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Abstract. We prove that the class of generalized ultrametric matrices (GUM) is the largest
class of bipotential matrices stable under Hadamard increasing functions. We also show that any
power a > 1, in the sense of Hadamard functions, of an inverse M-matrix is also inverse M-matrix.
This was conjectured for @« = 2 by Neumann in [Linear Algebra Appl., 285 (1998), pp. 277-290],
and solved for integer a > 1 by Chen in [Linear Algebra Appl., 381 (2004), pp. 53-60]. We study
the class of filtered matrices, which include naturally the GUM matrices, and present some sufficient
conditions for a filtered matrix to be a bipotential.
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1. Introduction and basic notations. In this article we study stability prop-
erties under Hadamard functions for the class of inverse M-matrices and the class of
filtered matrices, which includes GUM (generalized ultrametric matrices).

A nonnegative matrix U is said to be a potential if it is nonsingular and its inverse
satisfies

Vi#j, U <0, Vi, Ul >0,
Vi, Y U5t >0,
J

that is, if U~! is an M-matrix which is row diagonally dominant. We denote this class
of matrices by P. In addition we say that U is a bipotential if U~! is also column
diagonally dominant. This class of matrices is denoted by biP. We note that P, biP
are contained in M™!, the class of inverses of M-matrices.

The class of potential matrices play an important role in probability theory. They
represent the potential (from which we have taken the name) of a transient continuous
time Markov chain (X;)¢>0, with generator —U~!. That is,

Uij = / (eiU_lt)ij dt = / Pi{Xt = j}dt
0 0

is the mean expected time expended at site 7 when the chain starts at site i. Clearly
U is a bipotential if both U and U’ are potentials.

To get a discrete time interpretation take Ky = maxi{Ugl}. For any K > K
the matrix Px =1 — %U —! is nonnegative, substochastic, and verifies

U™' = k(I - Pg).
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If we can take K = 1, then U=! =1 — P (with P = P;) and U is the mean expected
number of visits of a Markov chain (Y},),eny whose transition probability is given by
P. Indeed,

Uij =Y P =Y P{Y,=j}.

n>0 n>0

We notice that if U is a potential, then for all 7,5 we have U;; > Uj;. The
probabilistic proof of this fact is based on the so-called strong Markov property which
allows us to conclude

Uji = f:Uii,

where fj; <1 is the probability that the Markov process (X;), starting from j, ever
reaches the state ¢. If U is a bipotential, then U;; > max{U,;,Uj;}.
For any nonnegative matrix U we define the quantity

T(U) =inf{t >0: T+ tU ¢ biP},

which is invariant under permutations; that is, 7(U) = 7(IIUII"). We point out that if
U is a positive matrix, then 7(U) > 0. We shall study some properties of this function
7. In particular we are interested on matrices for which 7(U) = oo, generalizing the
class bi’P as the next result shows.

PROPOSITION 1.1. Assume that U is a nonnegative matriz, which is nonsingular
and T(U) = oo; then U € biP.

Proof. Tt is direct from the observation that

t(]H—tU)’lt—» vl o

Remark 1.1. Later on, we shall prove that the converse is also true: if U is in
class biP, then 7(U) = oco.

The following notion will play an important role in this article.

DEFINITION 1.2. Given a matriz B, a vector p is said to be a right equilibrium
potential if

Bp=1,

where 1 is the constant vector of ones. Similarly it is defined the notion of a left
equilibrium potential, which is the right equilibrium potential for B'. When B is
nonsingular the unique right and left equilibrium potentials are, respectively, denoted
by up and vp.

We denote by i = 1’ the total mass of p. In the nonsingular case, it is not
difficult to see that v = [u.

Notice that for a matrix U € biP the right and left equilibrium potentials are
nonnegative. This is exactly the fact that the inverse of a bipotential matrix is row
and column diagonally dominant.

DEFINITION 1.3. The constant block form (CBF) matrices are defined recursively
in the following way: given two CBF matrices A, B of sizes p and n — p, respectively,
and numbers «, 3, we produce the new CBF matriz by

A ol,1’
b (0.2, ™
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where the vector 1,, is the vector of ones, of size p. We also say that U is in increasing
CBF if min{A, B} > min{«, 8}.

The Definitions 1.4 and 1.6 below were introduced in [12] and [15], generalizing
Definition 1.5 of ultrametric matrices introduced in [11] (see also [14]).

DEFINITION 1.4. A nonnegative CBF matriz U is in nested block form (NBF) if

n (1.1) A and B are NBF matrices and
e 0<a<p;
e min{A;;,A;;} > o and min{ By, Bix} > «;
o max{A;;,Aj;} > 0 and max{By, By} > (.

DEFINITION 1.5. A nonnegative symmetric matriz U is said to be an ultrametric
matrix if

(1) for alli,j,Usy; > Uiy,

(2) for alli,j, k, the inequality U;; > min{Usx, Uy;} is satisfied.

The matriz U is strictly ultrametric if in (1) the inequality is strict.

Remark 1.2. The name ultrametric comes from ultrametric distances. One may
think as U;; = % (for i # j), where J is an ultrametric distance.

A possible generalization of this concept to the nonsymmetric case is the following.

DEFINITION 1.6. A nonnegative matriz U of size n is said to be a GUM 1if, for
all i,7,U;; > max{U;;,Uj;} and, when n > 2, every three distinct elements i, j, k have
a preferred element. Assume that this element is i which means

o Uy = U
o Uj; = Up;
° min{Ujk, Ukj} > min{Uji, Uij};
[ maX{Ujk, Ukj} > maX{Uji, U”}

By definition the transpose of a GUM is also a GUM. We note that an ultrametric
matrix is a symmetric GUM. The study of the incidence graph for the inverse of an
ultrametric matrix was done in [6] and for a GUM in [7] (this is the one step graph
induced by a Markov chain associated with the matrix).

In the next result we summarize the main results obtained in [12] and [15] con-
cerning GUM.

THEOREM 1.7. Let U be a nonnegative matriz.

e U is a GUM if and only if it is a permutation similar to a NBF.

o IfU is a GUM, then it is nonsingular if and only if it does not contain a row
of zeros and no two rows are the same.

e IfU is a nonsingular GUM, then U € biP.

It is clear that if U is a GUM, then I+ tU is a nonsingular GUM. In particular,
7(U) = .

We introduce a main object of this article.

DEFINITION 1.8. Given a function f and a matriz U, the matriz f(U) is defined
as f(U)i; = f(Ui;). We shall say that f(U) is a Hadamard function of U.

Given two matrices A, B of the same size, we denote by A ® B the Hadamard
product of them, where (A ® B);j = A;;Bij;.

Given a vector a, we denote by D, the diagonal matrix whose diagonal is a. We
have D,Dy, = D, ® Dy = Da@b-

The class of CBF matrices (and its permutations) is closed under Hadamard
functions. Similarly, the class of increasing CBF (and its permutations) is closed
under increasing Hadamard functions.

On the other hand, the class of NBF, and therefore also the class of GUM, is
stable under Hadamard nonnegative increasing functions. We summarize this result
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in the following proposition.

