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MATRICES WITH NORMAL DEFECT ONE

DMITRY S. KALIUZHNYI-VERBOVETSKYI, ILYA M. SPITKOVSKY
AND HUGO J. WOERDEMAN

(Communicated by L. Rodman)

Abstract. A nx n matrix A has normal defect one if it is not normal, however can be embedded
as a north-western block into a normal matrix of size (n+1) x (n+1). The latter is called
a minimal normal completion of A. A construction of all matrices with normal defect one is
given. Also, a simple procedure is presented which allows one to check whether a given matrix
has normal defect one, and if this is the case — to construct all its minimal normal completions.
A characterization of the generic case for each n under the assumption rank(A*A —AA*) =2
(which is necessary for A to have normal defect one) is obtained. Both the complex and the
real cases are considered. It is pointed out how these results can be used to solve the minimal
commuting completion problem in the classes of pairs of n x n Hermitian (resp., symmetric, or
symmetric/antisymmetric) matrices when the completed matrices are sought of size (n+1) x
(n+1). An application to the 2 x n separability problem in quantum computing is described.

1. Introduction

A matrix N € C"™" is called normal if N*N = NN*. For a non-normal A € C"*"
it is natural to inquire what is the smallest p € N such that A has a normal completion

[A *] e ¢lrtp)x(ntp). (1.1)
k%

This smallest p is called the normal defect of A, denoted nd(A), and a normal comple-
tion of size (n+nd(A)) x (n+nd(A)) is called minimal.

The normal completion problem as above was introduced in [12], and it was ob-
served there that among completions (1.1) there exist those being scalar multiples of
a unitary matrix. The smallest value of p required for such a completion is called
the unitary defect of A, denoted ud(A), and the corresponding completions are called
minimal unitary completions of A. In fact, ud(A) is simply the number (counting the
multiplicities) of the singular values of A different from ||A||, and is therefore strictly
less than n. Moreover, it was shown in [12] how a minimal unitary completion of A
can be constructed using the singular value decomposition (SVD) of A. Obviously,
nd(A) <ud(A).
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It is easy to find examples of matrices with nd(A) < ud(A). For instance, if A is
normal and not a multiple of a unitary matrix then nd(A) = 0 < ud(A). However, in
all such examples known until recently, the matrix A was unitarily reducible, that is,
unitarily similar to a block diagonal matrix with more than one block. It is then natural
to ask (see [12] and a further discussion in [8]) whether the equality nd(A) = ud(A)
holds for all unitarily irreducible matrices A € C"*"*. We will show in Examples 2.23
and 2.24 that this question has a negative answer.

In this paper, we study matrices with normal defect one and their minimal normal
completions. We notice some appearances of these matrices in the literature: the rela-
tions between the spectra of such matrices and of their minimal normal completions,
along with applications to the location problem for the roots of a complex polynomial
and its derivative, were considered in [9]; it was shown in [8] that weighted shift matri-
ces with unimodular weights have normal defect one.

All matrices A with normal defect one must satisfy

rank(A*A — AA*) =2 (1.2)

(see Corollary 2.6), which throughout the paper will be referred to as the rank condition.
The manifold of n x n matrices satisfying (1.2) will be denoted 9,, .

For 2 x 2 matrices, the unitary defect is at most 1. Therefore, any non-normal
matrix A of size 2 x 2 has normal defect 1, and the (necessary) rank condition is also
sufficient for nd(A) = 1. The sufficiency of the rank condition takes also place for
3 x 3 matrices (Corollary 2.11), while for larger matrices it is not always the case, see
Example 2.12.

In Section 2, we obtain several equivalent characterizations of matrices A € C"*"
with nd(A) = 1. One of them (Theorem 2.1) serves for construction of all matrices A
with nd(A) = 1. Another one (Theorem 2.3) is used to describe a procedure which al-
lows one to check whether nd(A) = 1, and if this is the case — to construct all minimal
normal completions of A; see Section 2.2. Finally, the characterization in Theorem 2.4
becomes handy when solving a separability problem originated in quantum computing;
see description of Section 5 below. Section 2.3 provides a further analysis which allows
us to refine the procedure from Section 2.2 and to describe the generic situation for each
n under the assumption that rank condition (1.2) holds.

The minimal normal completion problem in the setting of real matrices is treated
in a separate Section 3. The real counterpart of the normal defect of a matrix A €
R™*" denoted rnd(A), is defined. We show that rnd(A) = 1 if and only if nd(A) = 1.
(The question on whether rnd(A) = nd(A) for an arbitrary A € R**" remains open.)
However, the results in the real case are not immediate consequences of their complex
counterparts, and required an additional study. The real counterpart of Theorem 2.1 is
obtained for matrices A € R"™™" of even size n only, while a construction of all real
matrices with rnd(A) = 1 in the case of odd n is left as an open problem. The real
analogue of Theorem 2.3, as well as the procedure for verification that rnd(A) = 1 and
for construction of all minimal real normal completions, have a slightly different form
which splits into two cases. The generic situation in each matrix dimension is also
described, however in the real case the analysis happens to be more straightforward
than its counterpart in the complex case.
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In Section 4, we show how to restate our results from Sections 2 and 3 in terms
of commuting completions of a pair of Hermitian (resp., symmetric and antisymmet-
ric) matrices, where the completed matrices are also Hermitian (resp., symmetric and
antisymmetric). The results for pairs of Hermitian matrices are used then to solve an
analogous problem in the class of pairs of symmetric matrices.

In Section 5, we use the connection between the normal completion problem and
the 2 x n separability problem, that was established in [13], to obtain Theorem 5.1
which gives easily verifiable necessary and sufficient conditions for a positive semidef-
inite matrix M € C?*?" with a rank one Schur complement to be 2 x n separable.
Moreover, a new proof is given for the result by Woronowicz [14] (see Theorem 5.2),
which establishes, for n < 3, the 2 X n separability for a positive semidefinite matrix
M € C?™2" satistying the Peres test.

2. The complex case

2.1. Construction of matrices with normal defect one.

THEOREM 2.1. Let A € C"™" be not normal. The following statements are equiv-
alent:

(i) nd(A) =1

(ii) There exist a contraction matrix C € C™" with ud(C) = 1, a diagonal matrix
D € C"™", and a scalar yu € C such that

A=CDC* + ul,. 2.1)

(iii) There exist a unitary matrix V. € C"", a normal matrix N € C"™", and scalars
t: 0<t <1, ue€C suchthat

V*AV = MNM + ul,, 2.2)
where M = diag(1,...,1,1).

Proof. (i)<=>(ii) Let nd(A) = 1, and let [;}k )ZC] e Ct)x(+1) pe a minimal

normal completion of A. Then there exist a diagonal matrix A € C"*", a scalar u € C,

and a unitary matrix U = {UU Ulz] e CrtDx(n+1) such that
Uz Ux
{A x} _ [Ull U12} [A 0} [Ul*l 92*1} . (2.3)
V' z Uyt Upz| |0 u] U, U
The latter equality is equivalent to the following system:
A = Un AU, + uUnUs = Upy (A — ul) U7, + uly, (2.4)
X = U11AU2*1 +HU12U22 = U]l(/\ [JI )U2*17 (25)
v = U21AU1*1 +,LLU22U1*2 =Un(A—u n)Ullv (2.6)
z = Uy AUy, + uUpUs = Uy (A — ul,)Us; + . 2.7
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Setting C = U;; and D = A — ul,, we obtain (2.1) from (2.4).
Conversely, if (2.1) holds, we set U;; = C, A = D+ ul, and obtain (2.4). For
U= [Un U2

a minimal unitary completion of C, we define x,y € C" and z € C
Uz Un

by (2.5)—(2.7). Then (2.3) holds, i.e., the matrix {;‘ ﬂ e CltDx(+1) s a normal

completion of A, and thus ndA = 1.

(ii) <= (iii) If (ii) holds, let C = V diag(l,...,1,1)W* be the SVD of C (here
V,W € C"" are unitary, 0 <t < 1, and M = diag(1,...,1,#) € C""). Then, clearly,
N = W*DW is normal, and (2.2) follows.

Conversely, if (2.2) holds, then N = W*DW with D diagonal and W unitary.
Clearly, for C = V diag(1,...,1,£)W* we have ud(C) = 1, and (2.1) follows. [

REMARK 2.2. Observe that the matrix A given by (2.2) happens to be normal if
and only if the product MNM is normal, that is

MNM?>N*M = MN*M*NM. (2.8)
Since N itself is normal, (2.8) holds if and only if
MNZN*M = MN*ZNM, (2.9)

where Z = diag(0,...,0,1). Partitioning N as

_ |No g
v=[ied]

where « is scalar, and rewriting (2.9) block-wise, we see that it is equivalent to
gg* =hh*, toh=rdg.

These conditions mean simply that g differs from & by a scalar multiple of absolute
value one and, if o # 0, this scalar must be o/@. Consequently, A is not normal if
and only if this is not the case.

Observe also that if # £ 0 (so that M is invertible) and N is also invertible, then
(2.8) can be written as

M>N*N-' = N~IN*M2. (2.10)

But N is normal, so that N* commutes with N~!. Condition (2.10) therefore means
simply that N*N~! (= N"!N*) commutes with M. In other words, A in this case is
normal if and only if e, := col(0,...,0,1) is an eigenvector of N*N~!'. In turn, this
happens if and only if e, belongs to the sum of eigenspaces of N with the correspond-
ing eigenvalues lying on the same line through the origin.

Representation (2.1) or (2.2) in Theorem 2.1, together with Remark 2.2, allow one
to construct all matrices A with nd(A) = 1. However, as we mentioned in Section 1,
this does not give an easy way to check whether a given matrix has normal defect one.
A procedure for this is our further goal.
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2.2. Identification of matrices with nd(A) =1 and construction of all minimal
normal completions of A

In the following two theorems, we establish necessary and sufficient conditions
for a matrix A to have normal defect one, and for any matrix A with nd(A4) = 1 we
describe all its minimal normal completions. Here and throughout the rest of the paper,
weset T={zeC: [z] =1}.

