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matrix U*U in the first order. Then the defect d(U) is equal toD(U) —

Submitted by H. Schneider (2N —1), that is the generalized defect diminished by the dimension
AMS classification: of the manifold {D,UD, : D, D, unitary diagonal}. Calczulation of
51F25 d(U) involves calculating the dimension of the space in RN spanned
47A80 by a certain set of vectors associated with U. We split this space
15B34 into a direct sum, assuming that U is a Kronecker product of unitary
15B51 matrices, thus making it easier to perform calculations numerically.

Basing on this, we give a lower bound on D(U) (equivalently d(U)),
supposing it is achieved for most unitaries with a fixed Kronecker
Kronecker product product structure. Also supermultiplicativity of D(U) with respect
Tensor product to Kronecker subproducts of U is shown.
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1. Introduction

The paper is a sequel to [1] where the defect of a unitary matrix was introduced and investigated
in a general case.

Let U € U, where by i/ we shall denote the set of all unitaries N x N. Consider the problem: find
all directions (complex matrices) guaranteeing no first order change of |U; ;| for all i, j when moving
from U in such a direction, and at the same time no first order disturbance of unitarity of U. The first
requirement implies that these directions are of the form iR o U where o is the Hadamard product and
R is a real matrix. The second means that the directions in question must belong to the space tangent,
at U, to the N? dimensional manifold /. This tangent space is the set {EU : E antihermitian} or, if one
likes, {UF : F antihermitian}.

E-mail address: wtadej@wp.pl

0024-3795/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.1aa.2011.09.005


https://core.ac.uk/display/82060064?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1016/j.laa.2011.09.005
http://www.sciencedirect.com/science/journal/00243795
www.elsevier.com/locate/laa
http://dx.doi.org/10.1016/j.laa.2011.09.005

W. Tadej / Linear Algebra and its Applications 436 (2012) 1924-1959 1925

Note that the set of directions in question forms a real linear space and it is overparameterized by
R in the case of U having zeros among its entries. If U; j = 0 then the equality i(R + oeei(ej)T) olU =
iR o U, with ey being the standard basis column vectors, exposes the fact that two different R’s can
be used to parameterize any single direction. Having this in mind we concentrate on the space of R's
parameterizing the space of directions in question:

{R: iRoU = EU for some antihermitian E} (1)

and ask about its dimension. We define the defect of U as this dimension diminished by 2N — 1.

If U has no zero entries, the defect plus 2N — 1 is precisely the dimension of the space of directions
in question. The reduction by 2N — 1 is motivated by applications of the notion of defect. For most
unitaries, especially those with no zero entries, the 2N directions:

iej(e) oU = idiag(e;)-U for i=1...N,
ie(ej)ToU = U -idiag(e) for j=1...N,
where e = ([111...1])7 (2)

which are also directions in question, span the 2N — 1 dimensional real space tangent to the phasing
manifold {D,UD, : D, D. unitary diagonal} generated by left and right multiplication of U by unitary
diagonals. The manifold consists of what we regard as unitaries equivalent to U, with the property of
having moduli of entries identical with those of U. Usually the directions (2), leading from U to these
equivalent unitaries, are uninteresting.

Other directions in question may lead to unitaries inequivalent to U, but with the same pattern of
moduli, provided they exist in a neighborhood of U. A special case of this property is the existence of a
smooth family of inequivalent complex Hadamard matrices stemming from a given complex Hadamard
matrix H. Here by a complex Hadamard matrix we understand, unlike in combinatorics community,
a unitary with all moduli equal to 1/ /N, although matrices rescaled to have unimodular entries are
more often considered in this context. As far as such complex Hadamard matrices are concerned,
they have many applications especially in quantum information theory. We recommend the reader to
consult the online catalogue of complex Hadamard matrices available at [3].

Our research on the defect and the ways to calculate it is motivated, among the other, by the fact
that its value for H is an upper bound for the dimension of a smooth family of inequivalent complex
Hadamard matrices stemming from H, see [1]. In particular, the value 4 of the defect for the 6 x 6
Fourier matrix Fg partly inspired the search for other Hadamard families than the 2 dimensional ’affine’
families Fg(a, b), FGT (a, b) reported in [7,3], earlier constructed in [5,6]. For the list of relevant results
see the works [? ? ? 11-14].

In this article we give a lower bound on the defect of a Kronecker product of unitary matrices:

u=u"eu?g --au", (3)

where the unitaries are of size ny X ny,ny X ny, ..., n, X ng, respectively. If U is treated as a single
factor Kronecker product, the above bound is equal to zero. Karabegov showed it in [2] that this value
is attained by almost all unitaries of a given size. That is to say, everywhere on the unitary N x N
manifold ¢/, except for some set of the Haar measure zero, the defect is equal to zero. Our numerical
experiments convince us that a similar situation takes place in the case of the many factor product (3).
If one draws U® according to the probability distribution proportional to the Haar measure on the
ng X ng unitary manifold, and forms U as in (3), the resulting defect of U is equal to our lower bound.

Note that the above Kronecker product structure is a key tool in studying quantum composite
systems. For instance, any local unitary operation acting on a system composed of r particles has the
form (3). Thus our results on the defect describe algebraic properties of generic local unitary operations,
which are also called quantum gates.

This paper has four main sections. In Section 2 we develop a characterization of the defect of U, to be
used in Section 3. The defect is related to the dimension of a real space spanned by matrices depending
on U. This space is expressed as a direct sum in Section 3, on condition that U has a Kronecker product
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structure. In Section 4 the splitting of the space in the previous section is used to build a formula
leading directly to the defect of a Kronecker product of unitary matrices. The formula allows us to
bring a lower bound on the defect of such a matrix in Section 5. We also show an alternative way of
estimating the defect in this section, applicable in some cases.

2. Characterizing the defect

In the following we employ another, more expedient characterization of the defect. To this end let
us start with rewriting the definition (1),

iRo U = EU for some antihermitian E <—
(iR o U)(U)* is antihermitian <=
URoU)* = (RoU)(U)¥, (4)

where * denotes the Hermitian conjugate.
This further leads to

VI<i<j<N (U}, [diag(RY)] (1)) = U}, [diag((R); ) ] (1U);.)"
$ (5)
VI<i<j<N (U}, [diag(Ry.)] (1)) = U}, [diag((Ry.) ] (1)),

where by [X]; . the kth row of X is denoted, we adopt MATLAB notation for rows and columns.
The above can be rewritten as

Vi<i<j<N trR(MS’J)) -0, (6)
where
_ o _
[Uli.o[U];. |
MM =1 ..o ... =AW 4. s (7)
— [Ul;,; o [U];;
i R |
has only its ith and jth rows potentially filled with nonzeros. Here Ag’j) and Sg‘j) denote the real and

imaginary part ofMS’j).

Let us convert (6) into purely real conditions:
SN T i\ T
Vi<i<j<N uR(A;”) =0 and ur(sy”) =0, (8)

The form trA(B)” is a Hilbert-Schmidt type inner product on the space of real N x N matrices, hence
(8) amounts to orthogonality conditions in this space. Consequently, and in accordance with our initial
definition the defect of U can be calculated as
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dim ({R: iRo U = EU for some antihermitian E}) — (2N — 1)
.. .. 1

— dim ((span({Af,“), st i 1<i<j< N})) ) —@2N-1) (9)

where ()l is used to indicate the orthogonal complement of the space My spanned by matrices Ag’j),
S[(}’]), i.e.

d
vy 2 span (M), (10)
My E A i <i<j<Nfulsi? 1 <i <<y, (11)

The properties of orthogonal complements allow now for the following alternative definition of the
defect:

Definition 2.1. The defect of a unitary N x N matrix U is the number
d(U) = dim ((MU)J‘) —@2N—-1)

=((N—-1?% — dim(My). (12)

3. Decomposing My into independent subspaces

Let us introduce vector indices into Kronecker product (3),

d
(Uit = Ui (13)
where
r r
i=(iy _1)an+(i2_1)an+"' (fr—1 — Dny + iy (14)
k=2 k=3
r r
i=G=D]]m+G-D]]m+ - G—1—Dn+j (15)
k=2 k=3

and

o =y @ g™
[U][llmlr]a[llm]r] - [U ]il»jl [U j|l'2,]'2 [U ] (16)
In the following, if not stated otherwise, i, j will correspond to the vector indices [ij . .. 1], [j1 - - . jr]-

Let us try for a while to understand vector indices better. The relation between ordinary and vector
indices could be defined in a different, but completely equivalent way. For two distinct elements in
{1...n1} x--- x {1...n:}letusintroduce a relation ordering these objects lexicographically:

IrsJr

liy...0r] < [1...0r] <= i1 =j1, ..., ip =Jp, ipt1 <jp41 forsome p € {1,...,r—1}.

(17)

Then the relation between ordinary indices and vector indices we choose to be the only bijection ¢
from {1, ..., []j_; m} into {1...n1} x--- x{1...n;} (for which we write ¢ (i) = [iy .. .i]), which

satisfies: i <j == ¢ (i) < ¢(j). In other words, ¢ numbers the lexicographically ordered vector
indices.

Later in this article we talk about subrows and submatrices, built from elementary objects (entries
of a row for a subrow, rows or columns of a matrix for a submatrix) indexed by those i, whose kth
subindex iy is fixed at some value: i € A = {i : iy = a}. Anyi € A is therefore determined by
anelementof {1...n7} X --- x {1...ng—1} x {1...0ng41} X --- x {1...n:}, namely the reduced
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vector index [ij . . .ik—1, ik+1 - - - ir] being a subvector of [iy . . .ik—1, &, ix+1 - - . ir] corresponding to i.
We can introduce the relation < for the reduced vector indices, and then we note that:

liv o odk—1s Bk -+ - i) < 1o dk=1sdkt1 - - - il
> it dk—1, 0 Bkt - Br] < Do k=10 & i -] (18)
Ordering the reduced vector indices induces, again, their relation with reduced ordinary indicesi’, j' €
{1,..., Hle,,#k n;} uniquely, that is it is the same as if we used appropriate versions of formulas
(14), (15).
Let us analyze, as an example, the case of a submatrix A" of matrix A of size N x N, N = [[j_; n;.
Let A’ be built from rows of A indexed by i € A, with the order of rows preserved as is the habit when

taking submatrices. Because for i, j indexing rows of A used to build A" and for i’, j’ corresponding to
reduced vector indices for i and j there holds:

i <j<< liy...lgk1,q, ik+1 il < e ket Ol,jk_H .l
Sl LIRS S P PN RS 1Y) (R PP [ P [ SO 14
—i <j
where i, j" € {1, ..., TTj_q 12 T} (19)
it is justified to say that the mth row of A forming A’ is the m’th row of A’. Here m’ is obtained from m in
the composition of relations: m — [my ... Mg—1, &, M1 ... Mp] —> [Mq ... Mg—1, My - .. Mr]

— m’. Equivalently we could say that the [m; ...mg_q, &, Mgyq ... m;|th row of matrix A is the
[mq...Mg—1, Mgyq ... me]th row of its submatrix A’.

Example 3.1. In this example we depict matrix U = U @U@ @ Uu® in Fig. 1, where the sizes of
factors are ny = 3, ny = 2, n3 = 4. The black square marks the position of U; j fori,j = 15,20 and
li1, i2, i3], [i1, J2,J3] = [2,2,3],[3, 1, 4]. Let U’ be a submatrix of U formed by entries Uy ; such that
ky = 2,1, = 1.In Fig. 1 blocks forming U" are marked with a thicker line. Then the marked element
Uss.20 has position [iy, i3], [j1,j3] = [2,3],[3,4], thatisi,j/ = 7,12 inside U'. For U’ vector

indexing identical with that for UV ® U® is used, besides U’' = U§21) : (U(l) ® U(3)).