ProPOSITION 1.9. Assume that U is a GUM and f: Ry — R, is an increasing
function. Then f(U) is a GUM. In particular, 7(f(U)) = oo, and if f(U) is nonsin-
gular, then f(U) € biP. A sufficient condition for f(U) to be nonsingular is that U
is monsingular and f is strictly increasing.

Proof. Tt is clear that f(U) is a GUM, and therefore 7(f(U)) = oco. Then,
from Proposition 1.1 we have that f(U) € biP as long as f(U) is nonsingular. If U
is nonsingular, then it does not contain a row (or column) of zeros, and there are
not two equal rows (or columns). This condition is stable under strictly increasing
nonnegative functions, so the result follows. O

One of our main results is a sort of reciprocal of the previous one. We shall prove
that if 7(f(U)) = oo for all increasing nonnegative functions f, then U must be a
GUM (see Theorem 2.4).

Let us introduce the following index.

DEFINITION 1.10. We say that a nonnegative matriz U is in class T if

T(U)=inf{t >0: [+tU)" 'L 20 or I'(I+tU)"" %0},

and 1+ 7(U)U is nonsingular whenever 7(U) < oco.

We shall prove that every nonnegative matrix U that is a permutation of an
increasing CBF is in class 7.

We remark here that our purpose is to study Hadamard functions of matrices and
not spectral functions of matrices, which are quite different concepts. For spectral
functions of matrices there are deep and beautiful results for the same classes of
matrices we consider here. See, for example, the work of Bouleau [3] for filtered
operators. For M matrices, see the works of Varga [17], Micchelli and Willoughby
[13], Ando [1], Fiedler and Schneider [9], and the recent work of Bapat, Catral, and
Neummann [2] for M-matrices and inverse M-matrices.

2. Main results.

THEOREM 2.1. Assume U € P and that f : Ry — Ry is a nonnegative strictly
increasing convex function. Then f(U) is nonsingular and det(f(U)) > 0. Also f(U)
has a right nonnegative equilibrium potential. Moreover, if f(0) = 0, we have that
M = U-Yf(U) is an M-matriz. If U € biP, then f(U) also has a left nonnegative
equilibrium potential.

Note that H = f(U)~! is not necessarily a Z-matrix; that is, for some i # j it
can happen that H;; > 0, as the following example will show. Therefore the existence
of a nonnegative right equilibrium potential, which is

Vi, Hy + ZHij >0,
J#i

does not necessarily imply that the inverse is row diagonally dominant, that is,

Vi, Hi> Y [Hyl.

J#i
Ezample 2.1. Consider the matrix
1
0} 0
P=132 0 3
0 5 0
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Then U = (I — P)~! € biP. Consider the nonnegative strictly convex function
f(z) = 2% — cos(x) + 1. A numerical computation gives

0.3590 —0.0975  0.0027
(FU) '~ [ —0.0975 02372 —0.0975 | ,
0.0027 —0.0975  0.3590

which is not a Z-matrix.

We denote by U(®) the Hadamard transformation of U under f(z) = x®. In
particular, U®) = U ® U. Tt was conjectured by Neumann in [16] that U is an
inverse M-matrix if U is so. This was solved by Chen in the beautiful article [4] for
any positive integer power of U. Our next result is a generalization of Chen’s result.
His proof depends on the following interesting result: U is an inverse M-matrix if and
only if its adjoint is a Z-matrix, and each proper principal submatrix is an inverse
M-matrix. Our technique is entirely different and is based strongly on the idea of an
equilibrium potential.

This result has the following probabilistic interpretation. If U is the potential
of a transient continuous time Markov process, then U(® is also the potential of a
transient continuous time Markov process. In Theorem 2.3 we show that the same is
true for a potential of a Markov chain. An interesting open question is what is the
relation between the Markov chain associated with U and that associated with U(),

THEOREM 2.2. Assume U € M~Y and a > 1. Then U@ € M1, IfU-'ep,
then (U)~1 e P. If U € biP, then U € biP.

THEOREM 2.3. Assume that U~' =1 — P, where P is a sub-Markov kernel, that
is, P >0, P1 <1. Then for all « > 1 there is a sub-Markov kernel Q(«) such that
(UE)=1 =1~ Q(a). Moreover, if P'1 <1, then Q(a)'1 < 1.

The next result establishes that the class of GUM is the largest class of potentials
stable under increasing Hadamard functions.

THEOREM 2.4. Let U be a nonnegative matriz such that 7(f(U)) = oo for all
increasing nonnegative functions f. Then, U must be a GUM.

Example 2.2. Given a, b, c,d € Ry, consider the nonsingular matrix

o2 O
QL = O
o = o o
_— o O o

For all increasing nonnegative functions f and all t > 0, (I+¢f(U))~! is an M-matrix,
while U is not a GUM. Moreover, U is not a permutation of an increasing CBF. This
shows that the last theorem does not hold if, in the definition of 7, we replace the
class biP by the class M~

THEOREM 2.5. Let U € biP and f : Ry — Ry be a strictly increasing convez
function. f(U) is in biP if and only if f(U) belongs to the class T .

THEOREM 2.6. If U is a nonnegative increasing CBF matriz, then U is in the
class T .

As a corollary of the two previous theorems we obtain the following important
result.

THEOREM 2.7. Assume that U € biP is an increasing CBF matriz and that
f Ry — Ry is a nonnegative strictly increasing convex function. Then f(U) € biP.
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3. Proofs of Theorems 2.1, 2.2, 2.3, and 2.5. Let us start with a useful
lemma.

LEMMA 3.1. Assume U € M. Then for allt >0, (I+tU) € M~'. Moreover,
if U e P, then (I+tU) € P and its right equilibrium potential is strictly positive.
In particular if U € biP, then so is I+ tU, and its equilibrium potentials are strictly
positive. Similarly, let 0 < s < t and assume 1+ tU € biP; then I + sU € biP, and
its equilibrium potentials are strictly positive.

Proof. For some K > 0 large enough, U~! = K(I — N), where N > 0 (and
N1 <1 for the row diagonally dominant case). In what follows we can assume that
K =1. (It is enough to consider the matrix KU instead of U.)

From the equality (I — N)(I+ N + N2 4 .-+ + NP) =1 — NP™! we get that

I+N+N?+...+ NP=U(I - NPH) <U.

We deduce that the series Y, N' is convergent and its limit is U.
Consider now the matrix

1 —1 [e'e] 1 !
Ny=t|[1-—N —1| =t — ) N
i (( 1+t ) ) ;(14—16)

We have Ny > 0. In the case N1 < 1, since NN is a nonnegative matrix we deduce
that N'1 < 1. This allows us to prove

00 l 00 l
3 1 . 3 1
Ntl =t — (]_——f—t> N°1 S t - <]_——|—t) 1=1.

Therefore the matrix I — Ny is a Z-matrix (which is row diagonally dominant when
U~1!is). On the other hand, we have

I4+tU=T14+t(I-N)"'=tI+T1—-N)T—-N)"t=(1+1) (]I—%HN) (I—N)1,

and we deduce that 1+ tU is nonsingular and its inverse is

‘ .

-1
I+tU)™! = — (- N) <11— %HN)

() )

+‘~ -

1 o0 o0
=1 <Z(1 +1)7INT - +t)—lNl+1>
+ =0 =0
1
= (I—Ny).
T+ t)

This shows that the inverse of I — N, is nonnegative, and therefore this matrix is an
M-matrix. We conclude I +tU € M~1.

