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Abstract

Let P(e) = Py + A(e) be a stochasticity-preserving analytic perturbation of
a stochastic matrix Py. We characterize the hybrid Cesaro limit

N(e)

Y Pre),

k=1

I
81%1 N(e)

where N(¢) T coas e | 0, when Py has eigenvalues on the unit circle in the
complex plane other than 1.
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Chapter 1

Introduction

The theory of discrete-time Markov chains on finite state spaces has a wide
array of applications in modeling everything from credit ratings to pop-
ulation genetics. The long-term behavior of the chain, which is often of
primary interest, is reflected by the behavior of the powers P" of the asso-
ciated stochastic matrix of transition probabilities P, as n — oo. If the recur-
rent classes of P are all primitive, it is well-known that lim,, .., P" exists, so
this limiting matrix provides the desired long-term information about the
chain’s behavior. (For definitions of some of the terms used here, refer to
Chapter[2])

On the other hand, if even one of P’s recurrent classes is cyclic, this limit
will not exist. Instead, the powers of P, as the term cyclic suggests, will tend
toward some repeating sequence with finite period. In this case, the average
long-term behavior of the chain can be represented by the Cesaro limit

= lim — Z Pk

n—oo 1

which is guaranteed to exist and is equal to the eigenprojection for the
eigenvalue 1 of P. The Cesaro limit, sometimes referred to as the stationary
matrix for P, generalizes lim;, . P", as the two are evidently equal if the
latter exists.

In the above discussion, we have implicitly assumed that the transition
probabilities in P are known exactly. This is often impossible when mod-
eling real-world systems, however, where the probabilities are determined
approximately based on observations of how the system in question op-
erates. That is, it will typically be the case that p;; = p;; + ¢;;; the actual
transition probability p;; is estimated by p;j, and ¢;; is an error term, a func-



2 Introduction

tion that depends on the observations made. To simplify the problem we
might suppose that the separate error terms are all analytic functions of a
single parameter ¢ taking on small positive values. We then have an ana-
lytically perturbed stochastic matrix P(e) = Py + A(e), where A(e) — 0 as
e | 0 and P(e) remains stochastic for all sufficiently small positive e.

An important problem that arises in this type of situation is to deter-
mine the long-term behavior of the perturbed Markov chain, as well as
whether this long-term behavior approaches that of the unperturbed Mar-
kov chain as the unifying parameter ¢ | 0. In other words, we may wonder
whether lim, o P*(¢) = P, or equivalently if the two limits

1 N
lim lim — Y Pk(e) = lim P*
mAm N L PO =l

and

lim li 1 u k Ii 1 a k *
aim lim g L PO = Jim g ) P = Ry

are identical. The answer, as it turns out, is no: if the perturbation alters the
recurrent-transient structure of the matrix, the two limits will not be equal.

The iterated limits above may lead us to wonder what happens when
e and N are combined in some fashion to form a single hybrid limit. The
following expression melds the two limit operations in a fairly straightfor-

ward way:
N(e)

Y P(e).

k=1

NI
Here N (¢) takes on positive integer values and increases to oo as £ decreases
to 0. We can think about this hybrid limit as follows: for each estimate of
the actual transition probabilities—that is, each value of e—we are only in-
terested in the average behavior of the Markov chain up to some finite time
limit; but as our estimates improve, we become interested in the chain’s be-
havior over longer and longer spans of time. In [4], Filar, Krieger, and Syed
characterize this limit in the case that the unperturbed stochastic matrix Py
has no eigenvalues on the unit circle in the complex plane other than 1, or
equivalently if Py has no recurrent classes that are cyclic. More specifically,
they show that the hybrid limit exists when N(e) T oo at different rates,
and they show that the value of the limit depends only on properties of the
eigenvalue 1 of P(g).

In the most general case, though, Py may have cyclic recurrent classes,
or equivalently eigenvalues on the unit circle other than 1. We investigate



the existence and value of the above hybrid Cesaro limit for such cases.
In Chapter [2, we introduce some concepts and terminology from matrix
theory and linear algebra that provide the framework for much of what
comes subsequently; we also describe the structure of a general stochas-
tic matrix and the relationship between this structure and the eigenvalues
of the matrix; last, we present an older result concerning stochastic matrix
eigenvalues and use it to establish a property of these eigenvalues useful
for analyzing the hybrid Cesaro limit. Chapter [3] contains an overview of
perturbation theory for matrices. Topics include the way perturbations af-
fect eigenvalues and eigenprojections, a type of reduction process for per-
turbed matrices that yields information about the perturbed eigenvalues,
and some of the peculiarities of perturbed stochastic matrices. The main re-
sults concerning the hybrid Cesaro limit are collected in Chapter 4l We first
describe how the hybrid Cesaro limit can be decomposed for easier analy-
sis, then present both the previous results from [4] as well as the original
results we have obtained. Finally, Chapter[5lreviews aspects of the problem
that remain open and challenges in grappling with these open questions.






Chapter 2

Stochastic Matrices and ©

Since the limit operation we are concerned with involves stochastic matri-
ces, the eigenvalues of such matrices appear prominently in our later anal-
ysis. In this chapter we present several results relating to stochastic matrix
eigenvalues. The most important of these is an original result that yields
an estimate crucial for proving statements about the hybrid Cesaro limit.

2.1 Matrix Preliminaries

We begin by reviewing some basic matrix terminology that figures into a
number of the concepts introduced subsequently. In what follows, M,,(C)
denotes the set of all n x n matrices with complex entries.

Definition 2.1. Let T € M, (C), and suppose that A € C is an eigenvalue of T.
The algebraic multiplicity of A is the degree of A as a root of the characteristic
equation det(T — xI) = 0. The geometric multiplicity of A is the dimension of
the eigenspace

Wy={veC"|To=XM}={veC"|(T-A)v=0}.

Recall that the algebraic multiplicity of an eigenvalue is always at least
as large as the geometric multiplicity, but may be strictly larger.

Definition 2.2. An eigenvalue A of the matrix T € M, (C) is semisimple if the
algebraic and geometric multiplicities of A are equal.

Hence semisimplicity means, in a sense, that the eigenspace for A is not
“deficient.” Eigenspaces that are deficient, however, can be repaired by
relaxing the definition as follows.
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Definition 2.3. If A is an eigenvalue of T € M, (C), the generalized eigenspace
associated with A is the set

{veC" | (T A% = 0forsomek € Z* }.

Evidently the generalized eigenspace associated with A contains the
eigenspace associated with A. Additionally, the generalized eigenspace is
a subspace of C", in the case that we are working with M, (C), and the di-
mension of this subspace is equal to the algebraic multiplicity of A. Hence
we can speak simply of the multiplicity of an eigenvalue in reference to this
common value.

The sense in which generalized eigenspaces “fix” the type of deficiency
mentioned above can be formalized using the notion of direct sums.

Definition 2.4. Let Wy, Wa, ..., Wy, be subspaces of the vector space V. Then V
is the direct sum of the W;, written

m
V=WiaW & - &W,=PW,
i=1

if for each v € V there exist unique w; € W;, i = 1,2,...,m, such that v =
Wy + Wy + - -+ + Wy, In this situation, the component of v € V in W; is the
unique w; € W that appears in the above decomposition of v.

If A1, ..., Ay are the eigenvalues of a matrix T € M, (C) and W1, ...,
W,,, are the associated generalized eigenspaces, then it is always the case
that C" = @;"; W;. This statement does not hold in general, however, if
we substitute eigenspaces for generalized eigenspaces. In particular, it fails
precisely when any eigenvalue is not semisimple, or equivalently when T is
not diagonalizable. In other words, if any eigenvalue of T is not semisimple
then the union of bases for the individual eigenspaces does not span all of
cn.

The discussion of direct sums motivates the following.

Definition 2.5. Let T € M, (C). Then T is a projection matrix if T> = T.

The notion of a projection can be straightforwardly generalized to lin-
ear transformations on arbitrary vector spaces, but for our purposes the
definition given is sufficient.

It is a fact that if C" = @;”:1 W;and 1 < i < m, there is a unique
PF € M, (C) satisfying the following two properties:
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(1) P maps C" onto W;; that is, the linear transformation on C" defined
by v — P;v has range W;;

(2) for each v € C", the component of v in W; is equal to P/'v.

This P/ is a projection matrix: if the decomposition of v € C" based on the
Wiisv = wy + - - - + wy, then the component of w; in W; is clearly w; if i = j
and 0if i # j; thus

(P)?v = Pfw; = w; = Pv,

so Pr and (P;)? act identically on C" and must be the same matrix. P is
called the projection matrix onto W; along Wy,..., W;_1, Wii1,..., Wy, In
this situation it is straightforward to see that )" ; P* = I. Additionally,
P7Pf = 6;;P;, where ¢;; is the Kronecker delta defined by

5. J0 HiFEf
T\, ifi=j

Conversely, if T is a projection matrix, then there are unique subspaces W,
and W, of C" such that T is the projection matrix onto W along Ws.
Another useful concept relating to projection matrices is the following.

Definition 2.6. Suppose that T is the projection matrix onto Wy along W and
that T’ is the projection matrix onto Wy along Wj. Then T' is a sub-projection of
T if there is a subspace V of C" such that Wy = W] @& V and Wi = W, @ V.

Using the same type of direct sum decomposition techniques used ear-
lier, it is not difficult to show that if T’ is a sub-projection of T, then TT' =
T'=TT.

Placing the above discussion of projection matrices in the context of
eigenvalues and eigenspaces yields another important piece of terminol-

ogy.
Definition 2.7. Let T € M, (C), and suppose that A1, ..., Ay and Wy, ..., Wy,
are the eigenvalues and respective generalized eigenspaces for T. The eigenpro-

jection for T associated with A;, written P*(A;), is the projection matrix onto W;
along Wy, ..., Wi_1, Wii1,..., Wy

Observe that TP*(A;) = P*(A;)T for each i: since T maps each W; to
itself, if v = wy + - - - + wy, is the decomposition of v based on the W; then



8 Stochastic Matrices and ©,,

Thus P*(A;)T and TP*(A;) act identically on C” and are the same matrix.

Finally, recall that a matrix M is nilpotent if M* = 0 for some k > 0;
the smallest positive integer k for which M¥ = 0 is called the index of the
nilpotent. In the situation described in the previous paragraph, there is a
unique nilpotent matrix D(A;) which satisfies TP*(A;) = A;P*(A;) + D(Ay)
and P*(A;)D(A;) = D(A;) = D(A;)P*(A;). The index of D(A;) is greater
than 1 precisely when A; is not semisimple; equivalently, D(A;) = 0 if and
only if A; is semisimple.

2.2 Stochastic Matrices and Their Structure

Recall that a square matrix is stochastic if its entries are real and nonnega-
tive and the sum of the entries in each row is equal to 1. In this section we
relate the structure of a stochastic matrix—that is, the location of its posi-
tive entries—to information about its eigenvalues. Most of this material is
drawn from Chapter 1 of [9]. Throughout, P = [p;;] denotes a fixed n x n

stochastic matrix and pgﬂ) is the ijth entry of P™.

Definition 2.8. If i and j are indices from the set {1,2,...n}, then i has access
to j, written i — j, if pf}") > 0 for some m > 0. Also, i communicates with j,
written i < j, if i has access to j and j has access to i.