Now we return to the main course of this paper. Further we assume that all Kronecker factors in
(3) are of size at least 2. The case of 1 x 1 factors will be discussed in the next section, following
Theorem 4.2.

Using the introduced vector indices, we will split set My defined in (11) into disjoint subsets

(MU)(k],kz,...,kp),(v1,v2,...,vp)'

Definition 3.2

(MU)(Iq,kz ..... kp),(v1.v2,..vp)
i’<1 :jk1 = Vi € {1 "~nk1}
ii ii i, =jk, = V2 €{1...n
Af,"]), S,(J”j) .k Jio 2 €l to! and iy # jifor ke {1...r}\ {k1, ko, ..., kp} 1,
i, =Jjk, = vp € {1...1nx}
(20)
where we assume that 1 < k; < --- <k, <r, 1<p<r—1,and

Moo = {a”, sg” i b E s s i E ] (21)

where () means the empty sequence of indices.
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Fig. 1. A submatrix defined using vector indices.

The corresponding subspaces will be denoted according to the following.

Definition 3.3
d
Mu) gy, 0 f span ((MU)(),()) (22)
def
(M) (ky ... k). (v1.....v,) = SPam ((MU)(k],...,kp),(vl ..... vp))~ (23)

Example 34. LetU = UV @ U® @ U®, withn; = n, = 3 and n3 = 2. The top square in Fig.
2 symbolizes the space (My)),(2)- The space contains matrices with potentially nonzero rows at
positions [iy, iz, i3] such that iy = 2, which are marked by the light grey belt. (My) 1), ) is spanned
by the 12 elements sitting in (My) 1y, (). Each pair AS’J), 58‘]) € (Muy)q),(2) Is represented by one
of the remaining 6 squares in Fig. 2. Dark grey areas in these indicate where the potentially nonzero
rows are located.

Note that in both of the above definitions the notation refers to the assumed Kronecker product
structure of U. Later we will meet U deprived of one or more of its Kronecker factors. Accordingly, the
resulting U’ will be assumed to be built from a fewer number of factors, and this will be reflected in
the notation used for subsets of My’ and subspaces of M.

Any vector in My (see (10)) can be written as a linear combination of components each of which
belongs to one of the above defined subspaces, hence My is the algebraic sum of all of them,

My = (Mu)oo + 2 2 (Moaw

ke{l..r}ve{l...ng}

+ 2 > (MU) (k1. kp). (v1.v2)
ki <ka€{1...r} (vi,v2)€{1...ng; } x{1...np, }
+...+ z Z (MU)(k1,..‘,kr—l)»(thsVr—l) (24)

ki <--<kr—1€{1...1} (n ,“.,vr_1)e{1..‘nk1 }><~~><{l‘..nkr71 }
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Fig. 2. (My) (4, () spanned by the elements of (My) (1), (2)-

Example 3.5. LetU = UV @UP ®U® withn; = 3,n, = n3 = 2.InFig. 3 we depict the subspaces
(M) k;,..),(vy,..., forming My in a (direct, to be shown later) sum. The subspaces are represented by
squares according to the convention adopted in Fig. 2. The squares represent consecutive components
in the sum:
My = (Mu)g,o + Mu)ay,a) + Mu)ay. ) + Moy, @) + M) @),

+ M) ), + Mu)ay,a) + Mu)a), 2 + Muda,2),a,1) + Muda,2),a1,2)

+ (M) ,2), 2,1 + Mu)a.2),2.2) T Mu)a,2),3,1) + Mu)a,2),3,2) + (Mu)a,3),a,1)

+ (Mu),3),1,2 + M) a,3),2,1) T Mu)a,3),2,2 + Mu)a,3y,3,1) + (Mu)a,s),e2

+ (Mu) 2,3y, (1,1 + Mu)2,3),1,2) T (M) 2,3),2,1) + Mu)(2,3),2.2) - (25)

Our aim is to show that (24) is in fact a direct sum, which will allow to estimate its dimension. In

the meantime a little preparation is needed.
Using notation similar to that of MATLAB, let, with y at the Ith position,

XD, ittt 28 = ees Xl i o] (26)

be a subrow of the [iq, ..., i.]Jth row of matrix X of the size identical with the size of the Kronecker
product (3). The subrow is composed of entries of [ji, . .., j-]th columns for which j; = y. The hori-
zontal order of entries is preserved.

Lemma 3.6. Let [i1, ..., ], [j1,...,jr] be vector indices of the Kronecker product (3) corresponding to
ordinary indices i,j.
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Fig. 3. Mly as an algebraic sum of subspaces (l\/[lu)(k1 o) (Ve

(a) If iy # jk then any [b1, ..., by]throw ong’j), 5{,"’” satisfies:

2 [Ag'j)][bl I3 ERENCP =0

.....

(i.j)
SU ][b1 ,,,,, bl [iyeeesisChistyennst]

where cy is at the kth position.

1931

(27)

(28)
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(b) If iy, = ji then

ng
) [ Al 1’)]
A / (29)
Ckz_:][ u ][b1 ,,,,, brl[iyeeesiChistyennst] u [blw-~,bk—1ybk+1w~;br]’3
(i.J) _[ <i’,j’>]
S =S, (30)
Ck;] |: ][b1,..‘,br],[:,.‘.,:,ck,:,...,:] U [bls---»bk—lvbk+1>---,br],i

forany|[bq, ..., bylthrowsuch that by = i, = ji, ¢ as above. On the right hand sides of (29) and (30)

stand [by, ..., bk—1, bk+1, - - ., by]th rows of matrices AS:’j/), Sgi’j/) constructed from the Kronecker
product (3) deprived of its kth factor:

UV=0"g . ..eutVouklg...ou". (31)
Ordinary indices i, j' correspond to the accordingly reduced vector indices
[ilv ey ik*]v ik+]’ ceey ir]v [i]v o 1jk7]7jk+1’ .o 7jr]-

A(u) 5(1,1)

Proof. (a) is of course true for any row of indexed by a number different from i, j, which

is in fact a zero row. As the ith and jth rows ofA(”J) s are of opposite signs, we show (a) only for
the ith row. We do it by proving that every element of the left hand side of (27) and (28) is equal to 0.

Indeed for M(l ) defined in (7) we have

ng N

> [Mz(fi’j)][,.lMir],[qwC = Z (Ui it ter e 0Ty iter,cr1)

> 1(U<1>]“ L [U()LC)<WW)
([U(k)],k ][U(")]]k’ -t [U(k)}ik,nkm)
i ([]W)

1=1, Ik

so its real and imaginary parts satisfy (27) and (28), respectively.

Now part (b). If [by, ..., b:] satisfying b, = i, = ji is different from [i, ..., i ], [j1,-...,Jr]
then the ordinary index b’ corresponding to the reduced vector index [b1, ..., by_1, bga1, ..., by]is
different from i/, j'. In this situation both sides of (29), (30) are zero rows.

Next we consider the ith row, [by, ..., b;] = [i1, ..., i;]. Again, we investigate the sums (29) and
(30) entrywise. As above, we have:

N

n,

- i.j 2 2 r .
CkZ:1 [Ml(;’])]“]”"'ir]'[q """ ol - (‘[U(l{)]ik'1 et ‘[U(k)}ik,nk ) ' 1=11._[I;ék ([U(’)]ii.q[u(l)]jl,cl)
(11 1) (11 o)

!
gt ][1‘1,..-Jk—1,jk+1 ~~~~~ Jrletse et et enner ]

=[m5] (33)
i',c
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where the ordinary indices 7, j/, ¢’ correspond to the vectors indices [if, ..., ik—1, ikt1, - - - » ir),
U1y« eesdk—=1>Jk+1s -« - »Jr)s [€15 oy Ck=1, Ck415 - - -, Cr], TESpectively. Now, by taking the real and
imaginary part we get equalities (29) and (30). Calculations for the jth row are completely analogous
with the sign changed. O

The properties stated in the above lemma extend to linear combinations of matrices AS’j), SS’D .
Lemma 3.7. LetB € (Mu)(k1 ,,,,, k). (v1.....v,)- ThEM:
(a) Forany ks € {kq, ..., kp}, any c,, € {1...my}, and any [by, ..., b;]throw in B:
(ke) 2 Tks
— Ks
[B][b1,.‘.,br],[:,‘..,:,cks,:,...,:] = “:U ]Vs,cks 'dzl [B][tﬁ,‘..,b,],[:,..‘,:,dks,:,..‘,:]’ (34)
ks =

where cy, d, both at ksth position designate subrows of row [Blp, . p.].:-
In other words: the cy th subrow is a multiple of the sum of all subrows designated by all the values of
the ksth subindex.

(b) Forany k' ¢ {ki ...kp} and any bth row in B:

ny,
Z [Blo.[........cp ] =0 where g is at K'th position. (35)

=1

Proof. The part (a) of the lemma is of course true for all rows indexed by [b1, ..., b;] such that
bk, #=viorby, #vyor...or bkp # Vp, since these are zero rows coming from zero rows in Ag’]), SS’D
spanning (r\/[lu)(k1 ..... k). (V1oooavp)"

Let us thus consider the [by, ..., by]th row of B with by, = vq, by, = v, ..., by, = vp. Since
B € (Mu)(k....ky).(vi.....v,) fOT the [by, ..., b Jth row we have,
_ @) [ 200
Blio....trk: = 2 LT P
Ay’ E(MU)(k],..A,kp),(ﬁ ,,,,, vp)
(i) [ <)
+ Z o [SU ][bl ..... bel,:’ (36)

and analogously for the ¢ th subrow designated by the value of the ksth index, where we omit the
ranges for o) and o )

[B][b1 ..... Brl[teeestyChg s toennst ]

> o)
...... b

(MHIN
+Z o |:SU ][b1,...,br],[:,...,:,cks,:,...,:]' (37)

T ]

Hence, on the one hand:

N
Z [B][b1,...,br],[:,....:,dks,:,...,:]
dis=1
Tlks i Tlks i)
_ (i.) ij (i) i.j
_Z ...... at! z [AU ][b1,...,br]-[:,.u,:,dks,:,...,:]+Z ------ ot z [SU ][b1 ..... bl [yt ieg s taeenst]

drs=1 dis=1

- a(i,j)[Ag:-j')} +3 a“’f)[S{,"f'“} (38)

""" [bl,.”,ka,],kaJr],...,b,],: [b],...,bk571,bkx+1,.4.,b,],:
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where we used Lemma 3.6 (b), which can be employed since the indices ij in the sums satisfy
Iy = Jig = Visooos ik, = Jk, = Vp, and in particular i, = ji,, as well as by, = vy = i, = ji,.
As previously, the ordinary indices i/, j/ correspond to vector indices [i1, ..., ik—1, ik+1, - - - » ir],
[j1, s Jk—1s Jkg 15 - - - ,jr] and designate nonzero rows in matrices Agi’j,), S(i:’j/) constructed from
the reduced Kronecker product UV @ ... @ U™ g uktD @ ... @ U®.

