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Abstract

Structure-preserving generic low-rank perturbations are studied for
classes of structured matrix pencils, including real symmetric, com-
plex symmetric, and complex Hermitian pencils. For singular pencils
it is analyzed which characteristic quantities stay invariant in the per-
turbed canonical form, and it is shown that the regular part of a struc-
tured matrix pencil is not affected by generic perturbations of rank
one. When the rank one perturbations involve a scaling parameter,
the behavior of the canonical forms in dependence of this parameter is
analyzed as well.
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1 Introduction

In this paper we study low-rank perturbations in the coefficients of linear
differential-algebraic equations (DAEs) of the form

Ei+ Az = f, (1)
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which arise as linearizations around stationary solutions of general nonlin-
ear DAEs of the form F(t,x,2) = 0, see, e.g., [3]. The analysis of the
solution behavior of (1) can be characterized via the Kronecker canonical
form of the matrix pencil AE + A, see [2, 7, 11]. It is well known that small
perturbations can drastically change the canonical form and hence also the
solution behavior of (1). This is particularly unfortunate if perturbations
make the pencil A\E + A singular, because then the perturbed system may
not be (uniquely) solvable any more. In view of these observations, a major
motivation for our work comes from structured pencils arising in stability
analysis.

Example 1 In the finite element analysis of disc brake squeal [8, 17], large
scale second order differential equations arise that have the form

MG+ (D+G)¢+ (K + N)g=f,

where M = MT > 0 is the mass matrix, D = DT > 0 models material and
friction induced damping, G = —G”T models gyroscopic effects, K = KT > 0
models the stiffness and N = —N7| is a nonsymmetric matrix modeling
circulatory effects. (Here > (>) denotes positive (semi)-definiteness of a
matrix). An appropriate first order formulation is associated with the linear
pencil

1 1
AE+A+L::)\[M 0} [D 2N] [_( ¢ KN

1 1 )
0 K IN 0 E+IN) 0

where E is real symmetric, L is skew-symmetric, and A is symmetric.

The classical modal truncation approach [4] used in commercial finite
element packages computes the eigenvalues closest to 0 and the associated
eigenvectors of the symmetric eigenvalue problem AE + A, and projects the
full problem into the subspace spanned by these eigenvectors. In the analysis
presented in [8], it was noticed that the matrix pencil AE'+ A was close to a
singular pencil, and this effect was traced back to the introduction of a small
number of stiff springs instead of rigid connections. A similar behavior was
observed in [10]. These low-rank perturbations in the modeling process lead
to pencils that are close to being singular. This creates large difficulties in
the numerical methods, because these pencils numerically behave as if they
were singular pencils. Our analysis is motivated be the desire to understand
the effect of low rank perturbations in these situations.

The smallest perturbation (in some norm) that makes a pencil singular is
called the distance to singularity and it is a long time open problem [1] to



determine this distance. Some progress in the solution of this problem has
been made recently in [15] for the structured pencils and the case that the
perturbations are restricted to be of rank-one. In this paper, we consider
a related, but slightly different point of view, by starting from a singular
pencil A\E + A and investigating perturbations of the form

AE + A+ 71(Ne +a)uv', (2)

In this paper we consider a related but slightly different point of view, by
starting from a singular pencil AF 4+ A. For the case of pencils without
additional symmetry structure, the effect of low-rank perturbations for small
values of 7 has been studied in great detail in [5, 6]. In the present work we
consider structured pencils and rank-one perturbations of the form

AE+A+7(de+a)uv’,

where u,v are vectors and a,e are scalars and 7 goes through the whole
real line. We focus on the following structures: In this paper we consider
structured pencils and we focus on the following structures:

e Hermitian pencils, i.e., A, E € C"" and A* = A, E* = F,
e real symmetric pencils, i.e., A,F € R*" and AT = ET,
e complex symmetric pencils, i.e., A, E € C*" and AT = ET,

where T denotes the transpose and * the conjugate transpose. Other impor-
tant structures include real or complex T-alternating pencils AE + A, where
A=A"T and E = —ET, or where A = —AT and E = ET. We will not
consider T-alternating pencils in the main part of this paper, but for the
sake of future reference, some preliminary results are formulated in a very
general fashion so that they also cover T-alternating pencils. We will also
mainly consider perturbations of the form (2) with a = 1 and e = 0; the
general case can, however, always be reduced to this case by applying an
adequate M&bius transformation [13].

As particular rank-one perturbations may have very specialized effects,
we will mainly consider generic rank-one perturbations, where genericity is
understood in the following sense. For F € {C,R}, a set A C F" is called
algebraic, if it is a set of common zeros of finitely many polynomials p1, . . ., pg
in n variables. An algebraic set A is called proper if A # F". A set Q C F"
is called generic if its complement F™ \ Q is contained in a proper algebraic
set. Throughout the paper, we use the following convention. The statement



“for generic u € F™ property X is satisfied” precisely means “there exists a
generic set Q CF™ such that for all u € Q) property X is satisfied”.

It is known that for a perturbed singular pencil as in (2), the eigenvalues
and their algebraic multiplicities are generically constant in the parameter
T # 0, see [15]. Surprisingly, this need not be the case for the correspond-
ing partial multiplicities which may depend on 7, as the following example

shows.