THEOREM 2.3. Let A € C"". Then
(i) nd(A) =1 if and only if rank(A*A — AA*) =2 and the equation
PA*(x1uy + xoup) = PA(Xou; + X uz) (2.11)
has a solution pair x\,x; € C satisfying

x| = |x)? =d. (2.12)

Here uy,up € C" are the unit eigenvectors of the matrix A*A — AA* corresponding to
its nonzero eigenvalues Ay = d(> 0) and Ay = —d, and

P=1,—uuj —uyu}
is the orthogonal projection of C" onto null(A*A — AA™).
(i) If nd(A) =1, x1 and x; satisfy (2.11) and (2.12), and p € T is arbitrary then

the matrix
_ *A ) w(xyuy +xoup) (2.13)
[ (deaui + x1143) z
is a minimal normal completion of A. Here
1
i=an = (x2(a12X1 — @a1x2) +x1(@12x1 — a21%2)) (2.14)
and
ajp = ujAuy, app =ujAuy, ax = usAuy. (2.15)

All minimal normal completions of A arise in this way.

THEOREM 2.4. Let A € C"*". Then nd(A) = 1 if and only if there exist linearly
independent x,y € C" such that

A'A —AA" = xx* —yy* (2.16)

and the vectors x,y,A*x,Ay are linearly dependent. In this case, there exist z € C and
v € T such that the matrix
B—= {A Vx} 2.17)

'z

is normal.
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In order to prove Theorems 2.3 and 2.4 we will need several auxiliary statements.

LEMMA 2.5. Let A € C"™". Then nd(A) = 1 if and only if there exist linearly
independent vectors x,y € C" satisfying (2.16) and a scalar z € C such that

(A—zl,)'x = (A—zl)y. (2.18)

Proof. 1f nd(A) =1 then there exists a normal matrix B = ;4* )ZC € Clrt)x(n+1),

The identity B*B = BB* is equivalent to (2.16)&(2.18) (the identity x*x = y*y follows
from (2.16) since trace(A*A — AA*) = 0, and is therefore redundant). Clearly, x and y
are linearly independent, otherwise the right-hand side of (2.16) is 0 and A is normal.

Conversely, if x,y € C" are linearly independent, z € C, and (2.16)&(2.18) hold

then the matrix B = [;4* ﬂ e CtDx(+1) jg normal. Since the right-hand side of

(2.16) is not 0, the matrix A is not normal, thus nd(A) =1. O

COROLLARY 2.6. If nd(A) =1 then rank(A*A — AA*) = 2.
If the rank condition is satisfied, one can find the unit eigenvectors u; and up of the
matrix A*A — AA* corresponding to its eigenvalues A = d(> 0) and A, = —d, which
are determined uniquely up to a scalar factor. There is more freedom in a choice of

other eigenvectors us, ..., u,, which form an orthonormal basis of null(A*A — AA™).
Suppose that such vectors are chosen. Then U = [ul up u3 ... un] € C™" is a unitary

matrix, and the matrix A = U*AU satisfies
A*A—AA* =H, (2.19)

where
H = diag(d,—d,0,...,0) € C"". (2.20)

LEMMA 2.7. Ifg € C" satisfies (2.19) then A has the form
_ |annanu
A= |ay anvy,
w* g* S
where a;j (i,j =1,2) are scalars,
ay) = axn, (2.21)

and u* v, w*,q* € C"2 satisfy

uu* =qq*, w'=ww*, w*=wq", uw*=vq". (2.22)
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Proof. We have
trace(AH) = trace(AA*A — A’A*) = 0,
which implies (2.21). Then, from the equality
(A*A—AA") 1, =0
we obtain that uv* = wg*. Next, from the observation

trace(A*HA +AHA") = trace(A* (A*A — AA")A + A(A*A — AA*)A¥)

407

— trace(A2A? - AAX"A + AR'AX" — A2A2) = 0

we obtain
u®* —w*+ww* —qq* =0,

and from the equality o
trace((A"A —AA™)33) =0

(where the 33-block is of size (n—2) x (n—2)) we obtain
u* +w* = ww* +qq*.

Combining (2.23) and (2.24), we obtain that uu* = gq* and vw* = ww*.
observation

trace(AHA) = trace(A(A*A — AA*)A)
= trace(AA*A2 — A’A*A) =0
we obtain that uw* =vg*. O

LEMMA 2.8. Suppose that

_|ananu
A= |ayr a1 v| € crr
w* g* S

(2.23)

(2.24)

From the

(2.25)

satisfies (2.19) with H as in (2.20). Then the matrix B = [A x} e Clrtx(ntl) g

V' z

normal if and only if
x =col(x1,x,0,...,0) € C", y=col(y1,y2,0,...,0) € C",

‘x1|2_ ‘X2|2 =d,

=e%%, y=é

for some 0 € R, and the following identities hold:

0—
X1,

(@i —2)x1 +ax2 = (an —2)y1 +any2,
apxy + (an —2)x2 = azyr + (a1 — 2)y2,
wix +vix = why +¢'y,.

(2.26)

(2.27)
(2.28)

(2.29)
(2.30)
2.31)
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Proof. 1t follows from Lemma 2.5 applied to the matrix A as above (see also

Lemma 2.7 which justifies that ay; = a;; ) that nd(A) = 1 and B= [;4 ﬂ e Crt)x(nt1)

*

is a minimal normal completion of A if and only if x and y are linearly independent and
(2.16)&(2.18) hold with A replaced by A. Since in this case H = xx* — yy*, the vectors
x and y have the form (2.26). Indeed, for any vector 2 € C* which is orthogonal to y
and not orthogonal to x, we have

0 # Hh = xx"h € range(H) Nspan(x).

Similarly, for any vector g € C" which is orthogonal to x and not orthogonal to y, we
have
0# Hg = —yy"g € range(H ) Nspan(y),

thus both x and y are in range(H ). Next, the identity H = xx* — yy* holds if and only
if

P = =d = [l =l %=y,
or equivalently, (2.28) holds with some 6 € R. Clearly, (2.18) with A replaced by A,
is equivalent to (2.29)-(2.31). O

A x

*

REMARK 2.9. If A is as in Lemma 2.8 and B = L
z

} e CtDx(n+1) g 4 mini-

mal normal completion of A then so is

)= ol [ (6

for any u € T. Therefore, if x, y and z are as in Lemma 2.8 then the matrix

ai an u eiie/le
any al v efi9/2x2
w* g S 0

e 10/2x, ¢710/2x, 0 z

is a minimal normal completion of A. This observation leads to the following statement.

LEMMA 2.10. Suppose that

_|ananu
A= |ayr a1 v| € crr
w* g* S

satisfies (2.19) with H as in (2.20). Then nd(A) = 1 if and only if there exist x,x; € C
satisfying (2.12) and such that

w'xy +vi =w'n +q*x. (2.32)
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In this case, the matrix
apy app u xy
axy ayp v x
W* q* S O b
X2 X1 0z

(2.33)

where z is given by (2.14), is a minimal normal completion of A.

Proof. The statement follows from Lemma 2.8, Remark 2.9, and the observation
that, if y; =X, and y, = X, then (2.31) becomes (2.32). Solving (2.29) or (2.30)
(which are equivalent in this case) for z gives (2.14). O

Proof of Theorem2.3. (i) By Corollary 2.6 the rank condition, rank(A*A —AA*) =
2, 1is necessary for A to have normal defect one, thus we can assume that this condition
holds. Let u; and u; be the unit eigenvectors of the matrix A*A — AA* corresponding
to its eigenvalues A; = d(> 0) and A, = —d, and let us, ..., u, be an arbitrary or-
thonormal basis of null(A*A — AA*). Define a unitary matrix U = [u; ... u,] € C™*"
and an isometry U’ = [u3 ... u] € C*(n=2) Then

U'vt =P, (2.34)

and the matrix A = U*AU has the form (2.25), where the scalars a;; are defined by
(2.15),

u=ujAU', v=uwAU', w*=U"Au;, q" =U"Au,. (2.35)

According to Lemma 2.10, nd(A) = 1 (and hence nd(A) = 1) if and only if (2.32)
is satisfied with some x,x, € C subject to (2.12). By (2.35), equation (2.32) can be

written as
(U™ A*uy)x1 + (U™ A*up)xo = (U™ Aup) % + (U™ Aun )X .

Multiplying on the left by U’ and taking into account that U’: C"~2 — C" is an isom-
etry satisfying (2.34), we obtain an equivalent equation

u'x; + v = w + qx, (2.36)

with the vectors
uw* =PA'uy, v*=PA'uy, w'=PAu, q"=PAu,. (2.37)
Note that these vectors are defined independently of the choice of u3, ..., u,. Since

(2.36) is equivalent to (2.11), this proves part (i) of this theorem.
(ii) If nd(A) =1 and A is defined as in part (i), then nd(A) = 1. By Lemma 2.10,
for any x1,x; € C satisfying (2.11) (or eqllivalently, (2.32)) and (2.12), the matrix in

(2.33) is a minimal normal completion of A. By Remark 2.9, so is
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app app u Uxy

5 _ | a2 ain v uxp

B= g S 0| (2.38)
ux; ux; 0 z

with an arbitrary u € T. By Lemma 2.8, all minimal normal completions of A arise
in this way. Since A = U*AU and U is unitary, all minimal normal completions of A
have the form

B Uo B Uu*o| A w(xyuy +xoup)
|01 0 1]  [E(xouf+xiub) z

)

where B is any of the matrices defined in (2.38). This proves part (ii). [

Proof of Theorem 2.4. If nd(A) = 1 then there exists a normal matrix

*

B [A x} Clrt D),

By Lemma 2.5, (2.16) holds and A*x —zx = Ay — zy, i.e., x,y,A*x,Ay are linearly de-
pendent.

