any hermitian matric B € My (C).
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Proof. This follows from Theorem 12.15, by setting A = iB, and by using Proposition
12.16, which shows that we must have indeed X > 0. O

Quite surprisingly, the basic real almost Hadamard matrix K is not an almost Hada-
mard matrix in the complex sense. That is, while Ky / VN locally maximizes the 1-norm
on Oy, it does not do so over Uy. In fact, the same happens for the other basic real
almost Hadamard matrices discussed in section 3 above, such as the circulant ones, and
the 2-entry ones studied there. We are led in this way to:

Conjecture 12.18 (Almost Hadamard conjecture, (AHC)). Any local mazimizer of the
1-norm on Uy must be a global mazimizer, i.e. must be a rescaled Hadamard matriz.

In other words, our conjecture would be that, in the complex setting, almost Hadamard
implies Hadamard. This would be something useful, because we would have here a new
approach to the complex Hadamard matrices, which is by construction analytic and local.
As an example of a potential application, numeric methods, such as the gradient descent
one, could be used for finding new examples of complex Hadamard matrices.

In order to explain this, let us study now more in detail the quantity ®(U, B) appearing
in Theorem 12.17. As a first observation here, we have the following result:

Proposition 12.19. With S;; = sgn(U;;) and X = S*U as above, we have
®(U,B)=o(U,B+ D)
for any D € My(R) diagonal.
Proof. The matrices X, B, D being all self-adjoint, we have:
(XBD)" = DBX
Thus when computing ®(U, B + D), the trace term decomposes as follows:

Tr(X(B+ D)*) = Tr(XB?) +Tr(XBD)+Tr(XDB) +Tr(XD?
= Tr(XB*) +Tr(XBD)+Tr(DBX) + Tr(X D?)
= Tr(XB?) +2Re[Tr(XBD)] + Tr(XD?)

Regarding now the second term, with D = diag(Aq, ..., Ay) with \; € R we have the
following formula:

(UD)ijSs; = UijA;Si = Al Ui
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Thus the second term decomposes as follows:
E:ReKUB+UDM§d2
Uy

i
-y Re [(UB)i;Si; + \i|Uy]”
Ui

ij

_ [Re [(UB);;S3;] + X|U1]”
-2 U3

ij

Re [(UB);;S::]? =
_ Z I |U-)-\] i + QZAjRe [(UB);S4] + Z)\ﬂUiﬂ
ij

i i i

Now observe that the middle term in this expression is given by:

22 >\jR€ [(UB)UEU} = 2R6 Z AJ(UB%JgU
L ij

ij

= 2Re Z(S*)ji(UB)iijj]
_ ﬂ%ﬁ&XBDH

As for the term on the right in the above expression, this is given by:
S XU = > NE,U
ij ij
= Z gij(UDQ)ij
]
= Tr(XD?

Thus when doing the substraction we obtain ®(U, B+ D) = ®(U, B), as claimed. [

Observe that with B = 0 we obtain ®(U, D) = 0, for any D € My(R) diagonal. In
other words, the inequality is Theorem 12.17 is an equality, when B is diagonal.

Consider now the following matrix, which is the basic example of a real AHM:

2—-N 2 2
1 2 2—N ... 2

2 2 ... 2—N
We have the following result, which provides the first piece of evidence for the AHC:
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Theorem 12.20. Consider the matriz U = +(2Iy — N1y). Assuming that B € My(R)
1s symmetric and satisfies UB = AB, we have:

N —14 )
(U, B) = A+ —— |Tr(B?) +—ZB

In particular, Ky = V/NU is not complex AHM at N # 4, because:

(1) For B =1y we have ®(U, B) = %, which is negative at N = 3.
(2) For B € My(R) nonzero, symmetric, and satisfying Bly = 0, diag(B) = 0 we

have ®(U, B) = (2 — §)T'r(B?), which is negative at N > 5.
Proof. With U € O(N), B € My(R), the formula in Theorem 12.17 reads:
Wy,

®(U,B) = Tr(S'UB?) - ) )
ij gl
Asusming now U = %(Q]IN — Nly) and UB = AB, this formula becomes:
B2
T tBZ — AN _
r(s Z 2~ N3

il

o(U,B) = A

Now observe that in our case, we have:

A+ 1)N
2

Thus the trace term is given by the following formula:

Tr(S'B*) = Tr|[(Iy—21y)B’]

= (w — 2) Tr(B?)

Regarding now the sum on the right, this can be computed as follows:

B2 1 1
N - .
O IR Y] (R C=RHL)
1 N —14
_ 2 S v
= 2B (2 2<N—2>5”>

]
1 2
= ;Tr(B%) - Z B2

We obtain the following formula, which gives the one in the statement:

A+ 1)N AN o AN(N —4) <~ ,
(2 ) ”m?Bﬁ]

N
]INBIE(U—i-lN)BI B

®(U,B) = A
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We can now prove our various results, as follows:

(1) Here we have A = 1, and we obtain, as claimed:

N-4[ , N?
O(U.B) = —5— [N +N_2}
N2(N —4)(N - 1)
2(N —2)
(2) Here we have A = —1, and we obtain, as claimed:

O(U, B) = (2 — g) Tr(B?)

It remains to prove that matrices B as in the statement exist, at any N > 5. As a first
remark, such matrices cannot exist at N = 2,3. At N = 4, however, we have solutions,
which are as follows, with z + y + 2 = 0, not all zero:

0 =z y =z
p_|*® 0 z vy
y z 0 x
z y x 0
At N > 5 now, we can simply use this matrix, completed with 0 entries. O

Let us go back now to the inequality in Theorem 12.17. When U is a rescaled complex
Hadamard matrix we have of course equality, and in addition, the following happens:

Proposition 12.21. For a rescaled complex Hadamard matrixz, a stronger version of the
inequality in Theorem 12.17 holds, with the real part replaced by the absolute value.

Proof. Indeed, for a rescaled Hadamard matrix U = H/\/N we have S = H = V/NU,
and thus X = v/N1y. We therefore obtain:

®(U,B) = VN |Tr(B>)—> Re [(UB),;]EJ-]QI

> VN |Tr(B?) - Z|(UB)ij§ij|2]

= VN |Tr(B?) - Z [(UB);I”

= VN [Tr(B?) — Tr(UB*U*)]
— 0

But this proves our claim, and we are done. U
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We have the following result, in relation with the notion of defect, from [130]:
Theorem 12.22. For a rescaled compler Hadamard matrix, the space
Ey = {B e MN(C)‘B — B*,®(U,B) = o}

is isomorphic, via B — [(UB);;U;li;, to the following space:

Dy = {A € MN(R)‘ Z UriUrj( Ak — Agj) = O;WJ}
%

In particular the two “defects” dimg Ey and dimg Dy coincide.

Proof. Since a self-adjoint matrix B € My(C) belongs to Ey precisely when the only
inequality in the proof of Proposition 12.21 above is saturated, we have:

EU = {B € MN((C) B = B*,Im [(UB)”UU} = O,VZ,]}

The condition on the right tells us that the matrix A = (UB);;U;; must be real. Now
since the construction B — A is injective, we obtain an isomorphism, as follows:

By ~ {A € My(R)|A;; = (UB),;0;; = B = B*}

Our claim is that the space on the right is Dy. Indeed, let us pick A € My(R). The
condition A;; = (UB);;U;; is then equivalent to (UB);; = NU;;A;;, and so in terms of the
matrix C;; = U;;A;; we have (UB);; = NC;j, and so UB = NC. Thus B = NU*C, and
we can now perform the study of the condition B = B*, as follows:

B=B" «— UC=CU
= ) UCrj =Y Ciili;, Vi, j
k k

= Z UpiUrj Arj = Z Ui AiUs;j, Vi, j
k %

Thus we have reached to the condition defining D;;, and we are done. U

Regarding now the known verifications of the AHC, as already mentioned above, these
basically concern the natural “candidates” coming from Theorem 12.9 and Theorem 12.10,
as well as some straightforward complex generalizations of these candidates. All this is
quite technical, and generally speaking, we refer here to [25]. Let us mention, however,
that the main idea that emerges from [25] is that of using a method based on a random
derivative, pointing towards a suitable homogeneous space coset.
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13. Quantum groups

We discuss in what follows the relation between the Hadamard matrices and the quan-
tum groups, and its potential applications to certain mathematical physics questions. The
idea is very simple, namely that associated to any Hadamard matrix H € My(C) is a
certain quantum permutation group G' C Sj;, which describes the “symmetries” of the
matrix. As a basic illustration, for a Fourier matrix H = F; we obtain the group G itself,
acting on itself, G C Sg. In general, however, we obtain non-classical quantum groups.

We will need many preliminaries, namely operator algebras and quantum spaces, then
compact quantum groups, then quantum permutation groups, and finally matrix models
for such quantum groups. Let us begin with the following standard result:

Theorem 13.1. Given a Hilbert space H, the linear operators T : H — H which are
bounded, in the sense that ||T|| = sup, < [[Tx]| is finite, form a complex algebra with
unit, denoted B(H). This algebra has the following properties:

(1) B(H) is complete with respect to ||.||, so we have a Banach algebra.
(2) B(H) has an involution T'— T*, given by < Tx,y >=< x,T*y >.
In addition, the norm and involution are related by the formula ||TT*|| = ||T[?.

Proof. The fact that we have indeed an algebra follows from:
IS+ T <[SI+ T (XTI = AT (ST < 1ISI]- 1T

Regarding now (1), if {7,,} € B(H) is Cauchy then {7z} is Cauchy for any x € H, so
we can define the limit 7" = lim,, .o, T, by setting Tz = lim,,_,, T, .

As for (2), here the existence of T* comes from the fact that ¢(z) =< Tx,y > being
a linear map H — C, we must have ¢(x) =< z,T*y >, for a certain vector T*y € H.
Moreover, since this vector is unique, 7™ is unique too, and we have as well:

(S+T)y=S8"+T , \D)*'=\T* , (ST)"=T*S* , (T =T
Observe also that we have indeed T* € B(H ), because:

||T)| = sup sup < Tx,y>= sup sup <z, Ty >=||T"||
|lzl1=1 [lyl|=1 Ilyll=1 [l=||=1

Regarding the last assertion, we have:
||| < 17| - 11T = |71
Also, we have the following estimate:

IT||?= sup | < Tz, Tz >|= sup | <a,T*Tx > | < ||T*T||
[]|=1 [][=1

By replacing T — T™* we obtain from this ||T||* < ||T'T*||, and we are done. O

We will be interested in fact in the algebras of operators, rather than in the operators
themselves. The basic axioms here, inspired from Theorem 13.1, are as follows:
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Definition 13.2. A C*-algebra is a complex algebra with unit A, having:
(1) A norm a — ||a||, making it a Banach algebra (the Cauchy sequences converge).
(2) An involution a — a*, which satisfies ||aa*|| = ||a||?, for any a € A.

According to Theorem 13.1, the operator algebra B(H) itself is a C*-algebra. More
generally, we have as examples all the closed *-subalgebras A C B(H). We will see later
on (the “GNS theorem”) that any C*-algebra appears in fact in this way.

Generally speaking, the elements a € A are best thought of as being some kind of
“generalized operators”, on some Hilbert space which is not present. By using this idea,
one can emulate spectral theory in this setting, in the following way:

Theorem 13.3. Given a € A, define its spectrum as o(a) = {\ € Cla— X &€ A™'}, and
its spectral radius p(a) as the radius of the smallest centered disk containing o(a).

(1) The spectrum of a norm one element is in the unit disk.

(2) The spectrum of a unitary element (a* = a™') is on the unit circle.

(3) The spectrum of a self-adjoint element (a = a*) consists of real numbers.
(4) The spectral radius of a normal element (aa* = a*a) is equal to its norm.

Proof. Our first claim is that for any polynomial f € C[X], and more generally for any
rational function f € C(X) having poles outside o(a), we have:

o(f(a)) = f(o(a))
This indeed something well-known for the usual matrices. In the general case, assume

first that we have a polynomial, f € C[X]. If we pick an arbitrary number A\ € C, and
write f(X) — A =c(X —ry)...(X —rg), we have then, as desired:

Ago(f(@) < fla)—reA
< cla—ry)...(a—rp) € A!
= a—ry,...,a—1, €A
= r,...,rpx ¢ o0(a)
= ¢ [f(o(a))

Assume now that we are in the general case, f € C(X). We pick A € C, we write
f=P/Q, and we set F' = P — A\Q. By using the above finding, we obtain, as desired:

A€ alf(a)) Fla)g A
0€o(F(a))
0 € F(o(a))
Jueo(a), Flp) =0
A€ flo(a))

Regarding now the assertions in the statement, these basically follow from this:

117111
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(1) This comes from the following formula, valid when ||a|| < 1:

=1l+a+d>+...

1—a

1 we have the following norm computations:

lall = Vllaa*] = V1 =1
[la™!] = lla*|| = llal| = 1

If we denote by D the unit disk, we obtain from this, by using (1):

(2) Assuming a* = a~

lla|]| =1 = o(a) C D
ja”||=1 = o(a')C D

On the other hand, by using the rational function f(z) = 27!

, we have:
ola’yc D = o(a) c D!
Now by putting everything together we obtain, as desired:
olayc DND =T

(3) This follows by using (2), and the rational function f(z) = (z + it)/(z — it), with
t € R. Indeed, for ¢t >> 0 the element f(a) is well-defined, and we have:

(a+it)* a—it <a+it)1
a—it a+ 1t a—1it

Thus f(a) is a unitary, and by (2) its spectrum is contained in T. We conclude that we
have f(o(a)) = o(f(a)) C T, and so o(a) C f~(T) = R, as desired.

(4) We have p(a) < ||a|| from (1). Conversely, given p > p(a), we have:

" >
d — nfkfld k — n—1
/Izp c—a ’ Z (Llp ’ Z) ! !

k=0

By applying the norm and taking n-th roots we obtain:

p> lim [la"|[1"
n—oo
In the case a = a* we have ||a”|| = ||a||" for any exponent of the form n = 2%, and by
taking n-th roots we get p > ||a||. This gives the missing inequality, namely:
pla) = [[al]

In the general case aa* = a*a we have a™(a™)* = (aa*)", and we get:

p(a)’ = p(aa”)

Now since aa* is self-adjoint, we get p(aa*) = ||a||?, and we are done. O
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With these preliminaries in hand, we can now formulate some theorems. The basic
facts about the C*-algebras, that we will need here, can be summarized as:

Theorem 13.4. The C*-algebras have the following properties:

(1) The commutative ones are those of the form C(X), with X compact space.
(2) Any such algebra A embeds as A C B(H), for some Hilbert space H.
(3) In finite dimensions, these are the direct sums of matriz algebras.

Proof. All this is standard, the idea being as follows:
(1) Given a compact space X, the algebra C'(X) of continuous functions f : X — C

is indeed a C*-algebra, with norm ||f|| = sup,cx |f(x)], and involution f*(x) = f(z).
Observe that this algebra is indeed commutative, because f(z)g(z) = g(x)f(z).

Conversely, if A is commutative, we can define X = Spec(A) to be the space of char-
acters x : A — C, with topology making continuous all evaluation maps ev, : x — x(a).
We have then a morphism of algebras ev : A — C(X) given by a — ev,, and Theorem
13.3 (3) shows that ev is a *-morphism, Theorem 13.3 (4) shows that ev is isometric, and
finally the Stone-Weierstrass theorem shows that ev is surjective.

(2) This is standard for A = C(X), where we can pick a probability measure on X,
and set H = L?(X), and use the embedding A C B(H) given by f — (g — fg).

In the general case, where A is no longer commutative, the proof is quite similar, by
emulating basic measure theory in the abstract C*-algebra setting.

(3) Assuming that A is finite dimensional, we can first decompose its unit as 1 =
p1 + ...+ pg, with p; € A being minimal projections. Each of the linear spaces A; =
p;Ap; is then a non-unital x-subalgebra of A, and we have a non-unital %-algebra sum
decomposition A = A; & ... @ Ag. On the other hand, since each p; is minimal, we have
unital x-algebra isomorphisms A; ~ M, (C), where r; = rank(p;). Thus, we obtain a
C*-algebra isomorphism A ~ M,, (C) & ... & M,,(C), as desired. O

All the above was of course quite brief, but full details on this, covering 10-15 pages,
can be found in any book on operator algebras. In what concerns us, we will be mainly
interested in Theorem 13.4 (1), called Gelfand theorem, which suggests formulating:

Definition 13.5. Given a C*-algebra A, not necessarily commutative, we write
A=C(X)
and call the abstract object X a compact quantum space.