Example 2 Consider the real symmetric singular pencil

0 0 0|0 O 0 00|1 O
00 0|1 O 0 0 0|0 1
PA)=XA|0 0 0[O0 1{+]0 00|00
01 0|0 O 1 0 0/0 O
00 1|0 0 01 0|0 O
Lettingu:el—i—ez;:[l 0 0 1 O]Twe obtain that
0 0 14+7 O
0 0 A 1
P-(A) := P(\) + Tuu” = 00 0 A
1+7 A 0 T 0
1 A 0 0
For 7 # 0 and
1 0 00O
0 0100
ST — 0O 100 0],
-4 0 0 1 0
0 00 01
we then obtain
710 O 0 0
010 O 0 A
STP. (NS, =|0/0 0 A 1
010 X —%(1—#27) 0
0OlAx 1 0 0

Thus, for all 7 # 0, the pencil P;()\) is regular and has the eigenvalue
infinity with algebraic multiplicity one and the eigenvalue zero with algebraic
multiplicity four. Note that for 7 # —1/2 the pencil has a block of size four
corresponding to the eigenvalue zero in the structured Kronecker canonical
form, see (3) below, while for 7 = —1/2 there are two blocks of size two.



Although having an eigenvalue of multiplicity four is a non-generic property,
we will show that such change in the canonical form for a specific value of the
parameter 7 is generic in the classes of real or complex symmetric pencils.
More precisely, we will show that if a singular pencil becomes regular after a
rank-one perturbation, then its regular part generically is not affected by the
perturbation. Furthermore, there appear new eigenvalues whose location is
independent of the norm of the perturbation as their algebraic multiplicities
are constant in 7, but their partial multiplicities will only be constant in
T except for a specific value 7p. In the case of real symmetric pencils, this
discontinuity of the canonical form is accompanied by a switch of one sign
from the so-called sign characteristic of the pencil.

The paper is organized as follows. In Section 2 we present structured
canonical forms for Hermitian, real symmetric, and complex symmetric pen-
cils. Section 3 contains preparatory results that are applicable to several
kinds of structured matrix pencils and contain as an important result that
the regular part of a structured matrix pencil is not affected by generic per-
turbations of rank-one. In Section 4, we investigate Hermitian and real or
complex symmetric singular pencils that become regular after a structure-
preserving rank-one perturbation. In particular, the behavior of their canon-
ical forms in dependence of a scaling parameter in the rank-one perturbation
is analyzed.

2 Canonical forms of pencils

In this section, we recall basic decompositions for all three classes of struc-
tured pencils considered in this paper. We start with the canonical form for
Hermitian pencils, see e.g. [12, 18].

Theorem 3 (Hermitian canonical form) Let A E € C"™ be Hermi-

tian. Then there exists an invertible matriz S € C™*™ such that the pencil
S*(AE + A)S is block-diagonal with diagonal blocks of one of the following
forms:

i) blocks corresponding to a real eigenvalue v € R:
A—7

TN = s N err se {11y @)



ii) blocks corresponding to a pair of conjugate complex eigenvalues ~,7,
where v € CT := {z € C|Im 2z > 0}:

. 0 jkl, ()‘) 2k x 2k
jk,k,’y(A) . jklfy(A) 6 cC ) (4)

where jklﬂ()\) and jklﬂ()\) are defined as in (3);

ii1) blocks corresponding to the eigenvalue infinity:

1
s S kxk
K(A) =s eR™Y, s e {-1,1}; (5)
1 A
iv) singular blocks:
0 Gr(N) ] (2k+1) % (2k+1)
L A) = eR , 6
where
1
A (k+1)xk
Gr(N\) = eR . (7)
S
A

The parameters v € C, s € {—1,1}, and k € N (for blocks of type i)—iii) we
have k > 1) depend on the particular block and hence may be different in
different blocks. Moreover, the canonical form is unique up to permutation
of diagonal blocks.

A Hermitian pencil is singular if and only if it contains blocks of the form (6)
and infinity is an eigenvalue if and only if it contains a block of the form (5).
The collection of the signs s appearing in the blocks associated with a fixed
real eigenvalue or the eigenvalue infinity, respectively, is called the sign char-
acteristic of the corresponding eigenvalue.

Note that the canonical form as we presented it here is consistent with
interpreting a Hermitian pencil as a degree one matrix polynomial AE + A.



In the literature, Hermitian pencils are also written in the form AE — A and
then instead of N(\) a block of the form

—1

Vi) =5 A R e (11

is occurring in the canonical form. This has an effect on the definition of
the sign characteristic at infinity via the canonical form, because N () and
./\~/’,§(/\) are congruent, if k is odd, but if k is even, then N;(\) and J\~fk_g(/\)
are congruent, see also [16] for a detailed discussion of this issue.

Next, we recall a corresponding theorem for the case of real symmetric
pencils, see [19]. Note that most of the blocks in the canonical form in
Theorem 3 are already real. Only for blocks of the form (4) a different
representation is needed.

