Applied algebra Positive matrices and applications 2020 Fall

Positive matrices

Def. A € R™*" is called a positive matrix (4 > 0), if a;; > 0 for all 4, 5.
A is a nonnegative matrix (A > 0) if a;; > 0 for all 4, j.

We define positive and nonnegativ vectors analogously.

A column vector v € R" is called a stochastic vector if

v >0 and Z%‘Zl

(i.e. v > 0and 17v = 1, where 1 denotes the column vector whose every component is
1).
A € R™" is a stochastic matrix if all of its columns are stochastic vectors.

Example. The rank matrices of the PageRank algorithm are stochastic matrices. The
modified link matrix A corresponding to the “impatient surfer” is a positive stochastic
matrix.

Theorem (Perron). If A € R"*" and A > 0, then
1) p(A) is an eigenvalue of A.
2) The multiplicity of p(A) in ka(z) is 1.
3) For every eigenvalue X of A as of a complex matrix, if A # p(A), then |A| < p(A4) (i.e.
p(A) is the dominant eigenvalue of A).
4) The 1-dimensional eigenspace for p(A) is generated by a positive vector, and p(A) is
the only eigenvalue for which there is a nonnegative eigenvector.

Example.

A:

W N =
W = N

1
11 >0, ka(x)=| 2 11—z 1 |=—z(z+1)(z—5H)
2

So the dominant eigenvalue is 5 = p(A) (the others, 0 and —1, are smaller in absolute
value).
The eigenvectors:

-4 2 1 1 0 —% |1
for \=15: 2 —4 Il == [0 1T —3 :>X:§ 1],
3 3 -3 0 0 0 2

so (1,1,2) is a positive eigenvector for A = 5;

1 2 1 1 0 % [ -1

for A\ =0: 2 1 1| —»— |0 1 B:I :>x:§ 11,
3 3 2 0 0 O 3
2 2 1 1 10 -1
for A\ =—1: 2 2 1l—=—10 0 1| = x=t 1
3 3 3 0 0 0 0

showing that there are no positive (or nonnegative) eigenvectors for 0 and —1.

Cor.: Every real positive 2 x 2 matrix is diagonalizable in R**? since by Perron’s theorem
A1 =p(A) € R, and A\ + A2 = tr A € R, so Ay € R. Furthermore, A; # Ay by Perron/2, so
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A is diagonalizable.

For example, A = {2‘) ” cannot be conjugated by a real matrix P to a positive matrix.
Proposition If A is a positive stochastic matrix, then p(A) = 1.

Proof. 1TA =17 = AT1 = 1, so the positive AT matrix has a positive eigenvector for
the eigenvalue 1, and then by Perron/4, p(A) = p(AT) = 1.

Corollary. If A € R™*" is a positive stochastic matrix, and vy € R" is a stochastic vector,

then klim AFvy = u is the unique stochastic eigenvector for A = 1.
— 00

Proof. Note that by Perron’s theorem, in the Jordan form of A there is only a 1 x 1
block for 1, and all other blocks are for eigenvalues of absolute value smaller than 1,
so by the convergence theorem of the previous lecture, A* is convergent. Furthermore,
lim A*vy € Vi = span(u).

But if 17v = 1, then 17Av = 17v =1, so v, Avy, A%vy, ... are all stochastic vectors,
thus the limit vector is also stochastic. It is also clear that { cu|c € R} contains only one
stochastic vector. O

So it follows that the distribution vector at the random surfer method indeed converges to
the rank vector, which is the stochastic eigenvector of the modified link matrix, Afor ) = 1.
Perron’s theorem also shows that in this case the eigenspace for 1 is one-dimensional, so
the rank vector is essentially unique. We shall see that the requirement of positivity can
be weakened.

A simplified example from economy. Let us try to study the housing condition of
people in a given country. Qualify some apartments as being in good condition and some
apartments as being in poor condition. Suppose that research shows that the lack of
maintenance on some apartments will turn each year 5% of the apartments of good quality
to poor ones; on the other hand, renovation of apartments of poor quality will turn 10%
of them to good ones. What is the distribution of the good and poor apartments in the
long run if the present situation is that 40% of the apartments are in good shape and 60%
of them are in bad shape.

One can see that if vg = [8 6} is the initial distribution vector then distribution vector v,

0.95 0.1
0.05 0.9
is the so called transition matrix. By the previous corollary, the limit of the distribution
vectors is the stochastic eigenvector of A for eigenvalue 1.

describing the conditions in one year can be obtained as vi = Avg, where A =

—0.05 0.1 1 =2 2
A_I_{ 0.05 —0.1} [o 0} :‘X_t'M'
. . . . . . 2/3
Among the eigenvectors x is a stochastic vector if 2t +t =1, i.e. t = 3,50 U = So

1/3 "
in the long run, 2/3 of the apartments will be in good condition, and 1/3 will be in poor
condition.