The only thing left to prove is that N;1 < 1 in the row diagonally dominant case,
that is, when N1 < 1. Notice that from the convergence of the series Zz>o Nt we

deduce that N' — 0 as | — oo. Then for large [, say | > ly, we have N'1 < 11. Thus

[e%s) 1 l lo 1 ! 1 '] 1 1
Ni1=t — ) N1<t — - — 1<1.
‘ (1+t> = <Z<1+t) t5 2 (1+t>> <

=1 =1 I=lp+1
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For a general K > 0 we have the equality (I+tU) ™" = = (I—£ >.2, (5%)'NY),
where N =1— UL

Finally, assume that I+ ¢tU € biP. Hence [+ S(I+ tU) € biP for all 5 > 0. This
implies that

g

I+ -——tU € biP.
1+p
Now it is enough to take 3 > 0 such that s = %t. O

This lemma has two immediate consequences.
COROLLARY 3.2. IfU € biP, then 7(U) = oc.
COROLLARY 3.3. Let U be a nonnegative matriz; then

7(U) =sup{t > 0: I+tU € biP}.

Proof. 1t is clear that 7(U) < sup{t > 0: I+ ¢U € biP}. On the other hand, if
I+ tU € biP, we get 1+ sU € biP for all 0 < s < ¢t. This fact and the definition of
7(U) imply the result. O

Proof of Theorem 2.1. We first assume that f(0) = 0. We have that U~! = K(I—
P) for some K > 0 and P a substochastic matrix. Without loss of generality we can
assume K = 1, because it is enough to consider KU instead of U and f(z) = f(z/K)
instead of f.

Consider M = (U~1f(U)). For i # j let us compute

My = (U F(U))ij = (1= pia) f(Us3) = >_ pir f ().
Py

Since 1 — pi; — 3p; Pik > 0 (which is equivalent to Y-, pi, < 1) and f is convex, we
obtain

<1 - Zm) FO)+ > pif(Usj) > f <Zpiwkj> = f(Usj).
k

k k

The last equality follows from the fact that U~! = I — P. This shows that M;; <0.
Consider now a positive vector z such that y' = 2/U~1 > 0 (for its existence, see [10,
Theorem 2.5.3]). Then

o' M =2'Uf(U) =9y f(U) >0,

which implies, by the same cited theorem in [10], that M is an M-matrix. In partic-
ular, M is nonsingular and det(M) > 0. So f(U) is nonsingular and det(f(U)) > 0.
Now consider p the right equilibrium potential of f(U). We have

Mp=U"'fU)p=U""1=py >0,

then p = M~1uy > 0, because M ~! is a nonnegative matrix. This means that f(U)
possesses a nonnegative right equilibrium potential. Since f(U) is nonsingular, we
also have a left equilibrium potential, but we do not know whether it is nonnegative.
Then the first part is proven under the extra hypothesis that f(0) = 0.

Assume now a = f(0) > 0, and consider g(z) = f(z) — a, which is a strictly
increasing convex function. Obviously f(U) = g(U) + a1l’, so

1 1

IO = T gy o) 20 Vi) 9(U)>

= ————V
1+ afign
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where HgU)) = 1’ug(U)) > 0. We have used the fact that Hg(u)) = Vg(u))- Thus f(U)
has a nonnegative right equilibrium potential and a left equilibrium potential. We
need to prove that f(U) is nonsingular and det(f(U)) > 0. This follows immediately
from the equality

FU) = g(U)T+ apg1'),
which implies

-1 _ -1 a
O =0 =

det(f(U)) = det(g(U))(1 + afiy))-

He) (Vg));

Then the first part of the result is proven.

In the bipotential case use U’ instead of U to obtain the existence of a nonnegative
left equilibrium potential for f(U). O

Proof of Theorem 2.5. Using the same ideas as above, we can assume that f(0) =
0. Also we have that U=Y(I + tf(U)) = M; is an M-matrix for all ¢ > 0. Therefore
I+t f(U) is nonsingular for all ¢, and we denote by p; and v; the equilibrium potentials
for T+¢f(U).

Assume first that f(U) is in class 7 (see Definition 1.10), which means that

7(f(U)) =min{t > 0: p ?é 0 or vy ?é 0}.
We prove that for all ¢ > 0, u¢, ¢ are nonnegative. Since
Mpe =U'1 = py,

we obtain that pu, = M{luU > 0, because M{l is a nonnegative matrix. Thus,
7(f(U)) = o0, and since f(U) is nonsingular we get from Proposition 1.1 that f(U) €
biP. Conversely if f(U) € biP, then 7(f(U)) = oo, and the result follows. O

For the rest of the section n denotes the size of U.

LEMMA 3.4. Assume that U € P. Then any principal square submatriz A of U
is also in class P. The same is true if we replace P by biP.

Proof. By induction and a suitable permutation the restriction of U to {1,...,n—
1} x {1,...,n — 1} is enough to prove the result for A. Assume that

U= <§ Z) and U !'= (_AQ, _9<>
Since A7 = A — %CQI we get that the off-diagonal elements of A~! are nonpositive.

It is quite easy to see that the result will follow as soon as A=11 > 0.
Since U € P we have that A1 — ¢ > 0 and 6 > ¢'1. Therefore,

A= A1 - Leg1 = o1

Recall that for a vector a, D, is the associated diagonal matrix.
LEMMA 3.5. Assume U € biP and o > 1. If

A b
7= a)

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 03/18/13 to 200.89.68.74. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

HADAMARD FUNCTIONS OF INVERSE M-MATRICES 297

then there exists a nonnegative vector n such that
Ay = ple),

Proof. We first perturb the matrix U to have a positive matrix. Consider € > 0
and the positive matrix U, = U + €¢11’. It is direct to prove that
€

Ut=U0"'-——
‘ I+ eny

MU(VU)I7
where iy = 1'py is the total mass of puy. Then U, € biP, and its equilibrium
potentials are given by

1 1
= m#w V. = 1+€ﬁUVU.

Hu.

We decompose the inverse of U, as

-1 _ Ae <E
l’]6 — <Q/6 05 ]

and we notice that A.(c + 0.b. = 0, which implies that
be = Ae)\ea

with A\, = —eiCe > 0. Also we mention here that A\, is a subprobability vector, that

is, 1’A\. < 1. This follows from the fact that U_! is column diagonally dominant.
Take now the matrix V., = Db_elAE. It is direct to check that V. € M~! and that
its equilibrium potentials are

Hy, = Ae, vy, = Dy vg,.
(a)

Thus V. € biP, and we can apply Theorem 2.1 to get that the matrix V¢’ possesses
a right equilibrium potential n. > 0; that is, for all 4,

D VAN =1,
J
which is equivalent to

;j (776)j =1

2

> (4o)
— )

Hence
Ay, — plo).

Recall that the matrix A(®) is nonsingular. Since obviously AE“) — A®) as e — 0,
we get

ne — m = (A) 71y,

and the result follows. a
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Proof of Theorem 2.2. Consider first the case where U € biP. We already know
that U(®) is nonsingular and that it has left and right nonnegative equilibrium poten-
tials. Therefore, in order to prove U(®) € biP, it is enough to prove that (U(O‘))’1 is
a Z-matrix; that is, we need to show ((U(®)71),; <0 for i # j. An argument based
on permutations shows that it is enough to prove the claim for i = 1,5 = n.