Theorem 4 (Real symmetric canonical form) Let A, E € R™*" be sym-
metric. Then there exists an invertible matriz S € R™"™ such that the pencil
ST(AE + A)S is block-diagonal with diagonal blocks of one of the following
forms:

i) blocks corresponding to a real eigenvalue v € R: Ji (), where Ji7. ()
is as in (3) and s € {—1,1};

i1) blocks corresponding to a pair of conjugate complex eigenvalues o +1if3,
where a, 5 € R and 5 > 0:

ARy — Maﬂ
R
Tikas(N) i= S
ARy — My 5 Ry
(8)
where
L *ﬁ [0 272 L 0 ]. i
Ma,/j = [ a B eR and Rs := 10’ (9)

i) blocks corresponding to the eigenvalue infinity: NF(X), where Nj(X)
is as in (5) and s € {—1,1};



i) singular blocks: Logi1(N), where Logy1(N) is as in (6).

The parameters a, 3,7 € R, s € {—1,1}, and k > 0 depend on the particular
block and hence may be different in different blocks. Moreover, the canonical
form is unique up to permutation of diagonal blocks.

The third class considered in the paper are complex symmetric matrices.
Here, we have the following canonical form, see [19].

Theorem 5 (Complex symmetric canonical form) Let A E € C"*"
be symmetric. Then there exists an invertible matriz S € C"*™ such that
the pencil ST(AE + A)S is block-diagonal with diagonal blocks of one of the
following forms:

i) blocks corresponding to a complex or real eigenvalue v € C:
A=y

Tiry(N) = b ea, (10)

A—ry 1

i) blocks corresponding to the eigenvalue infinity: Ni(X) :== NH(X), where
NEN) is as in (5);

iv) singular blocks: Log+1(N), where Log11(N) is as in (6).

The parameters v € C and k > 0 depend on the particular block and hence
may be different in different blocks. Moreover, the canonical form is unique
up to permutation of diagonal blocks.

With the discussed structured canonical forms under congruence available,
we will now discuss how these structures change under generic low-rank
perturbations.

3 Preparatory results

In this section we show that the regular part of a pencil of one of the struc-
tures mentioned in the introduction stays intact under generic rank-one per-
turbations. We present Theorems 6 and 7 below in a very general setting.
Note that they both cover not only the three main classes considered in the
paper, i.e., Hermitian pencils, real symmetric pencils, and complex symmet-
ric pencils, but also many other structures as real or complex T-alternating
pencils.



Theorem 6 Let F € {C,R}, let x € {*, T}, and let A,E € F™" be such
that A* = §4A and E* = 0pF with 04,0p € {+1,—1}. Then there exists a
nonsingular matrix U € F™™ such that

AUEU+U*AU=| 0 R\ 0 |,

where Rf(\) = AE; + Ay with Ey nonsingular (this part contains the finite
eigenvalues of the pencil \E+A), R;(\) = AE;+ A; with A; nonsingular and
E; being nilpotent (this part contains the infinite eigenvalues of \E + A),
and

S(A) = diag(Lak,+1(A), - -, Lok, (A))

with k1,...,ky € N and

YT 604G (0a00) 0 | T [ 64GT +MEG] 0O !
(11)
where G, ()) is as in (7) and
| Ik, 10
com ] @[ 2] ”
for g =1,...,L. In particular, S(\) is uniquely determined up to a permu-

tation of the £ singular blocks on its block diagonal.

Proof. The proof follows immediately by inspection from the canonical
form of pairs of Hermitian matrices in [18] or of real or complex pairs of
matrices that are either symmetric or skew-symmetric given in [19]. [

We call R(\) = diag ((Rf()), Ri()\)) the regular part and S(\) the singu-
lar part of the pencil A\E'+ A. Note that we have omitted the dependence on
04 and dg in the notation Lof11(A). It will become clear from the context
which of the possible structures is meant.

In the following, we will present a general result about the effect of
generic structure-preserving rank-one perturbations on the regular part of a
structured pencil AE + A. As before, we will present this theorem in a very
general setting by simultaneously considering real and complex cases and in
the complex case symmetry structures with respect to both the transpose
and the conjugate transpose. Instead of expressing the next theorem in
terms of rank-one perturbations in the form

AME + euu*) + (A + auu™), (13)

10



we rather consider the unperturbed pencil and the vector w separately,
thus interpreting (13) as a pair (P()\),u), consisting of a structured pen-
cil P(A\) = A\E + A with A,E € F™" and a “perturbation vector” u € F".
A congruence transformation on the pencil (13) will then take the form
(P(A),u) — (U*P(AN)U,U*u), where U € F™" is nonsingular.

Theorem 7 Let F € {C,R}, let x € {x, T}, and let P(A\) = AE + A with
A, E € F™" be such that A* = §4A and E* = 0gFE with 64,05 € {+1,—1}.
Furthermore, let P(\) have at least one singular block Lop+1(N), m >0 in
its canonical form. Then for a generic u € F", there exists a nonsingular
matriz U € F™*™ (depending on w) such that

ez [ 3] i)

where R(X) and S(X) are the reqular and singular parts of the pencil, respec-
tively.