Since every row of a stochastic matrix has a positive entry, it is clear that
every index has access to some index. On the other hand, it is possible for
an index not to communicate with any index. For example, if

10
=l
then the index 2 does not communicate with any index since P = P for all

m > 0.
Viewing — and « as binary relations on the set of indices, the former

is transitive: if p(m) > (0 and p(m,) > 0, then since P+ = P"P" we have

ij jk
! n ! !
" = IZ%PEZ" o =y > 0.

The second binary relation has even nicer properties if we restrict our at-
tention to the set of indices |, = {i € {1,...,n} | i < j for some index j }.
Specifically, < is an equivalence relation on J.. (That < is symmetric is
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evident; transitivity follows from the transitivity of —, and we obtain re-
flexivity from symmetry and transitivity together with the definition of J..)
We may thus partition ], into “communicating classes” of indices, call them
C1,Cy, ..., Ck. Typically, we also group all non-communicating indices into
a class of their own, denoted C.

We can further classify the set of indices based on the following defini-
tion.

Definition 2.9. An index i is recurrent if, for every index j to which i has access,
j also has access to i. Otherwise, i is transient.

Based on what was noted previously, every index in (g is transient. For
any other C;, the properties of — and < imply that if one index in C; is
recurrent, all other indices in C; are also recurrent. It follows that either
every index in C; is recurrent or every index in (; is transient. Therefore
it makes sense to refer to the classes themselves as recurrent or transient
based on the classification of their indices. It is a fact that any stochastic
matrix contains at least one recurrent class of indices (see [9], p. 16). We
now illustrate these concepts with an example.

Example 2.1. Let

0 03 0 01 05 01 0]
0 04 0 01 02 0 03
02 07 0 0 0 0 01
P=|0 020 05 0 02 0.1
0O 00 0 1 0 0
0 0 0 0 0 06 04
o0 00 0 O 1 0]

One can verify that Cy = {1,3} is the class of non-communicating indices,
and that among the communicating indices the classes are C; = {2,4},
C» = {5}, and C3 = {6,7}. Notice that even though the index 1 is non-
communicating, 3 — 1. Of the communicating classes, C; is transient since
the index 2, for example, has access to the indices 5 and 7, but not vice
versa. On the other hand, both C; and Cj3 are recurrent: the indices in each
class do not have access to any index outside of their own class.

The relationships between indices and classes of indices can be clari-
fied, within a given stochastic matrix, by permuting the indices so that the
indices in each class are adjacent. We also typically order the classes with
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recurrent (communicating) classes first, followed by transient communicat-
ing classes, and finally the non-communicating class (if there is one), since
the resulting matrix is then lower block triangular—that is, all the positive
entries occur either within or below the diagonal blocks associated with
the different classes. If we perform this process on the matrix from Exam-
ple placing the classes in the order Cy, C3, C1, Cp, we obtain

1 0 0 0 0 0 0]
0 06 04 0 O
o 1 0 0 O

0

0

P’ 02 0 03 04 01 O
0

0

0 02 01 02 05
05 01 0 01 03
(0 0 01 0 07 02 0

O O O oo

Note that this type of reordering is not unique: we can change the order
of the indices within each class, as well as the order of the recurrent classes
and the order of the transient communicating classes, and the resulting
matrix will still be lower block triangular. It is important, however, that
whichever particular way the indices are permuted, the underlying struc-
ture of the matrix is not affected. To be precise, the original matrix and
the permuted one are always similar, so their eigenvalues are the same.
In the example with which we have been working, we have the identity
P’ = SPS~1, where

00007100
0000010
0000001

S=10100000
0001000
1000000

001000 0O

Observe that S is a permutation matrix: each row and column has exactly
one entry equal to 1 and the rest equal to 0. It is not difficult to see that
however the indices of P are permuted, the resulting matrix will be similar
to P via conjugation by a permutation matrix.

Aside from helping to bring out the inherent structure of a stochastic
matrix, the index classification we have described is useful because it yields
eigenvalue information about P. For one, from rearranging the indices as
above we can see that the eigenvalues of P will be the union of the eigen-
values for each diagonal block. As it turns out, the blocks for the transient
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classes, as well as the non-communicating class, all have eigenvalues with
modulus strictly less than 1 (this follows from Theorem 1.5 in [9], p. 22).
On the other hand, for each recurrent class there is a positive integer k such
that the associated diagonal block has all the kth roots of unity as eigenval-
ues of multiplicity 1, and no other eigenvalues on or outside the unit circle
in the complex plane (this follows from Theorem 1.1, Corollary 1, and The-
orem 1.7 in [9], pp. 34, 8, and 23, respectively). If k = 1 the class is called
primitive, whereas if k > 1 the class is called cyclic. These results imply that
if P is a stochastic matrix and A is an eigenvalue of P satisfying [A| = 1,
then A is semisimple. Additionally, 1 is an eigenvalue of P.

2.3 Stochastic Matrix Eigenvalues and O,

Additional information about the eigenvalues of stochastic matrices is avail-
able from more sophisticated results.

Definition 2.10. Let n € IN. We denote by ©,, the set of all eigenvalues of n x n
stochastic matrices. That is,

®, = {A € C| thereis an n x n stochastic matrix with A as an eigenvalue }.

Trivially, then, ®; = {1} (there is only one 1 x 1 stochastic matrix), and
it is not difficult to show that @, = [—1, 1]. The following three results can
all be found in [7]; the first is due to Dmitriev and Dynkin, the second to
Karpelevi¢. For x € R, [x] denotes the greatest integer less than or equal to
X.

Theorem 2.1. ([7], p. 175) If z is a complex number whose argument is between O
and 27t/ n, inclusive, where n > 3, then z is an eigenvalue of some n x n stochastic
matrix if and only if z lies in the triangle with vertices 0, 1, and e*™/".

Theorem 2.2. ([7], pp. 176-177) Let n € IN. Then ®,, is symmetric with respect
to the real line (that is, z € ®, if and only if z € ©,,), is contained within the
closed unit disk, and intersects the unit disk’s boundary, |z| = 1, at precisely the
kth roots of unity for k < n. The boundary of ©,, consists of these points and of
curvilinear arcs connecting them in circular order. For n > 3, these arcs can be
characterized as follows.

Consider a boundary arc of ®, with endpoints A" and A" in counterclockwise
order. Write A as e2™(@/Y) where 0 < a' < b < n and ged(a', b)) = 1. (In
particular, when A' = 1 this gives a’ = 0 and b’ = 1.) Similarly write A" as

e2mi(@" V") Then either n

2] ) =
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or
n

n
¥ [55] <V |5 @2
and if holds for a given arc then (2.2) must hold for the complex conjugate
arc (and vice versa). Hence, by the symmetry of ©®,,, we may suppose that is
satisfied and that b” > 1. (Ifb" = 1, then a’ = 0and a'/b' = (n —1)/n, so
that both and hold for the arc; hence both hold for the complex complex
conjugate arc, and we may consider it instead.)

Now let r1 = b", ro = a”, and let r3,..., 1y be the remainders obtained by
iteratively using the Euclidean algorithm: 1 = Qi1 + Tkqp, With 0 < r44p <
tke1, fork=1,2,...,m—2,and 1 = Gm-1rm. If [n/V"] = 1 and m is even,
then the arc is implicitly parametrized by the equation

29zF -t =(1-1t), (2.3)
where the real parameter t runs over the interval [0,1], r = ry,—1, and p and q are
defined by

a'’p=1 (mod b"), 0<p<?’ (2.4)
a"g=—r (modb"), 0<g<?b". (2.5)

Otherwise, the arc is analogously parametrized by the equation
(2P — ) = (1 — )21, (2.6)
where d = [n/b"], b = b", and q is defined by
a'g=-1 (mod b"), 0<g<?" (2.7)

Corollary 2.1. ([7], p. 175) The set O3 consists of the points on the interior or
boundary of the triangle with vertices 1, e*™/3, and e=2/3 together with the
points in the interval [—1,1].

Using Theorem[2.2] I have been able to prove that ®, possesses geomet-
ric properties useful in analyzing Cesaro limits.

Lemma 2.1. Let p € C[z,t], viewed as a function from C x R to C (that is, p is
a polynomial in z = x + iy and t). Suppose that p(zo, to) = 0, and let

9 0
wy = £(Zo,l‘o) and wy = a—f(ZOftO)'

If wy # 0, then the equation p(z,t) = 0 implicitly defines a C! function f : [ —
C, where I is an open interval containing to, and f'(ty) = —Wiwa/ |w %
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Proof. If we view p as a function from R? x R to IR?, then p is certainly C.
Letting wy = a + bi and wy = ¢ + di, and noting that

a_P_a_p%_a_P.i:i(a_p.1>:i<a_pa_Z>:ia—p

dy 9zdy Oz 0z 0z ox ox’
we see that 3 3
%(Zo, t()) = i%(ZO, to) = iwl = —b+ai.

Hence the matrix for the derivative of p at (zo, to) is

a -b c
DP(ZO/ tO) = |:b a d:| .

Then by the implicit function theorem, we can assert the existence of a C!
function f from some open interval containing to to C as long as the matrix

a —b
b a
is invertible. But this is the case if and only if its determinant, a2 + b?, is

nonzero, and clearly this is true if and only if w; # 0.
Finally, under this assumption the implicit function theorem gives that

e =-[5 7 71 il =l L
1 [agt lﬂ _
a c

a2t
It just remains to note that

wiwy  (a—bi)(c+di)  (ac+bd)+ (ad — be)i

RENE a+bi2 a2 + b2

O

We now arrive at the two original results which later bear on our analy-
sis of Cesaro limits. Throughout these results, we make use of the notation
from Theorem Before presenting them, we introduce a piece of nota-
tion and a concept from number theory. First, if 2 and b are integers we
write b | a if b divides a; that is, b | a if there is an integer ¢ such that a = bc.
If b does not divide a, we likewise write b { a. Next, suppose that 1 is a



14 Stochastic Matrices and ©,,

positive integer. The nth Farey series F, is the increasing sequence of irre-
ducible fractions between 0 and 1 inclusive with denominators no larger
than n. For example, F3 is the sequence 0/1,1/3,1/2,2/3,1/1. A property
of Farey series useful to us is the following: if a/b and c/d are consecutive
fractions in the Farey series F;,, then bc —ad = 1 (see [5], Theorem 28, p.
23).

Theorem 2.3 (Krieger-Murcko). Fix an n > 3. Suppose that A’ = 2™!(a'/t)
and A = e¥(@" V") are consecutive roots of unity as in Theorem 2.2 and that
the boundary arc of ®, connecting A" and A" is described by 2.3). Then at the
endpoints A" and A" of the boundary arc, the arc has well-defined tangent lines I}
and 17, respectively. Also, if I} and 1) denote the lines tangent to the unit circle
|z| = 1at A" and A", respectively, then 1] makes a nonzero angle with Iy at ', and
likewise for I{ and I’} at A"

Proof. To begin, we examine the case where A’ = 1 and A” = ¥/". (It
is straightforward to see that these are, in fact, consecutive roots of unity.)
Then a’/V = 0/1and a”’/b" = 1/n,s0r1 =b" =n,rn=a"=1=r,,
and [n/b"] = [n/n] = 1. Therefore this case satisfies the requirements from
Theorem for the boundary arc to be described by (2.3). The desired
result here follows immediately from Theorem [2.1] since the arc is simply
the straight line segment connecting 1 and ¢?™/". So we may henceforth
assume thata’ > 0,0’ > 1,and a”/b" # 1/n.