In other words, we define the category of the compact quantum spaces X to be the
category of the C*-algebras A, with the arrows reversed. Due to the Gelfand theorem, 13.4
(1) above, the category of the usual compact spaces embeds covariantly into the category
of the compact quantum spaces, and the image of this embedding consists precisely of
the compact quantum spaces X which are “classical”, in the sense that the corresponding
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C*-algebra A = C(X) is commutative. Thus, what we have done here is to extend the
category of the usual compact spaces, and this justifies Definition 13.5.

In practice now, the general compact quantum spaces X do not have points, but we
can perfectly study them via the associated algebras A = C'(X), a bit in the same way as
we study a compact Lie group via its associated Lie algebra, or an algebraic manifold via
the ideal of polynomials vanishing on it, and so on. In short, nothing that much abstract
going on here, just another instance of the old idea “we will use algebras, no need for
points”, with the remark that for us, the use of points will be actually forbidden.

We will be interested in what follows in the case where the compact quantum space X
is a “compact quantum group”. The axioms for the corresponding C*-algebras, found by
Woronowicz in [149], are, in a soft form, as follows:

Definition 13.6. A Woronowicz algebra is a C*-algebra A, given with a unitary matriz
u € My(A) whose coefficients generate A, such that the formulae

A(ugj) = Zulk & U
k

e(uij) = 04
S(uig) = uj;
define morphisms of C*-algebras A: A -+ AR A, e : A—-C, S: A— AP,
The morphisms A, e,.S are called comultiplication, counit and antipode. We say that

A is cocommutative when YA = A, where ¥(a ® b) = b ® a is the flip. We have the
following result, which justifies the terminology and axioms:

Proposition 13.7. The following are Woronowicz algebras:

(1) C(G), with G C Uy compact Lie group. Here the structural maps are:
Alp) = (g.h) = ©(gh)
elp) = (1)
Slp) = g—=¢lg™)

(2) C*(T"), with Fy — T finitely generated group. Here the structural maps are:

Alg) = g®g
elg) = 1
Slg) = g7

Moreover, we obtain in this way all the commutative/cocommutative algebras.
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Proof. This is something very standard, the idea being as follows:

(1) Consider a compact Lie group G C Uy. We can set A = C(G), which is a Woronow-
icz algebra, together with the matrix u = (u;;) formed by coordinates of G, given by:

ui(g) .. wn(9)
9= : :
uni(g) ... unn(9)

Conversely, if (A, u) is a commutative Woronowicz algebra, by using the Gelfand the-
orem we can write A = C(X), with X being a certain compact space. The coordinates
u;; give then an embedding X C My(C), and since the matrix u = (u;;) is unitary we
actually obtain an embedding X C Uy, and finally by using the maps A, ¢,.S we conclude
that our compact subspace X C Uy is in fact a compact Lie group, as desired.

(2) Consider a finitely generated group Fy — I'. We can set A = C*(I"), which is
by definition the completion of the complex group algebra C[I'], with involution given by
g* =g !, for any g € I, with respect to the biggest C*-norm, and we obtain a Woronowicz
algebra, together with the diagonal matrix formed by the generators of I':

g1 0
0 gn
Conversely, if (A, u) is a cocommutative Woronowicz algebra, the Peter-Weyl theory of

Woronowicz, to be explained below, shows that the irreducible corepresentations of A are
all 1-dimensional, and form a group I', and so we have A = C*(T"), as desired. U

In relation with the above, starting from Definition 13.5, we should mention that there
are some functional analysis subtleties here, coming from the fact that our quantum spaces
and groups must be actually divided by an equivalence relation, for everything to work
fine. To be more precise, in the context of Definition 13.6, we write (A, u) = (B, v) when
there is a *-algebra isomorphism < u;; >~< v;; > mapping u;; — v;;. See [149)].

In general now, the structural maps A, e, S have the following properties:

Proposition 13.8. Let (A, u) be a Woronowicz algebra.
(1) A e satisfy the usual axioms for a comultiplication and a counit, namely:

(A®id)A = (id® A)A
(e®id)A = (id®e)A=1id
(2) S satisfies the antipode aziom, on the x-subalgebra generated by entries of u:
m(S ®id)A = m(id ® S)A =¢(.)1
(3) In addition, the square of the antipode is the identity, S* = id.
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Proof. The two comultiplication axioms follow from:

(A@id)A(uy) = (id®A)A(uy) =D ik @ up @ w
kl
As for the antipode formulae, the verification here is similar. O

Summarizing, the Woronowicz algebras appear to have nice properties. In view of
Proposition 13.7 and Proposition 13.8, we can formulate the following definition:

Definition 13.9. Given a Woronowicz algebra A, we formally write
A=C(G)=CcI)
and call G compact quantum group, and I' discrete quantum group.

When A is both commutative and cocommutative, G is a compact abelian group, I"
is a discrete abelian group, and these groups are dual to each other, G = I, = G. In
general, we still agree to write, but in a formal sense:

G= , T=G

With this in mind, let us call now corepresentation of A any unitary matrix v € M,,(A)
satisfying the same conditions as those satisfied by u, namely:

A(vj) = Zvik Qur; , elvy) =205 , Svy)= v
k

These corepresentations can be thought of as corresponding to the unitary representa-
tions of the underlying compact quantum group G. As main examples, we have u = (u;;)
itself, its conjugate u = (u;‘j), as well as any tensor product between wu, .

We have the following key result, due to Woronowicz [149]:

Theorem 13.10. Any Woronowicz algebra has a unique Haar integration functional,

([sid)a=(iae [Ya= [0

which can be constructed by starting with any faithful positive form ¢ € A*, and setting
1 n
= lim — Y %

where ¢ x 1) = (¢ @ Y)A. Moreover, for any corepresentation v € M, (C) ® A we have

(ias [ Jo=r

where P is the orthogonal projection onto Fix(v) = {£ € C*"|v§ = &}
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Proof. Following [149], this can be done in 3 steps, as follows:

(1) Given ¢ € A*, our claim is that the following limit converges, for any a € A:

1 n
a=lim — Y ¢*(a)

Indeed, by linearity we can assume that a is the coefficient of corepresentation, a =
(T ® id)v. But in this case, an elementary computation shows that we have the following
formula, where P, is the orthogonal projection onto the 1-eigenspace of (id ® ¢)v:

Gd@é)v:Rp

(2) Since v€ = £ implies [(id ® ¢)v]¢ = &, we have P, > P, where P is the orthogonal
projection onto the space Fiz(v) = {£ € C"|v€ = £}. The point now is that when ¢ € A*
is faithful, by using a positivity trick, one can prove that we have P, = P. Thus our
linear form f¢ is independent of ¢, and is given on coefficients a = (7 ® id)v by:

Gd@l)v—P

(3) With the above formula in hand, the left and right invariance of | o= f(p is clear
on coefficients, and so in general, and this gives all the assertions. See [149]. U

Consider the dense x-subalgebra A C A generated by the coefficients of the fundamental
corepresentation u, and endow it with the following scalar product:

<a,b >:/ab*
G

We have then the following result, also from [149]:

Theorem 13.11. We have the following Peter-Weyl type results:
(1) Any corepresentation decomposes as a sum of irreducible corepresentations.
(2) Each irreducible corepresentation appears inside a certain u®®.

(3) A =D,errr(a) Maim)(C), the summands being pairwise orthogonal.

(4) The characters of irreducible corepresentations form an orthonormal system.

Proof. All these results are from [149], the idea being as follows:

(1) Given v € M,(A), its intertwiner algebra End(v) = {T' € M, (C)|Tv = vT} is a
finite dimensional C*-algebra, and so decomposes as End(v) = M,,(C) & ... & M, (C).
But this gives a decomposition of type v = v; + ... + v,, as desired.

(2) Consider indeed the Peter-Weyl corepresentations, u®* with k colored integer, de-
fined by u® = 1, u®° = u, u® = @ and multiplicativity. The coefficients of these
corepresentations span the dense algebra A4, and by using (1), this gives the result.
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(3) Here the direct sum decomposition, which is technically a *-coalgebra isomorphism,
follows from (2). As for the second assertion, this follows from the fact that (id ® [,)v is
the orthogonal projection P, onto the space Fiz(v), for any corepresentation v.

(4) Let us define indeed the character of v € M,,(A) to be the matrix trace, x, = Tr(v).
Since this character is a coefficient of v, the orthogonality assertion follows from (3). As
for the norm 1 claim, this follows once again from (id ® [,)v = P, U

Observe that in the cocommutative case, we obtain from (4) that the irreducible corep-
resentations must be all 1-dimensional, and so that we must have A = C*(I") for some
discrete group I', as mentioned in Proposition 13.7 above.

We will be interested here in the quantum permutation groups, and their relation with
the Hadamard matrices. The following key definition is due to Wang [142]:
Definition 13.12. A magic unitary matriz is a square matriz over a C*-algebra,
u € My(A)
whose entries are projections, summing up to 1 on each row and each column.

The basic examples of such matrices come from the usual permutation groups, G C Sy.
Indeed, given such subgroup, the following matrix is magic:

o(j) = i)
The interest in these matrices comes from the following functional analytic description
of the usual symmetric group, from [142]:

uij:)((UGG

Proposition 13.13. Consider the symmetric group Sy .

(1) The standard coordinates v;; € C(Sy), coming from the embedding Sy C On given
by the permutation matrices, are given by v;; = x(o|o(j) = i).

(2) The matriz v = (v;;) is magic, in the sense that its entries are orthogonal projec-
tions, summing up to 1 on each row and each column.

(3) The algebra C(Sy) is isomorphic to the universal commutative C*-algebra gener-
ated by the entries of a N x N magic matrix.

Proof. These results are all elementary, as follows:

(1) The canonical embedding Sy C Oy, coming from the standard permutation matri-
ces, is given by o(e;j) = e,(j). Thus, we have 0 = . €,(;);, so the standard coordinates
on Sy C Oy are given by v;;(0) = 0; 4(;). Thus, we must have, as claimed:

Vij = X (U‘U(j) = Z)
(2) Any characteristic function x € {0,1} being a projection in the operator algebra

sense (x? = x* = x), we have indeed a matrix of projections. As for the sum 1 condition
on rows and columns, this is clear from the formula of the elements v;;.
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(3) Consider the universal algebra in the statement, namely:

A = Clomm <(wij)i,j:1 ..... N‘w = magic)

We have a quotient map A — C(Sy), given by w;; — v;;. On the other hand, by using
the Gelfand theorem we can write A = C(X), with X being a compact space, and by
using the coordinates w;; we have X C Oy, and then X C Sy. Thus we have as well a
quotient map C(Sn) — A given by v;; — w;;, and this gives (3). See Wang [142]. O

We are led in this way to the following result:

Theorem 13.14. The following is a Woronowicz algebra,
C(S]J'\}) =" ((U,i]‘)i,j:h_.,]\[)u = magic)
and the underlying compact quantum group Sy is called quantum permutation group.

Proof. As a first remark, the algebra C(S};) is indeed well-defined, because the magic
condition forces ||u;;|| < 1, for any C*-norm. Our claim now is that we can define maps
A e, S as in Definition 13.6. Consider indeed the following matrix:

Uij = E Uik, & Uk
k

As a first observation, we have U;; = U}. In fact the entries U;; are orthogonal projec-
tions, because we have as well:

2
Uz‘j = E Uik Uil @ UpiUy = E Ui, @ up; = Uy
kl k

In order to prove now that the matrix U = (U;;) is magic, it remains to verify that the
sums on the rows and columns are 1. For the rows, this can be checked as follows:

D U= un®uy=) ux®l=181
J jk k
For the columns the computation is similar, as follows:

% ik k

Thus the matrix U = (U;;) is magic indeed, and so we can define a comultiplication
map by setting A(u;;) = U;;. By using a similar reasoning, we can define as well a counit
map by €(u;;) = 6;;, and an antipode map by S(u;;) = uj;. Thus the Woronowicz algebra
axioms from Definition 13.6 are satisfied, and this finishes the proof. O

The terminology comes from the following result, also from [142]:
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Proposition 13.15. The quantum permutation group Sy acts on the set X = {1,..., N},
the corresponding coaction map ® : C(X) — C(X) @ C(S%) being given by:

(6) =) 0 ®uy
j

In fact, Sy is the biggest compact quantum group acting on X, by leaving the counting
measure invariant, in the sense that (tr ® id)® = tr(.)1, where tr(5;) = +, Vi.

Proof. Our claim is that given a compact quantum group G, the formula ®(¢;) = Z 0; ®
uj; defines a morphism of algebras, which is a coaction map, leaving the trace 1nvar1ant
precisely when the matrix u = (u;;) is a magic corepresentation of C(G).

Indeed, let us first determine when ® is multiplicative. We have:

0k) = Z 0;01 @ ujiu = Z 05 @ wjjup
Jl J
On the other hand, we have as well:

D(5:6k) = 6 ®(5;) = b 25 ® wji

We conclude that the multiplicativity of ® is equlvalent to the following conditions:
UjiUje = 5ikujz' ;o Vi, gk

Regarding now the unitality of ®, we have the following formula:

SILUED SOENES SOEY o)
i ij j i
Thus @ is unital when the following conditions are satisfied:
Z Uj; = 1 s A4

Finally, the fact that ® is a x-morphism translates into:
ug =y o, Vi j

Summing up, in order for ®(4;) = >, 0; ® uj; to be a morphism of C*-algebras, the
elements u;; must be projections, summing up to 1 on each row of u. Regarding now the
preservation of the trace condition, observe that we have:

(tr ® id)® =5 Z wj;

Thus the trace is preserved precisely when the elements u;; sum up to 1 on each of
the columns of u. We conclude from this that ®(d;) = >, J; ® uy; is a morphism of C*-
algebras preserving the trace precisely when u is magic, and since the coaction conditions
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on ¢ are equivalent to the fact that u must be a corepresentation, this finishes the proof
of our claim. But this claim proves all the assertions in the statement. Il

As a quite surprising result now, also from [142], we have:
Theorem 13.16. We have an embedding Sy C Sy, given at the algebra level by:
Ui — X (o‘a(j) = z)
This is an isomorphism at N < 3, but not at N > 4, where S is not classical, nor finite.
Proof. The fact that we have indeed an embedding as above is clear. Regarding now the

second assertion, we can prove this in four steps, as follows:

Case N = 2. The fact that Sy is indeed classical, and hence collapses to Sy, is trivial,
because the 2 x 2 magic matrices are as follows, with p being a projection:

g ( p 1-p
I=p »p
Case N = 3. It is enough to check that w1, uss commute. But this follows from:

UpiUpy = UniUgp(Unn + Ui + Uis)
U1 Ug2U11 + U1 U22UT3
= Unugur + Ui (1 — Up — Unz)uss
= Up1U22U11
Indeed, by applying the involution to this formula, we obtain from this that we have
U22U11] = UT1U22UT1 AS Well, and so we get U11U22 = U22UT1, AS desired.
Case N = 4. Consider the following matrix, with p, ¢ being projections:
P 1—p O 0
_|{1=-» »p 0 0
U= 0 0 g 1—gq
0 0 1—gq q
This matrix is then magic, and if we choose p, g as for the algebra < p, ¢ > to be infinite
dimensional, we conclude that C'(S]) is infinite dimensional as well.

Case N > 5. Here we can use the standard embedding S} C S}, obtained at the level
of the corresponding magic matrices in the following way:

_ U 0
0 1y

Indeed, with this in hand, the fact that S} is a non-classical, infinite compact quantum
group implies that S}, with N > 5 has these two properties as well. See [142]. O

In order to study S}, we will use the following version of Tannakian duality:
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Theorem 13.17. The following operations are inverse to each other:
(1) The construction A — C, which associates to any Woronowicz algebra A the
tensor category formed by the intertwiner spaces Cy = Hom(u®*, u®").
(2) The construction C — A, which associates to any tensor category C' the Woronow-
icz algebra A presented by the relations T € Hom(u®*, u®'), with T € Cj,.

Proof. This is something quite deep, going back to [150] in a slightly different form, and
to [93] in the simplified form presented above. The idea is as follows:

(1) We have indeed a construction A — C' as above, whose output is a tensor C*-
subcategory with duals of the tensor C*-category of Hilbert spaces.

(2) We have as well a construction C' — A as above, simply by dividing the free
x-algebra on N? variables by the relations in the statement.