Proof. Without loss of generality we may assume that P(\) has the form
discussed in Theorem 6. Furthermore, we may assume that it has one sin-
gular block Loy,41(A) only. Similarly, we can consider Ry(\) and R;(\)
from Theorem 6 separately, so we may assume without loss of generality
that R(\) = ARg + Ra, where R4, Rp € FF¥** and where either R4 or Rp
is invertible. By interchanging the roles of A and E if necessary, we may
further assume that it is Rg which is invertible. Note that interchanging A
and E may change the actual structure of the pencil, e.g., in the case of an
alternating pencil from even to odd, but this is not of importance. Indeed,
if (14) is shown to hold for the pencil AA + E, then it obviously also holds
for the pencil AE + A.

Let u = [u]—,u;—,u;—]T € F", where u; € Ft! uy € F™, ug € F*, and
let D € FFx(m+1) be a matrix satisfying

us = —Dul, (15)

with entries still to be determined. Then with

*

Im—i—l 0 0
D = 0 I, O ,
D 0 I

11



we obtain that D*u = [u{,ug,0]", and we have that A = D*AD and
E .= D*ED take the forms

N 0 G 0 N 0 G 0
A=|64G] 0 6aGID* |, E=|06pG] 0 65GID* |,
0 DG, Ra 0 DGy Rg

respectively. Thus, the transformed vector D*u has the desired form, but
we have introduced unwanted nonzero entries in the (2,3)- and (3, 2)-blocks
of A and F. We eliminate these blocks with the help of a transformation of

the form
*

I, 0 0
Xe=| 0 Inai X |,
0o 0 I

where X € F(m=1*k gtil] has to be determined. Note that X*D*u = D*u
and

A = X*AX
0 Gy 0
= | 64G] XDG,+06AG)D*X* + XRaX* 664G D* + XRy4
0 DG, + Ra X~ R4
as well as
E = X'EX
0 G 0
= (SEGZT XDG; + 5EGlTD*X* + XRpX* (5EGlTD* + XRg
0 DG+ RpX™ Rg

Suppose that X and D can be chosen such that
DG, + RaX*=0 and DG;+ RgX™* =0, (16)

(we will show below that this is indeed possible). Then the (3,2)-block
entries of A and E are zero and by (skew-)symmetry this also holds for the
(2, 3)-block-entry. In that case, we can define the transformation

y:YEBIka

WhereAY is chosen in such a way that the block upper 2 x 2 block of
V*(AE + A)Y is in the reduced form of Theorem 6. Then, due to (16),

12



the pencil Y*X*D*P(A\)DXY is in the corresponding form of Theorem 6 as
well. Hence,

([0 G 0 G [0 G 0 G
v(la Tela T)r-la Clola O

because Y*(AE + A)Y and P()) are congruent and thus Y*(AE + A)Y must
contain exactly one singular block £2,,41. Thus, choosing U = DX, fin-
ishes the proof under the assumptions (15) and (16).

It remains to show that X and D can be chosen such that both (15)
and (16) are satisfied. Since we have assumed that Rp is invertible, the
second equation in (16) can be solved for X* which gives X* = —R.'DG,.
Inserting this into the first equation in (16), we obtain

DG, = —RsX* = RyR;' DGy,

or, equivalently,
R.'DG, = R RAR,' DG,. (17)

Note that the matrix on the left hand side of (17) consists of the first m — 1
columns of R'D while the matrix on the right hand side of (17) consists
of the last m — 1 columns of RElRAR}ElD. Denoting RElD =[di,...,dp],
we thus obtain

Rp'D=[ (Rz'Ra)™ 'dw, ... Rp'Radn dp |, (18)

i.e., the matrix is uniquely determined by its last column d,,. Conversely,
for every choice of d,, the matrix D defined by (18) satisfies (16). Thus, we
aim to choose d,, in such a way that (15) is satisfied which translates into
the condition

Ry'uz = —R;'Duy.
Note that
—Ry'Duy = —Md,»,
where
m—1 ‘
M = u1j (R Ra)
§=0
and the u1;, j = 1,...,m — 1, denote the components of u;. Thus, if M is
invertible then the choices d,,, = —M —1R}—31u37
D=Rg[ (Ry'Ra)™ Ydy, ... Ry'Radm dpn |,

13



and
X* = —R;'DG,

satisfy both equations (15) and (16). The assertion follows by noting that
det M is a nonzero polynomial in the entries of u; which shows that for a
generic vector u the matrix M is invertible. O

As a direct corollary we obtain an invariance result for the regular part
under generic rank-one perturbations.

Corollary 8 Let F € {C,R}, let x € {x, T}, and let P(A\) = AE + A with
A, E € F™" be such that A* = 04A and E* = dpF with §4,0p € {+1,—1}.
Furthermore, let P(\) have at least one singular block Lopmy1(A), m > 0
in its canonical form. Then for generic u € F™ and for all (e,a) € F?,
the regular part of AE + A is contained in the regular part of the pencil
AME 4 euu*) + (A + auu*) in the following sense: There exists nonsingular
matrices Uy, Uy € F™™ such that

UT(AE+A)U1:[R1()\) 0 ]

0 Si(\)
Us(AE + A+ (Ae + a)uu*)Uz = [ RQéA) SQ?A) ] |

and () = [ Rlé)\) E&) ]

for some R(X\), where R1(\) and Ra()\) are the regular parts of \E + A and
AME + euu*) + (A + auu*), respectively.