On the other hand the expression (37) translates into

[B][b1,...,br],[:,...,:,cks,:,...,:]

2 g i
= E a(i’j) I:U(ks)] |:A(l/~] ):|
Vs, Cks U [bh‘..,bks_],bks_;_],..‘,br],:

2
@) |[gyks) (i’,j’)]
> o U Sy, , 39
+ [ :IVS,Ck; |: v [b1,...,bks_1,bk5+1,...,br],2 ( )

with U’,,j’ described above. Combining (38) and (39) we obtain (a).
To prove the part (b) we use again (36) and rewrite it for the subrows corresponding to k' ¢
{k] . kp}Z

_ z M) [Al(j’j)][bl,..--,br]*[:""’: o

...... e

(@i,j) [ ()
/itent] + z ...... o [SU ][b1 ..... el [ieesisCrstoent] (40)

Here i, j are such that iy # j. We may thus use Lemma 3.6 (a) to find that summation of subrows
(40) produces a zero vector:

ny

Z [B][ln ..... brl[sentiCpratnnst]
1

Cpr =

s n

_ (i.j) (i) (i.j) (i.j)

- Z at! CZ] [AU ][b1,...,br],[:,...,:,ck/,:,...,:] + Z o CZ] [SU ][bl ..... brl [ttt
K= K=

=> oaW.0+> o.0=0 O (41)
Example 3.8. We discuss Lemma 3.7 (a). Let U = UD @U@ @ Uu® withny =3,n, = n3 = 2.
Consider (My)),(2) and B belonging to it, on the left of Fig. 4. Thus {k{, ..., k,} = {1}, so let
ks € {ki, ..., kp} of Lemma 3.7 (a) be equalto 1 (s = 1).Let ¢, = ¢; = 3.Subrow By [3.. .}, where
b = 5, is depicted as black, the remaining By [4, . ;] for d; = 1, 2 as grey of two shades.

pair. 2 designates the potentially nonzero region of B (light grey, including the bth row), 3 is the position
of By [3,:]-

The reason for this property lies in the structure ofAS’j), Sl(,i’j) spanning B. Let one such, say Ag’j),
be depicted on the right of Fig. 4. The three consecutive blocks forming the central belt of Ag’j) are

. () B, . — P OP DR ks
copies of Ay~ multiplied by (from left to right) 1 = Uy y| , 2 = |Up 5| » 3 = |U; 3| , which
are considered in the proof of the next lemma. Since w1 + p2 + @3 = 1, the rightmost block is the
sum of all the blocks multiplied by 3. In other words, the three blocks add up to Ag,” ), which is also

expressed by Lemma 3.6 (b) applied to this AS’j)_

Here Ag:’j/) is constructed for U/ = U® @ U®, and while i,j = 5, 8 correspond to the vector
indices [2, 1, 1], [2, 2, 2],7',j/ = 1, 4 correspond to the reduced vector indices [1, 1], [2, 2].
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Fig. 4. Lemma 3.7 (a): the sum of subrows in B € (Mu)a).(z) is proportional to any of the added subrows.

Fig. 5. Lemma 3.7 (b): the sum of subrows in B € (My) ;) (5, is equal to a zero row.

Example 3.9. We illustrate Lemma 3.7 (b). Let U be as in Example 3.8 above. We again consider
B € (My)1),(2) and its bth row for b = 5, lying within the potentially nonzero belt of B (light grey),

on the left of Fig. 5. Let k' = 2 ¢ {ki,...,k,} = ({1}, therefore the subrows of interest will
be designated by the 2-nd subindex. Subrow By, |. 1.} is composed of black parts, subrow By [. 5 ] is
composed of dark grey parts. Both these subrows add up to a zerorow, By |..1:] + Bp,[:,2,;] = 0.The

reason behind this property lies in the structure of the Ag’j) (or Sl(ji’j)) spanning B.

Let one such Ag’j), fori,j = 5,8 as in the previous example, be depicted on the right of Fig. 5.
As it was pointed out earlier, the central belt of Ag’j) can be split into three copies of Agj’j/) (where
U = U@ U®andi,j = 1,4)multiplied by nonnegative numbers. In Ag:’j/) the black and the
dark grey subrow of a potentially nonzero row add up to a zero row, [Agjj /)]b/ . + [Agi’j/) } b2 =0,

where b’ = 1 or b’ = 4, corresponding to vector indices [1, 1] and [2, 2]. This property is implied

by Lemma 3.6 (a), applied to Ag,’j ) , which states in this case that the subrows of any row of AS,’j )

designated by all the possible values of the 1st column subindex add up to a zero row since i’, j’ are
such that i} # jj,as[iy, 5] = [1, 1), [/, 5] = [2,2].



1936 W. Tadej / Linear Algebra and its Applications 436 (2012) 1924-1959

Note also that [i], i3], corresponding to i’ = 1, results from reducing [2, 1, 1], corresponding to
b=>5.

Related is the following result which we will also need to prove the theorem on a direct sum that

comes next.

Lemma 3.10. Let (1\71U) be the space spanned by matrices A(’ D S("J)

such that iy, = jx = v,
where v € {1...n}. There exists an isomorphism mapping (Mu)k ) onto My, where U = UV ®

UV RUKD®. ..@U™. It can be chosen in such away that any subspace (My) (Kpveodip) o (Ve vp)

of (Mu)k,v with k; = k and vy = v for some q € {1...p}, is mapped onto the subspace
(MU')(k’l,...,k,’,,l),(v] Vet Vst of My, where ki, ..., kl’,_] are positions of ki, ..., kg1,
kgt1, ..., ky in the sequence (1,2,...,k — 1,k + 1,...,1). (Note that ké indicate positions of fac-
torsUkD . utke—) yketn) Uk in the product U'.) In particular the chosen isomorphism maps

(Mu) ), vy 0nto (Myr) ¢y, -

A(’ J) (1 J)

Proof. We will show that matrices spanning ( ) remain in a simple relation with
k,v

matrices AS/’“, 58,’]). Here i, j/ correspond to vector indices [if, ..., ik_1,iket1s-. ., i,

Uts -« - sjk=1>Jk+1, - - - » jr] Of the reduced Kronecker product U’ (31), i.e. are given by the appropriate
versions of (14) and (15).
We will be more precise about the above mentioned relation later, but at first let us state it without

too many details. Any A(l 9 spanning (1\~/IU)k ) contains, as its only nonzero and disjoint submatrices,
ny copies of the corresponding Ag,’j ) , where each copy is multiplied by one of ny multipliers. Column
positions of the copies do not depend on i, j. The multipliers, of which at least one is nonzero, depend
only on the column positions of the copies they act on. The same applies to S(l 9 and S(l ) , with the
pattern of submatrices and values of the multipliers identical with that for A(l 7 and Ag, d ).

For a more detailed explanation let us consider the ith row of Ag’j). The

[dy,...,dk—1,dk+1, . .., dr]th element of the dith subrow of it, d;, € {1...ny}, reads:
(i) _ (0.J)
[AU ]i,[dl,.,.,dk,..,,d,] = Re ([M l,[dh..‘,dk,.“,drl)
=Re ([U]1 ldi,..., ] [U]j,[dl,,..,dk,...,dr]) ) (42)

which is equal to

Re ([U(])]il,dl [mjl,dl Tt [U(k)]ik,dk [W}jk,dk T [U(r)l,,d,[u(r) i, d,) (43)

where [U(k)]ik i [WL’( i can also be written as [U(k)}v i [W}V i = HU(")}

get
’[U(R)]Mk " Re ( 1 [U(S)]is,ds [U(S)]Jd>
se{l..r)\k

= ‘ [U(k)]v,dl

. As aresult we
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2 o
= ‘[U(k)] : Re([M{,’," )] )
v, di ¥, [d1yeeerdi 1,1y ]

2 o
— ‘[U(k)] . [As/d )] ) (44)
v, di i [d1, s di—1.dgg1,.ndr |

The equality of the far left hand side of (42) and the far right hand side of (44) is an entry by entry
equality between two rows. Now, if we change the sign of Re in the expressions in (42), (43) and (44)
we will obtain a relation between the djth subrow of the jth row in A,(J“) and the j'th row of Ag,’J ) If
we used Im instead of Re, we would get a relation between the dth subrow of the ith or jth row of

S[(,i’j) and, correspondingly, the i'th or j'th row of ng’j/). This is summarized below:

(i) _ 4G9
[AU ]i,[:,‘..,:,dk,:,..‘,:]_Mk |:AU/ ]i’,:’

(iJ) R I
[AU ]j,[:,.‘.,:,dk,:,‘..,:]_'uk _AU’ ]]’:’

(i) _ et
[SU ]i,[:,.‘.,:,dk,:,‘..,:] = Mk _S ! i|i’,:’
(iJ) O PN '
[SU ]j,[:,..‘,:,dk,:,.‘.,:] = Hk _s ' ]j’,:7 (45)

2
where py = ‘[U(")]v dk‘ . One of the n; numbers uy, is nonzero since U® is unitary.

yth columns of X for which x; = by and y, = ci. As a consequence of relations (45) we see that Ag’j),

S[(Jl’]) spanning (Mu)k , are all zero matrices except for their submatrices:

(i) )

|:AU ][:,4..,:,v,:,...,:],[:,.4.,:,ck,:,.4.,:] = Mk AU/ Ck € {1’ e nk}’ (46)
(i.j) _ L)

|:SU ][ iVt i e isChoteeent] i SU/ € {1, me}, (47)

2
where puy = '[U(k)]v N (where v is at kth position), with one of it being nonzero. Analogous equal-

ities we could write for linear combinations on both sides. ((46) and (47) can be checked entrywise,
in which one uses that the [bq, ..., bx—1, bx+1, ..., br], [c1, .. Ck=1, Ck+15 - - - , C]th element of
XTI bt Ll nne] 18 €QUAL O [Xip, . b,1.0cr.....,]- Here of course we identify, for example,
[b1,...,bk_1,bks1, ..., b:] with ordinary index b’. See also the comment that follows the introduc-
tion of vector indices.)

Since all g add up to 1, i.e. the norm of the vth row of U®, we can choose an isomorphism W

between (1\7lu)k , and My to be defined as (again assuming that v stands at kth position):

N

W (X € (Mu)k,v) = Z [X][:,..‘,:,v,:,...,:],[:,...,:,ck,:,...,:] (48)

k=1

so that
(i) @4
v (ag”) = ay?,

w(s§?) = s (49)
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.....

Matrices Al(ji’j), 58‘,]) spanning this space are indexed by i, j for which iy, = ji, = vi,..., ikq = jkq =
V, ..., ik, = jk, = Vp,and finally ij # jj for | ¢ {k1, ..., kp}. Note that according to (49) the isomor-

phism W maps these matrices into all matrices spanning (Mu/)(kaMk;_l)y(v]qu_]’vqﬂva), where
k/l, R k;,_1 are defined in the lemma. This is because if we take any pair i, j designating AS’]), 58’])

spanning (MU)(k],.‘.,kp),(v],,..,vp)v in the reduced vector index [i1, . .., ik—1, ik+1, - - - , ir] at positions
Ki,..., ki’,f1 we have subindices i, , ..., Iy 1 Bkgyys - - - Tk, that are equal in pairs with subindices
Jkys -+« s Jkg_1rJkgyrs - - - Jk, At the same positions in the vector index lis---sdk=1sJk+1s - - - » Jr]- Their
values are vi, ..., Vg1, Vg+1, - - - , Vp, respectively. The only other pair of equal subindices, namely
i, = Jk, = v, is absent from the reduced vector indices corresponding to i, j'. At other positions we
get any possible pair of different values as we take any pair i, j allowed here, that is indexing Ag’j), 58’1)
spanning (Mu)(k1 ’’’’’ k). (viooovp)

Example 3.11. Consider U = UM @ U® @ U® @ U®, with ny, ny, n3 taking values 3, 3, 2,
respectively, and (My)j 2,3),(3,2,1) Symbolized by the largest square in Fig. 6. Here {ki, ..., kp} =
{kq, k2, k3} = {1, 2, 3}. Let k, designating U to be thrown out, be equal to k; = 1. The positions
of the remaining k, = 2, k3 = 3 in sequence (2, 3, 4) (sequence of positions (1, 2, 3, 4) deprived of
k) are 1, 2, respectively. Hence (My) 2,3),(3,2,1) is isomorphic to (My’) 1 2),(2,1) Symbolized by the
second largest square in Fig. 6, where U’ = U® @ U® @ U@¥.