Regarding now the bijection claim, some elementary algebra shows that C' = Uy,
implies A = A¢,, and also that C' C C}, is automatic. Thus we are left with proving
Cy4. C C. But this latter inclusion can be proved indeed, by doing a lot of algebra, and
using von Neumann’s bicommutant theorem, in finite dimensions. See [93]. 4

We will need as well the notion of “easiness”, from [32]. Let us start with:
Definition 13.18. Let P(k,l) be the set of partitions between an upper row of k points,
and a lower row of | points. A set D = ||, D(k,l) with D(k,l) C P(k,l) is called a
category of partitions when it has the following properties:

(1) Stability under the horizontal concatenation, (7,0) — [wo].
(2) Stability under the vertical concatenation, (w,c) — [2].
(3) Stability under the upside-down turning, ™ — 7*.
(4) Each set P(k,k) contains the identity partition ||...||.
(5) The set P(0,2) contains the semicircle partition N.

As a basic example, we have the category of all partitions P itself. Other basic examples
include the category of pairings P, or the categories NC|, NC5 of noncrossing partitions,
and pairings. There are many other examples, and we will be back to this.

The relation with the Tannakian categories and duality comes from:
Proposition 13.19. Each € P(k,l) produces a linear map Ty : (CN)®* — (CV)®!,
Tw(eh®-..®eik>=;‘5”(ﬁ jl)%@“'@eﬁ
1--J1

with the Kronecker type symbols 0, € {0,1} depending on whether the indices fit or not.
The assignement m — T, is categorical, in the sense that we have

T @Ty =Two » T, =NTI g Tp =Ty

where c(m,a) are certain integers, coming from the erased components in the middle.
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Proof. The concatenation axiom follows from the following computation:

(T, @T,)(€,®..Qe, ey, ®...R ex,)

— 571. <;1 ;p> (50_ (lll ];17") 6j1®"'®6jq®6l1®"'®els
q s

G1odig L1l

- 225[@(2} tp ll l)eﬁ@...@ejq@eh@...@els
- / Jro--. jq 1 e s
g1 g lids

— T[ﬂ-o](eil Q... ®€ip ®€k1 X... ®€kr)
The composition axiom follows from the following computation:

TwTa(eil ®X...Q Gip)

B i i Jio
= 25”<j1 jq> Z5ﬂ(k1 m)e’“@'“@e’“

J1--Jq k1.
_ Z Nc(ﬂ—p)é ’il . ’ip ® 2
2] k k €k c. €k,
ki...kr Lo

= NI (e; @...®e;)
Finally, the involution axiom follows from the following computation:
Ti(ej, ®...®ej,)
= Z <Tre;; ®...0¢€j,),6,Q...0€, >e &...0¢€,

i1...0p
i
== (Sﬂ- . p €i X...¢€;
P
o Ji - g
11...0p
= Tr(e, ®...®¢j,)
Summarizing, our correspondence is indeed categorical. O

In relation with the quantum groups, we have the following notion, from [32]:
Definition 13.20. A compact quantum matriz group G is called easy when we have

Hom(u®* u®") = span (T7r € D(k, l))

for any colored integers k, 1, for certain sets of partitions D(k,l) C P(k,l), where

Tﬂ(ei1®"'®eik): E:CSW(Z.1 Z.k>€h®...®€jl

Juo--o

with the Kronecker type symbols 0, € {0,1} depending on whether the indices fit or not.
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We can now formulate our main result regarding Sy, as follows:

Theorem 13.21. We have the following results:

(1) Sn is easy, coming from the category of all partitions P.
(2) Sy is easy, coming from the category of all noncrossing partitions NC.

Proof. This is something quite fundamental, with the proof, using the above Tannakian
results and subsequent easiness theory, being as follows:

(1) S%. We know that this quantum group comes from the magic condition. In order
to interpret this magic condition, consider the fork partition:

Y € P(2,1)
The linear map associated to this fork partition Y is then given by:
Ty (e; ® ;) = 0;j€;

Thus, in usual matrix notation, this linear map is given by:

Ty = (8ik)ijk
Now given a corepresentation u, we have the following formula:

(Tyu®?); jx = Z(TY)i,lm(u®2)lm,jk = UjjUik
Im

We have as well the following formula:
(uTy )ik = Zuz’l(TY>l,jk = 0jklij
!

We conclude that we have the following equivalence:
Ty € Hom(u®* u) <= uijug, = 6;pui5, Vi, j, k

The condition on the right being equivalent to the magic condition, we obtain that S},
is indeed easy, the corresponding category of partitions being, as desired:

D=<Y >=NC

(2) Sy. Here there is no need for new computations, because we have:

Sy =S¥ N0y
At the categorical level means that Sy is easy, coming from:
<NC,)X\>=P
Alternatively, we can rewrite the above proof for S}, by adding at each step the basic
crossing ¥ next to the fork partition Y. O

Let us discuss now the computation of the law of the main character. This computation
is the main problem regarding any compact quantum group, as shown by the following
result, which summarizes the various motivations for doing this:
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Theorem 13.22. Given a Woronowicz algebra (A, u), the law of the main character

N
X =2
i=1

with respect to the Haar integration has the following properties:

1) The moments of x are the numbers M, = dim(Fiz(u®*)).

2) My, counts as well the lenght p loops at 1, on the Cayley graph of A.

3) law(x) is the Kesten measure of the associated discrete quantum group.
4) When u ~ u the law of x is a usual measure, supported on [—N, N].

5) The algebra A is amenable precisely when N € supp(law(Re(x))).

6) Any morphism f : (A,u) — (B,v) must increase the numbers M.

7) Such a morphism f is an isomorphism when law(x,) = law(x,).

(
(
(
(
(
(

(

Proof. All this is quite advanced, the idea being as follows:

(1) This comes from the Peter-Weyl type theory in [149], which tells us the number of
fixed points of v = u®* can be recovered by integrating the character y, = x*.

(2) This is something true, and well-known, for A = C*(T'"), with I' =< ¢y,..., g5 >
being a discrete group. In general, the proof is quite similar.

(3) This is actually the definition of the Kesten measure, in the case A = C*(I'), with
['=<gi,...,gn > being a discrete group. In general, this follows from (2).

(4) The equivalence u ~ @ translates into x, = x, and this gives the first assertion.
As for the support claim, this follows from wu* =1 = ||uy|| < 1, for any i.

(5) This is the Kesten amenability criterion, which can be established as in the classical
case, A = C*(T"), with I" =< ¢y, ..., gy > being a discrete group.

(6) This is something elementary, which follows from (1) above, and from the fact that
the morphisms of Woronowicz algebras increase the spaces of fixed points.

(7) This follows by using (6), and the Peter-Weyl type theory from [149], the idea being
that if f is not injective, then it must strictly increase one of the spaces Fiz(u®*). O

All the above was quite short, but details on all this, characters and motivations for
computing laws of characters, can be found in any good quantum group book.

In the case of the symmetric group Sy, the character result is as follows:

Theorem 13.23. For the symmetric group Sy the main character counts the fized points,

x(0) = #{@' € {1,...,N}‘o(z’) - z}

and its law becomes Poisson (1), in the N — oo limit.
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Proof. This is something very classical, which can be done in 3 steps, as follows:

(1) A straightforward application of the inclusion-exclusion principle shows that the
number of permutations o € Sy having no fixed points is:

N
—1)*
N=my EY
k=0 )

k

(2) Thus, when dividing by N!, and letting N — 0o, we obtain:

(3) In fact, the same method gives the following formula, valid for any k£ € N:

1
Plx=F) ~ —
(x=k) = —3
But this shows that y becomes Poisson (1) with N — oo, as claimed. O

In order to include as well S}, in our discussion, we will need the following result, with
* being the classical convolution, and B being Voiculescu’s free convolution [138]:

Theorem 13.24. The following Poisson type limits converge, for anyt > 0,

1 1 *1
py = lim ((1 - —) do + —5t>
n—o0 n n
1 1 Hn
m = lim ((1 — —) do + —5t)
n—00 n n

the limiting measures being the Poisson law py, and the Marchenko-Pastur law m,

1 o= t*6),
pE a2

\/4t—(:c—1—t)2d
2rw

7 = max(1l —¢,0)dy +

T

whose moments are given by the following formulae:

My(p) = Y "

meP (k)

My(m) = > "

TeNC(k)

The Marchenko-Pastur measure 7 is also called free Poisson law.
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Proof. This is something quite advanced, related to probability theory, free probability
theory, and random matrices, the idea being as follows:

(1) The first step is that of finding suitable functional transforms, which linearize the
convolution operations in the statement. In the classical case this is the logarithm of the
Fourier transform log F', and in the free case this is Voiculescu’s R-transform.

(2) With these tools in hand, the above limiting theorems can be proved in a standard
way, a bit as when proving the Central Limit Theorem. The computations give the
moment formulae in the statement, and the density computations are standard as well.

(3) Finally, in order for the discussion to be complete, what still remains to be explained
is the precise nature of the “liberation” operation p; — m;, as well as the random matrix
occurrence of ;. This is more technical, and we refer here to [38], [94], [140]. O

Getting back now to quantum permutations, the results here are as follows:

Theorem 13.25. The law of the main character, given by
X = Z WUij

for Sx/S% becomes py/m with N — oo. As for the truncated character
[tN]

Xt = Z Ug;
i=1

for S /S%, with t € (0,1], this becomes p;/m; with N — o0o.
Proof. This is something quite technical, the idea being as follows:

(1) In the classical case this is well-known, and follows by using the inclusion-exclusion
principle, and then letting N — oo, as in the proof of Theorem 13.23.

(2) In the free case we know from easiness that Fiz(u®*) = span(NC(k)) at N > 4,
and at the probabilistic level, this leads to the formulae in the statement. See [16]. O

There are many other things known about the quantum permutations. See [16].
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14. HADAMARD MODELS

We have seen that a free analogue S}, of the usual permutation group Sy can be con-
structed, as a compact quantum group, according to the following formula, with “magic”
meaning formed of projections, which sum up to 1 on each row and each column:

c(Sy) =c* ((uij)i,jzlw_,N)u = magic)

We discuss here the construction of the quantum permutation group G C S} associated
to a complex Hadamard matrix H € My(C). The idea will be that G encodes the
“symmetries” of H, a bit in the same way as Zy encodes the symmetries of Fy.

As a first observation, the complex Hadamard matrices are related to the quantum
permutation groups, via the following simple fact:

Proposition 14.1. If H € My(C) is Hadamard, the rank one projections

H;
P;; = Proj (H )
J

where Hy, ..., Hy € TV are the rows of H, form a magic unitary.

Proof. This is clear, the verification for the rows being as follows:

Hi Hz zl Hkl Hkl
ittt 2 G . — _N5~
<H;Hk> S = S = Vo

’L

As for the verification for the columns, this is smnlar as follows:

<Eﬂ>: . —Z B _ g
H;' Hj — Hji Hkl Hy, ‘

Thus, we have indeed a magic unitary, as claimed. U

The above result suggests the following definition:

Definition 14.2. Associated to any Hadamard matric H € My(C) is the representation
m: C(S%) — My(C)

( H;
u;; — Proj (—J)
where Hy,...,Hy € TV are the rows of H.

The representation 7 constructed above is a “matrix model” for the algebra C(Sy),
in the sense that the standard generators u;; € C'(S5), and more generally any element
a € C(S%), gets modelled in this way by an explicit matrix 7(a) € My(C).

The point now is that, given such a model, we have the following notions:
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Definition 14.3. Let G be a compact matriz quantum group, and let w : C(G) — My (C)
be a matriz model for the associated Woronowicz algebra.

(1) The Hopf image of w is the smallest quotient Woronowicz algebra C(G) — C(H)
producing a factorization of type m: C(G) — C(H) — Mn(C).

(2) When the inclusion H C G is an isomorphism, i.e. when there is no non-trivial
factorization as above, we say that 7 is inner faithful.

As a first observation, in the case where the model is faithful, 7= : C(G) C My(C), the
Hopf image is the algebra C(G) itself, and the model is inner faithful as well. However, this
is something that will not appear often in practice, because the existence of an embedding
C(G) € My(C) forces the algebra C'(G) to be finite dimensional, and so G to be a finite
quantum group. At the level of non-trivial examples now, we have:

(1) In the case where G = T is a group dual, the model 7 : C(G) = C*(T') — My/(C)
must come from a unitary group representation p : I' — Uy, the minimal factorization of
7 is the one obtained by taking the image, p : I' = A C Uy, and the model 7 is inner
faithful when I' C Uy. This is the main example of the construction in Definition 14.3,
which provides intuition, and justifies the terminology as well.

(2) In the case where G is a classical compact group, we have a standard construc-
tion of a matrix model for C'(G), obtained by taking an arbitrary family of elements
g1,---,9n € G, and then constructing the representation 7 : C(G) — My(C) given by
f — diag(f(g1),-.., f(gn)). The minimal factorization of 7 is then via the algebra C'(H),
with H =<gi,...,gy > C G, and 7 is inner faithful when G = H.

In general, the existence and uniqueness of the Hopf image follow by dividing C'(G) by
a suitable ideal. We refer to [14] for more details regarding this construction. In relation
now with the complex Hadamard matrices, we can simply combine Definition 14.2 and
Definition 14.3, and we are led in this way into the following notion:

Definition 14.4. To any Hadamard matriz H € My(C) we associate the quantum per-
mutation group G C S, given by the following Hopf image factorization,

C(Sx) - My(C)
(@)
where w(u;;) = Proj(H;/H;), with Hy,...,Hy € TV being the rows of H.

Our claim now is that this construction H — G is something really useful, with G
encoding the combinatorics of H, a bit in the same way as Zy encodes the combinatorics
of Fiy. There are several results supporting this, and as a first such result, we have:
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Theorem 14.5. The construction H — G has the following properties:

(1) For H = Fx we obtain the group G = Zy, acting on itself.
(2) More generally, for H = Fg we obtain the group G itself, acting on itself.
(3) For a tensor product H = H' ® H" we obtain a product, G = G' x G".

Proof. All this is standard, and elementary, as follows:

(1) The rows of the Fourier matrix H = Fy are given by H; = p', where p =

(1,w,w?, ..., wN™"), with w = €™, Thus, we have the following formula:
H .
7=

It follows that the corresponding rank 1 projections P;; = Proj(H;/H;) form a circu-
lant matrix, all whose entries commute. Since the entries commute, the corresponding
quantum group must satisfy G C Sy. Now by taking into account the circulant property
of P = (P;;) as well, we are led to the conclusion that we have G = Zy.

(2) In the general case now, where H = F, with G being an arbitrary finite abelian
group, the result can be proved either by extending the above proof, of by decomposing
G =Zn, X ... X Zy, and using (3) below, whose proof is independent from (1,2).

(3) Assume that we have a tensor product H = H' ® H”, and let G,G’,G" be the
associated quantum permutation groups. We have then a diagram as follows:

C(Sp) ® C(Syn) —= C(G") ® C(G") —= My:(C) ® My»(C)

C(Sy) (@) My(C)

Here all the maps are the canonical ones, with those on the left and on the right coming
from N = N'N”. At the level of standard generators, the diagram is as follows:

! 1/ ! 1 / /!
Uy @ Ugy, W;; & Wy, P, P

Usja,jb Wia,jb Pia,jb

Now observe that this diagram commutes. We conclude that the representation asso-
ciated to H factorizes indeed through C(G’) ® C(G”), and this gives the result. O
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Generally speaking, going beyond Theorem 14.5 is a quite difficult question. There
are several computations available here, for the most regarding the deformations of the
Fourier matrices, and we will be back to all this later, in section 16 below.

Let us keep discussing what happens at the general level. We will need the following
result, valid in the general context of the Hopf image construction:

Theorem 14.6. Given a matriz model 7 : C(G) — My(C), the fundamental corepresen-
tation v of its Hopf image is subject to the Tannakian conditions

Hom(v®* v®) = Hom(U®* U®")
where U;; = m(u;;), and where the spaces on the right are taken in a formal sense.

Proof. Since the morphisms increase the intertwining spaces, when defined either in a
representation theory sense, or just formally, we have inclusions as follows:
Hom(u®*, u®") ¢ Hom(U®* U®")

More generally, we have such inclusions when replacing (G, u) with any pair producing
a factorization of w. Thus, by Tannakian duality [150], the Hopf image must be given by
the fact that the intertwining spaces must be the biggest, subject to these inclusions.
On the other hand, since u is biunitary, so is U, and it follows that the spaces on the
right form a Tannakian category. Thus, we have a quantum group (H,v) given by:
Hom(v®* v®) = Hom(U®* U®")
By the above discussion, C'(H) follows to be the Hopf image of 7, as claimed. O

With the above result in hand, we can compute the Tannakian category of the Hopf
image, in the Hadamard matrix case, and we are led in this way to:

Theorem 14.7. The Tannakian category of the quantum group G C Sy, associated to a
complex Hadamard matric H € My(C) is given by
T € Hom(u®" u®) <= T°GF? = G'*1°

where the objects on the right are constructed as follows:

(1) T°=id T ® id.