Note that for the sake of structure-preservation, we may have to restrict
the sets of possible values for a and e in Corollary 8 depending on the
considered field and the corresponding involution * in order to guarantee
that the perturbed matrix pencil is from the same set of structured pencils
as the unperturbed one. For example, if F = C, A* = A and E* = F,
i.e., the pencil AE + A is Hermitian, then we must have a,e € R to ensure
that also A(E + euu®) + (A + auu*) is Hermitian. If, on the other hand, we
have, e.g, F =R, AT = —A and E" = E, i.e., the pencil AFE + A is real
T-odd, then we must require that ¢ = 0 and e € R. However, note that the
statement of Corollary 8 remains true even in the case that a and e have
been chosen such that the perturbed pencil does no longer have the same
structure as the unperturbed pencil.

14



4 Perturbation of a single singular block

For the remainder of the paper, we will focus on Hermitian, complex sym-
metric, and real symmetric pencils. We will investigate what happens to
a matrix pencil under a generic structure-preserving rank-one perturbation
when the given pencil has exactly one singular block in the structured canon-
ical form. We also focus on perturbations that perturb the constant coeffi-
cient matrix of the pencil only, which corresponds to setting e = 0 in (13).
As we have seen in the previous section that generically the regular part
of the given singular pencil will not be affected by a structure-preserving
rank-one perturbation, we can focus our attention on the singular part of
the pencil only.

We start the analysis with the following lemma on the roots of a certain
polynomial. Here and in the following, we use the notation ¢ for the poly-
nomial whose coefficients are the complex conjugates of the coefficients of
the polynomial ¢, i.e., if ¢(A) = axgA* + -+ + a1\ + ag, then

q(A) = ap A + -+ @\ + ao.

Lemma 9 LetF € {C,R}. Then for a generic vector u € F* the polynomial

— %)\k—l et (_1)kM/\0 (19)

A\) = \F
q(N) ™ ”

has simple complex roots only. Furthermore, if F = C is interpreted as
R? then for generic (Rew,Imu) € R?* and for each nonreal root )\g, the
conjugate \g is not a root of q(\). If F = R, then for all u € R and for
each nonreal root \g, the conjugate \g is a root of q(\).

Proof. For the proof let us recall that two polynomials pi, p2 have a common
root if and only if their Sylvester resultant matrix S(pi, p2) is singular, see,
e.g., |9, Theorem 5.7].

Under the generic assumption that u; # 0, the zeros of g(\) coincide
with the zeros of u1q(\) = ugA\F — ug \¥=1 + -+ (=1)kuy, 1 A, To prove
the first assertion, note that det S(u1q1(\), u1¢} (X)) is a nonzero polynomial
inwuy,...,ug.

To see the “furthermore” part, note that | det S(uiqi(A), @1qi(N))[? is a
real nonzero polynomial in the entries of (Re u, Imu) in the case F = C. The
statement for the case F = R is elementary. [

Remark 10 Observe that the set R* can be divided into two disjoint sub-
sets. The first set contains all vectors v € R¥ defined by the property that

15



the polynomial ¢ made of the components of u as in (19) has a real root,
while the second subset consists of all u € R* such that ¢ has only complex
roots. Note that if k is even, then both sets have a nonempty interior while
if k£ is odd, then the latter set is empty.

4.1 Hermitian case

In this section, we will assume that the given singular pencil is Hermitian.

Proposition 11 Let u € C?**1 with uy # 0. If k > 1, then for 7 € R\ {0}
we have
det(Lopr1(A) + Tuu®) =7 - (qq) (M),
where u u
g(A) = AF — Z2aF1 o ()R EELO
u1 U1

Furthermore, infinity is an eigenvalue of Lopi1(N) + Tuu® with the corre-
sponding single block N7 (), where s = sgnr. Also, if k =0 then

det(Lopr1(N) 4 Tun*) = 7|ul>

Proof. Consider

1 *
uy
2 1
ug
S = )
U241
ul 1
such that S*u = e;. Then
S (Ln(\) + Tuu™)S =
_ 1 _
T uy
A — %2 1
u1
_u3 A
u1
: 1
_ UYk+1
Ul )\ ?
1 _ Uz _ U3 _Ukt1 | _ Ukt2  _ Ukt3 _ U2k41
uy A U uy uy 2Re uj uy U1
u
rooA -t
U
1A Stz

16



with the non-indicated entries being zeros. Eliminating the entries in the
positions (1, k + 2) and (k + 2,1), by adding a multiple of the first row and
column, respectively, we obtain a congruent pencil

r A= U2 1 ]
u1
_%Z: A
: 1
_ Y+l )
[T]@ U U u - Ug U2k 41 ’ (20)
I O
1 1 A1 1 Uht3 1 1
T Tur
.
i L o |
where 1
Uk42
= —2R — .
J(w) ¢ U] Tluq [

As the determinants of the upper-right and lower left-block are equal to g()\)
and g(\), respectively, the proof is finished. 0O

Corollary 12 For every monic complex polynomial q of degree k > 1 there
exists a vector u € CP 1 with uy # 0 such that the characteristic polynomial
of the pencil Log1+1(N) + uu™* equals (qq)(N).