Next, considering (Myr) (1 2),2.1)» We have to change the notation. Now {kq, . .., ky} = {k1, ko} =
{1, 2}. Let again k = k; = 1, the position of the factor U®) (in product U’) to be thrown out. The
position of the remaining k;, = 2 in (2, 3) (sequence of positions (1, 2, 3) deprived of k) is 1, so

[] |

Fig. 6. Isomorphic spaces (Mu) ; 5 3, 3.2.1) M) 1.2),2.1) M) 1)1y (My@) -
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(My)1,2),(2,1) 1s isomorphic to (My~) 1, (1) symbolized by the third largest square in the figure. Here
U’ = U(3) ® U(4).
Finally, (My~) 1), (1) is isomorphic to (MIU<4>)()’0, represented by the smallest square in the figure.
The sizes of matrices contained in the spaces (My) 1 2 .3),3,2,1)» (Mu)1,2),2,1) (Mu7)a), 1y
(MU<4>)(),() are, respectively, nynynsng, nynsng, nang and ny.

Our most important result in this section is the following.
Theorem 3.12. The algebraic sum of subspaces in (24) is a direct sum.
Proof. We will prove the following statement equivalent to the above theorem.

Let Xo.0 € (Mu)o,00 X(ky..ooky). (v1vovy) € (MU (k... k). (v1.....v,) fOT @Il possible choices of

(ki, ..., kp)and (vq, ..., vp) be matrices whose sum is equal to a zero matrix. Then all these ma-
trices (we will call them X-matrices) are zero matrices.

The proof will be by induction with respect to r, the number of factors in Kronecker product (3).
If we have only one factor, U = UM, then (MU)O,() = My is a direct sum of one component, namely

(Mu). (-

Assume now that the theorem is true for any (r — 1) factor Kronecker product (3). In particular
that what we stated above as equivalent to our theorem is true for such a product.

Let our X-matrices add up to a zero matrix and let one of the summands, X, k). (V1..omavp) be

nonzero. Let =Xy, 0y (vi.....v,) be simply denoted by X. Thus X is the sum of the remaining X-

,,,,,

matrices. We also need to introduce kj < ky < --- < k;_, suchthat {kq, ..., ky}U{k}, ... . ki_)} =

{1,...,rL
The remaining X-matrices, forming X in a sum, can be split into two groups:

® Into one group we put these belonging to subspaces (MU)(h,‘..,lq),(wl,...,wq) such that k] ¢
{l1, ..., lg}. (An X-matrix belonging to (My) ) () is in this group, if {ki, ..., ky} is nonempty.
The other situation we consider at the end of the proof.) Thanks to that choice we can apply
Lemma 3.7 (b) to all of them, as well as to their sum, which will be denoted by Y:
nka

Z [Y]b[

¢y =1
k3

] =0 for any bth row. (50)

® Into the second group we put all the X-matrices which belong to (MU)(h,...,Iq),(W1,...,wq) such
thatky € {l1, ..., 4}, thatisy = k] forsomes € {1, ..., g}, and thenws = v € {1, g
The group can further be split into subgroups corresponding to different values of v. When
we add all the matrices in the whole group to form their sum Z, the bth rows of Z, where the

corresponding by, ..., b;] satisfy bkq = v, are sums of the bth rows of matrices belonging only
to the subgroup associated with value v. Matrices from other subgroups have at these positions
Z€ero rows.

We can apply Lemma 3.7 (a) to each matrix in a subgroup, as well as to their sum Z,:

n,
2 K

z [ZV]b,[:,...,:,dk/,:,...,:}' (51)

dy =1
4

-,

e G e

Since, as we have just said, matrices forming Z, in a sum are responsible for formation of only
those bth rows for which by = v, we can write for the sum Z of all Z, :
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(] TP
b] ..... bki ..... b,— N .,...,.,Cki,.,...,.

2 M
— [y -S> 121 : (52)
’[ }bkﬁ ,ck/l qu - [bl,...,bkq ""’br]{:’"":’dkg ,:,...,:}
At this moment recall that, using our symbols, X = Y + Z. Also note that if one had to, one would
classify X as belonging to the first group since X € (Mu) (x,.... k). (v1.....v,) aNd K ¢ {ki, ..., kp}.SoX

satisfies (50) with Y replaced by X and analogous property holds for Z through the linear combination
Z = X — Y. The last statement implies that the sums on the left hand side of (52) are zero rows, which
in effect gives Z = 0. Further, let us return to component Z, of Z. As Z is a zero matrix and Z, have
nonzero rows in disjoint regions, all Z, must be zero matrices.

Recall that Z, are formed by X-matrices belonging to all possible (r\/l]u)(ll’_._,,q),(w1 ,,,,, wg) being
subspaces of the larger space (Mu)k, ) introduced in Lemma 3.10 and spanned byAS’j) , SS’j) with ik; =
1s

jk; = v.Lemma 3.10 tell us that this larger space is isomorphic to M where U’ = UV®...@uki—Dg

ytka+n ® UM, We denote this isomorphism by W, that is & ((Mu)k, v) = My. In accordance
13

with Lemma 3.10 we choose isomorphism W such that it maps any space (My)j, ... 1) (W)

under consideration onto space (MIU/)(I/ v )
15-50g—1

where, as above, I; = kj, ws =
1) (W We—1 W1, Wg)

v, s € {1,...,q}, and where Iﬁ, R I;_l are positions of I, ..., ls_1, ls41, . . ., I in the sequence
(1,2,...,k =1,k +1, ..., r).Inparticular, (My) o), w,) = (MU)(kQ),(v) is mapped onto (My/) ) ()-

The images under W of X-matrices forming Z, are contained in the above mentioned image spaces

,,,,,

matrix since the very X-matrices forming Z, add up to a zero matrix.
On the other hand, and this is our induction assumption, My is a direct sum of
(My) (lﬁ ,‘..,l;_1),(W1 W W1 W) for we have all possible parameterizing pairs of sequences com-

ing from all possible pairs (I1, .. ., Ig), (W1, ..., wg) such thatly = kﬁ,wS = vforsomes € {1,...,q}.
(According to Definition 3.2, sequences (I, . .., Ilg) aswellas (If, . . ., 1;71) are ordered. Let sequences
(&, ..., l;_l) and (Wi, ..., Ws_1, Wsq1,...,Wg) be given, with entries in
appropriate ranges. Here s is defined to be such that[; < --- < I[_; < kj. Thenfor (I1,...,l;) =
(l/,...,§71,l<§,§+1,...,(’171—1—1) and (W1, ooy Wemq, V, Wegq, o, W) space
(MU (1. 1g). (1. wg) 15 MAPPEA OO (Mur) () (s ey

Thus all the images of X-matrices forming Z, are zero matrices and the same must hold for the very
X matrices. As v is taken to be an arbitrary element from the set {1, ..., ny }, all matrices forming Z,
that is belonging to the second group, are zero matrices. So X is formed only by matrices from the first
group.

Analogous reasoning can be repeated with k5, ..., kLp instead of kj. As a result we obtain that
X is formed only by X-matrices belonging to (MU)(h,...,lq),(wl,...,wq) such that ki, ..., k;_p do not
belong to {Ii, ..., lg} or, in other words, by X-matrices belonging to (MU)(kg] ..w,)» Where
{kgys ooy kg ) C ik, ..., Ky

If one of these , call it X', is nonzero and belongs to (r\/I]U)(kg1 """ ke ). (wi....w) With & < p, that
is {kg,, ..., kg, } # {ki,...,kp}, it can be expressed with the use of the remaining ones and X.
We can repeat the whole reasoning with X’ playing the role of X and kﬁ being replaced by some
kK e{1,....r}\ {kg,, ..., kg )} and simultaneously k' € {ki, ..., ky}. We then classify summand X
as belonging to the second group of matrices, since X € (r\/l]u)(,<1 vorky). (v1....v,) AN K e {ki, ..., kp}
We show as above that this second group of matrices consists of zero matrices which contradicts our
assumption that X # 0.

..... kg ), (w1,
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Note that at this stage (My) ) () could appear as (MU)(,% ,,,,, k). (wi.....wp)- THe short version of our

reasoning for X (the role of X’ at this stage) belonging to (Muy) ), is provided at the end of the proof.
Also, precise repetition of our reasoning is always possible because no components in matrix sums are
missing - even if we write that a matrix is formed only by some other matrices this means that the
remaining ones are there as zero matrices.

Having X € (MIU)(k1 ..... kp).(v1.....vp) OD the left, on the right we can only have nonzero components

belonging to (MU)(,<1 ..... k). (w1.....wp) With (w1, ..., wp) # (vi,...,Vp).Obviously (wy, ..., w,)are
also distinct, since any component (My) (Kr..oorkp). (wr.....wp) 1D what we aim to prove to be a direct sum,
occurs only once. Collecting both sides together we get that the sum of X-matrices (—X is one of them)
belonging to (MU)(lq,...,kp),(wl,...,wp)' for sequence (kq, ..., kp) fixed by the choice of X and for all
possible sequences of values (wq, ..., wp), is a zero matrix. Since regions where these last candidates
for nonzero X-matrices have nonzero rows do not overlap, also they must be zero matrices. This is
exactly what we wanted to prove, hence (24) is indeed a direct sum.

Now, as promised twice in this proof, we consider the case of X € (My)) (), that is the case of

{ki, ...kp} being empty. Splitting the remaining summands into two groups, as previously, for any
k' e {ki,....k} = {1,...,r}, we conclude that any X-matrix belonging to (Mu) (i, ...}, (wy....w,)
suchthatk’ € {h, ..., l;} is azero matrix. Taking all k' under consideration we find that all X-matrices

forming X must be zero matrices. So X must be a zero matrix too. [

Let us rewrite (24) in a direct sum fashion:

My =Mu)ogg @ P D Mg,

ke{1...r} ve{l...ny}

e @D D (MU) (ky ky), (v1,v2)

ki <kye{1...r} (V],Vz)e{l...nk] }><{1...nk2}

DD b P (MU (k1) (V1 vr 1) -

ky<e<kr—1€{1.r} (1, vrm 1) €{ Loy }xex {1, )
(53)

Calculation of the defect of U requires calculation of the dimension of the My, which luckily can be
decomposed into the dimensions of the direct sum components. We will make this decomposition
more informative in a moment.

4. Calculating the defect of U with a Kronecker product structure

Calculation of all the dimensions of the direct sum components in (53) can be reduced to calcula-
tion of dimensions of subspaces like (My),(, considered for subproducts of the Kronecker product
Uin (3).

Lemma 4.1. There holds:

dim (M) (s...k,). (v1... vp))zdim((MUp)()’()), (54)

Ut = (%) u® (55)
ke{1..r}\{kq.....kp}

is the original Kronecker product (3) deprived of its ki th, . . ., kyth factors.