(2) Gl = X HinHjp HopHy.

(3) Gﬁ.“ik,jl...jk = GZ:Z::; s szzjll
Proof. With the notations in Theorem 14.6, we have the following formula:

Hom(u®* u®) = Hom(U®*, U®")

The vector space on the right consists by definition of the complex N' x N* matrices
T, satisfying the following relation:

TU®* = U®'T
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If we denote this equality by L = R, the left term L is given by:

Lij = (TU®M),
k
= > Tl

= Z TiaUayj, - - - Uayjy

As for the right term R, this is given by:
Ry = (U®'T)y
= D) Uiy,

b
— E Uilbl e UilblTbj
b

Consider now the vectors §;; = H;/H,;. Since these vectors span the ambient Hilbert
space, the equality L = R is equivalent to the following equality:

< Lz’jquafrs >=< Rijgpqafrs >

We use now the following well-known formula, expressing a product of rank one pro-
jections P, ..., Py in terms of the corresponding image vectors &, ..., &:

<P1...ka,y>:<x,§k><£k,§k_1> ...... <§2,fl ><§1,y>
This gives the following formula for L:
< Lijgpm frs > = Z Ea < Pa1j1 cee Pakjkgpqa grs >
a
== ZTia < quagakjk > ... < £a1j17£rs >
a
pag — agag—1 azai — air
- ZEGG]:;;%SM
a

= (T°G"*)ripsjq

— E TmGthk GIkik=1 (20 (s
a
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As for the right term R, this is given by:
< Rijquaf?“s > = Z < R1b1 e P’ilblgpqafrs > Tb]
b

= Z < Spqagilbl > ... < Silbpfrs > Tbj
b

1% —1 1211 nr

_ § : 1+2 .
- Grip,squbJ

b

Thus, we obtain the formula in the statement. See [17]. O

_ qb; byb;—1 boby b1 s
= Yoamahter g,
b

There is some similarity here with the computations with transfer matrices from sta-
tistical mechanics, and we will be back to this.

Let us discuss now the computation of the Haar functional for the quantum permutation
group G C S} associated to a complex Hadamard matrix H € My(C). In the general
random matrix model context, we have the following formula for the Haar integration
functional of the Hopf image, coming from the work in [22], [143]:

Theorem 14.8. Given an inner faithful model 7 : C(G) — My (C(T)), we have

1< [T
— lim -
/G k;f&k;/g

with the truncated integrals on the right being given by

| =teomr

where ¢ = tr ® [, is the random matriz trace.

Proof. We must prove that the limit in the statement fé converges, and that we have
/. é = o+ 1t is enough to check this on the coefficients of corepresentations:

(iae [Jo= (e [ )

We know from section 13 that the matrix on the right is the orthogonal projection
onto Fiz(v). As for the matrix on the left, this is the orthogonal projection onto the
1-eigenspace of (id ® ¢m)v. Now observe that, if we set V;; = m(v;;), we have:

(id ® pm)v = (id @ )V
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Thus, as in the proof in section 13, we conclude that the 1-eigenspace that we are
interested in equals Fiz(V'). But, according to Theorem 14.6, we have:

Fiz(V) = Fiz(v)
Thus, we have proved that we have fé = fG, as desired. Il

In practice now, we are led to the computation of the truncated integrals f é appearing
in the above result, and the formula of these truncated integrals is as follows:

Proposition 14.9. The truncated integrals in Theorem 14.8, namely

| =teomr

are given by the following formula, in the orthogonal case, where u = u,

T
_ r
/ ualbl AR Uapbp - (Tp>a1.‘.ap,b1...bp
G

with the matriz on the right being given by the formula

(Tp)il...ip,jl...jp = (t?” X /T) (Uhjl s Uipjp)

where U;; = m(u;;) are the images of the standard coordinates in the model.

Proof. This is something straightforward, which comes from the definition of the truncated
integrals, namely [, = (¢ o m)*", with ¢ = tr ® [}, being the random matrix trace.
Let us mention as well that in the general compact quantum group case, where the
condition © = u does not necessarily hold, an analogue of the above result holds, by
adding exponents ey, ..., e, € {1,*} everywhere. See [15]. 0

Regarding now the main character, the result here is as follows:

Theorem 14.10. In the context of Theorem 14.8, let u” be the law of the main character
x = Tr(u) with respect to the truncated integration [, = (¢ om)*".

(1) The law of the main character is given by the following formula:

k
=i 3
(2) The moments of the truncated measure i are the following numbers:
c, =Tr(T},)
Proof. These results are both elementary, the proof being as follows:

(1) This follows from the general limiting formula in Theorem 14.8.

(2) This follows from the formula in Proposition 14.9, by summing over a; = b;. U
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In connection with the complex Hadamard matrices, we can use the above technology
in order to compute the law of the main character, and also to discuss the behavior of the
construction H — G with respect to the operations H — H', H, H*.

Following [15], let us first introduce the following abstract duality:

Definition 14.11. Let 7 : C(G) — My(C) be inner faithful, mapping w;; — U,;.
(1) We set (Uy,)ij = (Uij)m, and define a model as follows:
p:C(UN) = My(C)
v — Uy,
(2) We perform the Hopf image construction, as to get a model as follows:
p:C(G") — My(C)

In this definition Uy, is Wang’s quantum unitary group, whose standard coordinates
are subject to the biunitarity condition v* = u~!, 4’ = @ !. Observe that the matrix
U’ constructed in (1) is given by U’ = XU, where ¥ is the flip. Thus this matrix is
indeed biunitary, and produces a representation p as in (1), and then a factorization as
in (2). The operation A — A’ is a duality, in the sense that we have A” = A, and in the
Hadamard matrix case, this comes from the operation H — H*. See [15].

We denote by D the dilation operation for probability measures, or for general x-
distributions, given by the formula D, (law(X)) = law(rX). We have then:
Theorem 14.12. Consider the rescaled measure n° = Dq/n(p").

(1) The moments ~y, = ¢, /NP of 0" satisfy the following formula:

1(6) = (@)

(2) 0" has the same moments as the following matriz:
- T,(0)

(3) In the orthogonal case, where u = u, we have:
i = law(T))

Proof. All the results follow from Theorem 14.10, as follows:
(1) We have the following computation:

cp(A) = Z(Tp)i}...z‘;,ﬁ...ig ------ (Tp)i;...iw;..z‘l

= Z tT<Uz%2% . Uz}?z%) ...... tr(Uﬂlz% ce Ui"il)

7
1
= NTE > (Uni)jgy - Uii2)juji - WUigat)spis - - WUigiy )igst
i
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In terms of the matrix (Uj};);; = (Uij)u, then by permuting the terms in the product
on the right, and finally with the changes 1% <+ ¢, j° <5 j&, we obtain:

A = NZZ Ui oo Wiyt -+ Uiy gy
= NTZZ(U/W 2o Ui )igit - Uiz - WU )iz
(2]
1
= 22 2 Wiy )iy Uipiizig - Upja)izae
? J

On the other hand, if we use again the above formula of ¢ (A), but this time for the
matrix U’, and with the changes r «» p and i <> j, we obtain:

1
= ZZ(UJI‘%j%)i}i% -
i

!
Ujije

101
it

Now by comparing this with the previous formula, we obtain:

N"c (A) = NP (A')
Thus we have the following equalities, which give the result:
GA) _ )
NP N7
(2) By using (1) and the formula in Theorem 14.10, we obtain:
o) aw)
N Nr
_ Tr((T7)")
= G
= tr((T7)")

But this gives the equality of moments in the statement.

(3) This follows from the moment equality

self-adjoint variables, the moments uniquely determine the distribution.

in (2), and from the standard fact that for
O

We will be back to such computations in section 16 below, in the context of some
explicit examples of quantum groups associated to Hadamard matrices.

Let us discuss now some potential applications of the construction H — G, and of the
Hadamard matrices in general, to certain questions from mathematical physics. In order
to start, we will need some basic von Neumann algebra theory, coming as a complement
to the basic C*-algebra theory explained in section 13 above, as follows:
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Theorem 14.13. The von Neumann algebras, which are the x-algebras A C B(H) closed
under the weak operator topology, making each T — Tx continuous, are as follows:

(1) They are exactly the x-algebras of operators A C B(H) which are equal to their
bicommutant, A = A”.

(2) In the commutative case, these are the algebras of type A = L*>°(X), with X
measured space, represented on H = L*(X), up to a multiplicity.

(3) If we write the center as Z(A) = L®(X), then we have a decomposition of type
A= fX A, dx, with the fibers A, having trivial center, Z(A,) = C.

(4) The factors, Z(A) = C, can be fully classified in terms of 11y factors, which are
those satisfying dim A = oo, and having a faithful trace tr : A — C.

(5) The 11y factors enjoy the “continuous dimension geometry” property, in the sense
that the traces of their projections can take any values in [0, 1].

(6) Among the 11y factors, the most important one is the Murray-von Neumann hy-
perfinite factor R, obtained as an inductive limit of matriz algebras.

Proof. This is something quite heavy, the idea being as follows:

(1) This is von Neumann’s bicommutant theorem, which is well-known in finite dimen-
sions, and whose proof in general is not that complicated, either.

(2) Tt is clear, via basic measure theory, that L°°(X) is indeed a von Neumann algebra
on H = L*(X). The converse can be proved as well, by using spectral theory.

(3) This is von Neumann’s reduction theory main result, whose statement is already
quite hard to understand, and whose proof uses advanced functional analysis.

(4) This is something heavy, due to Murray-von Neumann and Connes, the idea being
that the other factors can be basically obtained via crossed product constructions.

(5) This is a gem of functional analysis, with the rational traces being relatively easy
to obtain, and with the irrational ones coming from limiting arguments.

(6) Once again, heavy results, due to Murray-von Neumann and Connes, the idea being
that any finite dimensional construction always leads to the same factor, called R. U

In relation now with our questions, variations of von Neumann’s reduction theory idea,
basically using the abelian subalgebra Z(A) C A, include the use of maximal abelian
subalgebras B C A, called MASA. In the finite von Neumann algebra case, where we
have a trace, the use of orthogonal MASA is a standard method as well:

Definition 14.14. A pair of orthogonal MASA is a pair of mazximal abelian subalgebras
B,CCA
which are orthogonal with respect to the trace, in the sense that we have:

(BoCl) L (CeCl)
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Here the scalar product is by definition < b, ¢ >= tr(bc*), and by taking into account
the multiples of the identity, the orthogonality condition reformulates as follows:
tr(bc) = tr(b)tr(c)
This notion is potentially useful in the infinite dimensional context, in relation with
various structure and classification problems for the II; factors.

However, as a “toy example”, we can try and see what happens for the simplest factor
that we know, namely the matrix algebra My(C), endowed with its usual matrix trace.
In this context, we have the following surprising observation of Popa [113]:

Theorem 14.15. Up to a conjugation by a unitary, the pairs of orthogonal MASA in the
simplest factor, namely the matriz algebra Mx(C), are as follows,

A=A
B=HAH"
with A C My (C) being the diagonal matrices, and with H € My(C) being Hadamard.

Proof. Any MASA in My(C) being conjugated to A, we can assume, up to conjugation
by a unitary, that we have, with U € Uy:

A=A
B =UAU*
Now observe that given two diagonal matrices D, E € A, we have:

1
tr(D-UEU") = NZ(DUEU*)“

1 _
= ¥ > DulyEjU;

ij
1
= 5 2 Daly|Uy
ij
Thus, the orthogonality condition A L B reformulates as follows:
1 1
N > Duky|U* = e > Diky
ij ij

But this tells us precisely that the entries |U;;| must have the same absolute value:

1
Uil = —
Ul = —=
Thus the rescaled matrix H = v NU must be Hadamard. O

Along the same lines, but at a more advanced level, we have the following result:
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Theorem 14.16. Given a complex Hadamard matric H € My(C), the diagram formed
by the associated pair of orthogonal MASA, namely

A My (C)
C HAH*

is a commuting square in the sense of subfactor theory, in the sense that the expectations
onto A, HAH* commute, and their product is the expectation onto C.

Proof. Tt follows from definitions that the expectation Ea : My(C) — A is the operation
which consists in keeping the diagonal, and erasing the rest:

M — Ma
Consider now the other expectation, namely:
Egap+ : My(C) - HAH®
It is better to identify this with the following expectation, with U = H/v/N:
Eyavs : Mn(C) — UAU
This latter expectation must be given by a formula of type M — UXAU*, with X
satisfying:
< M,UDU* >=< UXAU*,UDU* > , VDeA
The scalar products being given by < a,b >= tr(ab*), this condition reads:
tr(MUD*U*) =tr(XaD*) , VDeA
Thus X = U*MU, and the formulae of our two expectations are as follows:
EA(M) = Mx
Eyav«(M) = UU*MU)AU*
With these formulae in hand, we have the following computation:
(EaEuav-M)i; = 0i5(UUMU)AU");;
= 0y Z Ui (U* MU ) 14.Us
k

1
k

= 5Z]tr(M)
= (EcM);
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As for the other composition, the computation here is similar, as follows:
(EBvav-EaM)ij = (UU MAU)AU");;
= ) Un(UMAU) Ui
k

= ZUikUllelUlkUjk
Kl

1 _
= N > UnMuUj
Kl
= 5l]tT(M)
= (EcM)y
Thus, we have indeed a commuting square, as claimed. Il

As a conclusion, all this leads us into commuting squares and subfactor theory. So, let
us explain now the basic theory here. As a first object, which will be central in what
follows, we have the Temperley-Lieb algebra [135], constructed as follows:

Definition 14.17. The Temperley-Lieb algebra of index N € [1,00) is defined as
TLn(k) = span(NCy(k, k))
with product given by vertical concatenation, with the rule
O=N
for the closed circles that might appear when concatenating.

In other words, the algebra T'Ly(k), depending on parameters k € N and N € [1,00), is
the formal linear span of the pairings 7 € NCsy(k, k). The product operation is obtained by
linearity, for the pairings which span T'Ly (k) this being the usual vertical concatenation,
with the conventions that things go “from top to bottom”, and that each floating circle
that might appear when concatenating is replaced by a scalar factor, equal to N.

Observe that there is a connection here with Sy, and more specifically with the category
of noncrossing partitions NC' producing Sy, due to the following fact:

Proposition 14.18. We have bijections NC(k) ~ NC5(2k) ~ NCy(k, k), constructed by
fattening/shrinking and rotating/flattening, as follows:

(1) The application NC(k) — NCy(2k) is the “fattening” one, obtained by doubling
all the legs, and doubling all the strings as well.

(2) Its inverse NCy(2k) — NC(k) is the “shrinking” application, obtained by collaps-
ing pairs of consecutive neighbors.

(3) The bijection NCo(2k) ~ NCy(k,k) is obtained by rotating and flattening the
noncrossing pairings, in the obvious way.
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Proof. The fact that the two operations in (1,2) are indeed inverse to each other is clear,
by computing the corresponding two compositions, with the remark that the construction
of the fattening operation requires the partitions to be noncrossing. O

Following now Jones [78], consider an inclusion of II; factors, which is actually some-
thing quite natural in quantum physics:

Ay C Ay
We can consider the orthogonal projection e; : A; — Ay, and set:
Ag =< Al, er >

This procedure, called “basic construction”, can be iterated, and we obtain in this way
a whole tower of II; factors, as follows:

The basic construction is something quite subtle, making deep connections with ad-
vanced mathematics and physics. All this was discovered by Jones, and his main result
from [78], which came as a big surprise at that time, along with some supplementary
fundamental work, done later, in [79], can be summarized as follows:

Theorem 14.19. Let Ay C Ay be an inclusion of 11 factors.
(1) The sequence of projections ey, ez, es,... € B(H) produces a representation of the
Temperley-Lieb algebra TLy C B(H), where N = [A;, Ao].
(2) The collection P = (Py) of the linear spaces P, = Aj N A, which contains the
image of T'Ly, has a planar algebra structure.

(3) The index N = [Ay, Ag], which is a Murray-von Neumann continuous quantity
N € [1,00], must satisfy N € {4 cos®(Z)|n € N} U [4, oq].

Proof. This is something quite heavy, the idea being as follows:

(1) The idea here is that the functional analytic study of the basic construction leads to

the conclusion that the sequence of projections ey, s, €3, ... € B(H) behaves algebrically
exactly as the rescaled sequence of diagrams €1, e9,¢3,... € TLy given by 1 = 2,9 = | 7,
e3 = || B, and so on, with the parameter being the index, N = [A,, A4].