We now present the main theorem for Hermitian rank-one perturbations of
Hermitian pencils having exactly one singular block.

Theorem 13 Let A, E € C" be Hermitian and such that the pencil A\E + A
has precisely one singular block in its canonical form, say Logi1(N), k> 0.
Then for u € C™ with (Reu,Imu) € R?" being generic, the canonical form
of A+ Tuu* + \E is constant for T € R\ {0} and equals

k
NP @ €D Jiaa, (N) @ Re(A) @ Ri(N), (21)
j=1
where s = sgnt, where \q, ...\, € CT are mutually distinct eigenvalues, and

where R¢(X) @ R;(\) is the (canonical form of) the reqular part of \E + A.
In the case k =0, the form (21) reduces to N7 (X) @ Rg(\) @ Ri(N).
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Proof. By Theorem 7 we may assume without loss of generality that we
have AE + A = Lo;11(N). By Proposition 11, the statement is trivial for
the case k = 0 and for k£ > 0 the eigenvalues of AE + A + Tuu™ are the roots
of ¢(A) and g(\). By Lemma 9 all roots of the polynomial ¢ are generically
simple and different from their conjugates, which determines the canonical
form to be as in (21). O

4.2 Real symmetric case

In this section, we assume that the given pencil AE + A is real symmetric.
As a direct consequence of Proposition 11 we get the following result.

Proposition 14 Let u € R?**1 with uy # 0. If k > 1, then for 7 € R\ {0}
we have
det (Lop1(N) + 7un’) = 7¢*(N),

where
g(\) = AF = L2k=1 () UREL O
Ui Ui
Furthermore, infinity is an eigenvalue of Logi1(N) + Tun' with the corre-
sponding single block N7 (), where s = sgnr.
Also, if k =0 then

det(Logr1(N) 4+ Tun') = Tu?,

Note that by Proposition 14 every root of ¢ is precisely a double eigen-
value of Log11 + wu', and in addition for each nonreal root of ¢ there is a
corresponding complex conjugate root, see Lemma 9 and Remark 10.

We will study now the generic canonical structure corresponding to
these real and nonreal double eigenvalues. Recalling that the inertia index
ind(H) = (n4,n—,np) of a Hermitian or real symmetric matrix H consists
of the numbers n of positive eigenvalues, n_ of negative eigenvalues, and
ng of zero eigenvalues, we introduce the following lemma.

Lemma 15 Let A\g € R be an eigenvalue of algebraic multiplicity two of the
real reqular symmetric matriz pencil

- 0 \C + B
P(A) = ANCT +BT MNF+D |’

where B,C,D,F € R*" and D = D", F = F'. Then exactly one of the
following statements hold:

18



(i) The geometric multiplicity of Ao is equal to one and the sign s of g
in the sign characteristic of P(\) is given by

o { +1  if ind(P(X\)) = (n,n —1,1),
-1 if ind(P(X\g)) = (n—1,n,1).

(i) The geometric multiplicity of Ao is equal to two and the signs in the
sign characteristic of Ao are +1 and —1.

Proof. For the first part of the proof, we will ignore that the pencil P())
is real and consider it as particular complex Hermitian pencil. Clearly,
there exists unitary matrices U,V € C™™ such that U*(AC + B)V is in
anti-triangular form. (This follows by computing the generalized Schur
decomposition of AC' + B and then applying a row permutation.) Thus,
diag(U*, V*)P(\)diag(U, V) is in anti-triangular form as well. Then it fol-
lows from [14, Remark 16 and Theorem 17| that for each real eigenvalue ~y
of P(A) in the (complex) canonical form, the number of blocks associated
with + and having odd size is even, say 2m, and exactly m of them have
sign +1 in the sign characteristic (and the other m have the sign —1 in the
sign characteristic). To be more precise, if
SNy T2 (N, T2 (A, T ()

k1,y k2m,y kam+1,y komte,Y

are exactly the blocks associated with 7 in the canonical form in Theorem 3,
where ki, ..., ko, are odd and kopyy1, ..., komre are even, then exactly m
of the signs s1, ..., Som are equal to +1 and exactly m of them are equal to
—1. In the following we will call this condition the “sign restriction for v”.

If we insert a value u € R\ {7} in the pencil j,:jj’,y()\), then the inertia

index of the matrix j]:j (1) is given by

(%, %70) if k; is even,
(kj;_lakjé_lao) if k; is odd and s;j(y — p) > 0,

(kjgl,kjgl,O) if k; is odd and s;j(y — p) < 0.

Thus, it follows that the sign restriction for v has the effect that the inertia

index of the matrix
2m—+~4

T =@ T2 (22)

=1
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is equal to (%, %,0) for all p € C\ {7}, where a, denotes the algebraic
multiplicity of the eigenvalue . A similar observation shows that we also

have
ind(joo(ﬂ)) = (a?.o’ a?.o’ 0)’

where a is the algebraic multiplicity of infinity as the eigenvalue of P(\),
and where J(u) is defined analogously to (22). Thus, if Ju(\) is the
matrix pencil consisting of all blocks associated with the eigenvalue infinity
of the pencil P()), then J(p) is the matrix obtained by evaluating Juo(\)
at A = pu.