We next show thata” > 1 and g > 0 for these remaining cases. Suppose
first that a” = 1. Since we are assuming that a”/b” # 1/n, it follows that

b” < n; moreover, as [n/b"] = 1, we have that n < 2b” — 1. Now, any
rational number c¢/d, where 2 < ¢ < d < n and c and d are relatively prime,
satisfies

c_ 2 2 2 1

—>Z> > =

d~n—20"—-1" 20" b"
Since a4’/ is the greatest rational number less than a”/b" = 1/b" with
denominator less than or equal to n, (2.8) implies that 2’ = 1, whence also

b’ =" +1 < n. Finally, we obtain that

2.8)

b// [%] :b// <b//+1:b/:b/ [§:| .
But this inequality contradicts (2.1), so we may conclude that a” > 1.

Now suppose, again for the sake of contradiction, that ¢ = 0. Since a”
and V" are relatively prime, r,, is always equal to 1; thus r = r,,_; is the last
r; > 1, and if some r; > 1 thenr < r;. In particular, r < b”" asr; = b" > 1.
But r =, —a’’q = 0 by (2.5), so it must be the case that r = b”. Thus
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tm—1 = 11,80 a” = ry = r, = 1. This contradicts what was just established
about a”’,so g > 0.

Moving on from these preliminaries, let f(z,t) = z7(zF —t)" — (1 —t)7,
zo = 2@/ and z; = €2™(@/Y) The congruence relation a’p = 1
from (2.4), together with the fact that b” > 1, implies that

Zg _ eZm'(a”p/b”) _ eZm'/b” £ 1. (2‘9)

Hence f(zo,1) = z}(zh —1)" # 0. Therefore it must be the case that f(zo,0) =
0 and f(z1,1) = 0. Additionally, observe that

0
% — qu_l(Zp _ t)r + przp+q_1 (Zp _ t)r_l (210)
and 3
a—{ =r(1—t)""1—rz9(zF — )" L. (2.11)
We now consider the endpoint zg. From (2.10) we see that

d - r - r— rrq—
7 (20,0) = gz )+ pry ) = (pr )z

But ngq —1 = f(z0,0) =0, s0in fact

9 (20,0) = (pr+a)z,™

As p, g, and r are all positive integers, this shows that df /9x is nonzero at
(20,0). Next let wy = (pr +q)z," = (pr +q)Zo and

of g

Wy = y(zo,O) =r—rz0(z) L =r -z TP = (1 - 2, ).
Lemma [2.T]implies that if v = —w W,/ |w; ]2 is nonzero, then the boundary

arc implicitly described by has a well-defined tangent line at zyp = A”
and v is a vector (complex number) in the direction of this line. Certainly
v # 0 if the dot product of v with the radial vector for zj is nonzero, so we
begin by showing this. Now, the dot product of two vectors v; and v; in
R?, when we view 17 and v as complex numbers, is easily seen to be equal
to Re (v177). Since

o T [prrgali-z" -z
|1 |2 (pr+q)2 ——
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the desired dot product is equal to

o
pr+q

(1—Re(z5")).

But r and pr + q are both positive, so it only remains to note that z, " lies
on the unit circle and is not equal to 1 by (2.9). Thus the boundary arc does
indeed have a well-defined tangent line I’ at zo.

To establish that /{ makes a nonzero angle with [, the line tangent to
the unit circle at zg = A”, it suffices to show that direction vectors for the
two lines are not (real) scalar multiples of one another. But the direction
vector for I is orthogonal to the radial vector for zp, so the dot product
calculation carried out above immediately implies the desired result.

Before beginning work on the second arc endpoint, z; = A/, we intro-
duce another piece of notation. For 0 < t < 1, let z; denote the point on the
boundary arc corresponding to t; this simply extends our usage of zp and
Z1.

We first establish that there is an ¢ > 0 such that for all t € (1 —¢,1),
(0f/0x)(zt,t) # 0. To this end, note first that neither z; nor zf — t can be
equal to 0 for t € (0,1): from (2.3), z/ — t = 0 would imply that (1 —#)" =0,
clearly an impossibility for all ¢+ € (0,1); since g > 0, the same thing rules
out z; = 0 for the relevant values of t.

Now suppose, for the sake of contradiction, that there is a sequence
{ta}7° € (0,1) converging to 1 such that (f /9x)(zs,,t,) = 0 for all n. But

af p+g-1

-1 1
O (21 t0) = gzl — )+ przl A — )

-1 _
=2 (2}, — tn) "M a(2}, — tn) + pra;)]

-1 _
= Z?,, (an —ty) 1[(177 + Q)an — qtn]
for all n by , so the observations in the previous paragraph allow us

to conclude that
(pr+q)z) —qt, =0 2.12)

for all n. Since t, — 1 asn — o0, z;, — z; as well. Therefore, taking limits
in as n — oo yields the identity (pr + )z} = q. As p, g, and r are all
positive, however,

[(pr+q)z}| = lpr+ql =pr+q9>q=lql,

giving us a contradiction. Thus (9f/dx)(z¢,t) # 0 for all ¢ sufficiently close
to 1.
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Now from Lemma 2.} the above implies that the complex-valued func-
tion t — z; is differentiable for all ¢ sufficiently close to 1 with derivative

Wit
w2

where wy; = (df/9x)(z¢,t) and wy; = (df/9t)(z¢,t). To show that the
boundary arc has a well-defined tangent line at z; = A/, then, it suffices to
show that lim;_,; v; exists and is nonzero. We begin with the former.

To ease notation slightly, we will henceforth let u; denote zf —t; so,
to rephrase something we established above, z; and u; are both nonzero
for the values of t with which we are concerned. Using the expressions
for of /0x and df /9t from and (2.11), as well as the identity zJu] =
(1 —t)" from (2.3), we obtain as an expression for v;

v = = —wo /Wy,

1—zfJ rZt
L=t (pr+q)zf —qt

Ut =

Examining different pieces of this expression, first notice that rz; — rz;
ast — 1. Since zlu} = (1-1)" = 0, it follows that u; = 0, i.e. that z} = 1;
therefore (pr + q)z} — qt — (pr+q)zf —q = prast — 1. Regarding the
remaining fraction in the expression for v;, observe that

1— p
S/
1-t 1-t

T
< i > —z
1-—t

so a continuity argument shows thatas t — 1, u;/(1 — t) approaches some

But

rth root of z; 7, call it a. Putting all of the above together, we see that
lim;_,1 v; exists, call it v, and that

rz 1—-a)z

v:(l—oc)—lzi( )l.
pr p
As in the method used at the first arc endpoint z1, to complete the proof

it suffices to establish that the dot product of v with the radial vector for z;
is nonzero. Using the expression for such dot products derived earlier, we
see that it is equal to

Re (le> _ Re <1_"‘> _ L Rea (2.13)
p p p
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Since a is an rth root of z, !, certainly « lies on the unit circle. From (2.13),
then, it suffices to show that « # 1. Reducing the problem one additional
time, notice that  cannot be equal to 1if z; 7 # 1. We thus focus on proving
this last statement.

We begin by showing that b’ { 4. This is evident if b” < ¥/, since 0 <
g < b". Hence suppose that b”" > b’ and that b’ | q, say q = kb'. As we are
assuming that b’ > 1, it follows that b” > 3. Additionally, a” < b” — 1 and
a’ # b" /2. For the former, if @/ = b"” — 1, then we would have that r; = b”,
rp=a"=0b"-12>2,and r3 =1 = ry; but then m is odd, contradicting
one of the hypotheses for the boundary arc to be described by (2.3). For the
latter, if a” = b" /2, then a” /b" = 1/2,soin facta” = 1 and b” = 2; but this
contradicts the fact that a” > 1. We now consider two cases:

o If a” < b"/2, then, since r, = a” > 1, we know thatr < r, = 4" <
b"/2.

o Ifa" >b"/2,thenrs =b" —a” Butl =0b"— (" -1) < b’ —a" and
b —a” < b —b"/2 = b"/2,s0it follows thatr < r3 = b" —a" <
b’ /2.

Hence r < b" /2 regardless. Now, a’/b" and a” /b" are consecutive terms in
the Farey series F, so a’b' — a’b"” = 1 and a”b’ =/ 1. Therefore

—r=a"g=a"(kb') = (a"b)k=k (mod "),
so k = jb" —r for some j > 1. Noting again that b’ > 1, we obtain that
V' =0"/2)-2< " =)t/ < (V" —r)b =kt =q < V"

This contradiction at last allows us to conclude that b’ 1 g when b” > ¥/, so
b’ { g in all cases.

Returning to the larger question, observe that z; 7 = e?i(=aa/V)  Gince
a’ and b’ are relatively prime (with 2’ > 0) and ¥’ 1 g, we can conclude that
b’ does not divide a'q. Thus a’q/b’ is not an integer, whence z, 7 # 1. This
completes the proof. O

Theorem 2.4 (Krieger-Murcko). Fix an n > 3. Suppose that ' = 2i(a'/t)
and A" = 2@ /Y") gre consecutive roots of unity as in Theorem 2.2 and that
the boundary arc of ®, connecting A' and A" is described by (2.6). Then at the
endpoints A" and A" of the boundary arc, the arc has well-defined tangent lines 1]
and 1, respectively. Also, if I; and I3 denote the lines tangent to the unit circle
|z| = 1at A" and A", respectively, then I} makes a nonzero angle with I, at ', and
likewise for I{ and I3} at A"
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Proof. To begin, note that we may assume that a’/b’ # 0/1, for the asso-
ciated boundary arc was addressed at the beginning of the proof of Theo-
rem[2.3] In particular, this implies thata’ > 0 and b’ > 1.

Now let f(z,t) = (2 — ) — (1 — )29, zg = e2™(@/V) and z; = 2" /b"),

Observe that
flz1) = (2 —1)F = (1= 1)%2] = (0000 _1)T = (2" _ 1)@ — g,

where we have made use of the fact that b = b”. Moreover, since 0 <
g <V’ =bandbd —q =, —q, it follows that b { (bd — g). As a” and
b" are relatively prime with a” # 0 (this holds because b” > 1—see the
statement of Theorem [2.2), we additionally obtain b { a”(bd — q). Thus
lefd—q _ p2mi(a’ (bd—q)/b") £1and

21,0) =208 — 21 = 210 0 2101 —0;
1 1=%41 21— 7% 172

hence it must be the case that f(zp,0) = 0.
To complete the preliminaries, we have

% = bdz" (2P — ) — gz (1 - 1)?

and

% = dz7(1— )47t —d(zb — 1)1,

For the endpoint zg, we first calculate

d _1_b(d— - _ _ -
%(20,0) = bdzg 1zg(d b _ ng T bdzgd 1 ng T (bd — q)zg 1;
note that this uses the identity z}? — z} = f(z0,0) = 0. Butbd —q > b—q >
b—b = 0, whence df /dx is nonzero at (zo9,0). We now proceed exactly
as we did with the arc endpoint zy in the previous proof. Letting w; =

(bd — q)z] " and

J —
w2 = 5 (20, 0) = dsf = daf ) = () — 1) = dzf1 - ),

it suffices to show that the dot product of v = Wyw, /|w;|* with the radial
vector for zj is nonzero. As

_wlwzz _ [(bd — q)Zg_l] [dzg(l - zab)] o _d(l — zab)
w1270 (bd — q)? : bd —q
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the desired dot product is equal to

d

Re (UZ()) = —m(

1—Re(z"). (2.14)
Since a”'b’ — a’b"” = 1 (this again follows from viewing a’/b" and a”/b" as
consecutive terms in the Farey series F,,), we have that

—b _ e27‘(i(7u’b”/b’) _ e27‘(i(7(11’/b’71)/h’)

_ s S C
ZO e 27tia eZm/b — eZm/b’

whence z; " lies the unit circle but is not equal to 1 (recall that b’ > 1). Thus
Re (z, b ) < 1,and since d > 1 we can conclude that the dot product in
is nonzero.