Decompose U@ and its inverse as follows:

A ple) QO -5
U@ — Ulen-1 —
- <(C(a))/ de ) and ( ) - (_a/ 5 ) .

We will show 5 > 0. We notice that § = 335383 >0 and —A@ G 4+ §b(®) =0, and

(@) _ gl (8
b (5)
8

Therefore, 5 = n > 0, where 7 is the vector given in Lemma 3.5. Thus § > 0, and
the result is proven for the case U € biP.

Now, consider U = M~ the inverse of the M-matrix M. Using Theorem 2.5.3
in [10], we get the existence of two positive diagonal matrices D, E such that DM E
is a strictly row and column diagonally dominant M-matrix. Thus V = E~'UD™!
is in biP, from which it follows that V(%) € biP. Hence, U = E@ V() D(@) g the
inverse of an M-matrix. The rest of the result is proven in a similar way. O

Proof of Theorem 2.3. By hypothesis we have U = 1 — P, where P > 0 and
P1 < 1. We notice that U is diagonally dominant on each column, which means that
for all i, j

we deduce

Uii > Uj;.

Also we notice that U =1+ PU and therefore U;; > 1.

According to Theorem 2.2 we know that H = (U(®))~! is a row diagonally dom-
inant M-matrix. The only thing left to prove is that the diagonal elements of H are
dominated by one: H;; <1 for all . We will prove it for ¢ = n.

Consider the following decompositions:

(A D L (AN —w o1 [ =B
U_<C/ d)a Ul_(_,r]/ ,Y)ﬂ (U())1_<—O/ 5)7

UlU(a):<_:, _<>.
X' p

A direct computation gives that
¥ =pd+ X8> pd.

We need to show that § < 1. By hypothesis, v < 1; then it is enough to prove that
p > 1. On the one hand, we have

pP= (1 - pnn)U;an - ZpTLJUJan = Ugn - ZpTLJUJan = U;Lln - an]U]TLUJan_l
j#n J J
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On the other hand, we also have Ujo‘n*1 < U2t and 22 PnjUjn = Unpn — 1. Hence we
deduce

p2 Uit > 1.

This finishes the first part of the theorem . The rest of the result is proven by using
U’ instead of U. O

4. Proof of Theorem 2.4. Notice that U is a GUM if and only if n < 2 or
every principal submatrix of size 3 is a GUM.
Since by hypothesis the matrix I+ tU is a bipotential, it is diagonally dominant,

1+ tUs > tUy,

and by taking ¢ — oo, we find U;; > U;;. This proves the result when n < 2. So, in
what follows we assume n > 3.

Consider A any principal submatrix of U, of size 3x3. Since I+¢f(A) is a principal
submatrix of I+ ¢f(U), we deduce that I +tf(A) € biP (as long as [+¢f(U) € biP).
If the result holds for the 3 x 3 matrices, we deduce that A is a GUM, implying that
U is also a GUM.

Thus, in the rest of the proof we can assume that U is a 3 x 3 matrix that verifies
the hypothesis of the theorem. After a suitable permutation we can further assume
that

a bl bQ
U=\ d «af,
coa [P e

where a = min{U;; : ¢ # j} = min{U} and § = min{Uj; : U;; = «, i # j}.
Since U is diagonally dominant we have min{a, d, e} > «. Take f increasing such
that f(a) =0 and f(z) > 0 for z > a. Then,

L+ f(a)  f(b)  f(b2)
I+fU)=| fla) 1+ f(d) 0
fle2) fB) 14+ fle)

is a biP-matrix whose inverse we denote by

§ —p1 —p2
-0 M e
—02 —13 ™

In particular we obtain

(" 1+(}<e>)_1:(—3§ )5 (6) (Zi)/’

and we deduce that

(4.1) OZ")/Q 201[)2.
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e Case py = 0. We get f(ba) = 0, which implies further

(4.2) bo=a and ¢ > 0.

The last conclusion follows from the definition of 3. Therefore,
a b «

(4.3) U=|a d «
ca [ e

We must prove that U is GUM.
Consider another increasing function g such that g(8) = 0 and g(z) > 0 for
x > 3. Then,

L+g(a)  g(b) 0
[+g9(U)=1| g(cr) 1+4g(d) 0
glcz) 0 1+ g(e)
Its inverse is of the form
~S - 0
—0: 0
—0 —73 Ya

As before, we deduce that 0 = 73 = 52[)1.
— Subcase 65 = 0. We have g(c2) = 0, which implies ¢ = . In this
situation we have

a b «
U= d «
g B e

By permuting rows and columns 1,2, if necessary, we can assume that
b1 < ¢1. Consider the situation where ¢; < f; of course, implicitly we
should have o < (. Under a suitable increasing transformation h, we
get

1+ h(a) 0 0
I+ h(U) = 0  1+4h(d) 0
h(B) h(B) 1+ h(e)

and its inverse

1
1+h(a) (1) 0
0 T+h(d) 0
_ h(B) o h(B 1
(A+h(a)(1F+h(e) (A+h(d)(1+h(e) TI+h(e)

The sum of the third row is then

%h(e) (1 —h(B) <1+1h(a) * 1+1h(d)>) ’

and this quantity can be made negative by choosing an appropriate
function h. The idea is to make h(3) — oo and

h(B)
max{h(a),h(d)}

Therefore, ¢; > § and U is a GUM.

— 1.
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— Subcase p1 = 0. We have g(b;) = 0 and then b; < 3. Take again an
increasing function ¢ such that

1+ /4(a) 0 0
I+¢4U) = £(c1) 1+4(d) 0
£(c2) 0 1+4(e)
and its inverse
1+é(a 0
_ 4¢3 1 0
(+2(a))(1+2(d))  1+e(d)
_ 4 02) 0 1
(1+£(a))(1+£(e)) 1+£(e)

The sum of the first column is

1 <1 _ é(cl) _ 5(02) >
14+ 4(a) (14+4(d))  (1+4£e))’
which can be made negative by repeating a similar argument as before
if both ¢; > 6 and ¢y > .