Conversely, suppose that A*A — AA* = xx* — yy* is satisfied with some linearly
independent vectors x,y € C", and the vectors x,y,A*x,Ay are linearly dependent.
Clearly, in this case rank(A*A —AA*) = 2. Choose an orthonormal eigenbasis u, ..., u,
of the matrix A*A — AA* and define a unitary matrix U = [u ... u,] as in the proof
of Theorem 2.3. By Lemma 2.7, the matrix A =U*AU has the form (2.25). Define
new linearly independent vectors x = U*x, y = U*y. Then A*A — AA* =Xx* —yy*. As
in the proof of Lemma 2.8, we conclude that (2.26)-(2.28) hold Withj and y in the
place of x and y. Since x,y,A*x,Ay are linearly dependent, so are X,y,A*X,Ay, i.e., the
matrix

o X1 Y1 @nxi +axx2 any; +and,
[XVA*X AY] = |%2 ¥2 @o¥1 +an% anyi +any: | € ¢4
00 uxi+vx, wy+qgm
has rank less than 4. Therefore u*x; 4+ v*x; and w*y| + ¢*y, are linearly dependent.
The identities y; = ¢/%X, and y5 = /%% , together with the first three identities in (2.22),
imply that there is ¢ € R such that

WX+ V% = (W +q7)e? = (W +q'%))e 09,
) 0+ __.6+0 )
Putting x =177 and xJ =X¢""7 , we obtain
w'x) +vd = wE + g

By Lemma 2.10, nd(A) = 1, and therefore nd(A) = 1.
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The last statement of the theorem is obtained as follows. Let
X" =col(x,x9,0,...,0), »°=col(x},x0,0,...,0),

and )
z=di] — 7 (xg(alg)_c(l) —521)68) +x(1)(512x(1) — a21)_c(2)))

_ 0
(see (2.14)). By Lemma 2.10, the matrix B = [ ‘g* * } is a minimal normal completion
vz

A X0 (A eTx
yO* z y* z

is a minimal normal completion of A, i.e., we obtain (2.17) with v = e . 0

of A. Then
u* 0
0 ei97¢

U 0
B= 00

0 ¢

Applying Theorem 2.4 to 3 x 3 matrices, we obtain the following.

COROLLARY 2.11. A matrix A € C¥*3 has normal defect one if and only if

rank(A*A —AA*) = 2.

Proof. The necessity of the rank condition has been established in Corollary 2.6.
The sufficiency follows from Theorem 2.4, since any four vectors in C> are linearly
dependent. [

In the following example, we show that for n > 3 the rank condition (1.2) is not
sufficient for A to have normal defect one.

EXAMPLE 2.12. Let

Note that A (= A) is already of the form (2.25). We have

2000

. . _|0-200
ATA—AAT = 0000

0000

Equation (2.32) in this case takes the form

o[-}

and it has no solutions with |x;|> — [x2|?> =2 > 0. Thus, by Lemma 2.10, nd(A) > 1.
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REMARK 2.13. If rank(A*A —AA*) =2 and u;,u; € C" are the unit eigenvectors
of A*A —AA* corresponding to the eigenvalues A; = d(> 0) and A, = —d, then the
vectors x = v/du; and y= Vduy satisfy (2.16). Indeed, u#; and u, are orthogonal,

hence linearly independent, and span(uy,u,) = range(A*A — AA™). For arbitrary a,b €
C, we have

(A*A — AA™)(au) + bup) = d(auy — bup) = d(uyui — uaus) (au; + buy),

therefore A*A — AA* = d(uju} —uou}).

However, as the following example shows, these x and y do not necessarily satisfy
the conditions of Theorem 2.4.

EXAMPLE 2.14. Let

1 i

00 7% %

00 1 i

A=11 L V3 V3

V2 2 2

i _V3p 3

P 2 2

Then
1000
ATA—AA" = 00 00| =cre1—ee,

0000

where e; and e, are standard basis vectors, which are the eigenvectors of the ma-
trix A*A —AA* corresponding to its eigenvalues A; =1 and A, = —1. However, the
vectors x = ey, y = ey, A*x = co0l(0,0, %, —%), Ay = c0l(0,0, %, ﬁ) are linearly
independent. On the other hand, we have nd(A) = ud(A) = 1: one of minimal normal
completions of A (in fact, its minimal unitary completion) is

L
00 & L V2
00 1 i -l

1 3 3.

B=|1 & B —Fio
i i - 0
-1v2 0 0 0

We are able now to describe a procedure to determine whether nd(A) = 1 for a
given matrix A € C"", i.e., whether equation (2.11) in Theorem 2.3 has a solution
pair x1,x; € C satisfying (2.12). Moreover, this procedure allows one to find all such

solutions, and then, applying part (if) of Theorem 2.3, all minimal normal completions
of an arbitrary matrix A with nd(A) =1.
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The procedure

Begin

Step 1. Verify the condition rank(A*A —AA*) = 2. If it is satisfied — go to Step 2.

Otherwise, stop: nd(A) > 1.

Step 2. Rewrite (2.11) in the form (2.36), where u, v, w, q are defined in (2.37)

(see Theorem 2.3 for the definition of P, u;, and u;). Let

u=ug+iu, v=vr+ivy, q=qgr+iq;, W= wWg -+ iwy,

T

where uk,ul vE vl gk qF ,wh, wl € R", and let

X1 =Xg1+ixp, X2 =Xxg2+ixp,

where xg1,x71,Xg2,x2 € R. Then (2.36) becomes

XR1

T T T T T T T T
uRT— qRT uIT—i-qIT VRT— WRT VIT+WIT xn
—ul +qI uR +qR _VI +WI VR +WR XR2
X1

=0. (2.39)

Denote

T T T, T o T T 1 T
Q= | e W T T e T
—W; +q; Uy +qg —V; +W; Vp+wp

Find m = rank(Q).

Step 3. Depending on m, consider the following cases.

(1) m=0. Inthis case, u=v=q=w=0, and then (2.36) holds with any x;,x; € C

such that |x;|> — |x;|> = d. Therefore, nd(A) = 1. Go to Step 4.

2) 1 <m < 3. In this case, (2.39) has nontrivial solutions. Let F € R4 (4=m) pe

a matrix whose columns are linearly independent solutions of (2.39). Then x =
col(xg1,x71,Xg2,x12) € R* is a solution of (2.39) if and only if x = Fh, with
h € R, Setting F = [gl] where Fi,Fy € RZ*G=m) write |x;|? — [x2]> > 0
2
as
R (FIF| —FIFy)h > 0.

Therefore, nd(A) = 1 if and only if the matrix K = FTF; — FIF, has at least
one positive eigenvalue. If this is not the case, stop: nd(A) > 1. Otherwise, for
any £ in the level hyper-surface ' Kh = d , define

[xm} _Fh {sz] — ol
X1l X

and thus obtain x| = xg| +iX;1, X2 = Xgo + ixp satisfying (2.36) and such that
%1% = |x2|> =d. Go to Step 4.
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(3) m =4. In this case, (2.39), and hence (2.36), has no nontrivial solutions, and
nd(A) > 1. Stop.

Step 4. For each pair x;,x; € C obtained in Step 3, find minimal normal comple-
tions of A as described by (2.13)—(2.15).

End

REMARK 2.15. If m=1 then K always has a positive eigenvalue and nd(A) = 1.
Indeed, in this case F is a full rank matrix of size 4 x 3. Since null(F,) # {0} and
null(F) = {0}, for a nonzero vector 4 € null(F,) we have

W'Kh=h"FIFh > 0.

EXAMPLE 2.16. It was shown in [8] that for any weighted shift matrix

_Oal 0... 0 T

A= 0
an—1
0. .o 0

with weights a; € T (which is, clearly, unitarily irreducible as having a single cell in
its Jordan form), nd(A) =ud(A) = 1, and for n > 4 all its minimal normal completions
B are also minimal unitary completions and have the form

B= 0
a,,_10
0 ... ...... 0 ¢
pO0......... 0

with {,p € T. Our procedure gives an alternative proof of this result — we leave the
details to the reader as an exercise. We also note that, as was mentioned in [8], for
n =2 or 3 there exist non-unitary minimal normal completions of such weighted shift
matrices. Our procedure gives the full description of these completions B. Namely, for
n=2
0 a J15%)
B=|0 O Uxq
Hxi Hxy @ix3 +aixix;

)
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where 1 € T and x1,x; € C: |x1]> — |x2|? = 1 are arbitrary, and for n = 3

Oa10MXQ
10 0a 0
B=10 0 0 uxl|

ux; 0 ux; O

where u € T and x1,x2 € C: |x1> — |x[3 = 1, @1x2 = ax¥, are arbitrary.

We will present more applications of this method in Examples 2.23 and 2.24.

2.3. The generic case.

The procedure described in Section 2.2, which is based on part (i) of Theorem 2.3,
allows one to check whether a given matrix A € C"*" has normal defect one, and if this
is the case — to solve the system of equations (2.11)—(2.12). Part (i) of Theorem 2.3
describes all minimal normal completions of A. That procedure verifies first the rank
condition, and then uses only the two nonzero eigenvalues, A =d and A, = —d, and
the two corresponding unit eigenvectors, #; and u;, of A*A—AA*. The vector equation
(2.39) in that procedure is equivalent to a system of 2n real scalar linear equations with
4 unknowns.

In this section, we show how the procedure in Section 2.2 can be refined by using
a special choice of the eigenbasis for the matrix A*A — AA*, i.e., a special construction
of orthonormal eigenvectors u3, ..., u, corresponding to the zero eigenvalue. This
additional analysis is rewarded by obtaining a system of n —2 (as opposed to 2n) real
linear equations with 4 unknowns. Moreover, it allows us to describe the generic situ-
ation under the assumption that the rank condition is satisfied. The refined procedure is
based on the following theorem (the proof of which is given later in this section).

THEOREM 2.17. Let A € C™" satisfy the rank condition (1.2) and let u, and
uy be the unit eigenvectors of the matrix A*A — AA* corresponding to its eigenvalues
Al =d(>0) and Ay = —d. Then

(i) There exist orthonormal vectors u3, ... u, € null(A*A — AA*) (and thus the ma-
trix W = [ul u,,] € C™" is unitary) such that the matrix A =W*AW has the
form

_ app app u
A= ay ail vy, (240)
vl s

with a;;’s defined in (2.15).
(ii) nd(A) =1 if and only if the equation
Im(u*x; +v*x) =0 (2.41)
has a solution pair xy,x, € C satisfying

x| = |x)? =d. (2.42)
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(@ii) If nd(A) = 1, x; and x; satisfy (2.41) and (2.42), and u € T is arbitrary then
the matrix B defined in (2.13) is a minimal normal completion of A.

All minimal normal completions of A arise in this way.

REMARK 2.18. The matrix W in Theorem 2.17 can be constructed explicitly, as
will become clear from the proof of the theorem.

Let A € C™" satisfy the rank condition. We define the vectors u*,v*, w* q* €
range(P) C C" by (2.37) (see also Theorem 2.3 for the definition of P, u;, and uy).
Since these vectors can be viewed as the images of vectors u*,v*,w*,g* € C"*~2 under
an isometry so that (2.22) holds (see Lemma 2.7 and the proof of Theorem 2.3), we
have

w* =qq", vw'=ww", uv'=wq", uw’=vq". (2.43)
The first three equalities mean that the linear operator
X: span(u’,v!) — span(q*,w") (2.44)
defined via
X:ul —q, vi—w (2.45)

is a well defined unitary operator. In order to interpret the last equality in (2.43) we need
an intermission for some definitions and results on (complex) symmetric operators and
matrices (see, e.g., [7, Section 4.4]).