For the remainder of the proof, let us consider the real canonical form
STP(N)S of P()\) as in Theorem 4. Although we have been arguing via
the complex canonical form so far, note that the blocks associated with real
eigenvalues or with the eigenvalue infinity coincide in the real and complex
canonical form. Thus, by our considerations above and observing that each
block of the form Jj 1 o,3(A) as in (8) has inertia index (k, &k, 0) for all A € R,
we see that the matrix P()\g) obtained by evaluating the pencil P(\) at
A = Ao has the inertia index

ind(P(Xg)) = (n —1,n —1,0) 4+ ind(J»,(Ao))-

Here the sum of inertia index is taken componentwise. By assumption, the
algebraic multiplicity of Ay as an eigenvalue of P()) is equal to two and thus
its geometric multiplicity is either one or two. If it is one, then

. 0 Ao—A\
D) =I5 =s| 0N

for some sign s € {+1,—1} and evaluating this at A = )¢ it immediately
follows that

ind(J», (X)) = (%7 %’ 1) = { E(l)’

which proves (i).

If on the other hand the geometric multiplicity of g is two, then we have
Iro(N) = J7N,(N) @ 73 (A) for some signs s1, 52 € {+1, —1}. Since we have
two blocks of odd size 1 in this case, the sign restriction for A\g requires that
the signs s1, s9 are opposite which proves (ii). 0O

Using these lemmas we can prove the following theorem.
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Theorem 16 Let A, E € R" be symmetric and such that the pencil \E+ A
has precisely one singular block in its canonical form, say Lok11(N),k > 0.
Then for generic u € R™ the canonical form of \E+ A+7uu' is as follows:

k//

k/
NEN) & P Fa2.0,8,(N) & @D Son, (1, 4) @ Re(A) @ Ri(N),
j=1

j=1
where
1) s =sgnr,

2) aj+iBj, j=1,...,k are mutually distinct nonreal eigenvalues with
aj,Bj € R and 3; > 0,

3) Aj, j = 1,...,k" are mutually distinct real eigenvalues of algebraic
multiplicity two and the corresponding blocks have the form

j21,>\]- () if T < i

So (T, A) = \711,)\],(/\) @ jf,\lj()\) if Tl =1,

jQT)%j (A) if 771> 1,

where 11, ..., T € R are some real numbers depending on u,

A1) 2k = 4K + 2K”,
5) Rf(A) @ Ri(X) is (the canonical form of) the reqular part of \E + A.
In the case k =0, the canonical form reduces to N¥(X) @ Rp(\) & Ri(\).

Proof. By Theorem 7 we may assume without loss of generality that
AE + A= Logr1(N).

The case k£ = 0 is trivial, so we may assume k£ > 0 and we will continue
the congruence transformations from the proof of Proposition 11 starting
from (20). Note that all transformations appearing therein were real for
u € R+ We may simply assume first that u; = 1, which gives that the
second diagonal block of the pencil in (20) has the form

0 A — Ay

RAT:=| 1247 B
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)\—UQ 1

—us A

= — U1 A
A—uz —uz - —uppr | f(T,u)  —upgs ... —Ugpg
1 )\ —Uk+3

1 A —U2k+1

where )
flru) = —2ugyo — -
is the only entry depending on 7.
First let us consider the case k£ = 1. We make a generic assumption that
u3 # 0. In this case

0 )\I—Al} [ 0 A —ug
= A 1 s

M — Al B(7) —uy —2uz— T

which, since inserting us in R(A, 7) gives R(ug,7) = diag(0, —2ug — 771),
has the canonical form

‘]21,u2(A) for 771 < —2us,
Jll,UQ (A) D J;ﬂ}q ()\) for T_l = —211/37
Ji&g(A) for T_l > —2u3

by Lemma 15. Now let us deal with the case k > 2. Let Ag be an eigenvalue
of A;. (For the moment, we do not fix this eigenvalue to be real or nonreal,
but if it is nonreal, we may assume Im Ag > 0 by otherwise switching to its
conjugate which must also be an eigenvalue of P()).) Clearly, )¢ is then
also an eigenvalue of AlT. Furthermore, by our initial assumption that ¢ has
simple roots only, Ag is a simple, nonzero eigenvalue of both A; and AI.
Let us further transform the matrix
0 Aol — Ay

R()\o, 7') = )\OI . Air B(T) . (23)
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As )\ is an eigenvalue of A;, there exists a nonsingular matrix T; € CF**
such that

0 1
0 A
(Ao — AT = ] 0 =: As.
1
0 Ao
Indeed, let
1
T3 1
T = ) ,
Th+1 1
with
Uk
Tp+1 = Xo
o= WL W gy,
LTj—1 )\0 )\07 J +1,... 5

so that the entries 2,.. .,k of the first column of (A\g — A1)T} are eliminated.
Furthermore,

and hence, with ¢ being the characteristic polynomial of the matrix A;, we
have
Ao — Ug + a3 = /\ak+1q(/\0) =0,

which gives a zero in the (1, 1)-entry of (Aol — A1)T.
Obviously, there exists a matrix Tb € C¥** such that