Therefore if we assume that ¢; > [, we necessarily have c; < 3. On
the other hand, from (4.2) we know c¢o > 3, proving that ¢co = . The
conclusion is a < b; < 3 < ¢; and

a b «
U= d al,
B B e

which is a GUM.
Therefore we can continue under the hypothesis ¢; < 8 < cs.
x Subsubcase by < (3. Again we must have o < 8. Under this condition
we have that co > a. Using an increasing function w, we get

1+w(a) 0 0
I+wlU)=1| w(c) 1+w(d) 0 ,
we)  wlB) 14wl

and its inverse is

1
14w(a) 0 0
_ w(er) 1 0
(1+w(a))(1+w(d)) 1T+w(d)
_ w(e)(tw(d)—wBwlcr) w(pB) 1
(14w(a))(1+w(d))(14+w(e)) (14w(d))(14w(e)) 14w(e)

The sum of the third row is

(4.4)
1 (1  w(e) w(Bw(cr) - w(B) )
(1+w(e)) 1+wla) (+w@)(l+wld) 14+w(d))/)’

If ¢; < 3, we can assume w(cy) = 0. With this choice we can make
the sum in (4.4) negative by a suitable selection of w as we did
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before. Thus we must have ¢; = 3, in which case the sum under
study is proportional to

) |, w(Bp? w(8)

(4.5) e T T e@)(te@)  Tte@d
If ¢ = 3, then
a b o
U=|8 d «
B B e

is a GUM. So, we must analyze the case where ca > (3 in (4.5).
We will arrive at a contradiction by taking an asymptotic as before.
Consider a fixed number A € (0,1). Choose a family of functions
(wr)ren such that, as r — oo,

wr () wr(c2) wr(d)

T ) b 17 )
wr(ff) = o0 wr(c2) wr(a) - wr(a) —¢
where ¢ = 1if d > 3, and ¢ = X if d = 5. The asymptotic of (4.5)

is then
A2
1-14———.
¢ 9

This quantity is strictly negative for the two possible values of ¢,
which is a contradiction, and therefore co = 3.
To finish with the Subcase p; = 0, which will in turn finish with Case p2 = 0,
we consider a further subcase.
* Subsubcase by = [B. We recall that we are under the restrictions
c1 < B < cp and

a [ «
U=\ d «
ca B e

Notice that if co = 3, then U is GUM. So, we may assume in this
part that co > (. If ¢; = o, we can permute 1 and 2 to get

d o «
mn' =g a o,
8 ¢ e

which is also in NBF, and U is a GUM. Thus we can assume ¢ > «,
and again we have a < f3.
Take an increasing function m such that

1+m(a) m(pB) 0
I+mU)=1{ m(cr) 1+m(d) 0
m(cz) m(B)  1+mfe)

We take the asymptotic under the following restrictions:

m(f)

m(a)

m(cy) . m(e) . m(ca)

m(a) " m(a) " m(a)

— A€ (0,1),
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where ¢ = 1if d > 3, and ¢ = A if d = 3. The limiting matrix for

m%a) (I+m(0)) is

1 0
V=1 0],
1 1

> O >

whose determinant is A = ¢ — A?> > 0. Therefore it is nonsingular,
and as the limit of matrices in biP, V itself must belong to biP. On
the other hand, the inverse of V' is given by

1) A 0
vl=— Y 1 0 ,
A\(g-22) 0 ¢-N
and the sum of the first column is

A2 =\
A

<0,

which is a contradiction.
This finishes with the subcase ps = 0, and we return to (4.1) to consider now
the following case.
e Case 01 = 0. Under this condition we get ¢; = o and

a bl bQ
U=|a d «
co [P e
Consider the transpose of U and permute on it 2 and 3, to obtain the matrix
. a ¢ «
U=1|by e al,
by B d

where now by > 3. Clearly the matrix U verifies the hypothesis of the theorem
and has the shape of (4.3); that is, we are in the “case p2 = 0,” which, we
already know, implies that U is a GUM. Then U itself is a GUM, and the
theorem is proven. a

5. Filtered matrices and sufficient conditions for classes biP and 7.
The class of filtered matrices, which turn out to be a generalization of GUM, gives
a good framework to study a potential theory of matrices. They were introduced
as operators in [8] to generalize the class of self-adjoint operators whose spectral
decomposition is written in terms of conditional expectations (see, for instance, [3],
[5], and [11]).

The basic tool to construct these matrices is partitions of 7, = {1,...,n}. The
components of a partition R are called atoms, and we denote by Z the equivalence

relation induced by R. Then i, j are in the same atom of R if and only if ¢ R J.

A partition R is coarser than or equal to a partition Q if the atoms of Q are
contained in the atoms of R. This (partial) order relation is denoted by R < Q. It is
also said that Q is finer than R. For example, in Jy we have R = {{1,2},{3,4}} <
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Q = {{1},{2},{83,4}}. The coarsest partition is the trivial one N' = {7}, and the
finest one is the discrete partition F = {{1},{2},...,{n}}.

DEFINITION 5.1. A filtration F = {Rg < R1 < -+ < Ry} is a strictly increasing
sequence of comparable partitions. F is said to be dyadic if each nontrivial atom of
Rs is divided into two atoms of Rey1-

A filtration in the wide sense is an increasing sequence of comparable partitions
G={RoxR1 =5 <R}

The difference between a filtration and a filtration in the wide sense is that in the
latter case repetition of partitions is allowed.

Each partition R induces an incidence matrix F' =: F(R) given by

1 ifi%,
F; = )
0 otherwise .

A vector v € R™ is said to be R-measurable if v is constant on the atoms of R, that
is,

R .
1~ ] = U = vj.
This can be expressed in terms of standard matrix operations as

F(R)v = Dypv

wr YV

where wg = F(R)1 is the vector constant on each atom, and this constant is the
size of the respective atom (recall that D, is the diagonal matrix associated with the
vector z). The set of R-measurable vectors is a linear subspace of R™. Notice that
if the partition is F, then the associated incidence matrix is the identity and the
subspace of measurable vectors is just R™. On the other hand, if the partition is the
trivial one N, then the incidence matrix is 11’ and the measurable vectors in this
case are the constant ones.

DEFINITION 5.2. A matriz U is said to be filtered if there exists a filtration in
the wide sense G = {Qg < Q1 < -+ < Qi}, vectors ag,...,a;, bo,...,b; with the
restriction that as, b, are Qgy1-measurable (we take Qi1 = F the discrete partition),
and

14

(5.1) U= DaF(Q)Dy,.

s=0

There is no loss of generality if we assume that Qo = A and Q, = F, that is,
F(Qp) =11" and F(Qy) = 1. Let us see that (5.1) can be simply written in terms of
a filtration. Indeed, notice that if a; and bg are Q¢-measurable, then

DasF(Qs)Dbs = DasDbsF(Qs) = DGSQBSF(Qs)v

where the vector as ® by is the Hadamard product of as and bg, which is also Q-
measurable. Hence a sum of terms of the form

DasF(QS)Dbs + Dﬂs+1F(QS+1)Dbs+1 + 4+ DaS+TF(QS+T)DbS+T7
with R = Qs = -+ = Q44, can be reduced to the sum of two terms as

Do F(R) + Da, .. F(R)Dy, .,

Astr
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where C = 22;10 Ast+hn © bsip is R-measurable. In this way the representation (5.1)
can be written as

k
(5.2) U= Dc,F(R.)+ D, F(Ry)Dn,,
s=0

where F = {Rg < R1 < -+ < Ry} is a filtration, N' = Ro, F = Rg, Cs is Rs-
measurable, mg, ns are R,41-measurable, and m; = 0 (again we assume that Ry =
F). We shall always consider this reduced representation of (5.1), and we shall say
that U is filtered with respect to the filtration F.