For a subspace .7 in C*, denote its complex dual by

H={heCr:hen}.

We will say that a C-linear operator L: 7 — J is symmetric if hT Lg = g Lh (or,
equivalently, (Lg,h) = (Lh,g) in the standard inner productin C¥) forall g,h € . It
is clear that a C-linear operator L: CX — C¥ is symmetric if and only if its matrix in a
standard basis of C¥ is complex symmetric, i.e, L = LT . In general, a C-linear operator
L: 5 — S is symmetric if and only if its matrix in any pair of orthonormal bases
B = {hj}i_, C A and B = {h;}’_| C H is complex symmetric, i.e., (Lhj,hi) =
(Lhi,hj), i,j=1,... k.

We can restate this also in a coordinate-free form. Let ¢4 and 7 be two sub-
spaces in CX. For a C-linear operator L: ¥ — JZ we define its transpose as the
unique C-linear operator LT : J# — & which satisfies h"Lg = g" LTh (or, equiva-
lently, (Lg,h) = (Lh,g)) for all g € 4, h € ). Explicitly, LT h = L*h for every
h € . This, in particular, implies that (LM)" = MTL” for two C-linear operators L,
M . If one interprets a vector h € ¢ as an operator h: C — J# then its transpose h’
can be interpreted as the operator h’ : J# — C, and then the identity K" Lg = g"LTh
can be viewed also as g” LTh = (kT Lg)T . Finally, a C-linear operator L: ¢ — JZ is
symmetric if and only if L =LT .

We also observe that a matrix of a C-linear operator L: &4 — J# in a pair of
orthonormal bases %, and %, and a matrix of LT : .2 — & in the pair of orthonormal
bases %, and %, are transposes of each other.
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LEMI\E 2.19. Let 27 and £ be subspaces in_(Ck such that 7 C £, and let
Y: H — £ be anisometry such that PzzY : 7 — J is a symmetric operator. Then

there exists a unitary and symmetric operator Y: % — 2 such that ?\ w=7Y.

Proof. We have
L=HDYGD N,

where & = range(PrzY) and # = £ © (2 ©9). The Takagi decomposition (see,
e.g., [7]) of the symmetric operator P5zY , in a coordinate-free form, is

PY =UXUT,

where U: Cim() — 37 is a unitary operator such that Uer, ..., Uegim(x) are the
eigenvectors of P3YP5;Y , and X: Cdim(#) _, ¢dim(#) is an operator whose matrix
in the standard ba51s of (Cd‘m( ) is diagonal, with the singular values of PzY on the
diagonal. The operator PzY can be represented as

PZY =V (Ieaimor) — 22)V2UT,
where V: CYm(#) & is a coisometry, with

. 2 a
V|range () —22) range( cdim(#) — X ) -9

Cdlm

unitary. Deﬁne the operator J: Jt/ — J for some pair of orthonormal bases % =
(kY c o, B =R} <O as

dim(%) dim(¢
2 oK; 2 oK), 0u,...,0gim(x) € C.

Clearly, J is symmetric, and the matrix of J in the pair of bases % and % is Lgim(x) -
It is straightforward to verify that the operator

H

B uzuT U(Ipaimor) —Z)V2VT 0] @ &
Y i= | V(I pgimoe) — Z2)V2UT —VZVT 0|: 9 - 9
0 0 J e e

Va4

has the desired properties. [

COROLLARY 2.20. The unitary operator X defined by (2.44)~(2.45) can be ex-
tended to a unitary and symmetric operator X : range(P) — range(P).
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Proof. Since u” v’ € range(P) and q*,w* € range(P) (see (2.37)), the operator
X can be viewed as an isometry X : span(u’,vT) — range(P). The last identity in

(2.43) means that the operator

Ppan(ur vy X : span(u’ ,v7) — span(u*,v*)
is symmetric. Then the statement of this corollary follows from Lemma 2.19, where we
setk=n—2,

A = span(u’ ,v') = span(PATw;, PAT@,),

Y =X and .¢ =range(P). O

REMARK 2.21. It can be shown that the unitary and symmetric operator X in
Corollary 2.20 can be constructed bypassing Lemma 2.19 and using instead the fol-
lowing remarkable theorem from [14]: If A € C"*" and x,y € C" are such that A*A —
AA* = xx* — yy* then there exists an antiunitary involution 1 on C” such that ix =y
and 1At = A*. (A mapping 1: C" — C”" is called an antiunitary involution if 1> = I,
and (1h,1g) = (g,h) for every h,g € C", in the standard inner product in C".) Our
Lemma 2.19 seems to be of independent interest, and can be applied to other problems
as well.

Proof of Theorem?2.17. (i) The operator X in Corollary 2.20, which is constructed
as in Lemma 2.19 for the given matrix A, is symmetric and unitary, and thus has a
Takagi factorization (see [7]) X = GGT where G: C"~? — range(P) is unitary. One
can view G as an isometry G': C"~2 — C" with the same range as G:

range(G’) = range(G) = range(P).

Clearly, the columns us, ..., u, of the standard matrix of G’ are orthonormal, and
hence, together with u; and u;, form an orthonormal eigenbasis of A*A — AA*. We
also have G'G’* = P. We then extend X to the operator X’ = G'G'T: C" — C". The
operator represented by the matrix A in the standard basis of C", in the basis uj, ...,
u, has the matrix

N uj an ai;  ujAG
A= uE A [ul us G/] = any all uEAG’
G"* G"*Auy G™*Auy G*AG

We have
WAG) = GTATu, = G*G'GTATu, = G*X'ATu, = G*X'PATw,
= G/*PAM2 = G/*AI/LQ,
and similarly,
(usAG)T = G'*Auy.

Setting u = ujAG', v =u3AG', S = G*AG', and W = [uj uz u3 ... u,|, we see that
A =W*AW has the form (2.40), which proves part (i).
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(ii) It follows from Lemma 2.10 that nd(A) = nd(A) = 1 if and only if there exist
x1,x; € C satisfying (2.42) such that

wxy v =viE +ulx.
Since the last equation is equivalent to (2.41), this proves part (ii).
(iii) This part is proved in the same way as part (ii) of Theorem 2.3. [

Let u,v € C"~2 be as in Theorem 2.17, u = ug +iuy, v = vg +ivy, where uk, u!
Vlg, VIT eR"™2Z, Let X1 = Xg1 +ixp, X3 = xg2 + ixpp, Where xg1, X711, Xg2, X2 € R.
Then (2.41) can be written as

Ox =0, (2.46)
where
XR1
Q= [—ul u} T V] eR24 0y = ))CCHz € R (2.47)
R
X2

REMARK 2.22. Observe that replacing u, v, w, and q in (2.39) by u, v, v, and
u as in Theorem 2.17 we obtain an equivalent condition, i.e., equation (2.46) replaces
(2.39) with the matrix Q replacing Q. Thus instead of 2n real linear equations with 4
unknowns we obtain n — 2 real linear equations with 4 unknowns. Let m = rank(Q).
Then, for all possible cases of m, the procedure for checking whether nd(A) = 1, and
if this is the case — for constructing all minimal normal completions of A, is exactly
the same as described is Section 2.2, with Q in the place of Q.

We describe now the generic situation for each n, under the assumption that
rank(A*A — AA*) = 2. In other words, we obtain certain topological characterization of
the set of matrices with normal defect one in each matrix dimension.

The generic case

Let A € C™" satisfy the rank condition. Consider the following possibilities for
the value of n, and describe the situation for each case separately.

n=2or n=3 Vectors u, v as in Theorem 2.17 do not arise (when n = 2) or are
scalars (when n = 3). Then m =rank(Q) < 1, and nd(A) = 1 (for the case where
m =1 it follows from Remark 2.15). This gives a new proof of the statement on
2 x 2 matrices in Section 1 and of Corollary 2.11.

n =4 or n=35 In these cases, m < 2 (resp., m < 3). Thus, equation (2.46) (see also
(2.47)) has nontrivial solutions. Both the situation where the matrix K, con-
structed from Q instead of Q, has at least one positive eigenvalue (in which case
nd(A) = 1) and where K has no positive eigenvalues (in which case nd(A) > 1)
occur on sets with nonempty interior in the relative topology of the manifolds
My and M5 (see page 402 for the definition of M, ).

n > 6 In this case, generically m = 4, thus (2.46) has no nontrivial solutions. There-
fore, generically nd(A) > 1. Still, there are matrices A with nd(A) = 1, which
can be constructed, e.g., using Theorem 2.1 and Remark 2.2.
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2.4. Normal defect and unitary defect

In this section, we give two examples which show that the question in [12] (see
also [8]) asking whether nd(A) = ud(A) for any unitarily irreducible matrix A has a
negative answer. In the first example, A has a single cell in its Jordan form, and in the
second example, A has three distinct eigenvalues. We also present all minimal normal
completions of A in both examples.

EXAMPLE 2.23. Let

100
A= 1011
101
Then
201 101
A*fA=1011|, AA*=(021],
112 112
and
100
AT A—AA*"= |0-10
000

Clearly, the rank condition holds. It follows from Corollary 2.11 that nd(A) = 1. Since
the only eigenvalue of A is 1, and A —1 is nilpotent of order 3, A has a single cell in
its Jordan form, and hence A is unitarily irreducible. The characteristic polynomial of
A*A is

p(A)=2-2A)*(1—A)+21—-3.

We have p(0)=1>0, p(1)=—1<0, p(2)=1>0, and p(4) = —7 < 0. Therefore,
p(A) has three distinct roots, in intervals (0,1), (1,2), and (2,4), i.e., A has three
distinct singular values. Therefore, ud(A) = 2. We also observe that A has the form
(2.40). The procedure described in Section 2.2 together with Theorem 2.3 (or its refined
version described in Remark 2.22 together with Theorem 2.17) gives that all minimal
normal completions of A have the form

1 0 Ouxl
o 0 1 I‘LL)CZ
B= 1 010}|°

uxo pux; 0 1

with arbitrary pu € T, and x; € C, x, € R satisfying |x;|*> —x3 = 1.