Proof. Inthe proof we use Lemma 3.10 repeatedly, assigning appropriate values to U, k and v. We have
the following relations:
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® Let U = U, the initial Kronecker product (3), and let k = kp, v = v;,. Then by Lemma 3.10
(MU)(kl,...,kp),(vl,...,v,,) is isomorphic to (MU’)(kl,...,k,,,l),(vl _____ Vp_1)® where U’ =

Rlef1..r\ (k) U®. In this case k], ..., k,_; mentioned in Lemma 3.10 have values kj =
ki,..., "1/7*1 = kp_1, as they are the positions of kq, .. ., k,_1 in the sequence (1, 2, ..., ky, —
1Lky+1,...,7).

eletU = U,k = ky—q and v. = vp_y. Then (MU (kg ky 1) (w1 ) is isomorphic to

< Vp—1

(MU (k... kp—2). (v1...vpz)» WHeTE U" = @ieft...\(ky-1.ky) u®.

e letU = U = Qicfi..i)\(k...ky) UD and let k = ki and v = v;. Then (Mye-1) k), (vy) 18
isomorphic to (Mup)()’(), where U? = ®le{1...r}\{k1...kp} u®,

Thus both subspaces mentioned in the lemma are isomorphic through the composition of the above
listed isomorphisms, so they are of equal dimension. [J

Let us simplify our notation by introducing, for U being the product (3):

def ..
dﬁq,...,kp} = dlm((MU’)(),()) for U = ® U(k), (56)
kel 1o\ (kr.kp)
y def ..
d{} = dim ((Mu)()’()) . (57)

Using the fact that My is the direct sum (53) and that the dimension of any component space
be expré;s.;ed as irylut.’he Theorem 4.2 below.
At this point note also, that for a (r — 1)-element set {kq, ..., k—1} = {1...r}\ {s} there holds

dﬁq ’’’’ k_q) = dim ((MU(S))()’()) = dim (M ). We do not assume any Kronecker product structure

for U, that is vector indices are identical with ordinary indices here. Using such vector indices we
cannot fix their only component, (M U(s))(l) o) would be empty.

Theorem 4.2. Let U be a Kronecker product of unitary matrices (3). Then the dimension of the space My
constructed for U according to (10) reads:

dim(My) =dj+ > my-diy+ D Mgk - di k)

kie{1...r} ki <kyef1...r}

+--+ Z nkl Tt nkrfl ’ dl{‘;ﬁ ..... kr—1}* (58)

ky<--<kr—qp€{l..r}
Accordingly (see Definition 2.1), the defect of U equals to (N — 1)? — dim (My).

Example 4.3. In Example 3.5 we decomposed My, for U = UM @ U® @ U3 withn; = 3 and
ny = n3 = 2, into the direct sum (25) of spaces (My) . (...)- We represented the components by the
squares in Fig. 3, using our convention of painting in light grey the region where nonzero rows can
occur.

Now, when calculating the dimension of this direct sum, we can replace any component space by
the appropriate space (M. ) ¢, isomorphic to it, according to Lemma 4.1. In Fig. 7 we represent these
spaces (M_.)(),() by the light grey squares, in accordance with the convention used, preserving the
order in which (My) ), ...y, their isomorphic counterparts, are arranged in (25) and in Fig. 3. In the
list below, naming the objects in Fig. 7, in the same order, we indicate those counterparts using =

to denote isomorphisms. We used two shades of light grey to distinguish between different spaces
containing matrices of the same size.
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H B BH BH B ©H

H BH BH BH B H

Fig. 7. Spaces (M )(),() isomorphic to those represented in Fig. 3.

Mu)o,o = Mu)g, (MU(2)®U<3)) = (Mu)ay,ay» Mu)ay,@) > Mu)ay,e)

0.0
(Muoeus ), , = Ma.a» Mo (Muoeue), , = Me.o . Me.e
(Mya)g.0 = Mu)az.a.1 Mo)a.a.2 . Moaz.en: Muaz.e Mo)ao.ens
Mu)1.2.32 My@)g.o = Mo)asz.an> Mu)as.az Moas).ens Muas).es) s
M) 3,61 M)asz.ey Mym)go=Moes).an. Mues).ay . Moes),.ern)-
Mu)2,3),2,2) - (59)

Note that (Mu(k))() 0= Myw fork =1, 2, 3.
Replacing spaces (M. ) ) from Fig. 7 by their dimensions we get this expression for the dimension
of My, a special case of (58) in the theorem above:

dim (My) = dﬁ +nq - d?l} —+ny - d?z} +ns - d%} —+ niny - d?]’z} + ninsz - d%’]j} + npyns - d%’z’3}
=djy+3-d})y +2-dhy +2-dly +6-dfj 5 +6-dy 5y +4-dp 3. (60)

Maybe it is a good moment to wonder about applicability of our formulas when there are 1 x
1 Kronecker factors in product (3) forming U. This has been promised in the paragraph preceding
Definition 3.2.
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First, recalling this definition, consider subset (MU)(kl,kZ,--ukp)y(Vl1V21~-<~,Vp) of set My. If k €

{1,...,}\ {k1, ..., ky} and n = 1, this subset is empty. The reason is that you cannot find any
AS’J),SS’]) belonging to it, that is indexed by i, j satisfying iy # jk, because iy, jx € {1, ..., n} = {1}.
In this case let the corresponding subspace (f\/[lu)(k1 Koo kp), (V1V2 ) of space My be defined as the
zero space {0}, which is a space of dimension 0. In particular, when there are 1 x 1 factors in product
(3), (M), is empty and (My), () we define as the zero space. Consequently, dﬁq ky) has value 0,

.....

ifforsomek € {1,...,r}\ {ki, ..., kp} there holds n; = 1.In other words U’, used in the definition
(56) of d?k] .....k,)» Must not contain any 1 x 1 Kronecker factors, if this dgq ...y} IS to be considered as
a potentially nonzero number. (It still can be zero if for example U’ is a permutation matrix, in which

case all Ag}j). Sg,’j) are zero matrices, so (Myr) ) () is the zero space.)

Now, let us remove in sum (58) all components dﬁq k) that must be zero due to the presence

of 1 x 1 factors. What is left are only those dﬁq """" k) for which there are no 1's left in sequence

(n1, ..., ny) after removing the kqth, . .., kpth entries. The sum (58) truncated in this way looks as if
it were written for U deprived of its 1 x 1 Kronecker factors, in which case we accept the validity of
formula (58). This new U differs from the original one by a unimodular fac'tqr, so the space My and the
defect d(U) remain the same, as one easily finds noting that first of all Ag”) , 58’]) do not change with
multiplication of U by a unimodular number. The answer to our question is thus: yes, we can use (58)

in presence of 1 x 1 factors, provided that appropriate dﬁq ’’’’’ k) are assigned 0’s.

This has some practical importance. For example, if we wanted to calculate defects for a large
number of Kronecker products of at most r factors, we could store the sequences of sizes as rows of a
matrix with r columns, filling rows with a certain number of 1's where the number of factors would
be less than r. These rows would then be the input data for a procedure calculating the defect of an r
factor Kronecker product of unitaries.

We can go even further. Let us also, in this context, return to the direct sum formula (53). We have
adopted above a convention, according to which (Muy) (g, k,.....k,).(v1.va.....v,) 15 the zero space if there

are 1’s in sequence (ny, ..., n;) after removing from it the kyth, ..., kyth entries. Let us throw out
these zero spaces from (53). We are left with (f\/ﬂu)(k1 Kok (V120 vp) where all k associated with

ng = 1sitin {kq, ..., kp}. But every such (MU) (k1 ky.....kp). (v1.v2.....vp) €3N De replaced by an equal

space (MU’)(k;,k’z,... K). (vh g )? where:

,,,,,

e U is U deprived of its 1 x 1 Kronecker factors, with the order of the remaining factors preserved,

o (ki k..., k;?’) contains the positions, of subsequent entries of the subsequence obtained
from (kq, ..., kp) by throwing out all k’s such that n, = 1, in the subsequence obtained from
(1, 2, ..., r) in the same way (This is cumbersome, being a consequence of our notation, and
we met such formulation in Lemma 3.10.).

o (Vi, vy, ..., v;,) is the result of throwing out the entries (of the only possible value 1) out of
(v1, v2, ..., vp) corresponding to entries k of (k1, ..., kp) for which n, = 1.

(Both spaces are equal because they are spanned by the same matrices. In general, Ag’j) = AS/’j )

and SS’]) = Sg/’] ), where 7', j’ correspond to the reduced vector indices obtained from the vector
indices corresponding toi, j, respectively, by removing those k’th entries of these vector indices (entries
necessarily equal to 1), for which k satisfies ny = 1.)

After this truncation and replacement (53) looks as if it were written for U’, in which case we
accept the validity of the direct sum formula because U’ does not contain 1 x 1 Kronecker factors.
Since My = My, the only difference between U and U’ being a unimodular factor, the starting point
direct sum with all those zero spaces appears to lead to the correct direct sum we would write if we
first removed the 1 x 1 Kronecker factors. So, we can go either way, removing or leaving these factors.
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5. Estimating the defect

It is interesting to give the lower bound for the defect of U being a Kronecker product, because,
as it was pointed in Section 1, for most unitaries the defect is zero. The lower bound we give here is
associated with upper bounds on the dimensions dﬁq k) of (Myr) . ) for the Kronecker subproducts

U’ as defined in (56), all of which are in fact bounds on d%’} with U replaced by an appropriate U’. All
we need to know about these bounds is contained in the next lemma. Note that although we assume
that the sizes of Kronecker factors are greater than 1, any factor of size 1 - a unimodular number - can
be absorbed into one of the factors of size greater than 1.

Lemma 5.1. Let U of size N x N be the Kronecker product (3) with r > 1 and factors u®, . u® of
sizeny X nq,...,n, X n, wherealln, > 1.

Then the dimension of the space (My) ) () constructed for U (Definition 3.3) is bounded in one of the
following ways:

® [fn > 2foranyk € {1...r}, then

dy < (N—=Dm —1) ... (n, — D). (61)

e Ifng =--- = ng, = 2 for some distinct values ks € {1...r}, and fork ¢ {kq ...kp} there holds
n, > 2, then

dy < N=2""DHm —1)-...-(n, = 1). (62)

Proof. From Lemma 3.7 (b),if B € (My) ), the subrows of any of its rows satisfy, forany k € {1...r}
(where ¢y is at kth position):

N
Z [B]b,[:,...,:,ck,:,...,:] =0, (63)
=1
as in this case the role of the set {k1, . . ., k,} from Lemma 3.7 is played by an empty set. We will show
that the bth row of B can be parametrized by at most (n;y — 1) - ... - (n, — 1) independent parameters.

For example, let [B]p [, be knownforc; € {1,...,(m — D}, ...,c € {1,..., (n, — 1)}.(63)
determines the remaining entries in the following order:
-1
® Blo fny.concr) = = X [Blyfey cy....co) tomakeall [Bly i,
RS {1,...,(n2—1)},...,cr(e {]1),...,(nr—l)}.
° [B]b,[cl,nz,q,‘..,cr] = - ZC?:] [B]b,[q,c:.,.u,cr] to make all [B]b,[q,...,cr] known for
cae{l,....ml,oe{l,....n},csef{l,...,(n3—1D},...,cce{1,...,(n, — 1)}.
. “es
° [B]b,[c1,cz,63,4..,cr,1,nr] = — ng;]) [B]b,[cl,cz,“_’qfl’q] to have all the entries of [B], . known.

o) knownforcy € {1, ..., m},

.....