For the endpoint z;, we continue in the mold of the proof of Theo-
rem That is, we begin by establishing that there is an ¢ > 0 such that
(0f /0x)(zt,t) # 0forallt € (1 —¢,1). To this end, we first have that neither
Z; NOT Uy = zi’ —tcanbeequalto0forall t € (0,1): for z; = 0 implies

0= f(zi,t) = (0, 1) = (—1)",
while u; = 0 implies
0= f(zi,t) =uf — (1—t)%] = —(1 - 1)%z].

Now suppose, for the sake of contradiction, that there is a sequence
{ta}$° € (0,1) converging to 1 such that (0f/0x)(zs,,t,) = 0 for all n. But
using the identity u¢ = (1 — t)4z], we have that

ztg(zt,t) = bdzPu? — 21 (1 — ) = bdzbudt — qud

ox
= (bdz} — q(z} — t))u{ " = ((bd — q)z} + qt)uf !,

so that by the observations in the previous paragraph (bd — q)zfn +qt, =0
for all n. Since t, — 1 and z;, — z1 as n — oo, this implies that
0 = lim ((bd — )z} +qtn) = (bd — q)z} + q = bd,
n—oo
clearly a contradiction since b and d are both positive. Thus we can con-

clude that (0f /dx)(z:, t) is nonzero for all t sufficiently close to 1.
Now take wy; = (9f /9x)(z¢,t) and wy; = (df /0t)(z,t), and let

= —wy/ w1y,
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so that v; is a tangent vector to the boundary arc for all ¢ close to 1; as in
the previous proof, we will show that v = lim;_,; v; exists and that the dot
product of this vector with the radial vector for z; is nonzero.

Using the expressions for df /dx and df /dt together with the identity
ud = (1 t)4z], we see that

o — CWap Wy duzl (1 — )31 —dzl(1 — )4
wir o wwye pdZ N1 - ) = qu? (1 - e
B duyzy —d(1 — t)z; w1+t dz;
T obd(1—t)—qu(1—t) 1—t bdzl —qu
| dz;

1t (bd—q)zf +qt
Examining pieces of this final expression, we find first that

. dZ t dZ] dZ]
lim

- - — 2, /b.
t=1 (bd — )z +qt  (bd—q)z2b +q bd—q+q “/

In addition,
-1 Uy
-t 1-t
The fact that (u; /(1 —t))? = z] for t # 1 implies that u; /(1 — t) approaches
some dth root of z{ as t — 1. Let « denote this limit. Since a”q =,» —1 and
b’ > 1, we see that z] = e2™(@"4/V") = ¢=27i/b" £ 1 Thus « lies on the unit
circle but is not equal to 1; in particular, Rea < 1.

Putting the above together, we obtain that

v=Ilimov; = (1—-a)z1/b,

t—1

whence the dot product of v and the radial vector for z; is

1— _ _ _
Re (0%,) — Re (( oc)zlzl>:Re(1 «x)zl Rezx>1 120'

b b b b

This completes the proof. O






Chapter 3

Analytic Perturbations

In this chapter we review some important results from perturbation the-
ory for linear operators on the finite-dimensional vector space C" (i.e.n x n
matrices with coefficients in C). Most of the material is drawn from Chap-
ter 2 of [6]. In all of what follows, M, (C) denotes the set of complex n x n
matrices.

3.1 Perturbed Eigenvalues and Eigenprojections

We begin with a definition to place us on solid ground.

Definition 3.1. An analytic perturbation of a matrix Ty € M, (C) is a power
series
T(e) =T+ A(e) = Ty + €Ay + 2 Ay + - - -

in which the coefficients Ay, Aa, . .. are all elements of M,,(C) as well. We refer to
T(e) as an analytically perturbed matrix.

Such a power series will have a radius of convergence ry € [0, o] just as
does a standard power series in which the coefficients are complex num-
bers rather than matrices. That is, T(e) will converge for all complex ¢
satisfying |¢| < ro and diverge for all € with |e] > rp; the value of g de-
pends on the entries in A1, Ay, ... Henceforth we assume that any analyti-
cally perturbed matrix with which we are concerned has positive radius of
convergence 7.

If T(e) is an analytic perturbation of Ty, T'(¢) has a fixed number of dis-
tinct eigenvalues except at certain “exceptional” values of ¢, only a finite
number of which lie in any compact set. If A is an eigenvalue of T, then
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T(e) possesses a collection of associated perturbed eigenvalues, call them
A1(g), Aa(e), ..., Ak(e), each of which can be represented in a power series—
like form called a Puiseux series:

Aj(e) = A+ clljel/pf + cz,jsz/”f +-, (3.1)

where p; is a positive integer. We refer to Aq(e),..., Ax(e) as the A-group
eigenvalues for T'(e), since they all converge to A as ¢ — 0.

Recall from Chapter [2] that the multiplicity of an eigenvalue refers to
its algebraic multiplicity, or equivalently the dimension of its generalized
eigenspace. It is known that at any non-exceptional value of ¢ as described
above, the sum of the multiplicities of the individual A-group eigenvalues
in T(e) is equal to the multiplicity of A in Tp.

There are also useful results relating to eigenprojection matrices. Cer-
tainly at non-exceptional values of ¢, it makes sense to talk about eigen-
projections for the individual perturbed eigenvalues Aj(e). If we choose
r > 0 small enough that the domain D = {¢ | |¢] < r} contains no ex-
ceptional points except possibly 0, we can further define a matrix-valued
function P*(A,e) on D equal to the sum of these individual eigenprojec-
tions. As it turns out P*(A, ¢) can be expressed as an analytic perturbation
of P*(A), the eigenprojection for Ty associated with A. We refer to P* (A, ¢)
as the total projection for the A-group. If the multiplicity of A in Tj is m, then
P*(A, e) projects onto an m-dimensional subspace of C". This subspace,
which generally depends on ¢, is denoted M(A, €); we refer to it as the per-
turbed eigenspace for the A-group. For the remainder of the chapter, we only
concern ourselves with T(¢) on a domain as described above.

We illustrate the concepts introduced in this section with an example.

Example 3.1. Consider the analytically perturbed matrix

[2—8-{—82 3¢2 ]
2 .

T(e) = €2 2—e—c¢

To be explicit, we can write this as

T(e) = [3 g} 4 [—s-;gz 3¢2 2]

& —&— &
2 0], [ 0], .t 3
o 2 0 -1 1 -1

20 -1 0 1 3

Therefore
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also,
—e4+¢€2 3¢

A(E) = 8A1 + €2A2 = 82 e_¢

ol -
Evidently the radius of convergence of T'(¢) is co.

Tp has a single eigenvalue of multiplicity 2, namely 2. It is straight-
forward to see, then, that the eigenprojection for Ty associated with the
eigenvalue 2 is the identity matrix I.

Puiseux series for the perturbed eigenvalues in the 2-group of T(¢) can
be determined straightforwardly in this example by calculating the char-
acteristic polynomial of T(¢) and factoring it. This process yields Aq(e) =
2 —e+2¢? and Ay(e) = 2 — e — 2¢%. Since these Puiseux series are sim-
ply polynomials in ¢, there is no restriction on the values we may assign
the positive integers p; and p, in (3.1). From the expressions for the per-
turbed eigenvalues, we see that 0 is the only exceptional point; that is,
A1(e) = Ag(e) if and only if e = 0.

With a bit more effort, the individual eigenprojections for A;(e) and
Az (g), valid for all € # 0, can be calculated as well. They are

« 3/4 3/4 » 1/4 -3/4
P(Al(s)):[1/4 1/4] and P(Az(e)):[_1/4 3/4]

From this we see that P*(2,¢) = P*(A1(¢)) + P*(A2(e)), the total projection
for the 2-group, is equal to the identity matrix; that is, the perturbation term
for the total projection is equal to 0 in this case. This is to be expected from
the comment in Section [2.1] regarding sums of eigenprojections; it also fits
with the earlier statement in this section implying that P*(2, ¢) is an analytic
perturbation of the eigenprojection for Ty corresponding to the eigenvalue
2. Since P*(2,¢) = I, it is evident that M(2,¢) = C2.

This example was rather contrived insofar as we could easily determine
complete expressions for the Puiseux series, the individual eigenprojec-
tions, and the total projection. In the general case these objects can only be
approximated; for example, each term in the series expansion for the total
projection must be calculated using a fairly complicated formula (see [6],
p- 77). For the perturbed eigenvalues, which are of significant interest for
analyzing the hybrid Cesaro limits, at least a portion of the Puiseux series
can be obtained by a type of reduction process.

3.2 The Reduction Process

We begin here with a continuation of the previous example.
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Example 3.2. Let

T(E): 2 2 _eg—¢

2—¢e+¢€? 3¢2
€ 20"

Now consider the matrix

T = 1T~ 20P" (2.9 = 37 —201 = [ 1F€ % T,

Observe that T(e) is actually an analytic perturbation of the matrix

~ -1 0

n-[1 7
Clearly To has —1 as an eigenvalue of multiplicity 2; moreover, the per-
turbed —1-group eigenvalues can be directly calculated in the same way as
in Example 3.1l They are A1(e) = —1 + 2¢ and A(¢) = —1 — 2e. Observe
the relationship between the /\]-(s), as determined in Example and the
Aj(€): in each case,

Aj(e) =2 +¢€Aj(e).

In other words, the new perturbed eigenvalues A j(e) are obtained from the
old ones by subtracting off the unperturbed part, 2, and dividing by e. In
particular, the first-order coefficients of the Puiseux series for Aj(e) = 2 —
¢+ 2¢? and Ay(e) = 2 — ¢ — 2¢2, namely —1 for both cases, are precisely the
eigenvalues of the unperturbed matrix T.

The above is an instance of the reduction process. More specifically, the
reduction process consists of determining T(¢) from T(e) in order to gain
information about the Puiseux series of the perturbed eigenvalues of T'(¢).
As alluded to at the end of the previous section, this is primarily useful
when we cannot immediately generate these Puiseux series, as we could in
the previous examples by factoring the characteristic polynomial.