EXAMPLE 2.24. Let
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Changing the basis, we obtain A =U*AU , Where

0 01
11
Uv=|v "
R
is unitary and
3 i L
i 1
A= |7 3 f
= A N
11
IR
satisfies
o 300
ATA—AA*= |0 -30
000

Clearly, rank(A*A — AA*) = rank(A*A — AA*) = 2. By Corollary 2.11, nd(A) = 1. We
also observe that A has the form (2.40). The matrix A is unitarily irreducible. Indeed,
matrices

010 000
Re(A)= (101 and Im(A)= (000
010 003

do not have common eigenvectors. Next we show that ud(A) = 2. The characteristic
polynomial of A*A,

P2y =(1-1)-2) (3 -2)+ FA- 5

has values p(0) =2 >0, p(1)=—-1<0, p(2) =2 >0, p(5) = =9 < 0. Therefore,
p(A) has three distinct roots, in intervals (0,1), (1,2), and (2,5), i.e., A has three
distinct singular values. Thus, ud(A) = 2. Note that in this example A has three
distinct eigenvalues, A} =i, Ay = @, Ay = @. The procedure described in
Section 2.2 together with Theorem 2.3 (or its refined version described in Remark 2.22
together with Theorem 2.17) gives that all minimal normal completions of A have the
form

T i 7 w(hy +ih3)
~ . i ﬁ p(ha —ih3)
B= L L 0 0 ’
V2 V2 , .
Ti(hy — i) T(hy + i) O h1h3+5h2h3+lg3—2h1h2+2h2)

with arbitrary u € T, and hy,hy,h3 € R: h% — h% = 3. Correspondingly, all minimal
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normal completions of A have the form

0 1 0 0
hi+hy
1 0 1 e
B= 0 3; 2h3+i(hy—hy)
2 =7
0 —hi+hy —2h3+i(h2—h1) hlh3+5h2h3+i(372h1h2+2h%)
e e ;

3. The real case

Let A € R™". We define the real normal defect of A, tnd(A), as the smallest
nonnegative p such that a matrix [Ii j e RtP)x(n+P) js normal (such a matrix with

the minimal possible p is a minimal real normal completion of A). It is clear that
md(A) > nd(A).
We also define the orthogonal defect of A as the smallest nonnegative s such that

. |A . . . .
a matrix | - | € R(#+)%(n+5) is a multiple of an orthogonal matrix (such a matrix

with the minimal possible s is a minimal orthogonal completion of A). In fact, the
orthogonal defect of A coincides with ud(A), so that it does not require a separate
notation. Indeed, since a minimal orthogonal completion of a real matrix is obtained
using the same construction as for a minimal unitary completion (see [12]), the only
difference being that the real SVD is involved, the size of this minimal orthogonal
completion is the same as for a minimal unitary completion.

Clearly, rnd(A) < ud(A). We will show later (Example 3.5) that there exist or-
thogonally irreducible matrices A for which the strict inequality takes place.

3.1. Construction of real matrices of even size with real normal defect one

The following theorem is an analogue of Theorem 2.1 for the case of real n x n
matrices with n even.

THEOREM 3.1. Let A € R"™", where n =2k, be not normal. The following state-
ments are equivalent:

(i) md(A) =1.

(ii) There exist a contraction matrix C € R™" with ud(C) = 1, a block diagonal
matrix D € R™" of the form

D:dlag<|: “ Bl:l IR |: w B/:| 7a2/f+17"'aa2k)a (31)

—B1 o —Br oy
and a scalar p € R such that

A=CDCT + ul,. (3.2)
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(iii) There exist an orthogonal matrix V € R™"  a normal matrix N € R™", and
scalars t,u € R, with 0 <t < 1, such that

VTAV = MNM + ul,, (3.3)

where M = diag(1,...,1,1).

Proof. (i)<=>(ii) Let rnd(A) = 1, and let LI’AT )ZC € RO+Dx(n+1) be 4 minimal

real normal completion of A. Then (see, e.g., [4, Section IX.13]) there exist a block
diagonal matrix A € R"*" of the form

- e P e e
A=d
1ag <|:_ﬁ1 Hl:| ) ) |:_B€ H€:| yM20+15 nu’2k> ’

011 O12
031 02

[A x:| _ [011 012] |:A O:| [OITI 0;] (3 4)
vz 021 O] |0 u| |0], Ox|" ’

Here we used the fact that n is even, and thus the (n+ 1) X (n+ 1) real normal matrix

ascalar u € R, and an orthogonal matrix O = [ ] € RO+1x(n+1) guch that

[;\T ﬂ has at least one real eigenvalue. The last equality is equivalent to the following

system:
A = 011AO]| + 101,01, = 011 (A— ul,) 07, + uly, (3.5)
x = 011A05; + u01202 = Oy (A HI )07, (3.6)
= 021A0]| + 10201, = 021 (A — ul,) 0]}, 3.7)
2 = 021A03 + 03, = Oy (A— ul,) 0%, + . (3.8)

Setting C = Oy and D = A — ul,, we obtain (3.2) from (3.5).
Conversely, if (3.2) holds, we set 01 = C, A = D+ ul, and obtain (3.5). For

0= [0“ 012} a minimal orthogonal completion of C, we define x,y € R" and ze R
22

by (3.6)—(3.8). Then (3.4) holds, i.e., the matrix [yAT j e R+Dx(+1) 5 a real normal

completion of A, and thus rnd(A) = 1.

(i) <= (iii) If (ii) holds, let C = Vdiag(1,...,1,1)WT be the SVD of C (here
V,W € R™" are orthogonal, 0 <7 < 1, and M = diag(1,...,1,7) € R™"). Clearly,
N = WTDW is normal, and (3.3) follows.

Conversely, if (3.3) holds, then N = WTDW with D block diagonal of the form
(3.1) and W orthogonal. For C =V diag(1,...,1,t)WT we have ud(C) = 1, and (3.2)
follows. [
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REMARK 3.2. Remark 2.2 can be restated in the real case as follows. The matrix
A of even size, given by (3.3), is not normal if and only if, in the matrix

_|No g
v= i &)

partitioned so that o is scalar, g # h and, in the case where rox = 0, also g # —h.
Moreover, if both M and N are invertible then A is not normal if and only if the
standard basis vector e, is not an eigenvector of N'N~!. The statement in the last
sentence of Remark 2.2 is, in general, not valid in the real case.

Open problem: What is an analogue of Theorem 3.1 for the case of odd n?

In the case of even n, similarly to the complex case, representation (3.2) or (3.3)
in Theorem 3.1, along with Remark 3.2, allow one to construct all matrices A with
rnd(A) = 1. However, this does not give a way to check whether a given real matrix
has real normal defect one. A procedure for this is our further goal.

3.2. Identification of matrices with rnd (A) = 1 and construction of their minimal
real normal completions

The following theorem is the real counterpart of Theorem 2.3.

THEOREM 3.3. Let A € R™". Then
(i) md(A) =1 ifand only if rank(AT A — AAT) = 2 and at least one of the equations
(PATu; — PAuy)x; + (PATuy — PAuy)x; =0, (3.9)
(PATuy 4 PAus)xy + (PAT uy 4 PAuy)x; =0, (3.10)
has a solution pair x1,x; € R satisfying
¥ —x=d. (3.11)
Here uy,uy € R" are the unit eigenvectors of the matrix ATA — AAT corresponding to
its nonzero eigenvalues Ay = d(> 0) and Ay = —d, and

P=1I,—ujul —uul (3.12)

is the orthogonal projection of R" onto null(ATA — AAT).

(ii) If rnd(A) = 1 then at least one of the following cases occurs:
Case 1. If x| and x, satisfy (3.9) and (3.11) then the matrix

A . X1up + xoup (3.13)

B, =
x2uf +x1uy Z
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is a minimal real normal completion of A. Here

z=ai1 — —=x1 —|—x2)(a12x1 — a21x2) (3.14)

L
and
_ T _ T _ T .
ayl =ujAuy, ap=ujAuy, ax =uyAur; (3.15)

Case 2. If x| and x, satisfy (3.10) and (3.11) then the matrix

A XU +xaup
B, = 3.16
2 —)Qu{ —X1u2T Z ( )
is a minimal real normal completion of A. Here
1
z:a11+3(x1 —x2)(arpx1 + azixo) 3.17)

and a;;’s are defined by (3.15).

Any minimal real normal completion of A arises in this way, i.e., either as in Case 1 or
as in Case 2 above.

Proof. Since rnd(A) =1 implies nd(A) = 1, it follows from Corollary 2.6 that the
rank condition is necessary for rnd(A) = 1. For real A it takes the form rank(ATA —
AAT) =2. Without loss of generality, we can assume that the rank condition is satisfied.
Then we find the unit eigenvectors u1,u; € R" of the matrix ATA —AA” corresponding
to its eigenvalues A} = d(>0) and A, = —d. Let u3, ..., u, be an orthonormal basis
for null(ATA — AAT). Then U’ = [u3 ...,u] € R"("=2) is an isometry, and

U'u'T =P, (3.18)

where P is defined in (3.12). The matrix A= UTAU , where U = [u1 u,,] is orthog-
onal, has the form
_ |ananu
A= ary a1 v (319)
wl g" s

(the identity a1y = ul Auy = ul Au, is established in the same way as in Lemma 2.7).

As in Lemma 2.8, we obtain that d(A) = 1 (and therefore, rnd(A) = 1) if and only if
there exist x1,x2,y1,2,2 € R such that the matrix

app dp u xy

5_ |aranvx (n+1)x (n+1)
B= |7 ot 0| € (3.20)
yi y2 0z
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is normal if and only if there exist x1,x2,y1,V2,z € R such that

(a11 —2)x1 +azx2 = (a1 —2)y1 +anys, (3.21)
apxy + (a1 —2)x2 = anyr + (a1 — 2)y2, (3.22)
uTx1 + vTxg = wTy1 +qu2, (3.23)
M-=y-x=d (3.24)

X1X2 = Y12 (3.25)

It follows from (3.24) and (3.25) that either y; =x3, yo =x1 or y; = —xp, y» = —X].
We will consider these two cases separately.
Case 1: y; = x», y» = x;. Identities (3.21)—(3.24) become

(a11 —2)x1 +azxx = (a1 —2)x2 +apxy, (3.26)

apx) +(ay —z)x2 = axxy + (a1 —2)x1, (3.27)

(ul —g")xy + (" —wh)xy = 0, (3.28)
X —x=d. (3.29)

Clearly, (3.26) and (3.27) are equivalent, and it follows from (3.26) and (3.29) that

_apxi—axn 1

z=ay =a — 3(x1+x2)(a12x1 —azixy)

X1 — X2
(cf. (2.14)). Next, it follows from (3.19) that
ul = U/TATul7 vl = U/TATug, wl = U'TAul, qT = U/TAug.