Next we show that the bth row of B filled using the above algorithm, starting from those initially known
(ny —1)-...-(n, — 1) entries, satisfies (63) for any k € {1...r}. That is, that the following equality
holds forany k € {1...r}andc; € {1...ns}foranys € {1...r}\ {k}:

ng—1
[B]bslcl>-~-,Ck—1’"k>ck+l ,,,,, o] = _dz [B]b,[ﬁ,---,ckq,dk,Ck+1 ,,,,, ol (64)

k=1
Let in the above expression ¢y, = N, ..., Ck, = Nk, and ¢s #ngfors € {1...r}\ {kq, ..., kp}
with ky < ky < -+ < kp. By this we mean that n, = ¢, = Ck, = Mk, for some g € {1...p}. (Do
not mistake ki, . .., ky, for those from the second item of the lemma.) Then the left hand side of (64),

where some of the entries are obtained using the algorithm from the dotted list above, reads:
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[B]b,[cl ,,,,, ¢l

(g, —1) (g, —1) (nky_y =1
== Z [B]b, Clyueny dk ,,,,, Cr = z - Z [B]b, C],...,dk ,,,,, dk ,,,,, Cr
P p—1 P
dkp:1 dkp:l d"p—1:1
(nkp —1) (nkp_1 -1 (g, —1) (ng; —=1)
S S s Sl B B St B S R
dkp =1 dkp,] =1 dy, =1 di, =1
(g —1) (g, —1) (kg =1 (nkg_y =1)
qu=1 dkp:] d/<q+1:1 qu71=1
(g, —1)
- B
d,quI [ ]b,[cl,...,dkl ..... digy cr]
leq—l
== z [B]b,[q ..... Ny 5oy Mg_qeees qu,...,nkq+1,...,nkp ..... Cr:l
qu:l
nkqfl
== 2 [B]b,[q,..‘.,qq,.‘..qu,l,.‘.,qu,‘..,quH,‘..,Ck,,,‘..,cr]
qu=]
ng—1
== Z [Blo.ci.....de.....c;] (65)
dg=1

and equals thus to the right hand side of (64).
In this way each row of B € (My)) () could be potentially parametrized by no more than (n; —

1) -...-(n, — 1) parameters - if there were no other restrictions caused by the structure of U® - but
we need to parameterize only N — 1 rows in general. This is caused by the property that all column
sums in B are zeros, just as is the case with the spanning matrices AS’J), S{,”D. Hence, in general, we
have nomorethan (N — 1) - (ny — 1) - ... - (n, — 1) free parameters to determine B. In other words:
all B € (My)), ) belong to a single space of dimension (N — 1)(ny — 1) - ... - (n, — 1).

The case when some 1y, are equal to 2 is a separate one, but what really counts is when there are
more than one ny equal to 2.

In this case let again B € (Mu)(),() and let ng, = 2,..., Nk, = 2. The [by, ..., b;]th row of

B is a linear combination of [bq, ..., b;|th rows of Ag’j), Sl(,i’j) such that, among other conditions,
iy = 2/jkys - - - » ik, = 2/jk,, where of course iy, ji, € {1,2}.

Consider the group of rows in B indexed by such [bq, . . ., b;] that for some chosen values s, ..
sp € {1, 2} the vector index satisfies

.

(bk1 =S1, ., by, = sp) or (bk1 =2/51, ..., by, = 2/sp). (66)

Observe now that the'pows of B from this group are linear combinations of respective nonzero rows
of only those AS‘J), S{,”) (from the collection of those spanning (My) ) ()) which are indexed by i, j
satisfying:

[ikl,...,ikp}, [jkl,...,jkp] € {[s1.---vsp]s [2/51, ..., 2/5p] ) (67)

Since subsets of (i, j)’s (of the set of all (i,j)’s indexing A,(Ji’j), Sg’j) spanning (My),)) fulfilling

condition (67) for fixed s1, ..., s, are disjoint, also disjoint are the subsets of (MU)(),() of those
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corresponding A(' ) , Sy {9) \which are nonzero matrices. Within each such subset, associated with (67),

the nonzero rows of its members hit the index area defined in (66). Therefore the matrices A}, S0
belonging to it not only have the property that their rows add up to a zero row, but also that all the
rows of such a matrix indexed by [b1, . . ., b,] satisfying (66) add up to a zero row.

Thus, through a linear combination, in the considered group of rows in B one of the rows depends
on others. We have 2P /2 = 2P=1 possible choices of [s15---, sp], hence 2P~ groups (of the specified
type) of rows in Bwith 2P ~! dependent rows altogether. Using the previous method of parameterizing
rows, we can parameterize no more than (N — 2P~1) rows, introducing no more than (n; — 1) -

- (n, — 1) parameters into each row. In other words: B being contained in the described above
(N—2"Y(n; —1)-...- (n, — 1) dimensional space is a necessary condition for B being a member
of (Mu)g,

Our final remark will concern the case when we deal with a one factor Kronecker product, r = 1,
U=UD N= n1. The bound, either formula (61) or formula (62), takes then the form (N — 1)2. This
agrees with these facts:

e dim((My)g,) = dim(My), no Kronecker product structure assumed for U.

® Ny is contained in the space tangent to the set of all N x N doubly stochastic matrices, that is
the space of all real N x N matrices in which entries in any row or column add up to 0. This
space is of dimension (N — 1)%. O

Example 5.2. This example concerns Lemma 5.1 and its proof. Let U = U M @ Uu? @ U with
ny = 4,ny = 3,n3 = 2,50 N = 24 s the total size of U.

The rows of an element of (My)y , must at least satisfy the constraints of Lemma 3.7 (b) for
kK =1, , . Assuming for this U, as well as for the one considered later in this example, that there
are no other constraints on these rows, we will construct an element B of (My)) ()

To do it, we can freely set the values of B; [j, j, j;] in the first N — 1 rows,i € {1...(N — 1)}, and
in columns indexed by [j1, j2,j3] such thatj; € {1...(4 =1}, jp € {1...3 — 1)} j1=2—1).
In Fig. 8 we have marked the positions of these elements with black dots. The dependent regions are
painted in light grey, for example the last row, which is the minus sum of the remaining ones. We get
(N—1)(4—-1)3—-1)(2—1) = 138 free parameters.

In Fig. 9 we have depicted an element of (My), ) for U of the same total size, but of different
structure. Here U = UM @ U @ U® ® U®, where ny = ny = n3 = 2 and ny = 3. This case is
special in that there are p = 3 > 1 2’s among numbers ny, ny, n3, n4. This time we have used various
shades of grey to paint four regions, in each of which all the rows add up to a zero row. They are:

rows indexed by [1, 1, 1, i4], [2, 2, 2, i4], where iy = 1, 2,3
rows indexed by [1, 1, 2, i4], [2, 2, 1, i4], where ig = 1,2, 3
2,1,2
2, 1,1

[}
[ ]
e rows indexed by [1, 2, 1, i4],[2, 1, 2, ig], whereiy = 1,2, 3
e rows indexed by [1, 2, 2, i4],[2, 1, 1, ig], whereiy = 1, 2, 3.
Therefore, instead of providing parameters into (N—1) rows, we are allowed to doit only forN—2P~1 =
N — 4 rows. The parameters are introduced according to a scheme similar to that for the previously
considered U. We thus end with (N — 2P"1)(2 — 1)(2 — 1)(2 — 1)(3 — 1) = 40 parameters.

In what follows Theorem 4.2 there are arguments behind defining (My)y () as the zero space if
there are 1 x 1 Kronecker factors in (3) not absorbed into larger factors, and that d?} has to be assigned
0 then. In this case we can also use the bound (61) or (62) which produces the correct dimension O.

Having the above result of Lemma 5.1 let us replace the values d?kl,‘.., k) in Theorem 4.2 by their
upper bounds being the appropriate right hand sides of (61) and (62). We will get an upper bound on
dim (My), equivalently a lower bound on the defect d(U) = (N — 1)? — dim (My).

What is more, this can be done successfully also in the presence of unabsorbed 1 x 1 Kronecker
factors. Since the bounds (61), (62) yield 0 for dgq,...,kp} corresponding to zero spaces in the direct sum
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Fig. 8. Parametrizing (My), , forU = D @U?® @U® whereny =4,ny =3,n3 = 2.

Fig. 9. Parametrizing (My),, , forU = UM @Uu® @u® U™, wheren; =ny =n3 =2andng = 3.



W. Tadej / Linear Algebra and its Applications 436 (2012) 1924-1959 1949

(53), whose presence is associated with the 1 x 1 factors, bounding the dimensions of these spaces
does not affect the total upper bound on dim (My) at all, that is we obtain the value we would get if
the 1 x 1 factors were first absorbed into larger factors. This can be better understood if one carefully
follows the reasoning following Theorem 4.2. A practical consequence is this: if one had some other
bounds on dﬁq k) yielding zeros for spaces that are necessarily zero spaces because of 1 x 1 factors,
one could leave the 1 x 1 factors unabsorbed.

To better expose properties of our bound, it is convenient to introduce another notion, the general-
ized defect D(U) of a unitary U, defined as

D(U) = d(U) + 2N — 1) = N> — dim (My) = dim ((Mu)i) (68)

When we recall expressions in (9) and the preceding formulas it will be clear that D(U) is the dimension
of the space (1), that is the space:

Vy={R : iRoU = EU for some antihermitian E} . (69)

We use in our new definition the word generalized because the definition of d(U) is suited for the class
of unitary matrices which have the dimension of manifold {D,-U-D. : D;, D. unitary diagonal} equal
to 2N — 1. Because of some applications of the defect mentioned in Section 1 it is more convenient to
subtract the dimension of this manifold from D(U) to define the defect associated with other type of U.

The corresponding lower bound on D(U) will be, thanks to Theorem 4.2 and Lemma 5.1 and defi-
nitions (56), (57):

(n1-...-nr)2

—(( [T n- 2“2“‘--”>‘1)~ [T -1
le

{1...r} le{1...r}

+ > (nk1 ( [ n- 2(n2{1..‘r}\{k1})1) - I - 1))

kiell..r) le{1...r\{kq} le{1...ri\ ki }

+ > (nk1 Miey ( I n- Z(nz{l”'r}\{kl’b})]) : I1 (m — 1))
lef }

kq <k2€{l...r} 1...1’}\{1{1,]{2} l€{1...r}\{k1,k2

N 3 <nk1 o ( n  n- 2<uz{1...r}\{k1<..kr1})—1>
{1...r} le{

ki<-<ky_q1€ T\ {ky...kr—1}

I1 (n — 1))) , (70)

le{l...r}\{kl...kr,]}

where for a nonempty subset A = {l;, ..., s} of {1, ..., r} expression f,.4 denotes

e the number of 2’s in sequence (ny,, .. ., n,s), if there are any,
e 1 otherwise.

Although the above expression looks very complicated, below we show that it is, almost, a mere
product of trivial functions of the sizes ny, ..., n;, of factors of the considered Kronecker product.

Example 5.3. We return here to U = U @U® @ Uu® withn; = 3,n, = n3 = 2, of Example 3.5
and 4.3.