(2) Since the orthogonal projection e; : A; — Ay commutes with Ay we have e; € PJ,
and by translation we obtain eq,...,ex_1 € Py for any k, and so TLy C P. The point
now is that the planar algebra structure of T'Ly, obtained by composing diagrams, can
be shown to extend into an abstract planar algebra structure of P.

(3) This is something quite surprising, which follows from (1), via some clever positivity
considerations, involving the Perron-Frobenius theorem. In fact, the subfactors having
index N € [1,4] can be classified by ADE diagrams, and the obstruction N = 4 cos?(Z)
itself comes from the fact that N must be the squared norm of such a graph. g
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As before with other preliminary material, the above was quite quick. We recommend
here Jones’ papers [78], [79], which are a must-read, when doing Hadamard matrices.

Getting back now to the commuting squares, the idea is that any such square C' produces
a subfactor of the hyperfinite II; factor R. Indeed, under suitable assumptions on the
inclusions Cyg C C1g, Cy; C C4y, we can perform the basic construction for them, in finite
dimensions, and we obtain a whole array of commuting squares, as follows:

Ag Ay As

Co2 012 Clyg v ~ B,
Cor Ch Clyp v - B,
Coo Cho Clg e > By

Here the various A, B letters stand for the von Neumann algebras obtained in the limit,
which are all isomorphic to the hyperfinite II; factor R, and we have:

Theorem 14.20. In the context of the above diagram, the following happen:

(1) Ao C Ay is a subfactor, and {A;} is the Jones tower for it.
(2) The corresponding planar algebra is given by Ay N A = C{; N Co.
(3) A similar result holds for the “horizontal” subfactor By C By.

Proof. This is something standard, the idea being as follows:
(1) This is something quite routine.
(2) This is a subtle result, called Ocneanu compactness theorem [108].

(3) This follows from (1,2), by flipping the diagram. O

Getting back now to the Hadamard matrices, we can extend our lineup of results,
namely Theorem 14.15 and Theorem 14.16, with an advanced statement, as follows:
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Theorem 14.21. Given a complex Hadamard matric H € My(C), the diagram formed
by the associated pair of orthogonal MASA, namely

A My(C)
C HAH*

18 a commuting square in the sense of subfactor theory, and the associated planar algebra
P = (Py) is given by the following formula, in terms of H itself,

T € P, < T°G*=G"?T°
where the objects on the right are constructed as follows:
(1) T°=id T ® id.
(2) GIy = 3"y HxHjix Hop Hyy.
(3) G = GG

U1k J1 Tk iglk—1 1211

Proof. The fact that we have indeed a commuting square is from Theorem 14.16, and the
computation of the associated planar algebra is possible thanks to formula in Theorem
14.20 (2). By doing some computations, which are quite similar to those in the proof of
Theorem 14.7 above, we obtain the formula in the statement. See [81]. u

Now by comparing with Theorem 14.7, we are led to the following result:

Theorem 14.22. Let H € My(C) be a complex Hadamard matriz.

1) The planar algebra associated to H is given by P, = Fix(u®*), where G C ST is
(1) p g g y ; N
the associated quantum permutation group.
2) The corresponding Poincaré series f(z) = dim(Py)2* equals the Stieltjes trans-
Y k J
form fG ﬁ of the law of the main character x =), w;.

Proof. This follows by comparing the quantum group and subfactor results:

(1) As already mentioned above, this simply follows by comparing Theorem 14.7 with
the subfactor computation in Theorem 14.21. For full details here, we refer to [17].

(2) This is a consequence of (1), and of the Peter-Weyl type results from [149], which
tell us that fixed points can be counted by integrating characters. U

Summarizing, we have now a clarification of the various quantum algebraic objects asso-
ciated to a complex Hadamard matrix H € My (C), the idea being that the central object,
which best encodes the “symmetries” of the matrix, and which allows the construction of
the other objects as well, is the associated quantum permutation group G C S};.

Regarding now the subfactor itself, the result here is as follows:
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Theorem 14.23. The subfactor associated to H € My(C) is of the form
A% c (CV ® A)C
with A =R X é, where G C Sy is the associated quantum permutation group.

Proof. This is something more technical, the idea being that the basic construction pro-
cedure for the commuting squares, explained before Theorem 14.20, can be performed in
an “equivariant setting”, for commuting squares having components as follows:

D®gE=(D®(ExG))°

To be more precise, starting with a commuting square formed by such algebras, we ob-
tain by basic construction a whole array of commuting squares as follows, with {D;}, { E;}
being by definition Jones towers, and with D, F., being their inductive limits:

Dy ®¢ Ex Dy ®¢ Ex Dy ®¢ Ex

A A A
Dy ®G Ey D, ®G Ey D, ®G Fo s > Dy ®a E
Dy ®¢ B, D, ®a E; Dy ®@q By o ~ Do, @¢ Fy
Dy ®¢ Eo D, ®¢ Ep Dy ®@q By - ~ Do, @¢ E,

The point now is that this quantum group picture works in fact for any commuting
square having C in the lower left corner. In the Hadamard matrix case, that we are
interested in here, the corresponding commuting square is as follows:

C®q CcN CcN e cN

CcN ®q C

C®qgC
Thus, the subfactor obtained by vertical basic construction appears as follows:
C®¢ Ex C CN ®¢ Ea

But this gives the conclusion in the statement, with the II; factor appearing there being
by definition A = E, x G, and with the remark that we have E., ~ R. See [7]. O
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All the above is conjecturally related to statistical mechanics. Indeed, the Tannakian
category/planar algebra formula from Theorem 14.7/14.21 has many similarities with the
transfer matrix computations for the spin models, and this is explained in Jones’ paper
[81], and known in fact for long before that, from his 1989 paper [79].

However, the precise significance of the Hadamard matrices in statistical mechanics, or
in related areas such as knot and link invariants, remains a bit unclear. From a quantum
permutation group perspective, the same questions make sense. The idea here, which is
old folklore, going back to the 1998 discovery by Wang [142] of the quantum permutation
group Sy, is that associated to any 2D spin model should be a quantum permutation
group G C Sy, which appears by factorizing the flat representation C(S3) — My(C)
associated to the N x N matrix of the Boltzmann weights of the model, and whose
representation theory computes the partition function of the model.

This is supported on one hand by Jones’ theory in [79], [81], via the connecting results
presented above, and on the other hand by a number of more recent results, such as
those in [24], having similarities with the computations for the Ising and Potts models.
However, the whole thing remains not axiomatized, at least for the moment, and in what
regards the Hadamard matrices, their precise physical significance remains unclear.
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15. GENERALIZATIONS

We discuss in this section two extensions of the construction H — G from the previous
section, which are both quite interesting. A first idea, from [13], is that of using complex
Hadamard matrices with noncommutative entries.

Let A be a C*-algebra. For most of the applications A will be a commutative algebra,
A = C(X) with X being a compact space, or a matrix algebra, A = Mg (C) with K € N.
We will sometimes consider random matrix algebras, A = Mg (C(X)), with X being a
compact space, and with K € N. Two row or column vectors over A, say a = (aq,...,ay)
and b = (by,...,by), are called orthogonal when:

Observe that, by applying the involution, we have as well:

With this notion in hand, we can formulate:

Definition 15.1. An Hadamard matriz over A is a square matriz H € My(A) such that:

(1) All the entries of H are unitaries, H;; € U(A).
(2) These entries commute on all rows and all columns of H.
(3) The rows and columns of H are pairwise orthogonal.

As a first remark, in the simplest case A = C the unitary group is the unit circle in
the complex plane, U(C) = T, and we obtain the usual complex Hadamard matrices. In
the general commutative case, A = C'(X) with X compact space, our Hadamard matrix
must be formed of “fibers”, one for each point x € X. Therefore, we obtain:

Proposition 15.2. The Hadamard matrices H € My(A) over a commutative algebra
A = C(X) are exactly the families of complex Hadamard matrices of type

H={H"z € X}
with H* depending continuously on the parameter x € X.

Proof. This follows indeed by combining the above two observations. Observe that, when
we wrote A = C'(X) in the above statement, we used the Gelfand theorem. O

Let us comment now on the above axioms. For U,V € U(A) the commutation relation
UV = VU implies as well the following commutation relations:

vv=vwvw , uv=vu , UV*=U0V*
Thus the axiom (2) tells us that the C*-algebras Ry, ..., Ry and (1, ..., Cy generated
by the rows and the columns of A must be all commutative.
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We will be particulary interested in the following type of matrices:

Definition 15.3. An Hadamard matric H € My(A) is called “non-classical” if the C*-
algebra generated by its coefficients is not commutative.

Let us comment now on the axiom (3). According to our definition of orthogonality
there are 4 sets of relations to be satisfied, namely for any 7 # k we must have:

Z HyHy; = ZH;;‘ij = Z HjiHj, = ZH;Z'HJ’“ =0
j j J ’

Now since by axiom (1) all the entries H;; are known to be unitaries, we can replace
this formula by the following more general equation, valid for any i, k:

J J J J

The point now is that everything simplifies in terms of the matrices:

H:(Hl) ) H*:(H]*z) ) Ht:(Hji) ) HZ(HQ})
Indeed, the above equations simply read:
HH*=H*H=H'H=HH'= Nly

So, let us recall now that a square matrix H € My (A) is called “biunitary” if both H
and H' are unitaries. In the particular case where A is commutative, A = C'(X), we have
“H unitary = H® unitary”, so in this case biunitary means of course unitary. In terms
of this notion, we have the following reformulation of Definition 15.1:

Proposition 15.4. Assume that H € My(A) has unitary entries, which commute on all
rows and all columns of H. Then the following are equivalent:

(1) H is Hadamard.

(2) H/V'N is biunitary.

(3) HH* = H'H = Nly.
Proof. We know that (1) happens if and only if the axiom (3) in Definition 15.1 is satisfied,
and by the above discussion, this axiom (3) is equivalent to (2). Regarding now the
equivalence with (3), this follows from the commutation axiom (2) in Definition 15.1. [

Observe that if H = (H;;) is Hadamard, so are H = (H};), H' = (Hj;), H* = (H};). In

addition, we have the following result:
Proposition 15.5. The class of Hadamard matrices H € My(A) is stable under:

(1) Permuting the rows or columns.
(2) Multiplying the rows or columns by central unitaries.

When successively combining these two operations, we obtain an equivalence relation on
the class of Hadamard matrices H € My (A).
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Proof. This is clear from definitions. Observe that in the commutative case A = C'(X) any
unitary is central, so we can multiply the rows or columns by any unitary. In particular
in this case we can always “dephase” the matrix, i.e. assume that its first row and column
consist of 1 entries. Note that this operation is not allowed in the general case. O

Let us discuss now the tensor product operation:

Proposition 15.6. Let H € My(A) and K € My(A) be Hadamard matrices, and assume
that < H;; > commutes with < K, >. Then the “tensor product”

H®K e Myy(A)
gwen by (H @ K )iq b = HijKuw, is an Hadamard matriz.

Proof. This follows from definitions, and is as well a consequence of the more general
Theorem 15.7 below, that will be proved with full details. Il

Following [62], the deformed tensor products are constructed as follows:

Theorem 15.7. Let H € My(A) and K € My (A) be Hadamard matrices, and () €
Mnyxm(Ua). Then the “deformed tensor product” H ®¢g K € Myy(A), given by

(H ®¢ K)iajn = QinHij Kap

is an Hadamard matriz as well, provided that the entries of () commute on rows and
columns, and that the algebras < H;; >, < Ky >, < Qp > pairwise commaute.

Proof. First, the entries of L = H ®¢ K are unitaries, and its rows are orthogonal:

Y Liagliesy = Y QuHyKay - QK5 Hj,
b b
= Now > QuKa - QK3
b

= Now Y Kuk,
J

= NM  0ix04¢

The orthogonality of columns can be checked as follows:

* * Tk T
E : Lia,ijia,kc = § : Qininab ’ QicKac ik
a ia

= Mby Z QinH;j - Q; Hj,

= Md, Yy  HyH;,

= NM -6y
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For the commutation on rows we use in addition the commutation on rows for Q):
LigjpLicjpy = QunHijKay - QuHyj Koy
= Qikab : Hinkj KK
= QuQib - ijHij Ko Kap
= QuHipjKe - QuHii Kup
= LiejvLia b
The commutation on columns is similar, using the commutation on columns for ):
Lia,ijia,kC = Qininab “QicH i Kae
= QuQic HijHy, - Ky Koo
= Qic@ib : HikHij - KooKy
= QicHi Ko - QinHij Koy
Lia keLia,jb

Thus all the axioms are satisfied, and L is indeed Hadamard. O

As a basic example, we have the following construction:

Proposition 15.8. The following matriz is Hadamard,

r oy 'y Yy
|z -y 2 -y
M= z ot —z —t
z =t —z t
for any unitaries x,y, z,t satisfying [x,y] = [z, 2] = [y, t] = [2,t] = 0.

Proof. This follows indeed from Theorem 15.7, because we have:

r Yy T Y
1 1 2 I 1\ |z -y = -y
1 -1 r y\\1 =1) |2z t —z —t
z t z —t —z 1
In addition, the commutation relations in Theorem 15.7 are satisfied indeed. U

The usual complex Hadamard matrices were classified in [69] at N = 2,3,4,5. In this
section we investigate the case of the general Hadamard matrices. We use the equivalence
relation constructed in Proposition 15.5 above. We first have:

Proposition 15.9. The 2 x 2 Hadamard matrices are all classical, and are all equivalent
to the Fourier matrix Fj.
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Proof. Consider indeed an arbitrary 2 x 2 Hadamard matrix:
A B
#=(¢ 1)
We already know that A, D each commute with B, C. Also, we have:
AB*+CD* =0

We deduce that A = —C'D*B commutes with D, and that C' = —AB*D commutes with
B. Thus our matrix is classical, any since all unitaries are now central, we can dephase
our matrix, which follows therefore to be the Fourier matrix F5. U

Let us discuss now the case N = 3. Here the classification in the classical case uses the
key fact that any formula of type a + b+ ¢ = 0, with |a| = |b] = |¢| = 1, must be, up to a
permutation of terms, a “trivial” formula of type a + ja + j%a = 0, with j = €2™/3. Here
is the noncommutative analogue of this simple fact:

Proposition 15.10. Assume that a + b+ ¢ = 0 is a vanishing sum of unitaries. Then
this sum must be of type

a+ wa +w?a=0
with w unitary satisfying 1 +w + w? = 0.
Proof. Since —c¢ = a + b is unitary we have (a4 b)(a +b)* = 1. Thus ab* + ba* = —1, and
so ab*ba* + (ba*)?* = —ba*. With w = ba* we obtain 1 + w? = —w, and we are done. [

With this result in hand, we can start the N = 3 classification. We first have the
following technical result, that we will improve later on:

Proposition 15.11. Any 3 x 3 Hadamard matriz must be of the form

a b c
H = | ua wv*w?vb uv*wvc
va wub w?ve

with w being subject to the equation 1+ w + w? = 0.