Multiplying both parts of these equalities on the left by U’ and taking into account
(3.18), we obtain vectors

u’ =U'u" = PATu;, vI = UV = PAT uy, (3.30)
w!l =U'W! = PAuy, ' =U'q" = PAus. (3.31)

Since U’ is an isometry, (3.28) is equivalent to
(" —q")xy + (v = w)x, =0. (3.32)

Note that the definition of vectors u’,v’, w’ q7 € range(P) C R" in (3.30)-(3.31)
is independent of U’, i.e., of the choice of basis vectors u3, ..., u, in range(P) =
null(ATA — AAT).

Case 2: y; = —xp, y» = —x;. Identities (3.21)-(3.24) become

(all - Z)Xl +axx; = —(6111 - Z)XQ —ajpXxy, (3.33)
apxy + (ay —2)x2 = —axxy — (an —2)x1, (3.34)
" +4q")x1+ (" +w)x, =0, (3.35)

X —x =d. (3.36)
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Clearly, (3.33) and (3.34) are equivalent, and it follows from (3.33) and (3.36) that

aypx) +azix; 1
z=ap +————— =a+ = (x1 —x2)(anx1 +a2x2).
X1+ x2 d

Next, we obtain vectors u’ , v/, w” q” € range(P) C R" as in Case 1. Since U’ is an

isometry, (3.35) is equivalent to
(W +a")x+ (v +w ) =0. (3.37)

It follows from the analysis of cases above that rnd(A) = 1 if and only if at least
one of the equations (3.32) and (3.37) has a solution pair x1,x, € R satisfying (3.11),
which proves part (7).

If x1,x, satisfy (3.32) (resp., (3.37)) and (3.11) then y; =x;, y» =x; and z defined
by (3.14) (resp., y1 = —x2, y2 = —x; and z defined by (3.17)) determine the minimal
real normal completion B of the matrix A by (3.20). Then the matrix

aipy ap u x;
B— UO| |axy anyvxa| [UTO . A U1x1 + uxxy
o1 (whg"sof|0 1| |yul +yud z
yi y2 0z

is a minimal real normal completion of A. Since B = B in Case 1 and B = B, in Case
2, this proves part (ii) of the theorem. [J

COROLLARY 3.4. For amatrix A € R, md(A) = 1 if and only if nd(A) = 1.

Proof. Since we have nd(A) < rnd(A), it suffices to prove that if nd(A) =1 then
rmd(A) = 1. Suppose that nd(A) = 1. Then, as described in Section 2.2, equation (2.39)
has a solution x = col(xg1,X71,Xr2,X12) € R* with

Xhy + X3 > Xy XD (3.38)
(see Theorem 2.3). The matrix Q in this (real) case has the form

Q- u' —q” 0 vi-wl 0
- 0 u'4+q7 0 Vi+wl'|"

Thus, in this case (2.39) is equivalent to the pair of equations
(0" —q")xgi + (vV = W )xgo = 0,
(u” +q" x4+ (v +whxp = 0.
Since in (3.38) either x%, > x%, or X7, > x3,, at least one of the equations (3.32) or
(3.37) (or equivalently, at least one of the equations (3.9) and (3.10)) has a solution pair

x1,x € R with x% > x% (and thus, a solution pair x1,x, € R satisfying x% —x% =d),
which by Theorem 3.3 means that rnd(A) =1. O
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Open problem: Is it true that for any A € R"*” one has rd(A) =nd(A)?

As in the complex case, we will describe now a procedure (in this setting based
on Theorem 3.3) which allows one to determine whether rnd(A) = 1 for a given matrix
A € R"™", Moreover, this procedure allows one to find all solutions of (3.9) and of
(3.10) subject to (3.11), and then, applying part (i7) of Theorem 3.3, all minimal real
normal completions of A when rnd(A) = 1.

The procedure

Begin

Step 1. Check the rank condition. If it holds — go to Step 2. Otherwise, stop:
md(A) > 1.
Step 2. Write (3.9) in the form (3.32), where u, v, w, q are defined by (3.30)
and (3.31) (see Theorem 3.3 for the definition of P, u;, and uy). Find m; = rank(uT -
T T _wT
q v —w).
Step 3. Depending on m, consider the following cases.

(1a) m; =0. In this case, any xj,x, € R with x% —x% =d solve (3.32).

(b) m; =1, ie., u’ —q’ = ab, v/ —w! = Bb, with some nonzero vector b €
range(P) and o, B € R, and additionally || > |B|. In this case, (3.32) is equiv-
alent to ox; + Bx; = 0, and has no solutions satisfying (3.11).

(Ic) m; =1, ie., ul —q’ = ab, v/ —w! = Bb, with some nonzero vector b €
range(P) and o, B € R, and additionally || < |B|. In this case, (3.32) is equiv-
alent to ox; + Bx, = 0, and has the solutions

d
x; =% m, X2 = FU

B2 — a2
satisfying (3.11).

(1d) m; = 2. In this case, (3.32) has only a zero solution, and thus has no solutions
satisfying (3.11).

Step 4. Write (3.10) in the form (3.37), where u, v, w, q are defined by (3.30)
and (3.31). Find my = rank(u” +q7, v +w').
Step S. Depending on m;, consider the following cases.

(2a) my = 0. In this case, any x1,x; € R with x% —x% =d solve (3.37).

(2b) my =1, ie., ul +q' = yh, vI +w! = 8h, with some nonzero vector h €
range(P) and y,0 € R, and additionally |y| > |8]. In this case, (3.37) is equiva-
lent to yx; + 8x, = 0, and has no solutions satisfying (3.11).
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2c) my =1, ie., ul +q” = yh, vI +w! = 8h, with some nonzero vector h €
range(P) and y,6 € R, and additionally |y| < |8]. In this case, (3.37) is equiva-
lent to yx; + dx, = 0, and has the solutions

d d
x; ==+68 ST x2::FY“62—_y2

(2d) mp = 2. In this case, (3.37) has only a zero solution, and thus has no solutions
satisfying (3.11).

satisfying (3.11).

Step 6. rnd(A) = 1 if and only if neither of the combinations (1b)&(2b), (1b)&(2d),
(1d)&(2b), (1d)&(2d) occur. If it does, stop: rnd(A) > 1. Otherwise, for each pair
x1,X2 € R obtained at Step 3, find a minimal real normal completion of A as described
in (3.13)—(3.15); for each pair x;,x; € R obtained at Step 4, find a minimal real normal
completion of A as described in (3.15)—(3.17).

End

Of course, if one is interested only in checking whether rnd(A) = 1, the procedure
can be terminated as soon as any of cases (1a), (1c), (2a), (2c) occurs.

EXAMPLE 3.5. In Example 2.23,

100
A= 1011
101
is a matrix with real entries, and
1 00
ATA—AAT = 10 -10],
000

so that the rank condition is satisfied. By Corollaries 2.11 and 3.4, rnd(A) = 1. We
have u; = ey, up = ey, and

000
P=I—uul —uul ={000
001

Then, in the procedure above, u’ = q7 =0, v/ = w’

= e3. Since my = rank(u’ —
q”,v" —wT) =0, as in Case (la), any x;,x, € R with x} —x3 =1 solve (3.32). We
have y; = x, and y, = x;. According to (3.14), z = 1. Therefore, for any x; € R such

that |x| > 1,

1 00 X1
0 11x/¥-1
1 01 0

+4/x2—1x0 1
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is a minimal real normal completion of A. We also have
my =rank(u’ +q",v" +w’) = rank(0,2¢3) = 1,

and as in Case (2¢), h=e3, y=0, 6 =2, sothat x; = +1 = —yy,xo =0 = —y;.
According to (3.17), z=1. Thus,

O = = O
»—AOOH‘
—_

0
1
0
:F

S = O =

1

is a minimal real normal completion of A. Therefore, the set of minimal real normal
completions of A arises from Cases (1a) and (2c). Note that the minimal real normal
completions of A in this example are special cases of minimal normal completions of

A asin (2.13), where x; € R: |x1| > 1, xp = j:\/x% —1,and u =1, or where x; =i,
x2 =0, and u = £i. We know from Example 2.23 that ud(A) =2 and that A is unitarily

(and therefore orthogonally) irreducible. This example shows that rnd(A) < ud(A) is
possible for an orthogonally irreducible matrix A.

3.3. The generic case

We will describe now the generic situation in each matrix dimension n. As in the
complex case, a finer analysis is needed for this. However, in the real case our analysis
is more straightforward and does not use a “heavy machinery” of symmetric extensions.

For a real matrix A satisfying the rank condition, it follows from Lemma 2.7 that
the following identities hold:

w’ =qq”, w=ww!, uw! =wq’, uw’ =vq’. (3.39)

Consequently,

(utq)(u—q)" =0, (v+w)(v—w)" =0, (v+w)(u—q)" =0, (u+q)(v—w)" =0,
i.e., each of the vectors (u+q)” and (v+w)T is orthogonal to each of the vectors
(u—q)” and (v—w)T. Note that the vectors u’ , v/', w’ , and q” belong to range(P)
whose dimension is n—2.

Restricting our attention to real matrices in 9, , we now consider different values
of n separately.

n =2 In this case, vectors u’ ,v’ ,w’ , and q” do not arise, thus necessarily rnd(A) =

L. This follows also from the fact that nd(A) = 1 by Corollary 3.4.

n=23 In this case, vectors u’,v’',w’, and q’ are collinear, and in view of (3.39)
either u’ = q” and v/’ =w’, or u/ = —q” and v/ = —w’ . Thus either Case
(la) or Case (2a) in the Procedure occurs. Therefore, necessarily rnd(A) = 1
(this follows also from Corollaries 2.11 and 3.4).