Nonnegative matrices

Def. A nonnegative matrix A € R"*" is primitive if there is a & > 0 such that A* > 0.
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Lemma. If A >0, and A¥ > 0, then A**! > 0.

Proof. Note that the dot product of a positive and a nonzero nonnegative vector is positiv,
so A¥v > 0if 0 # v > 0. On the other hand, A* > 0 insures that no column of A can be
0, s0 AFA > 0.

Corollary. The convergence theorem above holds for primitive stochastic matrices, as
well.

Example. The link matrix of the following graph is primitive.

@

N

®

@

0 0 1/2 0 1/2 0 /2 0 1/4
A=11 0 1/2|, A2=|0 1/2 1/2|, A3=|1/2 1/2 1/4],
01 0 1 0 1/2 0 1/2 1/2
0 1/4 1/4 1/4 1/4 1/8
At =11/2 1/4 1/2|, AS=|[1/4 1/2 3/8
1/2 1/2 1/4 1/2 1/4 1/2

Actually, only the position of the positive entries in the matrix matter, not the actual
values, when we want to decide if it has a positive power.

Def. To a nonnegative matrix A € R™*", we can assign an oriented graph G(A) on vertices
{1,2,...,n} so that there is an arrow from ¢ to j < a;; > 0.

Lemma. If A >0, then (A%);; > 0 < there is an oriented walk of length k from i to j in

G(A).

Proof. (AQ)Z-]- =Y aia;; >0 Ft: a > 0and ai; >0 & Jt: i —t — j, ie. thereis a
¢

walk of length 2 from i to j in G(A). With induction on k, we get the statement of the
lemma.

Def. We call a nonnegative square matrix irreducible if G(A) is strongly connected, i.e.
from every i to every j there is an oriented path.

Theorem. A nonnegative matrix is primitive < it is irreducible, and the greatest common
divisor of the lengthes of the oriented cycles in G(A) is 1.

Proof of the = direction. If A is not irreducible then there are i # j such that (Ak)ij =0
for all k, so A is not primitive. If the ged of the cycle lengthes is d > 1, then the diagonal
elements of A*¥*1 are zero for every k, so A is not primitive.

Example. The graph assigned to the previous link matrix is the same as the original,
only with reversed arrows. This is strongly connected since it has a cycle going through
all vertices, and it has a 3-cycle, and a 2-cycle as well, so the gecd of the cycle lengthes is 1.
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Exercise. Determine, which of the following nonnegative matrices are irreducible, and
which are primitive.

0 1 0 0 2 0 0 2 0
A=10 0 2 B=10 0 5 C=10 0 5
0 1 0 1 00 1 0 3

Solution. The graphs assigned to A and B are:

1 1
G(A): / G(B): / \

Q=—=3 2 —> 3

In G(A) there is no path from 2 to 1, so A is not irreducible, and then it is not primitive,
either. B is irreducible, because we can go along the 3-cycle from any vertex to any vertex,
but it is not primitive since the ged of the cycle lengthes is 3. G(C') only differs from G(B)
by having an extra loop at 3. But this means that the ged of the cycle lengthes became
1 (while the graph is still strongly connected), so C' is primitive. (Note that if a matrix is
irreducible and at least one of its diagonal elements is positive, then it is always primitive.)

Theorem. Perron’s theorem holds for primitive matrices.

Proof. If A is primitive then there is a & > 0 such that A* is positive.

It follows from the Jordan normal form that if the complex eigenvalues of A are Aq,..., A\,
(with absolute values p(A) = |A1| > -+ > |A\,|), then A is similar to an upper triangular
matrix 7 with diagonal elements Ai,..., \,, then A¥ ~ T* whose diag. elements are
A ., AF | so these are the eigenvalues of T*, and then of the positive matrix A, as well,
with decreasing absolute values.

So |A¥| = p(A%), and by Perron’s theorem, A} = p(A*) > |\¥| for all 4 > 1. This implies
that p(A) = [A1| > |\ for all i > 1

(= Perron/2,3 for A.)

The eigenspace Vy, of A is in the eigenspace of A* for A}, and the latter is 1-dimensional
spanned by a positive vector u. So V), = span(u).

(= the first half of Perron/4 for A.)

Au > 0, and u > 0, so A; is real, and > 0, proving that A\ = |\1| = p(A).

(= Perron/1 for A.)

If there would be a nonnegative eigenvector of A for some other eigenvalue, then it would

be true for the positive matrix A*, as well, contrary to Perron’s theorem.
(= the second half of Perron/4. for A.)

Remark. Most of the statements of Perron’s theorem also hold for irreducible matrices
(Perron-Frobenius theorem).