Proof. Consider an arbitrary Hadamard matrix H € M3(A). We define a,b,c,u,v,w as
for that part of the matrix to be exactly as in the statement, as follows:

a b ¢
H=lua z= vy
va wvb 2z

Let us look first at the scalar product between the first and third row:
vaa™ + wobb* 4+ z¢* =0

By simplifying we obtain v+ wv + z¢* = 0, and by using Proposition 15.10 we conclude
that we have 1 4+ w + w? = 0, and that zc¢* = w?v, and so z = w?ve, as claimed.
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The scalar products of the first column with the second and third ones are:
a*b+ a*u*r + a*v*wvb = 0
a*c+ a*u*y + a*v*wve = 0
By multiplying to the left by va, and to the right by b*v* and c¢*v*, we obtain:
1 +ovu*zb*v* +w =0
1 + vu*ycv* +w? =0

Now by using Proposition 15.10 again, we obtain vu*zb*v* = w? and vu*yc'v* = w,
and so = uv*w?vb and y = ww*wvc, and we are done. U

We can already deduce now a first classification result, as follows:
Proposition 15.12. There is no Hadamard matric H € M3(A) with self-adjoint entries.
Proof. We use Proposition 15.11. Since the entries are idempotents, we have:
A== =u’=0"= (uw)® = (vw)* =1
It follows that our matrix is in fact of the following form:

a b c
H = |ua uwb uw?c

va wvb w?ve

The commutation between Hyy, Hog reads:

[uwb, wvb] =0 = [uw,wv] =0
=  UWWU = WOUW
—  ww = vuw?
= w=1
Thus we have reached to a contradiction, and we are done. Il

Let us go back now to the general case. We have the following technical result, which
refines Proposition 15.11 above, and which will be in turn further refined, later on:

Proposition 15.13. Any 3 x 3 Hadamard matrixz must be of the form

a b c

H=[ua w*ub wuc

va wvb w?vc

where (a,b,c) and (u,v,w) are triples of commuting unitaries, and:

l+w+w*=0
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Proof. We use Proposition 15.11. With e = uv*, the matrix there becomes:

a b c

H = |eva ew?vb ewvc

va wuvb w?ve

The commutation relation between Hgs, H3s reads:

[ew?vb,wvb] =0 = [ew?v,wv] =0
=  ew’vwv = wvew®v
= ew’v = wvew

= [ew,wv] =0
Similarly, the commutation between Hyz, H33 reads:

[ewve, wve] =0 = [ewv,w’v] =0

— ewvaU = w%ewv

— EWV = w2vew2

= [ew®, w*] =0

We can rewrite this latter relation by using the formula w? = —1 — w, and then, by
further processing it by using the first relation, we obtain:

e(l1+w),1+wv] =0 = [e,wv]+ [ew,v] =0
— 2ewv — wve —vew =0

= ewv= i(wve + vew)

We use now the key fact that when an average of two unitaries is unitary, then the
three unitaries involved are in fact all equal. This gives:

CWV = wve = vew

Thus we obtain [w, e] = [w,v] =0, so w, e,v commute. Our matrix becomes:
a b c
H = | eva w?evb wevc

va wuvb w?ve

Now by remembering that u = ev, this gives the formula in the statement. U

We can now formulate our main classification result, as follows:

Theorem 15.14. The 3 x 3 Hadamard matrices are all classical, and are all equivalent
to the Fourier matrix Fj.
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Proof. We know from Proposition 15.13 that we can write our matrix in the following
way, where (a,b, c) and (u, v, w) pairwise commute, and where 1 + w + w? = 0:

a b c
H=\|au buw cuw
av bvw* cow

*

We also know that (a,u,v), (b,uw,vw*), (¢, uw*,vw) and (ab,ac,be, w) have entries
which pairwise commute. We first show that uv is central. Indeed, we have:
buv = buvww”
= b(uw)(vw®)
(uw) (vw*)b
uvb
Similarly, cuv = wve. It follows that we may in fact suppose that uv is a scalar. But
since our relations are homogeneous, we may assume in fact that u = v*.
Let us now show that [abc, vw*] = 0. Indeed, we have:
abc = a(bc)ww*
= aw(bc)w”
= av(wv*)bcw”
= avb(wv")cw”
= v(ab)wv*cw*
= ovw(ab)v cw”

*

= vw(ab)w(w*v*)cw
= ovw?(ab)c(w*v*)w*
= vw*abcv w

We know also that [b, vw*| = 0. Hence [ac, vw*] = 0. But [ac, w*] = 0. Hence [ac, v] = 0.
But [a,v] = 0. Hence [c,v] = 0. But [c,ow] = 0. So [¢c,w] = 0. But [bc,w] = 0. So
[b,w] = 0. But [b,v*w] = 0 and [ab, w] = 0, so respectively [b,v] = 0 and [a,w] = 0. Thus
all operators a, b, ¢, v, w pairwise commute, and we are done. Il

At N = 4 now, the classical theory uses the fact that an equation of type a+b+c+d = 0
with |a| = |b| = |¢| = |d| = 1 must be, up to a permutation of the terms, a “trivial”
equation of the form a — a + b — b = 0. In our setting, however, we have for instance:

60 (0 ) %) (v 5)=0

It is probably possible to further complicate this kind of identity, and this makes the
N = 4 classification a quite difficult task.
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The generalized Hadamard matrices produce quantum groups, as follows:

Theorem 15.15. If H € My(A) is Hadamard, the following matrices Pj; € My(A) form
altogether a magic matriz P = (P;;), over the algebra My (A):

1 * *
(Pij)ab = NHiaHjaHijib

Thus, we can let © : C(S};) — My (A) be the representation associated to P, mapping
u;; — P;j, and then factorize this representation as follows,

7:C(S%) = C(G) = My(A)
with the closed subgroup G C S3; chosen minimal.

Proof. The magic condition can be checked in three steps, as follows:

(1) Let us first check that each P is a projection, i.e. that we have Pj; = F;; = Pj
Regarding the first condition, namely Pj; = P, this simply follows from:

(Pij)ba = N(H@-ijijaHm) =  Hiatjo Hjp iy, = (Pij)ab
As for the second condition, P;; = Pz, this follows from the fact that all the entries H;;

are assumed to be unitaries, i.e. follows from axiom (1) in Definition 15.1:

(Par = > _(Pi)ac(Pij)er

[

1 * * * *
= 3 2 HiaHj Hye Hi Hie HS Hip H,
1 * *
- NHiaHjaHijib

= (Pij)ab
(2) Let us check now that fact that the entries of P sum up to 1 on each row. For this
purpose we use the equality H*H = N1y, coming from the axiom (3), which gives:

O - Pja = NZHmH* Hj,Hy,
j

1 * *
= Hia (" H)a I

- 6abHiaH;;)
= 5ab

(3) Finally, let us check that the entries of P sum up to 1 on each column. This is the
tricky check, because it involves, besides axiom (1) and the formula H'H = N1y coming
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from axiom (3), the commutation on the columns of H, coming from axiom (2):
(Z Pij)ab = N ZHmH* z*b
= Z H* Hza jb

|
= H(H H)uHy,
= S, Hy,

= 5ab
Thus P is indeed a magic matrix in the above sense, and we are done. U

As an illustration, consider a usual Hadamard matrix H € My (C). If we denote its
rows by Hi, ..., Hy and we consider the vectors &;; = H;/H;, then we have:

Hil HiN
gij = 0.0 H_
j1 iN

Thus the orthogonal projection on this vector §;; is given by:

1
(&7)a(&i)o = ~Hia H HipHjy = (Pij)ay

(PEi]‘)ab N

1
15112

We conclude that we have Pj; = P, for any 4, j, so our construction from Theorem
15.15 is compatible with the construction for the usual complex Hadamard matrices.

We discuss now the computation of the quantum permutation groups associated to
the deformed tensor products of Hadamard matrices. Let us begin with a study of the
associated magic unitary. We have:

Proposition 15.16. The magic unitary associated to H ®¢g K 1is given by

za,]b - le K — (QlCQjcdeQ'Ld KachchdK )
where R;; is the magic unitary matriz associated to H.

Proof. With standard conventions for deformed tensor products and for double indices,
the entries of L = H ®¢g K are by definition the following elements:

za ,Jb — sz
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Thus the projections P, j, constructed in Theorem 15.15 are given by:

1

* *
(Pago)icia = i LiaweLjypeLivialion

1

= MN(Q’LC szac)(Q]c ]kac) (deHlebd)(QidHilKad)*

= (chQgcdede)( H* H; lH;)(KaCK;chngd)

In terms now of the standard matrix units ey, e.q, we have:

F)ia ,Jb
= A Z €kl & €cq @ (chQgcdede)( kH Hiy) (Koo Ky KvaK gq)
kcld
1
= W Z (6kl R1® szH H; ZH;;) (1 & ecq & QiCQ;cdeQ:d : KacK;chdK;d)
kcld

Since the quantities on the right commute, this gives the formula in the statement. [J
In order to investigate the Dita deformations, we use:

Definition 15.17. Let C(S},) — A and C(S};) — B be Hopf algebra quotients, with
fundamental corepresentations denoted u,v. We let

Ax,B=A"NxB/ < [u ab,vw] =0>
with the Hopf algebra structure making wjq ji, = Ufzgvij a corepresentation.

The fact that we have indeed a Hopf algebra follows from the fact that w is magic. In
terms of quantum groups, if A = C(G), B = C(H), we write A, B=C(G . H):

C(G) % C(H) = C(G 1, H)

The 2, operation is the free analogue of !, the usual wreath product. See [39]. With
this convention, we have the following result:

Theorem 15.18. The representation associated to L = H ®¢g K factorizes as

C(Sxu) - Myu(C)

\/

(St 1. G)
and so the quantum group associated to L appears as a subgroup G, C Sy, 4 Gr.

Proof. We use the formula in Proposition 15.16. For simplifying the writing we agree to

iollib instead of expressions of type Hi,H},Hj,Hj, by keeping in

use fractions of type i
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mind that the variables are only subject to the commutation relations in Definition 15.1.
Our claim is that the factorization can be indeed constructed, as follows:

Uéz) = Z Pia,jb ) V;]' = Z Pia,jb
j a

Indeed, we have three verifications to be made, as follows:

(1) We must prove that the elements V;; = > P, j» do not depend on b, and generate
a copy of C(Gp). But if we denote by (R;;) the magic for H, we have indeed:

Vv, = 1 (Qicde HyHj '5Cd)
keld

N QiaQjc HyHj
((Rij)ki0cd) keyid
= Rz‘j®1

(2) We prove now that for any i, the elements U, CSZ) =5 i Pia,jb form a magic matrix.
Since P = (P, ;) is magic, the elements U, éz) = >, Piajp are self-adjoint, and we have
> U ng) = > 4j Diajo = 1. The fact that each U, (EZ) is an idempotent follows from:

(U Dkesa

_ 1 Z QicQje . szijm . Kache . Qie@nd . HimHnl . KaeKbd
N2M2 e jc Hzmij KaeKbc QidQne Hlenm Kadee

mejn

_ 1 Z QicQjeQnd ) szHnl(s . Kachd
NM? ejn QjchdQne ijHil " Kch d

_ 1 Z QicQjeQja  HinHji  Kackpa
- NM? ~

QicQiiQje HjrHy KpKoq

1 Z QicQja CHgHjy Kok
NM -

QjcQia HjpHy KyKaq

= (Ukeu
Finally, the condition ) U, f) =1 can be checked as follows:

i 1 QicQja  HipHjy
U( ) - Jja . Jt, 5C
Xa: “ N (2]: QuuQijc  HaHj d>k )

1 H;,Hj
- — -6
N (Z H,LZH]k d>k 1

J

I
—_



HADAMARD MATRICES 271

(3) It remains to prove that we have U éz)%j =V,U. éz) = P, . First, we have:
(U(z)v> _ 1 Z Qichd . szHnm . Kachd . HimHjl
ab "1 kel N2M mn Qidan Hzman Kadec HilHjm

1 Z Qic@nd HikHjl5 - KacKpg

NM n Qidan anHzl " Kadec
L QicQja CHgHjy KoK
NM Qidec ij:Hil Kadec

= (Pia,jb)kc,ld

The remaining computation is similar, as follows:
1 Z szH]m . Qichd . HzmHnl . Kachd
N2M HzmH]k Qidan H’Ll-Hnm Kadec

mn

(VisUDkera =

_ 1 Z Qic@nd . szHnl(S . Kachd
NM n Qid@nc ijHil " Kadec
1 . Qicde . HikHjl . Kachd
NM  QiiQje HjrHy KoKy

= (Piajb)kcid

Thus we have checked all the relations, and we are done. Il
In general, the problem of further factorizing the above representation is a quite difficult
one, even in the classical case. For a number of results here, we refer to [15], [40].

Let us discuss now another generalization of the construction H — G, which is inde-
pendent from the one above. The idea, following [31], will be that of looking at the partial
Hadamard matrices (PHM), and their connection with the partial permutations. Let us
start with the following standard definition:

Definition 15.19. A partial permutation of {1 ..., N} is a bijection o : X ~Y | with:
X,Y c{l,....N}
We denote by §N the set formed by such partial permutations.
We have Sy C §N, and the embedding v : Sy C My(0,1) given by the standard

permutation matrices can be extended to an embedding u : Sy C My(0, 1), as follows:

(o) = {1 it o(j) =i

0 otherwise

By looking at the image of this embedding, we see that Sy is in bijection with the
matrices M € My(0,1) having at most one 1 entry on each row and column.
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In analogy with Wang’s theory in [142], we have the following definition:

Definition 15.20. A submagic matriz is a matriz u € My(A) whose entries are projec-

tions, which are pairwise orthogonal on rows and columns. We let C’(gj\;) be the universal
C*-algebra generated by the entries of a N x N submagic matrix.

Here the fact that the algebra C (§]JQ) is indeed well-defined is clear. As a first observa-
tion, this algebra has a comultiplication, given by:

uzg E Ujk, X U5

This algebra has as well a counit, given by:
e(uij) = b

Thus gj{, is a quantum semigroup, and we have maps as follows, with the bialgebras at
left corresponding to the quantum semigroups at right:

C(S%) — C(S%) S o sk
4 $ : U U
C(gN) — C(SN) §N O Sy

The relation of all this with the PHM is immediate, appearing as follows:

Theorem 15.21. If H € My;n(T) is a PHM, with rows denoted Hy, ..., Hy € TV,
then the following matriz of rank one projections is submagic:

H:
P = Proj (#)
J

Thus H produces a representation mp : C’(gj\}) — My(C), given by u;; — P;, that we

can factorize through C(G), with the quantum semigroup G C Sy, chosen minimal.

Proof. We have indeed the following computation, for the rows:

H; H; Hy Hy Hy
T My R NN g H s= 6,
<H]’Hk> ZHJZ Hzl Hl S Ik

The verification for the columns is similar, as fOHOWS'

Hi Hk zl
)= - = No;
<Hj Hj> Zl: ]l Hkl Z Hyy g

Regarding now the last assertion, we can indeed factorlze our representation as in-
dicated, with the existence and uniqueness of the bialgebra C'(G), with the minimality

property as above, being obtained by dividing C (5&) by a suitable ideal. See [31]. O
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Summarizing, we have a generalization of the H — G construction. The very first
problem is that of deciding under which exact assumptions our construction is in fact
“classical”. In order to explain the answer here, we will need:

Definition 15.22. A pre-Latin square is a square matrix
Le My(l,...,N)
having the property that its entries are distinct, on each row and each column.

Given such a pre-Latin square L, to any x € {1,..., N} we can associate the partial
permutation o, € Sy, given by:

With this construction in hand, we denote by G C S v the semigroup generated by
these partial permutations o1, ...,o0y, and call it semigroup associated to L. Also, given

an orthogonal basis £ = (£,...,&y) of CV, we can construct a submagic matrix P €
My (My(C)), according to the following formula:

Pij = PTOj(&Mj)
With these notations, we have the following result, from [31]:

Theorem 15.23. If H € Myy(C) is a PHM, the following are equivalent:

(1) The semigroup G C St, is classical, i.e. G C Sy.

(2) The projections P;; = Proj(H;/H;) pairwise commute.

(3) The vectors H;/H; € TV are pairwise proportional, or orthogonal.
(4) The submagic matriz P = (P;;) comes for a pre-Latin square L.

In addition, if so is the case, G is the semigroup associated to L.

Proof. This is something standard, as follows:
(1) <= (2) is clear.

(2) <= (3) comes from the fact that two rank 1 projections commute precisely when
their images coincide, or are orthogonal.

(3) <= (4) is clear again.
The last assertion comes from Gelfand duality. See [31]. g

We call “classical” the matrices in Theorem 15.23, that we will study now. Let us begin
with a study at M = 2. We make the following convention, where 7 is the transposition,
ij is the partial permutation ¢ — j, and ) is the null map:

Sy = {id, 7,11,12,21,22, 0}

With this convention, we have the following result:
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Proposition 15.24. A partial Hadamard matric H € Moy n(T), in dephased form

|
HZ()\l )\N>

is of classical type when one of the following happens:

(1) Either \; = w, for some w € T, in which case G = {id, T}.
(2) Or >, M2 =0, in which case G = {id,11,12,21,22,0}

Proof. With 1 = (1,...,1) and A = (A1, ..., Ay), the matrix formed by the vectors H;/H;
is (%\ 7). Since 1 L A, A we just have to compare A, A, and we have two cases:

(1) Case A ~ A. This means A2 ~ 1, and so )\; = fw, for some w € T. In this case the
associated pre-Latin square is L = (3 2), the partial permutations o, associated to L are
o1 =id and 09 = 7, and we have G =< id, 7 >= {id, 7}, as claimed.

(2) Case A L A. This means Y, A? = 0. In this case the associated pre-Latin square is
L = (} %), the associated partial permutations o, are given by oy = id, 09 = 21, 03 = 12,
and so we obtain G =< id, 21,12 >= {id, 11,12,21,22,0}, as claimed. O

The matrices in (1) are, modulo equivalence, those which are real. As for the matrices
in (2), these are parametrized by the solutions A € TV of the following equations:

da=> XN=0

In general, it is quite unclear on how to deal with these equations. Observe that, as a
basic example here, we have the upper 2 x N submatrix of Fly, with N > 3.