For the remainder of the section, we assume that T(e) = Typ + A(e) =
To + €Ay + €Az + - - - is an n x n analytically perturbed matrix and that A
is a semisimple eigenvalue of Ty of multiplicity m. In the general setting,
the reduction process works as follows. We reduce T(¢) for A to the matrix

T(e) = %(T(s) — AD)P*(A, ). (3.2)

T(e) is necessarily an analytically perturbed matrix itself. To see this, first
note that the product of two analytically perturbed matrices is again an
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analytically perturbed matrix. Therefore (T (¢) — AI)P*(A, ) is certainly an
analytically perturbed matrix. The “constant” term, (Ty — AI)P*(A,0), acts
on C" by projecting a vector onto the generalized eigenspace for A in Ty,
and then multiplying by Ty — AI. This is identical to the action of the 0
matrix precisely when the eigenspace and generalized eigenspace for A in
Tp are the same, or equivalently when A is semisimple for Tp. In other
words, the constant term (Tp — AI)P*(A,0) is equal to 0 precisely when A
is a semisimple eigenvalue of Ty. Since we assume A is semisimple above,
(T(¢) — AI)P*(A,€) will have the form 0 + eBy + €*By + - - - for some ma-
trices By, By, ... Dividing by ¢ therefore yields the analytically perturbed
matrix B; + ¢By + - - - . One can show that T(0) = B; = P*(A,0)A;P*(A,0).

Returning to the question of how the reduction process affects the eigen-
values of the matrices in question, we begin by writing C" = M(A,¢) &
M’ (), where

M'(e) = D M(pe),
H#EA
the direct sum being taken over all eigenvalues u of Ty not equal to A. Since
M(A, €) has dimension m, M’(e) has dimension n — m.

If v € M'(e) for a fixed ¢, then P*(A,e)v = 0, whence T(¢)v = 0 as
well. In other words, T(¢) maps all of M/(¢) to 0, so M'(e) is contained
in the (generalized) eigenspace for 0. Since the direct sum of the gen-
eralized eigenspaces for T(¢) is equal to C", there must exist a collection
A1(e), ..., Ar(e) of perturbed eigenvalues of T(e), each of which has a gen-
eralized eigenvector that does not lie in M'(g). More specifically, there must
exist linearly independent vectors vy (¢), ..., vy (€) such that

(1) v;(e) is a generalized eigenvector of some /N\j(s) for each i;
(2) if W(e) = span{v1(¢),...,vm(e)}, then C" = W(e) & M'(e).

Observe that condition (2) implies that v;(¢) ¢ M'(¢) for each i. There-
fore vi(e) = P*(A,e)vi(e), the component of v;(e) in M(A,¢), is always
nonzero. One can now show that the v/(¢) are all linearly independent, so
that they span M(A, ¢). Further, the v](¢) are all still generalized eigenvec-
tors of the A;(e): if [T(e) — A;(e)] vi(e) = 0, then [T(e) — A;()1] 0}(e) = 0
as well. Using the fact that v}(¢) € M(A, ), it also follows that

[T(e) — (A+ sz(s))I]lvg(s) =0.

In other words, vj(¢) is a generalized eigenvector of T'(e) associated with
the perturbed eigenvalue A + E}N\j(s).



28 Analytic Perturbations

From all of this, we see that A + eA1(¢), ..., A + eAx(¢) must be precisely
the A-group eigenvalues of T(¢). And conversely, if A(¢) is a A-group eigen-
value of T(¢), then

1
HUOEPY
is a perturbed eigenvalue of T(g). Most importantly, the Puiseux series of
each A-group eigenvalue of T(e) must begin Aj(e) = A +¢eA;(0) +--- for
some j; in other words, these Puiseux series involve no fractional powers
of e less than 1. So by calculating the values of the A;(0)—they are all eigen-

values of T(0)—we obtain the first-order coefficients in the Puiseux series
of the A-group eigenvalues of T'(e).

A subtle but rather important point in the discussion above is that T (¢)
may be viewed, for the purposes of obtaining eigenvalue information, as
acting not on all of C" but just on the perturbed eigenspace M(A,¢). Cer-
tainly T(e) maps M(A, €) to itself, and further all the reduced A-group eigen-
values of T(e) (that is, the 7\]-(2)) occur as eigenvalues of T(e) within the
subspace M(A,€). We therefore lose nothing by ignoring the trivial action
of T(e) on M'(e). In fact, we gain a bit of clarity, for we would rather ignore
the eigenvalue 0 of T(¢) as it relates to the subspace M’(¢). It may happen,
in particular, that 0 is also an eigenvalue of T(¢) in M(A, €), and it is prefer-
able not to group this appearance of the eigenvalue 0 with its appearance
for M'(¢).

Using this idea, we can describe how the reduction process may be per-
formed iteratively to yield successively more information about the Puiseux
series coefficients for the perturbed eigenvalues. Given T;(g), if A; is a
semisimple eigenvalue of T7(0), we first reduce Tj(e) for A; to the matrix
T>(e). Viewing the reduced matrix as acting on the subspace M;(A,¢) =
M(A4,€) as above, we can ask whether T,(0) has any semisimple eigenval-
ues in M;(A4,0). If so—say A, is such an eigenvalue—we reduce T5(¢) for
As to the matrix

T5(6) = - (Ta(e) — A2P" (11, 0)) P* (Ao, 0). (33)

This reduction equation takes a little more explanation. To begin, P*(A,, )

is the projection onto the perturbed eigenspace for the Ap-group in Mj(Aq,€).
If A, = 0, this may not be equal to the total projection for the A,-group, since

the total projection includes the subspace described above that we wish to

ignore. Nonetheless, it is still guaranteed that P*(A,,¢) is an analytically
perturbed matrix. Thus we refer to it as an analytic projection.
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Continuing, P* (A1, 0) takes the place of the identity matrix between
and (3.3). To maintain the perspective of only paying attention to My (A4, €),
it is more appropriate to use P*(A1,0), which is the identity operator on
M; (A1,0) but maps the subspace we wish to ignore to 0. This point, how-
ever, is less essential than the one made in the previous paragraph. We
could actually retain [ in (3.3) and obtain the same T3(¢), as p* (A, €) is a
sub-projection of P*(Aq,€).

We now view T3(¢) as acting on the range of the matrix p* (A, €), which
we denote by M (A3, €); this is analogous to T>(¢) acting on the range of
the matrix P*(A,¢), since the latter range is equal to M;(Aq,¢). Note that
Mj(Ay, €) is equal to the intersection of Mj (A4, €) with the entire perturbed
eigenspace for the A»-group in T>(¢). If now A3(e) is a perturbed eigenvalue
of T3(e) in Mz(Ay,¢€), then in a manner analogous to what we saw earlier
it follows that A, + eA3z(e) is a perturbed eigenvalue of T, (¢) in Mj(Aq,¢€).
Therefore

M +e(Aa+eds(e)) = M +edy +€2A3(0) + -+ -

is a perturbed eigenvalue in the A1-group of T(e). This process can be re-
peated whenever we can find semisimple eigenvalues following a given
reduction. As long as it continues, the coefficients in the Puiseux series are
attached to positive integral powers of e.

3.3 Applications to Stochastic Matrices

As described in Chapter [1, we are primarily concerned with analytic per-
turbations of stochastic matrices. This motivates the following definition.

Definition 3.2. An analytically perturbed stochastic matrix P(e) is an an-
alytic perturbation of a stochastic matrix Py such that for all sufficiently small
positive €, P(g) remains stochastic.

This definition ensures that the analytically perturbed matrices with
which we concern ourselves have nice probabilistic interpretations. Also,
we often drop the adverb “analytically” and just refer to P(¢) as a perturbed
stochastic matrix.

The fact that the unit-circle eigenvalues of a stochastic matrix are always
semisimple permits us to perform the reduction process for a perturbed
stochastic matrix P(e) = Py + A(e) at least once for any such eigenvalue.
In Chapter 4 we go into more detail on the reduction process for unit-circle
eigenvalues of P(e).






Chapter 4

Cesaro Limit Results

Throughout this chapter, P(¢) = Py + A(e) is an n x n analytically per-
turbed stochastic matrix.

4.1 Decomposing the Cesaro Limit

Combining the information in Sections[2.1]and 3.1) we see that for a given
P(e),
Y Pr(\e) =1,
A

where the sum is taken over all eigenvalues A of Py. This type of decompo-
sition of the identity matrix suggests decomposing the hybrid Cesaro limit
expression as well:

1 N

1 N 1 N . )
ng"(s) = N};Pk(e)zp (Ae) = EN Y PE(e)P*(A,e).

A A k=1

Since Py has only finitely many eigenvalues, we can investigate the overall
hybrid Cesaro limit by separately examining

1 N(e) .
lim —— P*(e)P*(A, ¢
N o P Er e

for each eigenvalue A of Py. This is very similar to the approach used in [4],
more of which we shall see shortly. Before proceeding, however, we look
at a pair of examples to get a sense of what will come.
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4.2 Examples

In each of the following two examples, drawn from [8], we analyze the limit

N(e)

. 1 .
lg(r} NG k; PF(e)P* (A, ¢)

when A is an eigenvalue of Py on the unit circle other than 1 (in both cases,
A = —1). Each example possesses a property that one might expect to cause
the limit not to exist; we show, however, that this is not the case. Recall from
Section 2.1]that the multiplicity of an eigenvalue is its algebraic multiplicity,
or equivalently the degree of its associated generalized eigenspace.

Example 4.1. For 0 < e <1, let

0 1—c¢ 0 € 0 0
1-—¢ 0 € 0 0 0
0 0 0 1-—c¢ 0 €
Pley=R+edr=1 o o 1. 0o ¢ o0
0 0 0 0 0 1
0o o o0 0 1 o0
The unperturbed matrix
0 1 0 0 0 O]
1 0 0000
P 000100
°Z 1o 0100 0
0 00O0O01
000010

has each of 1 and —1 as eigenvalues of multiplicity 3. The —1-group eigen-
values for P(e) are A1(¢) = —1 and Ap(e) = —1 + &. The former has multi-
plicity 1, and is thus necessarily semisimple, while the latter is not semisim-
ple: its algebraic multiplicity is 2, but its geometric multiplicity is 1. The to-
tal projection P*(—1,¢) for the —1-group is the sum of the individual eigen-
projections

0 0 0 0 1 -1
0O 0 0 0 -1 1

. 110 0o 0 0 1 -1
PME) =510 o 0 0 -1 1
0O 0 0 0 1 -1

0 0 0 0 -1 1
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and _ -
1 -1 0 0 -1 1
-1 1 0 0 1 -1
. 1[0 0 1 -1 -1 1
Plaa@) =519 o0 1 1 1 1
0 0 0 0 0 0
0o 0 0 0 o0 o0

In addition, the nilpotent matrix associated with A, (¢) is
[0 0 -1 1 1 —17
0 0 1 -1 -1 1
e O 0 o0 0 o0 o

Dey)=eM=31 145 o9 o0 0 0o ol
O 0 o0 0 o0 o
0 0 0 0 0 O
its index of nilpotence is 2, since Dz(s) =0.
Next we show that
e)P*(~1,¢) =0,

le N

regardless of how fast N(¢) T ccase | 0.
To this end, first note that

P*(e)P*(—1,€) = PX(e) [P*(A1(e)) + P*(Aa(e))]
= Af(e)P* (M(e)) + A5 ()P (Aa(e)) + kA5 () D(e)
= (=1)*P*(M(e)) + (=1 + ) P (Aa(e))
+ke(—1 4 &) 1M

Hence

~ N(e) k:1( )*P*(A1(e)) + NG k:1( +€)*P* (Aa(¢)) "
(e) .
Y k(140




34 Cesaro Limit Results

Now consider the three terms in (4.1) individually. To start,

N(e) N(e)
N L D (o) = %P*(w)).