MATRICES WITH NORMAL DEFECT ONE 431

n =4 Generically, u” # +q’, and v’ # +w’ . Since dim(range(P)) = 2, the vectors
(u+q)7 and (v+w)T are collinear and orthogonal to (u—q)” and (v—w)7,
which are also collinear. Then both the combination of Case (1b) and Case (2b),
and the combination of Case (1c) and Case (2¢) (and thus, both rnd(A) = 1 and
rnd(A) > 1) occur on the sets whose interior is nonempty in the relative topology
of the manifold Mt4. Indeed, the first combination occurs when we fix u’,q”
and make vv! = ww’ small enough, and the second combination occurs when

we fix v, w’ and make uu’ = qq” small enough.

n =5 Generically, u” # +q”, and v/ # +w’ . Since dim(range(P)) = 3, at least one
of the pairs of vectors (generically, only one such pair), (u+q)” and (v+w)"
or (u—q)” and (v—w)7, is collinear. As in the case n = 4, for a collinear pair,
both cases (b) and (c) occur on the sets whose interior is nonempty in the relative
topology of 9M5. Thus, combinations of Case (1b) and Case (2d), Case (1d) and
Case (2b) (where rnd(A) > 1), and combinations of Case (1c) and Case (2d),
Case (1d) and Case (2c) (where rnd(A) = 1) occur on the sets whose interior is
nonempty in the relative topology of M5 .

n > 6 Since dim(range(P)) > 4, the pairs (u+q)”, (v+w)” and (u—q)7, (v—w)7
are generically linearly independent. Therefore, the combination of Case (1d)
and Case (2d) (corresponding to rnd(A) > 1) occurs generically.

Thus, we see that the generic situation in the real case is similar to the one in the
complex case.

4. Commuting completion problems

The problem of finding commuting completions of a N-tuple of n x n matrices
was raised in [3], where a special emphasis was placed on symmetric completions of
N-tuples of symmetric matrices. In [8], an inverse completion (Aext,Bext) Of a pair
(A,B) was constructed. Namely, Aext, Bext by definition satisfy AextBext = o with
a non-zero scalar o/, and therefore commute. Our results from Sections 2 and 3 can
be used to tackle commuting completion problems in the classes of Hermitian (resp.,
symmetric, or symmetric/antisymmetric) pairs of matrices.

4.1. The commuting Hermitian completion problem.

Let (A1,A2) be a pair of Hermitian matrices of size n x n. We define the commut-
ing Hermitian defect of Ay and A;, denoted chd(A1,A;), as the smallest p such that
A2 * .

*] of size (n+
p) x (n+p). We call such a pair (By,B;) of size (n+chd(A;,A2)) x (n+chd(A;,Az))
a minimal commuting Hermitian completion of (A1,Az).

Since (B1,B;) is a commuting Hermitian completion of a pair (A;,A;) of Her-
mitian matrices if and only if B = B 4 iB; is a normal completion of A = Aj +iA,,
and therefore chd(A|,A2) =nd(A; +iA;), the results from Section 2.2 allow one to

. . . . Al *
there exist commuting Hermitian matrices By = [ *1 *] and B =
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check whether chd(A,,A;) = 1, and when this is the case — to construct all minimal
commuting Hermitian completions of (A;,A;). For example, Theorem 2.3 yields the
following.

THEOREM 4.1. Let Ay,A, € C™" be Hermitian.
(i) chd(A1,A2) =1 if and only if rank(A1A; — AyA1) = 2 and the equation
PA|(tyu; —fiup) = iPAy (tauy +1huy) 4.1)
has a solution pair t),t, € C satisfying

Re(fltz) =d. (4-2)

Here uy,uy € C" are the unit eigenvectors of the matrix 2i(A1A; — AyA)) correspond-
ing to its nonzero eigenvalues A = d(> 0) and Ay = —d, and P = I, —uuj —uou is
the orthogonal projection of C" onto null(AjA; — ArAy).

(i) If chd(A1,Az) =1, 11 and 1ty satisfy (4.1) and (4.2), and w € T is arbitrary then
the pair (B1,B;) of matrices

B, — [ A %(I2u1+;2u2):| , 4.3)
%(lzu]k —|—t2u§) 21
By — [ A 5t _flu2):| 4.4)
— S (Tiuf — ) 2
is a minimal commuting Hermitian completion of (A1,A;). Here
* 1 * *
21 = ulAlul — 3 (Im(tzzuzAgul) +Re(t1t2u2A1u1)) 4.5)
and
1 * *
2 = ulAsuy — yi (Im(rfusA1ur) — Re(tiouzAouy)) . (4.6)

All minimal commuting Hermitian completions of (A1,A3) arise in this way.

Proof. Letting A=A +IiA;, we observe that A*A —AA* =2i(A1A; —AzA,). Itis
straightforward to verify that, under the change of variables 1| = x| —X», tr = x| + %2,
condition (2.11) in Theorem 2.3 is equivalent to condition (4.1), (2.12) is equivalent to
(4.2), By and B; defined by (4.3) and (4.4) are Hermitian and such that B = B; +iB;
is as in (2.13), z; and z, defined by (4.5) and (4.6) are real and such that z = z; + iz
is as in (2.14). Thus, this theorem is equivalent to Theorem 2.3. [



MATRICES WITH NORMAL DEFECT ONE 433

4.2. The commuting completion problem in the class of pairs of symmetric and
antisymmetric matrices.

Let A = AT € R and A, = —AY € R™". It is natural to ask what is the

. . . A *
smallest p such that there exist commuting matrices By = BIT = [ *1 y

}  RH+p)x(4p)
A2 *

and By=—B} = |

€ Rp)x(n+p) _Such a pair (By,B,) is a minimal commuting

completion of (A1,A3) in the class of pairs of symmetric and antisymmetric matrices.

Since (By,B;) is a commuting completion of (A,A;) in this class if and only if
B = B + B3 is a real normal completion of A = A 4+ A;, our results from Section 3
can be restated in terms of pairs of matrices in this class. We omit the details, since the
reasoning is similar to the one in Section 4.1.

4.3. The commuting symmetric completion problem.

In this section, we consider the commuting completion problem in the class of
pairs of symmetric matrices. This is a special case of the problem raised in Degani et
al. [3] (see the first paragraph of Section 4) for N = 2. The authors of [3] presented an
approach to n-dimensional cubature formulae where the cubature nodes are obtained
by means of commuting completions of certain matrix tuples. While their commuting
completion problem is stated in a certain subclass of tuples of symmetric matrices,
some observations were also made for the problem in the whole class. In particular,
the question on the minimal possible size of completed matrices was accentuated as
important.

Let A; = AT € R™" and A, = AT € R™". We define the commuting symmetric
defect of A1 and A,, denoted csd(A1,A), as the smallest p such that there exist com-
muting symmetric matrices By = il : ,By = iz I] € RU=#P)x(+r) - Such a pair
(B1,By) of size (n+csd(A1,Az)) X (n+csd(A1,A3)) is a minimal commuting symmet-
ric completion of the pair (A1,Az).

We note that (By,B5) is a commuting symmetric completion of a pair (A;,A;) of
real symmetric matrices if and only if B = By 4 iB; is a normal, and simultaneously
complex symmetric, completion of A = A +iA,. We also observe that a priori

csd(A1,42) > chd(A;,A»). 4.7)

Open problem. Is it true that for any pair (A;,A;) of real symmetric matrices one
has csd(A;,A;) =chd(A;,A47)?

This problem is equivalent to the question whether a minimal normal completion
of a complex symmetric matrix can be chosen to be complex symmetric. It is some-
what similar to the open problem stated in Section 3.2, which actually asks whether a
minimal normal completion of a real matrix can be chosen to be real. The following
theorem shows that, for a pair (A1,A;) of real symmetric matrices,

CSd(Al,Az) =1l Chd(Al,Az) =1,
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which motivates the open problem stated above. Moreover, this theorem shows that if
csd(A1,A;) =1 then the set of all minimal commuting symmetric completions (Bj,B;)
of (A},Az) can be obtained by putting in Theorem 4.1 up =%, and u = 1.

THEOREM 4.2. Let Aj,Ay € R™" be symmetric.
(i) csd(A1,A2) =1 if and only if rank(A1Ay — AyA1) = 2 and the equation
PAIm(t1uy) = PAyRe(tpuy) (4.8)
has a solution pair t,,t, € C satisfying
Re(fit) =d. 4.9)

Here uy € C" is the unit eigenvector of the matrix 2i(A1A; — AAy) correspond-
ing to its eigenvalue Ay = d(>0), and P =1, — uu} — wyul .

(i) If csd(A1,A2) = 1, 11 and ty satisfy (4.8) and (4.9) then the pair (B1,B;) of

matrices
i A1 Re(tzul)
B = [Re(tgul)T 2 , (4.10)
i A2 Im(tlul)
By = [Im(zlul)T 2 4.11)
is a minimal commuting symmetric completion of (A1,A;). Here
. 1
o =uiAn = - (Im(r3uf Asuy) +Re(titou] Ayuy)) (4.12)
and )
= uTAgul — 3 (Im(tlzulTAlul) —Re(lllzu{Azul)) . (4.13)

All minimal commuting symmetric completions of (A1,A;) arise in this way.

Proof. (i) By (4.7), if csd(A1,A2) =1 then chd(A;,A;) = 1. Therefore, by The-
orem 4.1, rank(A;A; — A»A;) = 2 and equation (4.1) has a solution pair #,, € C
satisfying (4.2). If u; is the unit eigenvector of the Hermitian matrix 2i(A;A; — AzAq)
corresponding to its eigenvalue A; = d(> 0) then #; is the unit eigenvector correspond-
ing to the eigenvalue A; = —d. Thus, we can choose in Theorem 4.1 uy = %;. Then
P=1,—uuj— ﬁlulT is a real n X n matrix, and equation (4.1) becomes (4.8).

Conversely, if rank(A;A; —AzA;) = 2 and equation (4.8) (which is equivalent to
(4.1) in our case) has a solution pair f1,#; € C satisfying (4.9) (= (4.2)) then by The-
orem 4.1, chd(A;,A;) = 1. For any such 7;,#, the corresponding minimal commuting
Hermitian completions (By,B;) of (A1,A;) have the form (4.3)—(4.4). We observe that
since up = uy, the matrices B; and B; are real symmetric if and only if u =1 or
u = —1. Consequently, csd(A;,A;) = 1.
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(i) If 11,1, € C satisfy (4.8)—(4.9) then so do #{ = —t; and 5 = —t,. Therefore,
we do not miss any minimal commuting symmetric completions of (A1,A;) if in (4.3)-
(4.4) we choose 1,1, as above and fix u = 1. Finally, since (B;,B;) constructed in
Theorem 4.1 with u = 1 has in our case the form (4.10)—(4.11), and (4.5)-(4.6) become
(4.12)—(4.13), this completes the proof. [

REMARK 4.3. The procedure for checking whether csd(A;,A;) = 1, and if this
is the case — for finding all minimal commuting symmetric completions of a pair of
symmetric matrices (Aj,A;), can be obtained as the specialization of the procedure
mentioned in Section 4.1 (which, in turn, is based on the procedure from Section 2.2)
by setting uy =u; and u =1, see Theorem 4.2 and its preceding paragraph.