The generalized defect D(U) is equal to N> — dim(My), as in (68), where N = njnyns is the size of
U and dim(My) is given by (60). To obtain the lower bound (70) in this case we use the upper bounds
of Lemma 5.1 applied to the components of (60). The order of the bounding expressions reflects the
order of the bounded ones in (60):
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D(U) = N? — dim (My)
> (mnyn3)* — ((mngns — 2202371 (g — 1) (my = 1) (3 — 1)
+ m (n2n3 — 2R231 - 1) (n — 1) (n3 — 1)
+ m (n1n3 — 2nl3 - 1) (m —1)(n3 —1)
+ n3 (nlnz — ohil2}= 1) (m—1m—1)
+ niny (n3 — 2R} - 1) (n3 —1) + mn3 (nz — 2R{2) - 1) (n — 1)

+nyn3 (n1 —2ﬁ2“}*1) (1 —1). (71)
Now with concrete numbers:
DWU) >122—((12—2)-2+43@4 —2)-14+26 — 1)-24+206 — 1) -2
+6Q2—1)-14+6(2 —1)-14+43 — 1)-2)

= 144 — 94 = 50 (72)

The summands in (60) are dimensions of the spaces represented in Fig. 7. As it is shown in the proof of
Lemma 5.1, each of these spaces is contained in a potentially larger space parametrized according to
the scheme proposed in the proof, which was also used in Example 5.2. In Fig. 10 we represent these
encompassing spaces in a way similar to what we did in Example 5.2 and Fig. 9. Black dots mark the
positions of parameters, shades of grey are used to distinguish regions in which the row sumis zero. The
encompassing spaces in Fig. 10 and the spaces being encompassed, in Fig. 7, have the same positions in
the figures. Identical squares represent identical encompassing spaces. The total number of black dots,
the sum of dimensions of all the encompassing spaces, is the number subtracted from N? = (1n;nyn3)>?
in expressions (71), (72). It is the upper bound on dim(My) resulting from the bounds of Lemma 5.1.
Each summand in the bracket subtracted from N2 in the above expressions can be viewed as a three
factor product. The first factor is the number of identical spaces in a group of identical ones in Fig.
7 (or their encompassing counterparts in Fig. 10), associated with a Kronecker subproduct of U. The
second factor indicates the number of rows containing parameters of the encompassing space for the
space from a given group (rows with black dots in Fig. 10). The third factor is the number of parameters
(black dots) in a row. So the product of the second and third factor is the number of parameters, the
dimension, of the encompassing space for the space from a group. In other words, it is the number of
black dots in a square symbolizing this encompassing space.

Because in Lemma 5.1 it was assumed that all Kronecker factors are of size greater than 1, formally
(70) is a valid lower bound only in this situation, therefore we confine ourselves in the formulation
of the theorem below. But, in the paragraph preceding the one containing the definition (68) of the
generalized defect, we argued that even in the presence of 1 x 1 Kronecker factors the total bound (70),
obtained by substituting (61, 62) into (58), will be equal to the value (70) obtained for the Kronecker
product with absorbed 1 x 1 factors (this can be also guessed purely by analyzing (70) as a function of

sequence of sizes (ny, ..., n;)). Let us leave it as a comment that (70) must, in the presence of 1 x 1
factors, lead to (73) or (74) deprived of its factors (2n; — 1) corresponding to n; = 1, but since then
2n; — 1 = 1, in Theorem 5.4 one does not need to assume that all n, > 1.

Theorem 5.4. The lower bound (70) on the generalized defect (definition (68)) of U being the Kronecker
product (3) with factors u®, . u® of size ny x ny, ..., n. X n, respectively, where all n, > 1, is
equal to
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o A i N o A N

Fig. 10. Encompassing spaces for those represented in Fig. 7.

(a)
[T @en—-1), (73)
le{1...r}
ifalln, > 2,
(b)
< H (2 n — 1)) . 2(ﬁ2{1.4.r})—1 (2(ﬁ2{1<--r}) + ]) , (74)
le{1...r}, nj>2
if there is at least one 2 in the sequence (nq, ..., n;), where fio{1...r} is the number of 2’s in this
sequence.

Proof. We need to show that there holds an equality between two values, one being a relatively simple
polynomial expression:

(a)
(H ﬂl)'( I1 ((n1—1)+1)> - I u+m=1) (75)

le{1...r} le{1...r} le{1...r}
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ifalln, > 2,
(b)
T )t I (u=1+ 1| - 11 (n + (n — 1))
le{1...r} le{1...r} le{1...r}, nj>2
L g(llr)—1 (Z(tz{r..rn + 1), (76)
ifn, = 2forsomek € {1,...,r}

and the other being the long expression in the most outer bracket in (70). This last expression will
be simply referred to as (70)’. We will compare the above mentioned two quantities component
by component.

We start from the pth component of (70)’, by which we mean:

Z (nk1 . < H n — 2(ﬁ2{1~~~r}\{k1-~’<p})1)
le{

ky<--<kpe{1...1} T\ {kq...kp}

I1 (n — 1)) . (77)
)

le{1...r}\{kq...kp

Step 1. The, call it, left part being the result of taking only the left product from the inner bracket
in (77) is equal to:

> < o Il - 1)) : (78)

kg <-<kpe{l.r} \le(lr}  lefl.r\{ki..kp}

The above sum can also be found in the expansion of the left product of (75) or (76). Any component
of the above sum is the result of choosing, in the right subproduct of the left product of (75, 76), p
brackets at positions ki, . . ., k, from which 1's will be taken to be multiplied with (n; — 1)’s from
the remaining r — p brackets. Thus every left part (78) forp = 1... (r — 1) has its counterpart
in the left product of (75, 76).

On the other hand, in the expansion of this product there are two components, namely (n; -
...on)(ng—1)-...-(n, —1)and (nq - ... - n.) so far unexplained. We easily see that the first
one is the left part of the Oth component of (70)’:

( [T m- 2(11;{1..1})—1) -1 u=1. (79)

le(1...r} le(1...r}

The second one still have to be found.
Step 2. The, call it, right part of (77) looks like this:

- > (nk1 coony - 2Nk Ty 1)) : (80)
{1...r}

ky<---<kye le{1...r}\{k1...kp}
The expression under the sum, given for some k1, . . ., kp, can be further transformed into:
[ ]
n, | - 25T I1 (n — 1) (81)

{q: nig #2} lefl...r\{ki...kp}, m#2
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if there are no 2's in (ny, . .., ny) or if there are 2’s in (ny,, ..., nj,_,) where {h,....i—p} =
{1, )\ (ke oo kph
[ ]

[T m |- 2%t ( I1 (m — 1)) ) (82)
{q: nkq;ﬁz} le{1...r)\{ky...kp}, m#2
if there areno 2’sin (ny, . . ., Tll,,,,) and there are some in (ng,, .. ., nkp), where {l1, ..., [}
is as above. Note that in this situation the additional 2 at the end is caused by the fact that
fo{li, ..., l—p} = 1 due to the definition of #,.

So, in the sum (80) we add expressions like (81) or (82) depending on how 2’s are scattered among
the considered subsequences of (nq, ..., n;). And we do thisoverallp = 1...(r — 1) in the
total sum in (70)'.

Next we will add only those summands in the sum of all right parts (80) overp = 1...(r —
1), which are associated with sequences (ki, ..., k,) containing a given fixed subsequence
(kg --->kq) = (s1,...,5) such that ny, ..., ns, are all greater than 2, and which (these
(ki, ..., kp)'s) are such that for any k; not belonging to this subsequence ny, = 2. The sizes
N, ..., N, play the role ny, of (81) and (82). All sequences are assumed to be increasing ones.

® For p = t we add nothing to build (k, ..., kp) out of (kg,, ..., kg, ), therefore we have only
one such summand, hereq; = 1, ..., g- = p. The number of summands is equal to (ﬁz{lo'“r}).

Formula (81) is used for a summand.

® For p = t + 1, the number of summands is equal to 0 if there are no 2's in (nq, ..., n;), or
(tz{ll‘“r}), that is the number of ways in which we can extend (kgq,, ..., kq,) to (ki, ..., kp)
by such k that n, = 2. For a summand the formula (81) is used if there are at least two 2’s in
(n1, ..., n;), thatis if there is at least one 2 outside (n,, ..., nkp). Otherwise formula (82) is
used for a summand.

® For p = t + 2 the number of summands is 0 if there is only one 2 in (ny, ..., n;), or (nz{lz..‘r})

if there are at least two. If there are more than two 2’s in (ny, . .., n;) formula (81) is used for
a summand, otherwise we use (82).

e [fp=t+4,{1...r}and p < r — 1 the number of summands is either 0 or (gzﬂﬁ) In this

case there are no more 2's in (ny, ..., n;) outside (ng,, ..., nkp), therefore we use formula
(82) for this single summand. (This all applies if there are 2’s in (nq, .. ., n). If there are no 2’s,
we end withp = t.)

o lfp=r—1Tlandfr{1...r} =r—t,thenp =t + fi,{1...r} — 1, the number of summands

is either zero or it is equal to (ﬁzﬁé{j}'}rﬂl). Since there is one 2 left in (nq, ..., n;) outside
(Nky, - - -, ng,) we use (81) for all summands considered here. (This again applies if there are

2'sin (nqy,...,ny).)

Having calculated the number of summands in each particular case, the sum of all of them, with
sign — inherited from (80):

r—1
_ Z Z (nlq T 2Bl ki kp D=1 H (n — ]))
=1 (k1o s k) st leftor\fki ..-kp}
(kqys s kg) = (51,...,5¢)

for some qq, ..., q¢
(83)

takes the following forms.
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e [f there are no 2’s in the sequence (nq, ..., n;)

t
- (H n&,) pGallrd=t ( I (i — 1)) 1, (84)
i=1 le{1...r}\{s1...5¢}, m#2

(83) equals to

t
- (H nSi) : H (m—1). (85)
le{

i=1 1.1\ {s1...5¢}

In fact, in this case it is better to analyze directly (80), where, by takingp = 1,...,r — 1,
one finds that any summand has its counterpart in the right product of (75). Namely, (85) for
(s1,...,8) = (ki, ..., kp) is the result of choosing n; from brackets at positions k1, ..., kp
in the right product of (75), to be multiplied by (n; — 1) from the remaining brackets. The
additional summands in an expansion of the right product of (75) are the product of all n’s,
ni - ...-n;, which compensates for an identical product in an expansion of the left product of
(75), we searched for this earlier at Step 1, and finally the product of all (n, — 1)’s which in
turn can be found in the 0’th component (79) of (70)’, on the other side of the equality between
(75) and (70) being proved. Thus we are completely done with the case when there are no 2’s
in(ny,...,np).
e [f the are some 2’s in the sequence (ny, ..., n;):

Case 1. Ift + f>{1,...,r} <r — 1then(83)equalsto

t
_ (H ns,-) . Z(ﬁz{l---r})—l . H (m—1)
i=1 le{1...r}\{s1...5¢}, m#2

ﬁ2{1...r} ﬁz{]...r} ﬁz{l...r} ﬁz{]...r}
() O () e i) )

(86)
In this case we can extend (s1, ..., s¢) to (k1, . . ., kp) in such a way that (1, . .., n,) con-
tains all 2's from (ny, ..., n;). The summand associated with such (kq, .. ., k) is expressed

with the use of (82), in which we have an additional factor 2. That is why expression of type
(81)standing in the top part of (86) has to be added twice, and hence the last 1 in the rightmost
bracket of (86). This expression finally takes the form:

t
_ (H ns,-) Cp@{trh-1 ( H (n — 1)) . (z(tz{l...r}) + 1) ) (87)
i=1

le{1..r}\{s1...5¢}, m#2
Case 2. Ift + o{1,...,r} =r,thatist =r — tix{1, ..., r} we get for (83)

t
_ (H ns, | - 2(ﬁ2{1-~.r})*1 . H (m—1)
i=1 le{1...r}

\{s1...8¢}, m##2

_ ((j:tz{l...r}) N (ﬁz{l...r}) N (jjz{l...r}> . +( #{1...1} ))
0 1 2 tfl...r}—1

(88)
In other words, outside the subsequence (ns,, ..., ns,) there are only 2’s in the sequence
(nq, ..., n;).Every summand associated with (kq, .. ., k,) produced out of such (sy, .. ., s¢)
is expressed with the use of (81). Note that in the case of only one 2 in (ny, ..., n;) the sum

of binomials contains only ((])) The sum (88) takes the final form:
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t
_ (H ns,-) Lo((1rh)=1 < H (m — 1)) . (Z(ﬁz{l..‘r}) . ])
SN

S1...5¢}, MFE2

t
= — <H ns,-) L o(Ea{lrh=1 < H (n — ])) . (2(u2{1..‘r}) + 1)
lef1..r]\{

i=1 S1...5¢}, M#2

t
+ <H ns;) L o(Eaflr)) < H (n — -1)) (89)
i=1 le{1..r}\{s1...5¢}, m#2

The reader should realize, that the Case 2 occurs only once, when (sq, ..., s¢) is of maximal
length. Then we get an additional component, the second part of (89). In general we add ex-
pressions like (87), over all possible nonempty sequences (sq, . . ., S;), thatis over all t ranging
from1tor — (§2{1...r}).So let us first concentrate on them.