Since P*(A1(¢)) is a constant matrix and

—1+(—1)N(€) B ‘_1+<_1)N(£)‘
‘ 2N(e) B 2N(e)
< NG

as ¢ | 0, the first term contributes nothing to the overall limit. The second
term behaves in the same way because | — 1+ ¢| < 1, —1 + ¢ is bounded
away from 1 as ¢ | 0, and P* ()\2(8)) is also a constant matrix.

As for the third term in (4.1), we see that

1 N
N—Z (-1+e) M

1-(-14+eNE[14 (2-¢)N(e)]

= 2N eM
- € e(—1+e)NE  g(—14 )N
“ [(2=¢?2N(e) (2—¢€)2N(e) = 2—¢ M. (42)

The numerator of each bracketed term in approaches O as ¢ | 0: in each
case the magnitude of the numerator is < . On the other hand, the first two
denominators become unbounded and the third denominator approaches
a finite nonzero limit. It follow that the entire bracketed coefficient of M
in goes to 0, and since M is itself a constant matrix this implies that the
third term from (4.1) tends to the zero matrix ase | 0.

We showed that all three terms in (4.1) approach O as e | 0, thus estab-
lishing that the overall limit is 0.

Example 4.2. For 0 < ¢ < %, let

[0 1-—2¢ e €2 0 e—¢€
1-—2¢ 0 2 € e — €2 0
P(e) 0 0 e+e?—e2 1—e—e*+e¢ 0 0
0 0 1-e—¢&+e¢ e+e2—¢ 0 0
0 0 0 0 0 1

0 0 0 0 1 0
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The unperturbed matrix Py is the same as that in Example having 1
and —1 as eigenvalues of multiplicity 3. The —1-group eigenvalues of P(e)
are A(e) = —1, Ax(e) = —1+2¢ and A3(e) = —1+ 2e + 2¢? — 2¢%; each
has multiplicity 1. The associated eigenprojections, which sum to the total
projection P*(—1, ¢) for the —1-group, are

0 0 0 0 1—¢ —1+¢]
0 0 0 0 —l1+e 1-—¢
) 110 0o 0 0 0 0
PPME) =310 o o o 0 0 |’
0o 0 0 0 2 2
0 0 0 0 -2 2 |
2 -2 —1/¢ 1/e —1+¢ 1—¢]
-2 2 1/e —1/¢ 1—¢ —1+¢
\ 110 0o o0 0 0 0
PraE) =719 o o 0 0 N
0 0 0 0 0 0
0 0 0 0 0 0 |
"0 0 1/e —-1/e 0 0]
0 0 —1/e 1/e 0 0
. 110 0o 2 -2 0 o0
Prs@) =71 o o 2 2 0 0
0 0 0 0 0 0
0 0 0 0o 0 o

Notice that P*(A(¢)) and P*(A3(e)) become unbounded as € | 0 because
of the entries that involve 1/e.
As in Example 4.1} we show that

e)P*(— =0,
le N )

again irrespective of the rate at which N(e) T co.
To begin, define new matrices

2 2 0 0 —l14e 1—¢
-2 2 0 0 1—¢ —-1+4c¢
110 0 0 0 0 0
ME=7219 0 0o o 0 0 |’
0 0 0 0 0 0
L0 0 0 0 0 0 |
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"0 0 0 0 0 0
0 0 0 0 0 0
1o 0 2 -2 0 0
Ma=210 0 2 2 o ol
0 0 0 0 0 0
0 0 0 0 0 O
T 0 0 —1/e 1/e 0 0
0 0 1/e —1/e 0 0
110 0 0 0 0 0
Mie)=71 0 o o o o o’
0 0 0 0 0 0
L0 0 0 0 0 0

so that P*(Az(¢)) = Mi(e) + Ms(e) and P*(A3(¢)) = My — M3(¢). Then

P*(e)P*(—1,€) = P(e) [P*(A1(g)) + P*(Aa(e)) + P*(As(e))]
) +AS(e)P* (Aa(e)) + Ab(e) P (As(e))
) + AS(e) My () + A5 (e) My

and thus

! N(g)Pk P*(-1
mk; (e)P*(—1,¢)

1 N(e) 1 N(e)
= N Y M(e)P*(M(e) + NG

k=1
Ve (4.3)

1 ) )
+—— Y MM+ Y (M(e) — A5(e)) M3 (e).
N(e) k; 3 N(e) =& (12 3(©))

The matrices P*(A1(¢)), Mi(e), and M, are all clearly bounded as ¢ | 0,
and consequently the reasoning used in Proposition [4.4/below can be used
to show that the first three terms in all go to 0. For the fourth term, we
make use of the fact that, for ¢ # 0, eM3(¢) is a constant matrix:

1 N
N(e) kZ: (/\S(s) - /\Ié(s))M3(g)
—1
1 NE £ .
= Mg L (ale) = As(e) LA (A (o) M (o)
k=1 =
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N(e) € k=1 j=1
262 — 2 N© o NEOH
22 —2¢ N oy 1= AT
" Ne 5N T am M)
1 282 —2e N9 4 N(e)-j+1
" N(e) 2-2 ]Zl A (@) (1= 2 (@) [eMa (2]
(e)
= -N@ Ijz A @) (1= 2T ) [eMa(e)]
Hence
1 N© k k
Hm kZi (A3(e) — A3(e)) Ms(e)
N(e) .
_ ‘_ﬁs) YA @ (1-1"7 T (0)) [eMs ()] H
=1
_ & Nz(g) A7) (1= 29T e)) [[[eMa(e)|
N(E) = 3 2 3
) LN(E) )\]_1( )(1 AN(S)_jﬂ( ))‘H Ms( )H
<N & ! ) €))||leMa(e
e N(e)
%@ L (1-2) [|eMs(e)
= 2¢|[eM;s(e)||.

Since 2¢||eM3s(e)|| — O as e | 0, it follows that the fourth term from (4.3)
goes to 0 along with the other three, implying the result.

4.3 Further Decomposition of the Limit

Suppose that A is an eigenvalue of P that lies on the unit circle. In this
section we describe how the total projection P*(A, €), which appears in the
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initial decomposition of the hybrid Cesaro limit from Section can be
further broken down into more readily-analyzed pieces. We first express
P*(A,¢) as

k(A
Pr(Ae) = Py (A e) + )L (Pila(Ae) = Pi(A€)) (44)
1

N

1=

for certain analytic projection matrices P;*(A, €). (Here k(A) is a nonnegative
integer that will emerge from the process.) Subsequently, for each i < k(A)
we will decompose P ;(A,e) — P(A, €).

To this end, we begin by introducing notation that allows us to de-
scribe the decomposition process. Let my(A) denote the multiplicity of the
eigenvalue 0 in Py — Al, so that mg(A) is the same as the multiplicity of
Ain Py. Let m'(A) denote the multiplicity of 0 in To(A, &) = P(e) — Al =
(Po— AI) + A(e). That s, if a perturbed eigenvalue of Ty(A, ) is identically
equal to 0, then m’(A) is its multiplicity; otherwise, m’(A) = 0. Note that
m’' (M) is the same as the multiplicity of A in P(¢). In each of Example
and Example then, m’(—1) = 1. Let Pj(A,¢) be the total projection
matrix for the 0-group eigenvalues in Ty(A, €); then Ty(A, €) is identical to
P*(A,€), the total projection matrix for the A-group eigenvalues in P(e).
Also, let Mo(A,e) = M(A,¢g), the mp(A)-dimensional perturbed eigenspace
for the A-group in P(e). Notice that My(A, €) is the same as the perturbed
eigenspace for the 0-group in Ty(A, €). Finally, let M_1(A,e) = C", so that
To(A, €) acts on M_1(A,€) in the sense introduced in Section [3.2] and ob-
serve that mg(A) > m’(A). We now proceed inductively as follows.

Given Tj()\, ¢), which acts on M; 1 (A, €), and the corresponding analytic
projection P]-*()\,e) onto the m;(A)-dimensional subspace M;(A,¢), one of
the following three conditions must hold:

(1) 0is not a semisimple eigenvalue of T;(A,0) in M;_1(A,0);
(2) mj(A) = m'(A); or

3) 0 /i(s/\a; semisimple eigenvalue of T;(A,0) in M;_1(A,0).and m;(A) >
m'(A).

In the first two cases we terminate the decomposition process: we let k(A) =
j, and take the decomposition of P*(A,¢) as in (4.4). In the third case, we
apply the reduction process as described in Section we let

l *
Tit1(Ae) = ET]'(A,S)Pj (Ae),
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so that Tj1(A, €) acts on the subspace M;(A, ¢). We now define M;,1(A, €) to
be the intersection of M;(A, ¢) with the eigenspace for the 0-group of eigen-
values in Tj;1(A, ¢), and we define P]-’jrl()\,s) to be the analytic projection
onto this subspace. Letting ;. 1(A) denote the dimension of this subspace,
we see that m;(A) > m; 1 (A) > m'(A).

This process is guaranteed to halt after some finite number of steps.
For suppose that condition (1) above never occurs, and let A(e) = A +
Y52, cie!/ P be the Puiseux series for a perturbed eigenvalue in the A-group
of P(¢) that is not identically equal to A. Also, let [y be the smallest value
of I for which ¢; # 0. Then by what was noted in Section [3.2] about how
the reduction process affects perturbed eigenvalues, for each nonnegative
integer j < lp/p we have that

1 o L@ A
SAME) =) = Y /Pl = ¥ gel/p))
I=1 l:lo

is the Puiseux series for a perturbed eigenvalue in the 0-group of Tj(A, e).
In particular, this is true for the largest integer j’ less than [y/p. Letting
lh = p(j/ +1), we see that

0 11—1 0
lzclgw)—j’ _ 12 Gel/P=0H) 4o N /DG (gs)
€13, 1=l 1= +1

is a perturbed eigenvalue of T]’/_H()\, g), and hence must approach some
eigenvalue of T;,1(A,0) as ¢ | 0. But this necessitates that I; = Iy, for
otherwise the first sum on the right-hand side of the above identity would
diverge as ¢ | 0. (The second sum approaches 0 as a result of the way we
defined [;.) Thus the perturbed eigenvalue in is in the ¢;-group of
Ty 1(A,€), whence mj1(A) < mj(A). From all of this we see that the 11;(A)
must eventually decrease to m’(A), as every perturbed A-group eigenvalue
not identically equal to A is eventually “split off” in the reduction process.
Before proceeding with the second step of the decomposition, we in-
troduce a term to distinguish between the two conditions under which the
process laid out above terminates. If condition (2) is eventually satisfied,
we say that A is completely reducible for P(e). In [4], the authors show that 1
is completely reducible for any perturbed stochastic matrix P(e).
Continuing with the decomposition, suppose that 1 < i < k(A) and
that m;(A) < m;_1(A). Then M;(A,¢) is a proper subspace of M;_1(A,¢),
so the analytic projections P;(A,e) and P (A, €) onto these subspaces are
not equal. (If instead m;(A) = m;_1(A), then the subspaces and hence the
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analytic projections are identical.) In this case, the unperturbed reduced
matrix T;(A,0) must have a nonempty collection of nonzero eigenvalues,
call them p;1(A), pi2(A), -+, Him(r)(A); these p; ;(A) are just the eigenval-
ues that “split off” from 0 after the (i + 1)st application of the reduction
process.) For 1 < j < n;(A), we let Pi’fj(/\, ¢) be the total projection for the
1ij(A)-group eigenvalues in T;(A, €). Then

n;(A)
P 1(Ae) = Pf(Ae) + ) Phi(Ae).
j=1

With this secondary decomposition, we arrive at our desired decomposi-

tion of P*(A, ¢e):
k(A)
P*(A€) = By (A e) + Y (PLy(Ae) — Pi(A,€))
i=1
k(A) ni(A) (46)
i=1 j=1

As mentioned earlier, we make use of this decomposition in evaluating
smaller pieces of the overall Cesaro limit expression. Before continuing,
though, note thatif 0 < i; < i, < k(A), then Pl-’;()\,e) is a sub-projection of
PZ-’; (A, €). Similarly, for such iy and i, if 1 < j < n;,(A), then PZ-’;,]-(/\, €)is a
sub-projection of P; (A, ¢). Hence, by the inductive definition of the T;(A, ¢),
we see that

1 111
Ti(A ) = giﬂ—l(Afs)Pi‘_1(A,8) =z EE_Z(A,s)PZ-*_Z(A,s) PZq(Ae)

1 * * ! :
1 *
== ST(L P (A,9)

1

= = AP (V) = S (Pl) ~ ADPLy(Ae).