If all mg,ng are Re-measurable, then (5.1) reduces to the form

k

(5.3) U= Dc.imonF(R),
s=0

and U is a symmetric matrix.
We are mainly interested in a decomposition like (5.2) with the vectors mg, ng
having the following special structure:

(54) ms = Fs ®p57 Nng = qs,

where T'y is Rs-measurable and {ps,¢s} is an Rsyi-measurable partition; that is,
{ps,qs} are Rqi1-measurable {0, 1}-valued vectors with disjoint support ps ® gs = 0
and ps + gs = 1. If this is the case, U is said to be a special filtered matrix (SFM),

k
(5.5) U= D¢, F(R:)+ Dr,D,, F(R,) Dy,
s=0

Notice that ', = 0.
It is not difficult to see that every CBF matrix is filtered. This is done by induc-

tion. Assume that
— A O[]'P]';L—p
U= <ﬁ1np1; B )

Define Rg =N and Ry = {{1,...,p},{p+1,...,n}}. Take
Co = al,, Ty= (ﬁ - a)]-na Po = (Op7 ln,p)/, qdo = (]-pa Onfp)/§
then we obtain

n—p
Blopll, al, 1,

The key step is that A — a, B — « are also in CBF. We have that Cy, Ty are Ro-
measurable and pg, o is an Ri-measurable partition. We also notice that if 0 < o < 3,
then CO 2 O,FQ 2 0.

The induction also shows that U can be decomposed as in (5.5), where F =
{Ro < --+ < Ri} is a dyadic filtration; Cy,T's are Rs-measurable; and {ps, ¢s} is a
R s+1-measurable partition.

We now summarize the representation form for the class of CBF, NBF, and GUM
matrices.

al, 1’ al, 1’
DeyF(Ro) + Dry Dyy F(Ro) Dy, = ( bl ol )
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PROPOSITION 5.3. V is a permutation of a CBF matrix if and only if there exists
a dyadic filtration F = {Ro < -+ < Ri}; a sequence of vectors Cy,...,Cy, To, ..., Tk
verifying Cs,Ts are Rg-measurable, and a sequence {ps,qs} of Rsy1-measurable par-
titions such that

k
V =3 De. F(R.) + Dr, Dy F(R)D,,.
s=0

That is V is an SFM.

Also V' is a permutation of an increasing CBF matriz if and only if there is a
decomposition where 'y, Cs,T's, s = 1,...,k, are nonnegative. Furthermore, V is a
nonnegative matrix if and only if Cy is nonnegative.

Moreover, V is a GUM if and only if Cs,T's, s =0,...,k, are nonnegative and
fors=0,....k—1 it holds that

(56) Fs < Cs+1 + Fs+1~

Finally, V is an ultrametric matriz if and only if there is a decomposition with T's =0
for all s.

Remark 5.1. We can assume without loss of generality that each py, g5 is obtained
as follows. The nontrivial atoms Ay, ..., A, of Ry are divided into the new atoms

-/41,17 A1,27 s 7-’47’,13 A’r‘,2

of Rs11. Consider By, ..., B, the set of trivial atoms in R, (that is, the atoms which
are singletons). Let g5 be the indicator of A; 1 U---U A, 1, ps be the indicator of
A12U---UA oUB U---UB,., and I'y = 0 on the R,-measurable set B=B,U---UB,.
We point out that the partition Ry is obtained from R refined by ps. The following
consistency relation,

(5.7) DPSF(RS)ps = DPSF(RS"Fl)]"

will be used further in order to give sufficient treatable conditions for an SFM to be
a bipotential.
Ezample 5.1. Consider the CBF matrix

a gy ;. 7
B2 b ar o
b Bi ¢
fr B B2 d

U is an NBF matrix if the constraints ay < 81, a1 < min{asg, 42}, 41 < min{fs, Bg},
s < Bo, Qo < Bg are verified and finally the diagonal elements dominate on each row
and column, that is, 82 < min{a,b}, 3 < min{c,d}.

U is filtered with respect to the dyadic filtration Ry = {1,2,3,4} < Ry =
{{1,2},{3,4}} < Ra = {{1},{2}, {3}, {4}} and can be written as
(5.8)
U = DCOF(RO) + DFonoF(RO)qu + Dch(Rl) + DplelF(Rl)Dql + DC2F(R2),

U =

where
aq 51 — 0 1
_ o _|fi—a _lo 1
CO - oy B FO - 61 —a ) Po = 1 ’ qo = 0 )
a B1— aq 1 0
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Q9 — B2 — a2 0 1
a2 — _ B2 |1 10
Cl— 6[2—011 ) Fl_ ﬂZ_dZ y P1= ol q1 = 1]
Go —aq By — Gia 1 0
and
a — Qg
Cp— | 002
C — (X9
d — éig
The decomposition in (5.8) is then
a1 a1 a1 o 0 0 0 0
a1 a1 a1 o 0 0 0 0
U p—
o o1 o + Bi—ar Bi—ar 0 0
o o1 o Bi—ar Bi—ar 0 0
g — (1 (g — (1 0 0
+ g — (1 (g — (1 0 0
0 0 Qg — @ Qo —Qq
0 0 Qg —Qp Qo —Qq
0 0 0 0 a— o 0 0 0
ﬁg — Q9 0 0 0 0 b — (X9 0 0
oo 0o o ofT| o 0 c—das 0
0 0 Bo—dn O 0 0 d—édy 0

The constraints are translated into the positivity of the vectors C' and T' and the
ones induced by (5.6). We point out that we can also choose, for example, I'; =
(0, B2 — o, O,Bg — &g)’, but in this case I'; is not Rj-measurable. As we will see in
subsection (5.1), this measurability condition will play an important role.

Ezample 5.2. Consider the nonnegative CBF matrix

U:

N DN DN
— N DN
DN = DN

This matrix is an SFM and can be decomposed as in (5.5). Nevertheless, none of these
decompositions can have all its terms nonnegative. In particular, no permutation of
U is an increasing CBF matrix.

Remark 5.2. Notice that the class of CBF matrices is stable under Hadamard
functions. Nevertheless there are examples of filtered matrices for which f(U) is not
filtered. Consider the matrix

U=D.F\ + DyF1Dy + Dgk,

where Fy = F(N) = 11’ and F;, = . The vector « is constant, and we confound it
with the constant o € R. The vectors a, b, 8 are all F-measurable. Then U is filtered
and, moreover,

(5.9) U=a+ab' + Dg.
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Take « = =10, a =(2,3,5,7)', and b = (11,13,17,19)’. Then all the entries
of U are different. As f runs over all possible functions, f(U) runs over all 4 x 4
matrices. This implies that some of them can not be written as in (5.9), because
in this representation we have at most 13 free variables. Still is possible that each
f(U) is decomposable as in (5.1), using maybe a different filtration. A more detailed
analysis shows that this is not the case. For example, if we choose the filtration
N < {{1,2},{3,4}} < F, then every matrix V filtered with respect to this filtration
verifies that V13 = ‘/23 = ‘/14 = ‘/24.

Matrices of the type F(R) are related to conditional expectations (in probability
theory). Indeed, let R = {A;, As,..., A} and ny = #(A¢) be the size of each atom.
It is direct that w = wg = F(R)1 is an R-measurable vector that verifies w; = ny
for i € Ay. Then

Er = D' F(R) = F(R) D!

is the matrix of conditional expectation with respect to the o-algebra generated by
R. This matrix E = Ex satisfies

EE =E, E =E, E1 =1;
Vv, Ev is R-measurable;
if v is R-measurable, then Ev = v.

Therefore, E is the orthogonal projection over the subspace of all R-measurable vec-
tors. In the case of the trivial partition N, one gets Enr = %11’ as the mean operator.