Let us discuss now in detail the truncated Fourier matrix case. First, we have:

Proposition 15.25. The Fourier matriz, Fy = (w”) with w = *™/N

type, and the associated group G' C Sy is the cyclic group Zy .

, s of classical

Proof. Since H = Fy is a square matrix, the associated semigroup G C S}, must be a
quantum group, G C Sy. We must prove that this quantum group is G = Zy.

With p = (1,w,w?,...,w"~!) the rows of H are given by H; = p', and so we have
H;/H; = p"7. We conclude that H is indeed of classical type, coming from the Latin

square L;; = j — i and from the orthogonal basis £ = (1,p ', p2, ..., p' V).
We have G =< 01, ...,05 >, where 0, € Sy is given by 0,(j) =i <= L;; = z. From
L;; =j —i we obtain 0,(j) =j —x, and so G = {01, ...,0n5} >~ Zy, as claimed. O

Let F;n be the upper M x N submatrix of Fi, and Gy n C §M be the associated
semigroup. The simplest case is that when M is small, and here we have:
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Theorem 15.26. In the N > 2M — 2 regime, Gy n C Shr is formed by the maps

that is, o : [~ J, 0(j) =7 —x, with I,J C {1,..., M} intervals, independently of N.

Proof. Since for H = Fy the associated Latin square is circulant, Zij = j—1, the pre-Latin
square that we are interested in is:

0 1 2 o M =1

N -1 0 1 oo M =2

L= N -2 N -1 0 M -3
N-M+1 N-M+2 N-M+3 ... 0

Observe that, due to our N > 2M — 2 assumption, we have N — M +1 > M — 1, and
so the entries above the diagonal are distinct from those below the diagonal.
Let us compute now the partial permutations o, € Sy given by 0,(j) =1 <= L;; = .

We have o = id, and then o1, 09,...,0_1 are as follows:

O O O O o o O O O o O O O O _O

o1 — / / / / 09 = /// L OM—1 = /
o O O O O O O O O O o O O O O
Observe that oy = 07,03 = 0}, ... ,qM,l = J{wfll. As for the remainilng partial permu-

tations, these are given by oy_1 =0, ,on_2 =05 ,...,ON_M+1 = Opf_1:

o O O o O o O o o O o _0O O O O

ON-1= \ \ \ \ ON-2 = \x\\ <o ON-M+1 = \
O O O O O O O O O O o O O O O

Thus Gy .y =< 01 >. Now if we denote by G’M’ n the semigroup in the statement, we
have 01 € Gy i, so Gy C Gy - The reverse inclusion can be proved as follows:
(1) Assume first that o € Gy, y, 0 : [ == J has the property M € I, J:

Then we can write 0 = oy_0oy, with k = M — |I], so we have o € G/ n.
(2) Assume now that o € Gy v, 0 : [ =~ J has just the property M € I or M € J:
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O (@) O (@] (@) (@] (@) (@] (@) O (@) O (@] (@)

/ 4
o = /// o \\\
(@) @] O (@) O (@) @] (@) @] O O O (@) O

In this case we have as well 0 € Gy, because o appears from one of the maps in (1)
by adding a “slope”, which can be obtained by composing with a suitable map oy.
(3) Assume now that o € Gy, v, 0 : [ == J is arbitrary:

o O O (0] O o O

Then we can write ¢ = o'¢” with ¢’ : L ~ J, ¢” : I ~ L, where L is an interval
satisfying |L| = || = |J| and M € L, and since o’,0” € Gy by (2), we are done. [

Summarizing, we have so far complete results at N = M, and at N > 2M — 2. In the
remaining regime, M < N < 2M — 2, the semigroup Gy,n C Sy looks quite hard to
compute, and for the moment we only have some partial results regarding it.

For a partial permutation o : [ ~ J with |I| = |J| =k, set k(o) = k. We have:

Theorem 15.27. The components G%?N = {0 € Gunl|k(o) =k} with k > 2M — N are,
i the M < N < 2M — 2 regime, the same as those in the N > 2M — 2 regime.

Proof. In the M < N < 2M — 2 regime the pre-Latin square that we are interested in
has as usual 0 on the diagonal, and then takes its entries from the set S = {1,..., N —
M}U{N-M+1,....M —1}U{M,...,N — 1}, in a uniform way from each of the 3
components of S. Here is an illustrating example, at M = 6, N = 8:

0123465

7012 3 4

I_ 6 70 1 2 3

5 6 70 1 2

4 5 6 7 0 1

3456 70
The point now is that oy,...,05_3 are given by the same formulae as those in the
proof of Theorem 15.26, then on_pr41,...,00-1 all satisfy k(o) = 2M — N, and finally

oM, ---,0N—1 are once again given by the formulae in the proof of Theorem 15.26.

Now since we have k(op) < min(k(0), k(p)), adding the maps on_pr41, ..., 001 to the

semigroup Gy C Sy computed in the proof of Theorem 15.26 won’t change the GE\Z) N
components of this semigroup at £k > 2M — N, and this gives the result. U
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16. FOURIER MODELS

We have seen that associated to any complex Hadamard matrix H € My(C) is a
quantum permutation group G C Sj. The construction H — G is something very
simple, obtained by factorizing the representation 7 : C(S},) — My(C) given by u;; —
Proj(H;/H;), where Hy, ..., Hy € TV are the rows of H. As a basic example, a Fourier
matrix H = Fg produces in this way the group G itself, acting on itself.

Following [15], we discuss here the computation of the quantum permutation groups
associated to the Dita deformations of the tensor products of Fourier matrices. Let us
begin by recalling the construction of the Fourier matrix models:

Definition 16.1. Associated to a finite abelian group G is the matriz model
m:C(G) = Mg(C)
coming from the following magic matrix,

1
(Uij) = NFi—j,k—l

where F' = Fg is the Fourier matrix of G.

According to the formulae in section 13 above, this is precisely the matrix model ob-
tained by taking the minimal factorization of the model C(S}) — Mg(C) coming from
the Fourier matrix Fg, with the algebra C'(G) being the Hopf image of this latter model,
and with G itself being the quantum permutation group associated to Fg.

Let us recall as well the construction of the deformed Fourier models:

Definition 16.2. Given two finite abelian groups G, H, we consider the corresponding
deformed Fourier matrix, given by the formula

(Fo ®¢ Frr)ia o = Qin(F)ij(Fr)ab

and we factorize the associated representation mg of the algebra C(Sg. ),

C(SEwn) ~ Mexu(C)

C(Gq)
with C(Gq) being the Hopf image of this representation mq.

Explicitely computing the above quantum permutation group Gg C S, 5, as function
of the parameter matrix Q € Mgy (T), will be our main purpose, in what follows. In
order to do so, we will need the following elementary result:
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Proposition 16.3. If G is a finite abelian group then
OG) = 0(55)/ <u] - ukl‘Vi =k z>
with all the indices taken inside G.

Proof. As a first observation, the quotient algebra in the statement is commutative, be-
cause we have the following relations:

UijUkl = WUijUs 1 —f+i = Oj1—k+iUij

UklUij; = g |—k+iUi; = 5j,lfk+iuij

Thus if we denote the algebra in the statement by C(H), we have H C Sg. Now since
u;;(0) = di0(;) for any o € H, we obtain:

i—j=k—1 = (0(j) =i < o) =k)

But this condition tells us precisely that o (i) — i must be independent on i, and so, for
some g € G, we have o(i) =i+ g. Thus we have o € G, as desired. i

In order to factorize the representation in Definition 16.2, we will need:
Definition 16.4. Gives two Hopf algebra quotients, as follows,
cSy)—A , C(S%)—B
with fundamental corepresentations denoted u,v, we let

AxyB=AN«B/ < [ul) v;]=0>

ab?

with the Hopf algebra structure making wiq j» = uffb)vij a corepresentation.

The fact that we have indeed a Hopf algebra follows from the fact that w is magic. In
terms of quantum groups, let us write A = C(G), B = C(H). We write then:

Ax, B=C(G H)
In other words, we make the following convention:
C(G)*, C(H)=C(G. H)
The 1, operation is then the free analogue of ¢, the usual wreath product. For details

regarding this construction, we refer to [15].

We can now factorize representation ¢ in Definition 16.2, as follows:
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Theorem 16.5. We have a factorization as follows,

C(Sén) ~ Mg (C)

C(H . G)

given on the standard generators by the formulae
US = Wiap » V=3 Wi
J a

independently of b, where W is the magic matriz producing mq.
Proof. With K = Fg, L = Fy and M = |G|, N = |H|, the formula of the magic matrix
W e Mawn(Meaxu(C)) associated to H = K ®¢ L is as follows:

L QicQja KK LacLya
MN Qidec KilKjk LadLbc

1 . Qicde
MN  QidQje

Our claim now is that the representation my constructed in Definition 16.2 can be
factorized in three steps, up to the factorization in the statement, as follows:

(Vv'ia,jb>kc,ld

K jp—1la—pe—d

O(Sén) ~ Me(C)

T T A

C(SE L, 55) C(SE 1. G) C(H1, G)

Indeed, these factorizations can be constructed as follows:

(1) The construction of the map on the left is standard, by checking the relations for
the free wreath product, and this produces the first factorization.

(2) Regarding the second factorization, the one in the middle, this comes from the fact
that since the elements V;; depend on 7 — j, they satisfy the defining relations for the
quotient algebra C(S¢) — C(G), coming from Proposition 16.3.

(3) Finally, regarding the third factorization, the one on the right, observe that the
above matrix W, j depends only on 7, j and on a —b. By summing over j we obtain that

the elements U é? depend only on a — b, and we are done. U
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In order to further factorize the above representation, we use:

Definition 16.6. If H ~ T" is a finite group acting by automorphisms on a discrete group,
the corresponding crossed coproduct Hopf algebra is

C*T)xCH)=C*"(T")®C(H)
with comultiplication given by the following formula,

Ar @)=Y (r@d) @ (h ™ 1@ 5y

heH
forrel and k € H.

Observe that C'(H) is a subcoalgebra, and that C*(I') is not a subcoalgebra. The
quantum group corresponding to C*(I') x C(H) is denoted I' x H.

Now back to the factorization in Theorem 16.5, the point is that we have:
Proposition 16.7. With L = Fy, N = |H| we have an isomorphism
C(H G) ~ C*(H)*® x C(G)
gwen by v;; — 1 @ v;; and by

o1 i
u((zb) = N ; Lb—a,cc( ) ®1

on the standard generators.

Proof. We know that the algebra C'(H 1, G) is the quotient of C'(H)*“ * C(G) by the
(@)

relations [u,,

v;;] = 0. Now since v;; depends only on j — i, we obtain:
[u((lib)’vkl] = [u((;g?%lfmi] =0

Thus, we are in a usual tensor product situation, and we have:

C(H.G)=CH)*®C(G)

Let us compose now this identification with ®*¢ @ id, where ® : C(H) — C*(H) is the
Fourier transform. We obtain an isomorphism as in the statement.
Now observe that we have the following formula:

1
q)(uab) = N Z Lb—a,cc

Thus the formula for the image of u((;b) is indeed the one in the statement. O

Here is now our key result, which will lead to further factorizations:
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Proposition 16.8. With ¢ = > Lacugg and ege = Y . Kipeie we have:

Qi,echifk,eE
€
Qie@ifk,efc e

In particular if c; + ...+ ¢, = 0 then the matrix

() (ene) =

W(cgil) .. .cgis))

18 diagonal, for any choice of the indices iy, ..., ;.

Proof. With ¢ as in the statement, we have the following formula:
() = Y La(ug)
= ZLach,jO
aj

On the other hand, in terms of the basis in the statement, we have:

1 dede

Wia,jb<€ke) = N(Sifj,k QzeQ]dLa b,d—e€kd

We therefore obtain, as desired:

W(C(i))(gke) = _ZLachdgl keLa,d—egkd

Qid@ifk,e

_ L Q@i 5y

N ! iei—k,d o
Qiinfk,eg 5
= -~ kdVYd,e—

d Qie@ifk,d e
Qi,e—ch—k,eg

k,e—

QieQifk,efc e

Regarding now the last assertion, this follows from the fact that each matrix of type
7( fn“)) acts on the standard basis elements ;. by preserving the left index k, and by
rotating by ¢, the right index e. Thus when we assume c¢; +...4cs = 0 all these rotations

compose up to the identity, and we obtain indeed a diagonal matrix. O

We have now all needed ingredients for refining Theorem 16.5, as follows:
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Theorem 16.9. We have a factorization as follows,

C(Ster) ~ Me(C)

S

O*(FG,H) X C(G)

where the group on the bottom s given by:

Len= H*G/ <[c§i1) . ng‘s)7d§j1) L .dUY] = 1‘ ZCT = Zd“ = O>
Proof. Assume that we have a representation, as follows:
m:C*(T) x C(G) = M(C)

Let A be a G-stable normal subgroup of I', so that G acts on I'/A, and we can form
the product C*(I'/A) x C(G), and assume that 7 is trivial on A. Then 7 factorizes as:

C*(D) % C(G) G M,(C)

T~ A

C*(T'/A) x C(G)

With I' = H*“, and by using the above results, this gives the result. U

In what follows we will restrict attention to the case where the parameter matrix @) is
generic, and we prove that the representation in Theorem 16.9 is the minimal one.

Our starting point is the group I'¢ i found above:

Definition 16.10. Associated to two finite abelian groups G, H is the discrete group

Tgn= H*G/ <[c(1i1) ) dgjl) . .dU] = 1‘ ZCT = ZdT = O>

where the superscripts refer to the G copies of H, inside the free product.

We will need a more convenient description of this group. The idea here is that the
above commutation relations can be realized inside a suitable semidirect product. Given
a group acting on another group, H ~ GG, we denote as usual by G x H the semidirect
product of G by H, which is the set G x H, with multiplication:

(a,s)(b,t) = (as(b), st)
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Now given a group G, and a finite abelian group H, we can make H act on G¥, and
form the product G¥ x H. Since the elements of type (g,...,g) are invariant, we can
form as well the product (G¥ /G) x H. We can identify G¥ /G ~ G/PI=! via the map:

(Lgrs-- s gm-1) = (91, ga-1)
Thus, we obtain a product G!*/I=1 x H. With these notations, we have:

Proposition 16.11. The group I'c g has the following properties:
(1) We have an isomorphism as follows:
Topg ~ ZUG=DUHI=Y o f
(2) We have as well an isomorphism as follows,
oy © Z0C-DIH] ¢ by

via ¢ — (0,¢) and ¢V — (bjy — bie,c) for i # 0, where by, are the standard
generators of ZUGI=DIH],

Proof. We prove these assertions at the same time. We must prove that we have group
morphisms, given by the formulae in the statement, as follows:

Tey ~ Z0G-DUH-Y o
c G-V o f

Our first claim is that the formula in (2) defines a morphism as follows:
Lo — ZUGDIHE ¢ f

Indeed, the elements (0, ¢) produce a copy of H, and since we have a group embedding
H c ZM x H given by ¢ — (by — be, ¢), the elements C = (b — b, ¢) produce a copy
of H, for any ¢ # 0. In order to check now the commutation relations, observe that:

Cl(“) L. CgiS) - (bi10 - bilcl + bi2c1 - bi2,61+62 +...+ bi8701+~~~+6571 - bi.9701+...+csa Z Cr)

T

Thus ), ¢, = 0 implies the following condition:
ci  clis) g ZUG1-DIH|

Since we are now inside an abelian group, we have the commutation relations, and our
claim is proved. By using the general crossed product considerations before the statement,
it is routine to construct an embedding as follows:

Z(G-DUHI-Y) o [  7(G-DIH| o Ff
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To be more precise, we would like this embedding to be such that we have group
morphisms whose composition is the group morphism just constructed, as follows:
Loy — zZUGEDUHEISY o g
c  ZUG-VIH o g

It remains to prove that the map on the left is injective. For this purpose, consider the
morphism T'g y — H given by ¢ — ¢, whose kernel T is formed by the elements of type
cgil) . .cgis), with ) ¢, = 0. We get an exact sequence, as follows:

1=T—=Tgy —H—1

This sequence splits by ¢ — (9, so we have:

Fep~TxH

Now by the definition of I'; g, the subgroup 7' constructed above is abelian, and is
moreover generated by the following elements:

(_C) (O)C(Z) y C 7é 0

Finally, the fact that T is freely generated by these elements follows from the compu-
tation in the proof of Proposition 16.13 below. U

As already mentioned, we will be interested in what follows in the case where the
deformation matrix @) is generic. Our genericity assumptions are as follows:

Definition 16.12. We use the following notions:
(1) We call py,...,pm € T root independent if for any ri,...,rm € Z we have:

pit.opm=1 = r=...=7r,=0
(2) A matriz Q € Mgyu(T), taken to be dephased,
Qoc = Qio =1

is called generic if the elements Q;., with i,c # 0, are root independent.
In what follows we will do the computation for such matrices. We will need:

Proposition 16.13. Assume that Q € Mgxpu(T) is generic, and set:

Qie@ifk,efc

For every k € G, we have a representation 7% : Tg g — Ui, gwen by:
™*(cD)e, = 8%,

The family of representations (7*)req is projectively faithful, in the sense that if for some
t € Tg.m we have that () is a scalar matriz for any k, then t = 1.

ke
eic -
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Proof. The representations 7% arise as above. With T'gy = T x H, as in the proof of

Proposition 16.11, we see that for ¢ € I'¢ y such that 7%(¢) is a scalar matrix for any k,
then t € T, since the elements of T are the only ones having their image by 7* formed by
diagonal matrices. Now write ¢ as follows, with the generators of T" being as in the proof
of Proposition 16.11 above, and with R;. € Z being certain integers:

t= TI (=9 0)"
1#0,c£0
Consider now the following quantities:

Ak,e) = HH gke(gke) )t

_ gg (6 e (ghe)~Tie
RN Gt
S0 I
T

J#0 ¢#0

We have 7%(t)(e.) = A(k, e)e., for any k,e. Our assumption is that for any k, we have
A(k,e) = A(k, f), for any e, f. Using the root independence of the elements @, i, ¢ # 0,
we see that this implies R;. = 0 for any 7, ¢, and this proves our assertion. O

We will need as well the following technical result:

Proposition 16.14. Let w : C*(I') x C(H) — L be a surjective Hopf algebra map, such
that 7oy is injective, and such that forr € I' and f € C(H), we have:

Trel)=m1f) = r=1
Then m is an isomorphism.