0 1

T2A2 = 0 - = A3.
. - 1
0 0

Note that we can take

1

Ty = _'AO

(=FXE L. =X 1



Setting 7 := diag(T} , T1), we obtain

7T 0 Aol — Ay } T o [ 0 To(Mol — AT
Ml —A]  B(7) (NI - AT T B(r)T
B 0 Az
a [ Aj T B(nT |’

Observe that

g(T,u)  —uUggs ... —Ugkyl
—Uk+3
T B(r)T1 = : ,
—U2k+1
with )
g(T,u) = —2up49 — — - 2Up+3x3 — -+ — 2Uok 11 Tht1- (24)
Let ~ _
1
1
T ._
S = 0 011 ’
us3
i ugk+1 0 L]
then
I
STTT 0 Mol = A | rg 0 0 (25)

I

where the indicated zeros in the matrix on the right hand side are scalar
entries.

First, consider the case that Ay is nonreal. Recall that we work under
the generic assumption u; # 0. We add another generic assumption that
ug1q1 # 0. Observe that zs,..., 2511 depend polynomially on wuq, ..., Un11
and that xpyq is nonreal. Hence, for generic u the expression g(1,u) is
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nonreal which implies that the expression g(7, u) is nonzero for all 7 € R\{0}.
Thus, for generic u we have

dimker R(N\g,7) =1, 7€ R\ {0},

i.e., Ao is an eigenvalue of L(\g) + 7uu* of geometric multiplicity one for all

7 € R\ {0}. Hence, if we set A\g = a + i3, then there is a block J3 2 5())

in the real canonical form of the pencil L(Ag) + Tuu* for all 7 € R\ {0}.
Next, consider the case that \g is real. Then for generic u we have that

T0 = —2Uk42 — 2Uk43T3 — - — 2U2k 41 Tk41 7 0. (26)

Indeed, 19 depends polynomially on the entries of u and is nonzero as a
polynomial, because for uj4o # 0 and u; = 0, j = k+3,...,2k + 1, we
have 79 # 0. It is now clear that for 7! # 7 there exists a Jordan chain
of length two corresponding to the zero eigenvalue of the matrix R(Ag,7T)
and thus one block of size two J;y(;o) (M) corresponding to Ao occurs in the
canonical form of R(A, 7). By Lemma 15 applied to the pencil R(A,7), in
view of (25), we have that the sign s(7) is equal to the sign of g(7,u) which
clearly is
s(r) = { +1 if g(r,u) >0, ie 7l<7m
—1 if g(r,u) <0, ie 7!>m.

Finally, dim ker R(Ag, 7, 1) = 2 and therefore, taking into account Lemma 15
again, there are two blocks J| 2 (A) and J )1\0()\) in the canonical form of
P(A). O

4.3 Complex symmetric case

Finally, we consider a complex symmetric rank-one perturbation of a com-
plex symmetric pencil: AE 4+ A + tuu', where u € C" is a generic vector
and the parameter 7 is complex. Similarly to Proposition 11 we obtain the
following result.

Proposition 17 Let u € C***1 with uy # 0. Ifk > 1, then for 7 € C\ {0}
we have
det (Lopp1(A) + Tuu’) = 7¢*(N),

where

q(\) = pr- @)\k—l R (_1)/?%)\0'
U1 U1

Furthermore, infinity is a simple eigenvalue of Lopy1(N) + Tuu'. Also, if
k =0 then
det(Logr1(N) 4+ Tun’) = Tu?,
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Proposition 17 states that each finite eigenvalue of Lojy1(A) + Tuu' is a

double eigenvalue. Now let us investigate the block structure for these double
eigenvalues.

Theorem 18 Let A, E € C" be symmetric and such that the pencil \E + A
has precisely one singular block in its canonical form, say Logi1(N), k > 0.
Then for generic u € R™ the canonical form of \E + A+ tuu' (1 € C) is
as follows:

k
Ni(A) & €D S2, (1, X) & Ry (N) & Ri(N),
j=1
where
1) A\j, j=1,...,k are mutually distinct complex eigenvalues of algebraic
multiplicity two and the corresponding blocks have the form
Toxn: (N) if TV £ T
Son. (T, A) = 7 o J7
2)\] (T ) { jl,)\j ()\> @ jL)\].(A) Zf T l= Tj7
where 11, ...,T; are some complex numbers depending on u,

2) Rf(N) ® Ri(X) is (the canonical form of) the reqular part of AE + A.
In the case k =0, the canonical form reduces to Ni(X) & Ry(\) & R;(N).

Proof. We repeat the congruence transformations from the proof of The-
orem 16 to get (25) and (24), having in mind that now they are complex
congruences. Note that the same argument as in the real case applies to
prove that 79 # 0, where 77 is defined as in (26). The remainder of the proof
follows the same lines as the proof of Theorem 16 with the simplification
that now no sign characteristic is involved. 0

Conclusions

We have analyzed the behavior of the structured Kronecker canonical form
of singular structured matrix pencils under generic structured rank-one per-
turbations. In this case the regular Kronecker structure of the pencil is not
affected by the perturbation and the behavior of the canonical form of the
newly generated regular blocks can be characterized when the perturbations
involve a scalar parameter.
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