5. The separability problem

In the 1980s the use of quantum systems as computing devices started to being
explored. The idea gained momentum when Peter Shor [11] presented a quantum algo-
rithm for factoring a large composite integer N that was polynomial in the number of
digits in N. An excellent overview article on the subject of quantum computing is [1].

The separability problem occurs when a quantum system is divided into parts.
For convenience we consider a bipartite system. The state of the system is described
by a density matrix M, a positive semidefinite matrix with trace 1. A state is called
separable when it can be written as a convex combination of so-called pure separable
states, i.e., P = Y5 | pi Wiy @ ;¢ where y; and ¢; are (nonzero) state vectors in
the spaces corresponding to two parts of the system, and p; > 0. When y; € C" and
¢; € C", the matrix p is called m x n separable. The number £ is referred to as the
number of states in the representation.

The problem whether a given state is separable or entangled (= not separable) may
be stated as a semi-algebraic one, and is therefore decidable by the Tarski-Seidenberg
decision procedure [2]. As it turns out though, the separability problem scales very
poorly with the number of variables and these techniques are in general not practical.
In fact, the separability problem in its full generality has been shown to be NP-complete
[5].

As a consequence of the results of Section 2 we can state a new result for the 2 x n
case. Thus we are concerned with matrices

AB
=3¢l

WV

0. (5.1

Notice that if M = Y% | P.® Q; with P, € C**? and Q; € C"*" positive semidefinite,
then M = Y | PT ® Q; is positive semidefinite as well. One easily sees that
~ |AB
= = 0. .
M [B* C} >0 (5.2)

Thus for (5.1) to have a chance to be 2 x n separable we need (5.2) to hold. This
is referred to as the “Peres test”; see [10]. As was observed by several authors, the
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2 x n separability problem for (5.1) can easily be reduced to the case when A =1I; see,
for instance, Proposition 3.1 in [13]. Using Theorem 3.2 in [13], which connects the
separability problem to the normal completion problem, we can now state a method for
checking separability of (5.1) in the case when rank(M) = rank(M) = rank(A) + 1.

THEOREM 5.1. Let B, C € C"™" be such that

I, B* ~ I, B
= > = >

and suppose that rank(M) = rank(M) = n+ 1. Write
C—-BB*=xx*, C—B*B=yy"

for some vectors x,y € C". Then M is 2 X n separable if and only if x,y,B*x,By are
linearly dependent. In this case, the minimal number of states in a separable represen-
tation of M is n+ 1.

Proof. First notice that B*B — BB* = xx™ — yy*.
Suppose that x,y, B*x, By are linearly dependent. Then by Theorem 2.4 there exists

a normal matrix
B
N [ 4 vx] ’
y Zz

where |v|=1. Butas (vx)(vx)* = C— BB* it follows from Theorem 3.2 in [13] that M
is 2 X n separable, and that the minimal number of states in a separable representation
of Misn+1.
Conversely, suppose that M is 2 x n separable. By Theorem 3.2 in [13] there
exists a normal matrix
BS
v=[r]

so that BB* 4+ 8S* < C. But then S§* < xx* and thus S = xv* with ||v|| < 1. Also B*B+
T*T = BB*+85* < C, and thus T*T < yy* yielding T = yw* with ||w|| < L. In addi-
tion, BT* +SP* = B*S+ T*P. In particular, range(BT* + SP*) = range(B*S+T"*P).
Note that range(BT* + SP*) C span(By,x) and range(B*S+ T*P) C span(B*x,y). But
then it follows easily that x,y, B*x, By are linearly dependent. Indeed, if BT* + SP* =
B*S+T*P # 0, then span(By,x) and span(B*x,y) must have a nontrivial intersection,
and if BT*+SP* = B*S+T*P =0, then span(By,x) and span(B*x,y) are both at most
one dimensional. [l
We can now provide a new proof of the following result by Woronowicz [14].

THEOREM 5.2. Let A,B,C be n X n matrices with n < 3, so that M and M are
as in (5.1)—(5.2). Then M is 2 x n separable.

We will use a result by Hildebrand which we quote without proof.
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LEMMA 5.3. [6, Lemma 2.6] Let K be a convex cone in a real vector space
of finite dimension N, and let ¥ C 3 be a subspace of dimension n. Let K' = KN.%
and x the generator of an extreme ray in K'. Then the minimal face in K containing x
has dimension at most N —n+ 1.

Notice that if we consider the cone PSD, of n x n complex positive semidefi-
nite matrices, then the minimal face containing M > 0, is the cone F = {GCG*: C €
PSDy}, where M = GG* with null(G) = {0}, and k = rank(M). In particular, the real

dimension of this minimal face is (rank(M))?.

Proof of Theorem 5.2. Since the case n < 3 can be embedded into the case n =3,
we will focus on the latter. As the 2 X n separable matrices form a convex cone, it
suffices to prove the result for pairs (M M ) that generate extreme rays in the cone
of pairs of matrices as in (5.1)—~(5.2). If we apply Lemma 5.3 with the choices of
K = PSD¢ x PSD¢ and £ the subspace

e r )y

in the (real) vector space of pairs of Hermitian matrices of size 6 x 6, then K’ is the cone
of pairs of matrices as in (5.1)—(5.2). By Lemma 5.3 the minimal faces in K containing
extreme rays of K’ cannot have dimension greater than 72 — 36 + 1 = 37. However,
the minimal face in K containing (M ,1\71 ) (which generates an extreme ray in K’) has
dimension (rank(M))? 4 (rank(M))?, and hence the vector (rank(M),rank(M)) € R?
lies in the closed disk of radius y/37 centered at the origin. This now gives that either

min{rank(M),rank(M)} < 3 or max{rank(M),rank(M)} = 4. Next, as in Proposition
3.1in [13] we can assume that A = I. If now min{rank(M),rank(M)} <3 we have that
C = BB* = B*B, and thus B is normal, which yields by Thegrem 3.2 in [13] that M is
2 x n separable. On the other hand, if max{rank(M),rank(M)} =4 we can conclude
by Theorem 5.1 that M is 2 x n separable (as 4 vectors in C" are always linearly

dependent when n < 3). 0

It should be noted that the original statement of Woronowicz is formulated in
the dual form: if ® : C>*? — C"™" is a positive linear map (thus ®(PSD,) C PSD,,)
and n < 3, then ® must be decomposable. That is, ® must be of the form ®(M) =
YK ORMR: + 3, SMTS?.

Acknowledgement. The authors wish to thank Dr. Roland Hildebrand for pointing
out how Theorem 5.1 in conjunction with his results, leads to a proof of the result by
Woronowicz.

REFERENCES

[1] C. H. BENNETT AND D. P. DIVINCENZO, Quantum information and computation, Nature, 404
(2000), 247-255.

[2] J. BOCHNAK, M. COSTE AND M.-F. ROY, Real algebraic geometry, Ergebnisse der Mathematik
und ihrer Grenzgebiete (3) [Results in Mathematics and Related Areas (3)], vol. 36, Springer-Verlag,
Berlin, 1998, Translated from the 1987 French original, Revised by the authors.



438

[3]
[4]
[5]
[6]
[7]
[8]
[9]

[10]
[11]

[12]
[13]

[14]

D. S. KALIUZHNYI-VERBOVETSKYI, [. M. SPITKOVSKY AND H. J. WOERDEMAN

1. DEGANI, J. SCHIFF AND D. J. TANNOR, Commuting extensions and cubature formulae, Numer.
Math., 101, 3 (2005), 479-500.

F. R. GANTMACHER, The theory of matrices. Vols. 1, 2. Translated by K. A. Hirsch. Chelsea Publish-
ing Co., New York, 1959 Vol. 1, x+374 pp. Vol. 2, ix+276 pp.

L. GURVITS, Classical complexity and quantum entanglement, J. Computer and System Sciences, 69
(2004), 448-484.

R. HILDEBRAND, Semidefinite descriptions of low-dimensional separable matrix cones, Linear Alge-
bra Appl. 429 (2008), 901-932.

R. A. HORN AND C. R. JOHNSON, Matrix analysis. Corrected reprint of the 1985 original. Cambridge
University Press, Cambridge, 1990.

D. KIMSEY AND H. J. WOERDEMAN, Minimal normal and commuting completions, Int. J. Inf. Syst.
Sci., 4, 1 (2008), 50-59.

S. M. MALAMUD, Inverse spectral problem for normal matrices and the Gauss—Lucas theorem, Trans.
Amer. Math. Soc., 357, 10 (2005), 4043-4064.

A. PERES, Separability criterion for density matrices, Phys. Rev. Lett., 77, 8 (1996) 1413-1415.

P. W. SHOR, Polynomial-time algorithms for prime factorization and discrete logarithms on a quan-
tum computer, SIAM J. Comput., 26, 5 (1997), 1484—1509.

H. J. WOERDEMAN, Hermitian and normal completions, Linear and Multilinear Algebra, 42, 3
(1997), 239-280.

H. J. WOERDEMAN, The separability problem and normal completions, Linear Algebra Appl., 376
(2004), 85-95.

S. L. WORONOWICZ, Positive maps of low dimensional matrix algebras, Rep. Math. Phys., 10, 2
(1976), 165-183.

Dmitry S. Kaliuzhnyi-Verbovetskyi
Department of Mathematics

Drexel University

3141 Chestnut Str.

Philadelphia, PA, 19104

U.S.A.

e-mail: dmitryk@math.drexel.edu

Ilya M. Spitkovsky
Department of Mathematics
College of William and Mary
Williamsburg, VA, 23187-8795
U.S.A.

e-mail: ilya@math.wm.edu

Hugo J. Woerdeman

Department of Mathematics
Drexel University

3141 Chestnut Str.

Philadelphia, PA, 19104

US.A.

e-mail: hugo@math.drexel.edu

Operators and Matrices
www.ele-math.com
oam@ele-math.com