Proof. We use here various Hopf algebra tools. Consider the following algebra:
A=C"(TI')xC(H)
We start with the following standard Hopf algebra exact sequence, where i(f) = 1® f,
and where p =e ® 1: ‘
C—oCH) HALCT)—=C
Since 7o is injective, and the Hopf subalgebra moi(C(H)) is central in L, we can form
the following quotient Hopf algebra:

L=1L/(roi(C(H)"L
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We obtain in this way another exact sequence, as follows:
C—CH) L HT—C

Note that this sequence is indeed exact, e.g. by centrality. Thus, we get the following
diagram with exact rows, with the Hopf algebra map on the right being surjective:

C

CH)———A—"5 D)

C

Since a quotient of a group algebra is still a group algebra, we get a commutative
diagram with exact rows as follows:

CH)—~—1—21 T C

p

C C

()

CH)—— A

!

C CH) "L —"5 T C

Here the Hopf algebra map on the right is induced by a surjective morphism u : I' — T,
g — ¢. By the five lemma we just have to show that u is injective. So, let g € I" be such
that u(g) = 1. We have then:

dm(g®1l) =up(g®1) =u(g) =g =1
For g € I, let us set:
gA:{aEA‘p(a1)®a2:g®a}

gL:@eL‘ﬂm®b:§®§
The commutativity of the square on the right ensures that we have:
m(4A) C 5L
Then with the previous g, we have, by exactness of the sequence:
m(g®1) € 1L =7mi(C(H))
Thus, for some f € C(H), we must have:
m(g1l)=n(1® f)
We conclude by our assumption that g = 1. Il

We have now all the needed ingredients for proving a main result, as follows:
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Theorem 16.15. When Q) is generic, the minimal factorization for m¢g is

C(SEwn) = Mexu(C)

C*(Ten) x C(G)

where on the bottom
Topy ~ 7(GI=D(H|-1) o 1

1s the discrete group constructed above.

Proof. We want to apply Proposition 16.13 to the following morphism, arising from the
factorization in Theorem 16.9, where L denotes the Hopf image of m:

0 : C*(FG’H) X C(G) — L

To be more precise, this morphism produces the following commutative diagram:

C(Séer) ~ Me(C)

\/

L

™

6
O*(FG7H3 X O(G)

The first observation is that the injectivity assumption on C'(G) holds by construction,
and that for f € C(G), the matrix 7(f) is “block scalar”, the blocks corresponding to the
indices k in the basis ¢, in the basis from Proposition 16.13.

Now for r € I'g g with 6(r ® 1) = 6(1 ® f) for some f € C(G), we see, using the
commutative diagram, that we will have that 7(r®1) is block scalar. By Proposition 16.11,
the family of representations (7%) of I'q g, corresponding to the blocks k, is projectively
faithful, so r = 1. We can apply indeed Proposition 16.13, and we are done. U

Summarizing, we have computed the quantum permutation groups associated to the
Dita deformations of the tensor products of Fourier matrices, in the case where the de-
formation matrix () is generic. For some further computations, in the case where the
deformation matrix @ is no longer generic, we refer to [15] and follow-up papers.

Let us compute now the Kesten measure p = law(y). Our results here will be a
combinatorial moment formula, a geometric interpretation of it, and an asymptotic result.



288 TEO BANICA

Let us begin with the moment formula, which is as follows:

Theorem 16.16. We have the moment formula

/Xp: 1 4 i,...,0p €G [(il,'dl),(ig,.dg),...,(l’p7.dp)]
|G| . |H| dla s 7dp € Hl= [(7'17 dp>7 (127 d1>7 R (Zpu dp—l)]
where the sets between square brackets are by definition sets with repetition.
Proof. According to the various formulae above, the factorization found in Theorem 16.15
is, at the level of standard generators, as follows:
C(Séwy) = C'(Tem)®C(G)  — Maxn(C)
Uiajb  — \_Ilﬂ S FaccP@vy; — Wi

Thus, the main character of the quantum permutation group that we found in Theorem
16.15 is given by the following formula:

1 .
_ (2)
X = E c’ Qv
|H|

iac

= Z @ vy
= (Z C(i)> ® 51

Now since the Haar functional of C*(I') x C'(H) is the tensor product of the Haar
functionals of C*(I"), C'(H), this gives the following formula, valid for any p > 1:

P

1 )

p_ (@
[ (Z )

Consider the elements S; = Y, ¢ By using the embedding in Proposition 16.11 (2),
with the notations there we have:

S; = Z(bz‘o — bic, C)

C

Now observe that these elements multiply as follows:

bi10 - bi161 + bi261 - bi2761+62
Sil Ce Sip = E +bi3701+02 — bi3701+02+03 + ...... , C1 —|— e + Cp
CleeCp \ v v v v s —|— bip,01+~.-+cp—1 — bip’cl+m+cp

In terms of the new indices d,, = ¢; + ... + ¢,, this formula becomes:
bi10 - bi1d1 + b’igdl - bi2d2
Si-oSiy= Y| Abigas = bigay + - . d,
di.dp \ +oe..n + bipdp_l — bipdp
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Now by integrating, we must have d,, = 0 on one hand, and on the other hand:
[(ih 0)7 (i27 dl)a ) (im dp—l)] - [(ila dl)? (iQJ d2)7 R (ilﬂ dp)]
Equivalently, we must have d, = 0 on one hand, and on the other hand:
[(ib dp)? (i2> d1)7 AR (ip’ dp—l)} = [(ila dl)’ (i27 d2)’ AR (ipv dp)]

Thus, by translation invariance with respect to d,, we obtain:

1 ’Ll dl) (’LQ d2) . (7/ d )]
Si, .S, = — dy,...,dye€ H ’ AN
/i;G,H ' ' |H|#{ ' © ‘ Zl’ ) <227d1)7"'7(zl’7dp*1)]

It follows that we have the following moment formula:

N (i iy € G (i dy), (i, da), . (i, )]
/fG,H (Z S’) B |H|#{d1,...,dp € Hl= [(il,dp),(¢2,d1),...,(z’p,dp_1)]}

Now by dividing by |G|, we obtain the formula in the statement. O
The formula in Theorem 16.16 can be interpreted as follows:

Theorem 16.17. With M = |G|, N = |H| we have the formula

law(y) = (1 _ %) 50 + %law(ﬁl)

where the matriz
A e C(TYN, My (C))
is given by A(q) = Gram matriz of the rows of q.
Proof. According to Theorem 16.16, we have the following formula:
/Xp = N Z Z 5[11d1 ..... ipdp),lirdp,....ipdp—1]
11..0p dy...
Qirdy - - - Gipdy
MN /-JTMN ZZZ oty Qildp . qipdpf1
1 / ql1d1 Q7,2d2 Qipdp
= — . —= | dq
MN TMN ilzip (Z Qisdy Z Qisds % i, dy,
Consider now the Gram matrix in the statement, namely:
A(Q)m =< R;, Rj >
Here Ry, ..., Ry are the rows of the following matrix:

q € TN ~ Myrn(T)
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We have then the following computation:

1
/Xp B W 'ﬂ*MN<Ri1aRi2 >< Ri27Ri3> <RZP7R .
1
= — A(Q) i1y A @igis - - - A(Q iy
ALV o (@)iris A(Q)igis ()i,
1
_ Tr(A(q)")d
MN o 1AL )

1
= — tr(A(q)?)d
But this gives the formula in the statement, and we are done. U
In general, the moments of the Gram matrix A are given by a quite complicated formula,
and we cannot expect to have a refinement of Theorem 16.17, with A replaced by a plain,
non-matricial random variable, say over a compact abelian group. However, this kind of
simplification does appear at M = 2. As a first remark, at M = 2 we have:

Proposition 16.18. For Fy, ®¢g Fy, with Q) € Mayn(T) generic, we have

G =L ()

where the integral on the right is with respect to the uniform measure on TV .

2k
a1+ ... +an

N da

Proof. Consider the following quantity, from the proof of Theorem 16.17:

Z Z Qiyd; - CIzpdp

i1.. ’Lp dl d Qlldp . qu p—1
We can “half-dephase” the matrix ¢ € My, v (T) if we want to, as follows:
(1 1
1= a ... apn

Let us compute now the above quantity ®(g), in terms of the numbers ay,...,ay. Our
claim is that we have the following formula:

=2y N <2k>

k>0

2k

2o

Indeed, the 2N* contribution will come from i = (1...1) and i = (2...2), then we will
have a p(p — 1)N*¥72| 3" a;|* contribution coming from indices of type i = (2...21...1),
up to cyclic permutations, then a 2(%) NP~ 3, a;|* contribution coming from indices
of type i = (2...21...12...21...1), and so on. More precisely, in order to find the
NP=2F| 5™ a;|** contribution, we have to count the circular configurations consisting of p
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numbers 1,2, such that the 1 values are arranged into k& non-empty intervals, and the 2
values are arranged into k non-empty intervals as well. Now by looking at the endpoints

of these 2k intervals, we have 2(2’2) choices, and this gives the above formula.

Now by integrating, this gives the formula in the statement. O
Observe now that the integrals in Proposition 16.18 can be computed as follows:

A, ... Q4
/ lay + ... +ay|*da = / g E L da
TN TN Qjy .. Ajp

010k J1--Jk

= #{iv il = D |

- ("

k=>"7;

We obtain in this way the following “blowup” result, for our measure:

Proposition 16.19. For Fy ®q Fy, with QQ € Mayxn(T) generic, we have

1 1
o= (1_N) 50+ﬁ(\11j5+\11;e)

where € is the uniform measure on TV, and where the blowup function is:

P
i

Proof. We use the formula found in Proposition 16.18 above, along with the following
standard identity, coming from the Taylor formula:

Z(;{)gczk:(l—i—x)p—;(l—x)p

k>0

U*(a) =N+

By using this identity, Proposition 16.18 reformulates as follows:

N/(%)p:%/w (1+‘%)p+(1_ 20

p
iN ) da
Now by multiplying by NP~!, we obtain the following formula:

p p
/x’“z% <N+Zai>+<z\f—zai> da
™ i i

But this gives the formula in the statement, and we are done. U

We can further improve the above result, by reducing the maps U* appearing there to
a single one, and we are led to the following statement:
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Theorem 16.20. For I, ®q Fy, with Q € My n(T) generic, we have

1 1
=(1—-—)5 — o,
il < N) 0+N €

where € is the uniform measure on Zy x TV, and where the blowup map is:

>
i

Proof. This is clear indeed from Proposition 16.19 above. U

d(e,a) =N +e

Let us go back now to the general case, where M, N € N are arbitrary. The problem that
we would like to solve is that of finding the good regime, M = f(K),N = g(K), K — oo,
where the measure in Theorem 16.16 converges, after some suitable manipulations.

We denote by NC(p) the set of noncrossing partitions of {1,...,p}, and for 7 € P(p)
we denote by |7| € {1,...,p} the number of blocks. We will need:

Proposition 16.21. With M = aK, N = K, K — oo we have:

Cp

1 = zp: # {7r € NC(p)’|7T| _ T} o1
r=1

In particular, with o = 3 we have:

1 2p
Cp ~ ——— aK)P!
P p+1<p)( )

Proof. We use the combinatorial formula in Theorem 16.16 above. Our claim is that, with

7 = ker(iy,...,1i,), the corresponding contribution to ¢, is:
O~ almI=1gr=irl gr=1if 7 € NC(p)
" 1 O(KP?) it m¢ NC(p)
As a first observation, the number of choices for a multi-index (iy,...,4,) € X? satis-

fying keri = 7 is:
MM —=1)...(M—|x|+1) ~ M
Thus, we have the following estimate:

Croe MPIN ey, dy € Y| [dula € 8] = [dos]o € 1], W0 € 7
Consider now the following partition:
o =kerd
The contribution of ¢ to the above quantity C is then given by:
A(m,0)N(N —=1)...(N — |o| 4+ 1) ~ A(w, o) N
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Here the quantities on the right are as follows:
Alr,o) = 1 if \bﬂ?\ =|(b—1)N¢|,VbemVceo
0 otherwise
We use now the standard fact that for 7,0 € P(p) satisfying A(m, o) = 1 we have:
[Tl +lof <p+1

In addition, the equality case is well-known to happen when m,0 € NC(p) are inverse
to each other, via Kreweras complementation. This shows that for 7 ¢ NC(p) we have

Cr = O(KP™?), and that for 7 € NC(p) we have:
Cr =~ MIM=IN—1 NPl
alml=1 gp=ll rp=1
Thus, we have obtained the result. O
We denote by D the dilation operation, D, (law(X)) = law(rX). We have:

Theorem 16.22. With M = aK, N = K, K — oo we have:
1

1
= (1 - W) 0p + WD%K(%/B)
In particular with o = 8 we have:
1 1
H= (1 - ﬁ) %+ Sara D ()
Proof. At a = 3, this follows from Proposition 16.21. In general now, we have:

C

P~ [w|=1 gp—|n]|
P~ 2 al™=18
Kpr-1

TENC(p)

S0

TeNC(p)

P
-2 / 0 5(7)

When a > 3, where dm,/3(x) = @a/s(x)dx is continuous, we obtain:

1
o = o [(BKePewao)ts

1
= @61(2/ ' palp (ﬂ%) e

But this gives the formula in the statement. When o < 8 the computation is similar,
with a Dirac mass as 0 dissapearing and reappearing, and gives the same result. U



294 TEO BANICA

Let us state as well an explicit result, regarding densities:
Theorem 16.23. With M = aK, N = K, K — oo we have:
1 1 V4afK? — (x — aK — BK)?
=(1———= ]9 . d
a ( am@) 0t LK o .

In particular with o = 8 we have:

1 el -1

1
H= (1_042K2)50+O./2K2. 27

Proof. According to the formula for the density of the free Poisson law, the density of the
continuous part D e (7o) is indeed given by:

V15 -Gk ~1-8° _ /IapR* = —aK = jKP

27 - BLK 2rx

With a = 8 now, we obtain the second formula in the statement, and we are done. [J

Observe that at « = =1, where M = N = K — oo, the above measure is:

1 1
This measure is supported by [0,4K]. On the other hand, since the groups I'y; n are
all amenable, the corresponding measures are supported on [0, M N], and so on [0, K?] in

the M = N = K situation. The fact that we do not have a convergence of supports is
not surprising, because our convergence is in moments.

There are many interesting questions that are still open, regarding the computation of
the spectral measure in the case where the parameter matrix () is not generic, and also
regarding the computation for the deformations of the generalized Fourier matrices, which
are not necessarily of Dita type. We refer here to [12], [15], [41] and related papers.
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