4.4 Previous Results

We begin by introducing a piece of notation. If A is a unit-circle eigenvalue
of Py,1 <i<k(A),and1 <j < n;(A), we define

Dij(A€) = (Ti(A,€) — uij(A) D) Pii(A €).



Previous Results

41

We refer to these matrices as generalized analytic idempotents. Note that
each D;j(A,0) is a nilpotent matrix; we denote its index of nilpotence by
7’1,‘,]‘()&).

The three propositions below, which are restatements of results in [4],
are central to the overall characterization of the hybrid Cesaro limit there.
All three concern the projection matrices obtained as above by decompos-
ing P*(1,¢).

Proposition 4.1. If 1 < i < k(1) and N(e)e! — coase | 0, then for 1 < j <

ni(1),
N(e)
(1, .
lgf(r} N g P e) =0
Proposition 4.2. If1 < i < k(1) and N(e)e' — Oase | O, thenfor1 < j <
ni(1),
1 N(e) .
im -—— i(1,e) = P/(1,0).
PN ;P (e)P;;(1,¢) = P;;(1,0)

Proposition 4.3. If1 < i < k(1) and N(e)e' — Lase | 0, where0 < L < oo,
then for 1 < j < n;(1),

Now, since 1 is completely reducible for P(e), P (1,¢€) projects onto
the eigenspace for 1 in P(¢), so P(s)P,j(l) (1e) = L (1,¢). Consequently,

N(e) N(e)

k %

=1
—hmPk (,e Pg1)(1,0).
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The following three major results (essentially Theorems 1, 2, and 3 in [4], p.
237) are a consequence of the above propositions and the observation just
made.

Theorem 4.1. Suppose that 0 < i < k(1) — 1 and N(e) T oo with N(e)e — oo
but N(e)e*! — 0ase | 0. Then

N(e)
Y P*(e)P*(1,€) = P} (1,0).
k=

£‘10 N(e)

Theorem 4.2. If N(e)e"(l) — coase | 0, then

N(e) )
NN ;1 P*(e)P*(1,e) = P;(1,0).
Theorem 4.3. Suppose 1 < i < k(1) and N(e)e! — Lase | 0, where0 < L <
oo. Then
) 1 N(e) f

1;{5‘1\,(5 Z P (e)P*(1,¢)

nl(l LVI]( )

)+ P{i(1,0)
b —Lyi —Lu; (1)

i(1) (1) =1 L(— Ly (1" !
+” . ]Z (1—6Lm(1)2( Llul/](l))> D;;(1,0)

j=1 LVZ]( ) 1=1 k=0 k! ( - .ui,j(l))l

The final result which we present from [4] concerns eigenvalues A of Py
satisfying |A| < 1. It follows from Proposition 1, p. 235 there.

Theorem 4.4. Suppose that A is an eigenvalue of Py such that |A| < 1. Then

1 N(e)
@ kE P(e)P*(A,e) = 0.
=1

lim
€l0

4.5 New Results

The previous determinations of the value of

—_
/-\

lim —— £)P*(A, ), (4.7)
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when either A = 1 or |A| < 1, do not change when P, is permitted to have
eigenvalues on the unit circle other than 1. Therefore to fully characterize
the overall hybrid Cesaro limit, it suffices to concentrate on the limit in
when A is an eigenvalue on the unit circle other than 1; that is, we wish to
determine whether this limit exists, and if it does we wish to determine a
general expression for it. One result I obtained, from my work over the
summer (see [8]), is as follows.

Proposition 4.4. Suppose that A is an eigenvalue of Py satisfying |A| =1, A # 1,
and let A1(¢g), ..., Am(€) be the perturbed A-group eigenvalues, with associated
eigenprojections P*(A1(€)), ..., P*(Am(e)). If each Ai(e) is a semisimple eigen-
value of P(e) and each P*(A;(g)) is bounded as ¢ | 0, then

N(e)

1
lim —— ¥ P*(e)P*(\,e) = 0.
1N & (e)P*(A,e)

Proof. Since the A;(¢) are semisimple,

1 9 pNO
N (o) kg{ Pk(e)P* (M, €) = NG L P (8);?‘ ()\1(8))
i 1 NGO pk( )p*(}\( ))
L . e
=N(e) (o
i : Af)/\"( )P* (Ai(e))
Yy » e
i=1 N(S) k=1 !
CE A 1-4"0)
_;N(e) T - ie):

By hypothesis, there exist positive constants eg, My, ..., My, such that
for all ¢ € (0,¢9), P(e) is stochastic and HP* (Ai(e)) H < M;,i=1,...,m
Hence, for these ¢, |Ai(e)| < 1,i =1,...,m. It follows that

1 N(e) § m )\1(8) 1_)\5\[(8)(8) )
HW k:zlpk(e)P (Ae)|| < Z_{ N T P*(Ai(e))

M;

m1 1 AN
LNEG A
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but N(¢) — o0ase | 0,

1 N(e) L
P*(e)P*(A,€)|| — 0,
NG k; (e)P*(A,¢)
and the result follows. O

Note that each P*(A;(e)) above need not be an analytic perturbation of
any matrix.

We now come to the main results. Throughout, we assume that A # 1
is a unit-circle eigenvalue of Py. If, in the process of reducing P(¢) for A,
we have that «; (A, ¢) is a perturbed eigenvalue for T;(A,¢) in the p;;(A)-
group (1 < i < k(A) and 1 < j < n;(A)), then B;j(A,€) = A+ e'a;j(A,€) =
A+€pii(A)+ - is the corresponding perturbed eigenvalue in P(¢). Since
P(e) is stochastic for all sufficiently small positive ¢, say 0 < & < g, it must
be the case that B; (A, €) lies within ©, for such e. As the term €'ji; (1) in
the Puiseux series for B; ;(A, e) dominates all the other non-constant terms
as ¢ | 0, certainly Re [X‘ui,]-()\)] < 0: otherwise, B;(A,¢) would lie strictly
outside the unit disk for all sufficiently small positive ¢, whereas ®,, is en-
tirely contained within the unit disk.

In fact, however, the results from Section 2.3]imply that strict inequality
holds above. For suppose to the contrary that Re [Ay;j(A)] = 0. Then the
curve traced out by B; (A, €) in the complex plane for 0 < ¢ < ¢ is tangent
to the unit circle at A. But the boundary arcs of ®, incident to A make
nonzero angles with the unit circle at A by Theorems and so it is
necessarily the case that f; j(A, ¢) falls outside of ®, for all sufficiently small
positive €. As this cannot happen, the claimed strict inequality must hold.
Now define v; (A, &) = A+ &'y (A), and write Ap;(A) = —a + bi, so that
a > 0. Then for positive ¢ so small that

<Za2 + b2> e < a,
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we obtain
|vij (A ©)] = vij (A, ) [A] = [(A+ €'pi (1)) Al
= ‘1 + EZ/\‘u,‘,]‘(A)‘
<1+ %siRe Apuij(A)] < 1.

Additionally, by what was noted at the end of Section [4.3/ we have the
identity

[P(e) —vij(Ae)I] Pij(Ae) = [P(e) — AL — i j(A)]] Pii(Ae)
= [(P(e) = AP} (A, €) — €' j(A)]] Pi(Ae)
= ¢ [T;(A €) — pi (M P(A, €)
= SiDi/j(/\, S).
As a consequence of this and the fact that
P:f](/\, E)Di,]'()\, 8) = Di,]'()\, E)P;fj()\, 8) = Di,]'(/\, 8),
we obtain the following lemma (this is virtually identical to Lemma 2 in [4]).

Lemma 4.1.

1 N(e) ' 1 N(e) ‘
NGB Y PX(e)Pj(Ae) = NGB vii(Ae)Pi(A€)
k=1 k=1
1 N E R I
HED; (A
NG k_ll_Zl(Z)vl,] D51, )]

Proof. Since P};(A,€) is a projection matrix and commutes with P(e), we
have that

PE(e)P};(A, ) = PX(e)[P(A, €)= [P(e) Pf(A, )]
Using what was noted before the lemma, we see that

P(e) (A €) = [vi(A, €)P};(A€) + €Dy (A, €)]F

k .
_y <’l‘> 051, )P (A, &) €Dy (A, )]
I=0
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= [;(A,€)P(A, )]

+Z()VUA8P*(A )" e'Dy;(A, e))!

= v(A &P (A e) + Z <z> v (A, e)[€'Dyj(A, €)'
=1

The result now follows by summing over k and dividing by N (). O

So for each Pi*j()\, ¢), this lemma further breaks down the expression of
interest. We deal with the first piece immediately, and then return to the
second, obtaining several useful estimates, before proving the main propo-
sitions.

Lemma 4.2.
N(e)

510 N Z] i(Ae) =0.

Proof. Using the expression for a finite geometric series, we estimate the
norm of the limit expression as follows:

H ZVZJAEP*AE)

||t miral _Vilj(g)()"g)]lv* (A€)
T IN(e) 1- 1/1-]-()\ s) LA
1 |vij(Ae)[1— 1/
< P;;
~ Nie) 1—1/1]/\8 ‘” (A8)l
2

< Pri(Ae)].

But |[P};(A,e)|| — [[P7;(A,0)[| and [1 —v;;(A,€)] — [1—A] #0ase | 0,s0
the fact that N(e) T oo implies that the final expression above approaches

0 as e | 0. Hence the first expression also approaches 0, and the lemma
follows. O

Returning to the second term from Lemma the next three lemmas
allow us to estimate this term. They are taken almost unchanged from [4],
pp- 238-239.
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Lemma 4.3.
v (A e)[eDjj(A e
N(g) k:1l:21 1) 4 ( [ L] )]
1 N(e) N(e) k o ‘
= "7 A ZD' ' A
N(S) l:zl |:k—l <l>vl’] ( ’8):| |:£ l/]( /8)]1
and
B k
Nf,) <k> k() e) 1- Yo (N(sk)+1)yfj(s>+1 e [1-vij(re)]
V.. ,8 — |
= \l) " [1—1’1',]'(/\,8)]1
Lemma 4.4.
N(e) /g N(e)-! k41 N(e)-I k4l )
kz:l (l)%k,jl(s) = kZ ( ! >ij(8)‘§ kZ < l )\vi,j(e)|.
- — »

Also, we have the two estimates

NOT k41 (k41 1
Y (T et < £ (7wl -
‘l/<<

k=0

where the latter is valid for | > 1.