Remark 5.3. The L? space associated with {1,...,n} endowed with the counting
measure is identified with R™ with the standard Euclidean scalar product. In this way
each vector of R™ can be seen as a function in L?, and E is an orthogonal projection.
The product D,E (as matrices) is the product of the operators D,, and E, where D,,
is the multiplication by the function v. Notice that ED,, and E(v) are quite different.
The former is an operator (a matrix), and the latter is a function (vector). They are
related by E(v) = ED, (1), where 1 is the constant function.

Let R, Q be two partitions; then R < Q is equivalent to ExEg = EgEr = Eg.
This commutation relation can be written as a commutation relation for F'(R) and
F(Q). In fact,

F(R)F(Q) = ErDurEoDuy = ExEoDug Dug
= Ex Dup Dy = F(R)Duy,

F(QF(R) = (F(R)F(Q))" = Duo F(R).

5.1. An algorithm for filtered matrices: Conditions to be in biP. In
this section we introduce a backward algorithm that gives a sufficient condition for a
filtered matrix to be in class biP. For that purpose assume that U has a representation
as in (5.1):

Y4

U= Da,F(Q:)Ds,,

s=0

where we assume further that as, bs are all nonnegative. In particular, U is a nonneg-
ative matrix.
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We introduce the conditional expectations E; = Eg, = D;(lgs)l F(Qs) and the

normalized factors as = a5 ® F(Qs)1, bs = bs. Then U can be written as

14 14
(5.10) U= Do EDy, = asEsb,,
s=0 s=0

where we have identified vectors (functions) and the operator of multiplication they
induce. We shall use this notation throughout this section. Finally, we recall that
E, =1

We can now use the algorithm developed in [8] to study the inverse of I+ U. In
what follows, we take the convention 0 - oo = 0/0 = 0. This algorithm is defined by
the backward recursion starting with the values \p =y = ke =1, oy = (1 + agbg)*l
and for s=¢—-1,...,0,

As = /\erl[]- - UerlaerlEerl (K/s+1b8+1)]7
Hs = //ferl[]- - O'SJrlstrlEerl(/ierlaerl)]a
Rg = Es+1(/\s) = Es+1(,us)a
(5.11) o5 = (1 + Eq(rsasbs)) ™t
We get the recursion
]:ES sYs ES SbS
(5.12) or = By (r5g) — olfis@s)Bs(shs)

1+ Eg(ksashs)

The algorithm continues until some A or u is negative; otherwise we arrive at s = 0.
If this is the case, then [+ U is nonsingular and its inverse is of the form I — N, where

¢
N = ZUS)\SaSESbSuS.
s=0

We also have that
A1=({I—-N)1 and p_=(I1-N)1,

where A_1, y_; are obtained from the first two formulae in (5.11) for s = —1. There-
fore, if they are also nonnegative, the matrix I + U is a biP-matrix.

In this way we have that a sufficient condition for I+ U to be a biP-matrix is that
the algorithm works for s = ¢,...,0 and that all the A, x are nonnegative, including
A_1, t—1. In this situation we have that A\ (and ) is a decreasing nonnegative sequence
of vectors. Sufficient treatable conditions on the coefficients of the expansion (5.10)
involve the recurrence (5.12). Starting from k¢ = 1, we assume that this recurrence
has a solution such that ks € [0,1] for all s = ¢,...,—1. We shall study closely this
recursion for the class of SFM, and we shall obtain sufficient conditions to have T4+ U
in biP.

Before studying this problem, we further discuss the algorithm. We have the
following relations:

¢ -1 ¢
<H + Z akEkbk> =I- Z o AkakErb g =1 — N,

k=s k=s
As—1 = (]I_Ns)]-a MHs—1 = (H_Ns)l]-'
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That is, our condition is to impose that all the matrices

4 4
H—l—agEgbg,...7H+ZakEkbk,...7H+ZakEkbk =1+U
k=s k=0

are in class biP.
We now assume that U is an SFM with a decomposition like

k
U= Dc, F(Ry)+ Dr,Dy, F(R;) D,,,
s=0

where F = Ry < --- < Ry, is a filtration; Cy, I's are nonnegative R-measurable; and
{ps, qs} is a Rsy1-measurable partition. Again we set Eg = D;(le)l F(Rs) and the
normalized R -measurable factors

cs = Cs © F(Rs)1, vs =T's @ F(Rg)1.

Since diagonal matrices commute, we get that U has a representation of the form

k
U= Z cslBs + vspsEsgs,
s=0

with v, = 0. In the previous algorithm we can make two steps at each time and
consider kg in place of kas, As instead of Aosy1, I instead of Aas. We also introduce
ds = 1/ks to simplify certain formulae (this vector can take the value co). We get,
starting from kg =l = 1,0 = (1 +¢x) "L, that for s =k —1,...,0

As - C"erllerla

ls = As[1 = vspsEs(qs/(cst1 + dsy1))],
Rs = ]Es(ls)a

os = 1/(1+ kscs) =ds/(cs + ds).

Similar recursions hold for u, m, which are the analogues of A, . Relation (5.12) takes
the form

1 1 Ps ds >
5.13 =E, — 75 Eg Eg .
( ) ds <Cs+1 + ds+1 > B <Cs+1 + ds+1 > (Cs+1 + ds+1

The inverse of 1 + U is I — N, where

k k—1 k
(5.14) N =Y cooudsEams + > 1sAepEatstis = Y ca0ulsBam + YaAepaEagapis.
s=0 s=0 s=0

Again A_; = (I — N)1 = 0¢lp, and similarly p_1 = ggmy.
Let us introduce the following function:

Ps = Es(ps)ps + E, (QS)QS-

THEOREM 5.4. Assume that the backward recursion (5.13) has a nonnegative

solution starting with di, = 1. Assume, moreover, that this solution verifies for s =
k—1,...,0

(515) Ps Vs S Cs+1 + derl'
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Then Ag,ls, pts,ms, 05, for s = k,...,0, as well as A\_1,u—_1 are well defined and
nonnegative. Therefore, 1 + U € biP, and its inverse is I — N, where N is given by
(5.14).

The proof of this result is based on the following lemma.

LEMMA 5.5. Let z,y be nonnegative vectors, and E be a conditional expectation.
If 2E(y) <1, then E(zy) < 1.

Proof.  'We first assume that y is strictly positive. Since z < 1/E(y) and E is an
increasing operator, we have

1 _E(y)
Elzy) <B (m@ “Ey) -

For the general case consider (y + €1)/(1 + €|z|x) instead of y and pass to the limit
e—0. O
Proof of Theorem 5.4. We notice that condition (5.15) implies that

ds7s

71&9 s S 1.
Cs+1 + ds+1 (q )

Since 75 is Eg-measurable and g = ¢2, we obtain

2
ds Vsds
B (—%  )-g (2% ).
Jete <Cs+1 + ds+1> ’ (Cs+1 + ds+1)

This last quantity is bounded by one by Lemma 5.5. Similarly we have

Ps
S]:ES - 3 S ]‘7
! <Cs+1 + ds+1)

which implies that the algorithm is not stopped, and all the coefficients are nonnega-
tive including A_q, p—1. d
COROLLARY 5.6. Assume that for s =k —1,...,0 we have

(516) PsVs < Cs1 + Vst

Then the recursion (5.13) has a nonnegative solution that verifies (5.15). In particular,
I+ tU is in class biP for allt > 0, and U is in biP if it is nonsingular.