As in the case without 2’s in (nq, . . ., n,) we note that any expression like (87) has its coun-
terpart in the right product of (76). Again it is a matter of choosing brackets from which we take
n;’s, at the positions corresponding to the positions of s, . . ., s¢ in the increasing subsequence
(k : ng > 2)of (1,...,r). Note that in this process we also deal with the situation when all
n, > 2 are used in (87), in fact in the 'standard’ part of (89) ((s1, ..., S¢) of maximum length,
Case 2 above), which corresponds to taking only n;’s from brackets in (76).

What remains in an expansion of (76) are the values:

_ ( H (m — 1)) Lo (Efl.rh—1 (2(ﬁ2{1-~f}) + 1) and (90)

le{1...r}, nj>2

1 (91)

le{1...r}

where the last product was mentioned as unexplained at the end of Step 1.
On the other side, in (70)’, we have still left the right part of the Oth component (79) of (70)’,
which can be written as:

- < H (n — 1)) . Z(ﬁz{l‘..r})q’ o)
lef

1..r}, nj>2
the additional component in (89) occurring only for (s, . . ., s¢) of maximum length, therefore
written as
( H ”l) . 2(ﬁ2{1---r})’ (93)
{l: nj>2}
and finally all summands in the left parts (80) forp = 1, ..., r — 1 which are associated with
sequences (k1, . .., kp) such that there are only 2’s in (n,, . . ., nkp). We add these summands
in Step 3 which completes the proof.
Step 3. The expression under the sum in (80), in case of (kq, ..., k,) such that (n,, ..., nkp) =
(2,...,2),takes the form
[ ]
20T T (= 1) (94)
{l: nj>2}
if the number of 2's in (nq, ..., n;) is greater than p,
[ ]

g (Ea{lrh—1 ( H (n — 1)) .2 (95)

{l: nj>2}
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if the number of 2’sin (n1,...,n;) isequaltop,p = (H#2{1...r}). This is again caused by
the definition of #,. In this case 2(®2{1--"\{ki--ko}) j5 equal to 2 while there are no 2's among my,
indexedby k € {1...7}\ {ki...kp}.

Now we calculate how many summands of this type can be found in the sum of all the right
parts (80). It is assumed that at least one 2 can be found in (ny, ..., n;). The other case has been
completely resolved in the paragraph following formula (85).

® For p = 1 the number of summands is equal to (m“]‘“r}), the number of ways we choose a

one element subsequence, containing only 2’s, from (nq, ..., n.). We use (95) for a summand
if there is only one 2 in (ny, ..., n;), otherwise we use (94).

® Forp = 2 the number of summands is either O if there is only one 2 in (ny, ..., n;),or (12{12‘"”),

we choose a two element subsequence this time. We use (95) for each summand if there are
only two 2’s in (ny, ..., n;), or we use (94) if there are at least three.

fa{1...r}

tz{l-»-f}) and we of course use formula (95)

® Forp = f,{1...r} the number of summands is (
for this single summand.

We add all the considered summands below, where the negative sign is inherited from (80). In
the first sum we still use the form of a summand originating from (80):

_ Z <nk1 Ty - o {1l N\l kp ) =1 H (n — 1))

le{1...r}\{k1...kp}

. 8{1...1} {1...1)

{l: nj>2}

fa{1... r}) )
+..+ +1 (96)
(ﬁz{] N T}
where the last 1 is the result of applying formula (95), with that additional multiplication by 2,
to the single summand for p = #,{1...r}. The final result is thus:

_ ( H (m — 1)) pEflrh=1 5l (97)

{I: nj>2}
This is the end. What is left for us to say is that:

® (97) together with (92), both within (70)’, compensate for (90) being part of (76).
® (93), a part of (70), is equal to (91) coming from (76). O

Our calculation of the bound (73, 74) on the generalized defect D(U) of U given by (3) is based on the
formula for the dimension of My given by Theorem 4.2, which in turn is based on the decomposition of
My into direct sum components provided by Theorem 3.12. As far as the case with no 2’s in the sequence
of sizes (ny, ..., n;) is concerned, we can use a simpler reasoning leading to the corresponding bound
(73). To this end let us consider the following lemma, in which we use spaces defined in (69).

Lemma 5.5. Let U and V be unitary matrices of size N x N and M x M, respectively. Let R € Vy and
S € Vy, where R, S are real matrices of the size identical with that of U, V, respectively.
ThenR® S € Vygy.

Proof. From the assumptions there holds
iRoU = EU and iSoV = FV (98)
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for some antihermitian matrices E, F. Then

(iRoU)® (iSoV)=—-R®S)o(URV)=EUQF/ = (EQF)(URYV) (99)
from which we get
iR®S)o(URV)=(-IEQF)(U®YV), (100)

where (—iE ® F) is antihermitian because E @ F is hermitian. SOR® S € Vygy. O

Therefore, if (Ri(l<))i:1._.D(U<l<>)

D(U“)) . D(U(r)) independent vectors within V) g,...qum . Hence:

are bases for Vjw, k = 1...r, then Ri(ll) R Ri(rr) form a set of

Corollary 5.6. For a Kronecker product of unitaries (3) the generalized defect is supermultiplicative:

D(U(1)®~-~®U(r)) > pUMy.....pU"). (101)

The above mentioned set Ole-(ll) ® - ® R,-(rr) needs not to be a basis for V;1)g,...gyn . For example,
for the 2 x 2 unitary Fourier matrix:

Eo L1 (102)
2T V2 14

we have that D(F, ® F,) > D(Fy) - D(F),asD(F, ® F;) = 10and D(F,) = 3.
The space V) constructed for a unitary U® of size ny x ny contains at least 2n;, — 1 independent

real matrices, denoted further by Rl-(k), i=1...02ng — 1), which are all zero matrices except for the
Ith row or mth column filled all with ones, wherel = 1...nyand m = 2... ny. The corresponding

directions iRi(k) o U™ were mentioned at (2) . Thus

D(U(k)) > 2m —1, (103)
and consequently, by Corollary 5.6,

D(u(”@--.@u(”) > @n—1)-...-Qn—1). (104)
This is equal to (73), which is also valid if there is only one 2 in the sequence of sizes (nq, ..., n;).

If there is more than one matrix of size 2 x 2 among U™ in (104) we get a lower bound which is
smaller than the lower bound (74). This is caused by the fact that, for x denoting the number of 2’s in

(nq, ..., np), there holds an equality for natural x > 1:

2702541 > 2-2-1), (105)
which is equivalent to

43 53X X (106)

which in turn is true because, after dividing both sides by (4 — 3) = (3 —2) = 1, on the left the
summands are greater then on the right. So, in this situation, unsplitting the 2 x 2 matrices one by one
fromUD @ --- @ UM isnot a good strategy and it is better to write (by Corollary 5.6 and by (103)):

D (U(l) R--® U(T)) > ( H D (U(k))) D <® U(k)>

ng>2 ng=2

> <H (2ny — 1)) ) (@ U(">> ) (107)

ng>2 ng=2
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It would be interesting to conceive a set of 2¥ ! (2X+1) independent matrices of some elegant structure
within Ve, _, k> where x is the number of 2’s in (nq, ..., n;), so that we could write (we can, but
k=

basing on Theorem 5.4):

D (@ U<">> > 27126 41). (108)

ng=2

(We mean here a guess similar to the above choice of (2n; — 1) matrices Ri(k) in V0 .) This, together
with (107), would provide the bound (74) of Theorem 5.4, probably more directly than with the use of

Theorems 4.2 and 3.12. Definitely, taking the 3* matrices &, —, Rfkk), where factors come from the set

[loa] [0 52}

is, due to (105), not enough.

6. Conclusions

In this article we have achieved two things.
The first seems to be of great importance in numerical calculation of the defect (Definition 2.1) for
large unitary N x N matrices U with a Kronecker product structure. This involves calculation of the

dimension of a certain space My (defined in (10)), effectively in RNZ, spanned by the set My (defined
in (11)), associated with U. It amounts to calculating the column rank of a certain matrix, call it M(U),
built on the entries of U, and can be performed for example by using rank/svd of MATLAB. When U has
a Kronecker product structure, My can be split into a direct sum with a large number of components
(see Theorem 3.12). So, instead of applying the procedure to M(U) we can apply it to a number of its
submatrices. This will make the whole calculation more reliable and may prevent divergence in svd
used in calculation of the rank.

The second thing we have achieved in this work is the calculation, based on the above result, of
the lower bound on the generalized defect D(U) (defined in (68), being the defect plus 2N — 1) when
U is a Kronecker product. The generalized defect is supermultiplicative with respect to Kronecker
subproducts of U (Corollary 5.6) and this allows us to trivially retrieve the lower bound of Theorem 5.4
when the number of 2 x 2 Kronecker factors does not exceed 1. In the other case Theorem 5.4 gives
a better bound than that obtained using supermultiplicativity of D(U). We conjecture that, in either
case, the lower bound is attained by most matrices with a fixed Kronecker product structure (fixed, up
to an order, sequence of sizes of Kronecker factors).

All the formulas, the one expressing the direct sum forming My (see (53)), the resulting one ex-
pressing the dimension of My (see (58)), and the one expressing the lower bound (see (70), in a
compact form (73) or (74)) are valid also when there are 1 x 1 Kronecker factors among those forming
U, yielding the correct values we would get if the 1 x 1 factors were absorbed into larger factors.
This property allows, in calculation of dim(My) or its bound, the use of a procedure requiring a fixed
number of factors, where the 1 x 1 [1]’s can be taken as potentially missing factors to extend a shorter
Kronecker product.

The author believes that the first of the above mentioned achievements will open the way to easier
calculation of the defect for large matrices U with a Kronecker product structure. Such calculations may
be performed in order to assess whether a given U gives rise to a smooth family of inequivalent unitaries
(i.e. not obtained one from another by multiplying rows and columns by unimodular numbers) with

the moduli of entries fixed at the values sitting in [|U; j], j=1..n»and how large its dimension can be.

This is a part of a question about unitary preimagies V to a doubly stochastic matrix I:}Ui’j|2i|ij_1 v

that is about V such that |V;j| = |Uj;| for all i, j. This motivation is wider described in a prequel
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[1] to this paper. A special case, [|Ui,j|2] = [1/N]; j=1.. N, the search for complex Hadamard

ij=1..N
matrices, attracts even more interest, and it was discussed in Section 1.
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