Lemma4.5. If1 <i < k(A)and1 < j < n;(A), then there are positive constants
Cij(A), Kij(A), and &; j(A) such that

2
DA )| < Ci,j()\)(K,‘/j(/\)g)l/ni,j(/\)

whenever 0 < & < ¢;j(A) and | > n;;j(A). Also, for sufficiently small positive e
we have | D;j(A,€)|| < [|Dij(A,0)| + 1.

We now present the main propositions.
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Proposition 4.5. If 1 < i < k(A) and N(e)e' — coase | 0, then for 1 < j <
ni(A),

P* (Ae) =0.

810 N

Proof. Suppose that 1 < i < k(}\) and 1 < j < n;(A) with N(e)e' — oo as
¢ | 0. By the results in Lemmas and it suffices to show that

1 N(e) pN(e) k o o l
N(e) = [}; (Z>Vi,j (A,e)} [€D;;(A€)] —0

as ¢ — 0. We will estimate the norm of this expression using the first esti-
mate from Lemma the estimates from Lemma and the fact (noted
at the beginning of this chapter) that for all sufficiently small positive ¢,

1, -
luij(A o) <1+ ¢ Re Apij(A)].

Thus for small enough ¢,

1=1 Li=1
< ! I\f 3 (K V(A e) ellHDl (A8
TN g\ KA

1 N(e) leD /\ 8 H
<

N(e) = [1- |vi,i(A, s)HIH
N(e) 2l+l llHD )\ € H
=1 [~¢Re (Ayi,j()\))}’“

IN

2 ! - |
SN(E)ei(—Re()_\yilj(A))) ; [W} |Di (A €)|

2 _|p.
N(e)e'(~Re (Api;(A)) z_,gA)[ —Re (Apij(A) }HDZJ(A’S)H

2 e 2 (o, (A,0)] +1
N(e)e (—Re (A (1) = [W} (D32, 0)[| +1)'
2
_I._
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x NZ(S) [;]lc‘()\) (Ki(A)e) /"™
I=n;;(\) —Re (/\.ui,j(}\)) & K

< 2 I [ (IDi;(A, 0)[| +1) }

~ N(e)e'(—Re (Auii(A) = —Re (Ap;ij(7))
2C; ()  12(Kqj(A)e) /MM

i N(e)e' (—Re (Ap;j(A))) ;’[ —Re (Ap;i(A)) ]

In the final expression, there are two sums, one finite and one infinite. The
finite sum does not vary with ¢, and is multiplied by

2
N(e)e' (—Re (A j(A)))’

which tends to 0 as e | 0 since N(e)e' — oo. Thus the term involving the
finite sum vanishes. As for the second sum, it is a geometric series whose
ratio depends on ¢; in fact, this ratio is a positive constant multiplied by a
fractional positive power of ¢, so for ¢ small enough the geometric series
will converge. Even stronger, the sum of the geometric series tends to 0
as ¢ | 0, and since the series is multiplied by a factor that, like the one
above, also tends to 0, we see that the infinite sum term approaches 0 as
e | 0. Having thus bounded the original expression of interest by one that
approaches 0 as ¢ | 0, the original expression, too, must go to 0. This
establishes the result. O

Proposition 4.6. If 1 < i < k(A) and N(e)e! — Oase | 0, thenfor1 < j <
ni(A),

N(e)

Z £)P; (A €) = 0.

SLO N

Proof. Using the second estimate from Lemma we obtain

1 N(e) [ N(e) k_l | |
N(e) = Z Vij (Ae)| e Dl‘/]'(/\,g)]
1NN (K k=1(\ DA
- TR |IDij (A,
- NE) 1:21 k=1 <l>vl’] (Al i o)
1 NN
SNg & © Il
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N(g) nl li

<y N p, 2,0 + 1)
1=1
ooNl li

<y N (1p,(,0)] +1)!
=1

= exp (N(s)ei(HDi,j(A,O)H - 1)) —1.

Since N(¢e)e' — O as e | 0, it follows that N(e)¢'(||D;j(A,0)|| +1) — O as
well, whence ‘
exp(N(e)¢' (|| D;j(A,0)]| +1)) — 1.

Thus the final expression in the string of inequalities goes to O as € | 0, so
the first must as well, completing the proof. O

Proposition 4.7. If1 < i < k(A) and N(e)e' — Lase | 0, where0 < L < oo,
then for 1 <j < mn;(A),

hm— P* (A,e) =0.

Proof. To begin, note that since 1 —v;j(A,e) — 1—A # 0ase | 0, thereisan
r > 0 such that ‘1 — 1/,-,]-()\, 8)‘ > r for all sufficiently small positive e. This
allows us to establish the following rough estimate which we will make use
of subsequently.

1_ Zk 0 ( +1)V5(8)+1_k(A/ ) [1 _ Vi,j()\/ 8)]k
[1 — 1/1"]'()\, 8)] 1

1+ le(:() (N(?+l) ‘1/1',]'()\, 8)|
‘1 —1/1']' )\ 8)‘l+1

< 1+ Yo (N(gk)ﬂ)zk 1+2'% ( k)+1)

e)+1- k‘l vi (A, s)\k

= A+ = PEE]
12 (N(e) + D 21“ Lieo(N(e) + 1
= S| NS
2 [(N(e) + )™ = 1] _ 2"(N(e) + 1)
rH[(N(e) +1)—1] — r' 1IN ()

221+2N1+1(8) B 221+2NI(8)
rl+1N(e) B rl+1
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Hence, using the formula from Lemma 4.4/ together with the estimate just
obtained and that in Lemma we see that

1 N(e) [ N(e) k -
o L | 5 (oo

[8iDi,j(/\, S)] l

1 NINE (R lif| !
@ & |5 (l)”f'f (A&)| [ Df ()
1 N(e) 22142 Nl (¢ ( l
= N(e) l; S} ¢"||D} (7€) ||
1 711]( ) 221+2N ( l
~ N(e) z; T’HD )\oHJrl
LN 2N, 1/n2,(A)
+ N(e) l_%:(;\) g ¢ Ci,i(A) (Kij(A)e) ™
1 nij(A)-1 221+2(N(8)
< N(e) = T(HD (A,0) H+1)
4Cz,](/\) i 4N(S)Ei(Ki,j(/\)S)l/nlz/f(A) !
rN(e) = . .

In the final expression we have, as in the first proof, a finite sum and an
infinite sum. Since N(¢)e' — Lase | 0, where 0 < L < oo, the finite sum
approaches the (finite) value

nij(A)=1 5014071
(1.0 1)
1=1
As N(¢g) T oo, however, the term involving the finite sum goesto O as € | 0.
The infinite sum, meanwhile, is a geometric series whose ratio goes to 0
as ¢ | 0. Thus the infinite sum also approaches 0, whence the final expres-
sion in the string of inequalities has limit 0 as € | 0. It follows that the first
expression has the same limit, establishing the result. O

As a consequence of these propositions, we obtain the following.

Theorem 4.5 (Krieger-Murcko). Let A be a unit-circle eigenvalue of Py not
equal to 1. Suppose that for 1 < i < k(A), limg g N(¢)€' exists in [0, co]. Then

1 N(e) N(e)
im —— - — &)Pgn) (A,
lslfél N(e e)P*(A, ) 1€1fn N k) (A €)
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if either of these two limits exists. If A is completely reducible, then

N(e)

Y P*(e)P*(A,e) = 0.
k=1

i
210 N(e)

Proof. The first of these statements follows straightforwardly from Propo-
sitions and[4.7lonce we recall the decomposition of P*(A, ¢) in (4.6).
Now suppose that A is completely reducible. Then P(S)P]j( Py (Ae) =

AB; ) (A€), 50
1 N© L 1 NE© -
N(e) I; p (S)PI:(/\)(/\/S) = N(e) ;; A Pk(/\)(/\,s)
Y

- %P&/\) (/\’ ‘C') = “(€)Plj(/\) ()\, 8).

But
la(e)] = A=A | A =AD)] 2,
"IN -Al|  N(e)[1-A] = N(e)[1—A]

ase | 0,soa(e) — Oase | 0. Since also P,;‘(A) (A e) — P,j(A)(/\,O), we see that

1
lim

N(e)
k * T " _
el0 N(e) k;l P¥(e) Pry (A €) = lggm(e)Pk(A)()\,s) =0,

completing the proof. O



Chapter 5

Further Work

If P(e) = Py + A(e) = Py+eA; +e2Ay + - is an analytically perturbed
stochastic matrix and A # 1 is a unit-circle eigenvalue of Py, two main
questions remain open:

(1) Isit possible for A not to be completely reducible?

(2) If the answer to (1) is yes, what types of behavior are possible for the
hybrid Cesaro limit expression in those cases?

I have little intuition as to what the answers to these questions might
be, although a brief examination of the first proved suggestive. During
my summer research, I made a cursory attempt to generate a perturbed
stochastic matrix with —1 as a non—-completely reducible eigenvalue. My
approach was to take as Py the simplest possible 4 x 4 stochastic matrix
with —1 as an eigenvalue of multiplicity 2 and try to find an A; such that
the reduction process for —1 would halt after a single reduction. (Recall
from Chapter[3]that the unperturbed reduced matrix in this case is equal to
P*(—1,0)A1P*(—1,0).) With no insight as to an efficient way of trying to
approach the problem, I used a brute force method that reduced the prob-
lem to solving a large system of inequalities; if a solution existed, it would
yield a desired A;. The system did not yield a solution, but the inequali-
ties were such that if they had been relaxed slightly, a solution would have
existed.

Although I was working with the simplest possible example, the way in
which the system of inequalities failed to produce a solution suggested to
me that there might be unknown relationships between the eigenprojection
for —1 and the sign structure of the entries of A; that cause no example as
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I was searching for to exist. With no other evidence at my disposal, I might
conjecture that the answer to question (1) is no.

The difficulty in trying to prove this generally, as I see it, is the lack
of any theory relating eigenvalue information about analytically perturbed
matrices to the sign structure of the perturbation terms. For example, if

Py =

S O = O
OO O -
_ o O O
o = O O

then the first perturbation term A; = [a;;] is very restricted in its sign struc-
ture: entries occurring where 1s are in Py must be nonpositive, and entries
occurring where 0Os are in Py must be nonnegative. (This follows from the
requirement that P(¢) remain stochastic for all sufficiently small positive ¢.)
It is not at all clear, though, how this sign structure can interact with the
eigenprojection for —1, much less how to systematically approach this type
of question.

One idea for gaining a greater understanding of the problem is to at-
tempt to generate examples with larger matrices where there is a greater
amount of freedom. Without a reasonably efficient method for going about
this, however, such attempts might well fail to be illuminating and also
become prohibitively complicated. This is why having at least some theo-
retical understanding of the situation seems fairly necessary to making any
significant progress. I look forward to puzzling over this for some time to
come.
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