Proof. Let us consider first the case ¢ = 1. We prove by induction that v, < ds.
For s = k we have 0 = 4, < d, = 1. We point out that if we multiply in (5.13) by s,

we get
Vs Vs VsPs Vsqs
Log (—E —)-E E ,
ds * <Cs+1 + ds+1> * <Cs+1 + ds+1> ? <Cs+1 + ds+1>

which is of the form x4+ y — zy, where z = E; (ﬁ) The inequality (5.16), the

induction hypothesis ys4+1 < ds+1, and Lemma 5.5 imply 0 <2 <1, 0<y < 1. In
particular,

| =

0< =<1,

S

IS

and the induction is completed. Theorem 5.4 shows that I + U is in class biP. We
notice that tU also verifies condition (5.16) because this condition is homogeneous,
and the result follows. O
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Remark 5.4. We notice that condition (5.16) can be expressed in terms of the
original coefficients C,T" in the dyadic case. In fact (see (5.7)),

PsEs(Ps) = Dp, Diir.yy F(Rs)ps = Dp, Dz 11 F(Rsi1)1,
which implies that
ps = (1/F(R:)1) © (F(Rey1)1).
Then, inequality (5.16) is
s < Cop1 + Lo,

which is the condition for having a GUM (see (5.6)) . We mention here that condition
(5.16) is more general than having a GUM, as the following example shows.
Remark 5.5. Consider the matrix Ug,

1000
010 0

Us=|5 5 1 o|=DroPnF(Ro)Dg +1,
BB 01

where Ryp = N, Ty = 3(1,1,1,1) < C; = (1,1,1,1). We compute ¢ = 0, v =
43, ¢; = C1, v1 =0 and also pg = 1/2.

It is direct to check that Ugl = U_g. Then for all 3 > 0 the matrix Uz € ML
Also Ug € biP if and only if 0 < 5 < 1/2. When § > 0 the condition (5.6), I'y <
C1+T, is equivalent to 8 < 1. Then, this condition does not ensure that U € biP (this
happens because the filtration is not dyadic). Nevertheless, the analogous condition
in terms of the normalized factors (5.16),

poYo < ¢+,

is equivalent to 8 < 1/2, which is the correct condition.
COROLLARY 5.7. Assume that

k

(5.17) PsYs < Z cr
r=s+1
hold for s =k —1,...,0. Then the recursion (5.13) has a nonnegative solution that

verifies (5.15). In particular, T+ tU is in class biP for all t > 0, and U is in biP if
it is nonsingular.
Proof. Consider the set of inequalities

PsVs V fs S Cs41 + §s+1a

for s=k—1,...,0. A nonnegative solution is given by
S S
s = sup {0, Y00 = Y Croe s VePh = D, CryeeesYa1Ps 1 — cs} :
r=1 r=k+1

The hypothesis of the corollary is that £, = 0. We also notice that £, is Rs-measurable.

We show, using a backward recursion, that {5 < ds. Indeed, by construction,
1/6s = Eg(1/&5) > (csy1 + Es41)~F while 1/ds < Eg((csp1 + dsi1)™t). Then the
inequality psvs < cs+1 + &s41 implies psys < cs41 + dst1, so the result holds (see

Theorem 5.4). O
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5.2. Conditions for class 7 and proof of Theorem 2.6.
THEOREM 5.8. Assume that U has a decomposition

L
U= a,E,bs,
s=0

where ag, bs are nonnegative Eg 1-measurable. Then U belongs to the class T and,
moreover,

T(U) =inf{t > 0: ([4+tU)"'1 %0 or I +tU)"" #0}.

In particular, if T(U) < oo, then I+ 7(U)U € biP.

Remark 5.6. In the case 7(U) < oo we have that I+¢ U is nonsingular for t > 7(U)
sufficiently close to 7(U). This follows from the fact that the set of nonsingular
matrices is open.

Theorem 5.8 states that every filtered matrix with a nonnegative decomposition
is in class 7', which proves Theorem 2.6.

Proof of Theorem 5.8. A warning about the use of vectors and functions. Here
we consider vectors or functions on {1,...,n} indiscriminately. Thus for two vectors
a, b the product ab makes sense as the product of two functions, which corresponds to
the Hadamard product of the vectors. Also an expression as (1 + ab)~! is the vector
whose components are the reciprocals of the components of 1 + ab. We also recall
that (a); is the ith component of a.

Now, for p =0, ..., ¢ consider the matrices

¢
p) = Zas E, b,.
s=p

We notice that U(0) = U. We shall prove that 7, = 7(U(p)) is increasing in p and
Ty = OQ.

We rewrite the algorithm for I+ ¢U. This takes the form A(t) = pue(t) = rke(t) =
1, o¢(t) = (1 +taghy) !, and forp=~¢—1,...,0

At
(5.18) o
(
(

+1(0)[1 = opt1(t) L appr Epta (Fppr (8)bps1)],

+1(0)[1 = o1 (t) L bps1Eppr (Kps1(t)apya)],
+1(Ap(t)) = Epy1(pp (1)),

(1 + B, (ky(t)tayhy))

t

Kp(t

)
)
)
)

op(t

Also A_1(t), p—1(t) are defined similarly. If A;(¢), ps(t), os(t), s=14¢,...,p, are well
defined, then

(I+tU(p))~" =T1—N(p,t),

where

(5.19) Zas t) t asEsbsps (t)-
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If \s(t), ps(t), os(t), s=14,...,p, are nonnegative, then N (p,t) > 0 and (I+tU(p)) €
ML, Moreover, \p_1(t) and p,,—1(t) are the right and left equilibrium potentials of
(I+tU(p)),

T+ W E)Apr(H) =1 and g, (I +U(p) = 1"
So, if they are nonnegative, we have I + tU(p) € biP. In particular, for p = £ we get
I+ tarEeby) ™t = T+ tUL)™ =T —t(1 + taehy)  arEy by

Since E; = I we obtain that Ap_1 = py_1 = (1+taeby)~'. This means that [+tU () €
biP for all t > 0. Therefore 79 = oo, and the result is true for U(¢). In particular,
Ti—1 < T¢. We shall prove by induction that

¢ Tpt1 S STy
and forg=p+1,...,¢

o 7, = inf{t > 0: A\_1(¢) % 0 or p1g—1(%) ?é 0} =inf{t > 0: A\j—1(t) #

0 or pg—1(t) # 0}

o N\ (1), us(t), for s=+£,...,q— 1, are strictly positive for ¢t € [0, 74);

e if 7, < 0o, we have I+ 7,U(q) € biP.

The case 7,41 = oo is simple. Indeed, fix ¢ > 0. From Lemma 3.1, I+ ¢tU(p+1) €
biP and its equilibrium potential are strictly positive; that is, A\,(t) > 0, p,(¢) > 0.
Thus, I+ tU(p) is nonsingular; its inverse is I — N (p, t), where N(p,t) > 0 is given by
(5.19). Hence, I+ tU(p) € M~1. We conclude that

7o =inf{t > 0: T+ tU(p) ¢ biP} =inf{t > 0: \,_1(t) £ 0 or pp_1(t) £ 0}.
If 7, = 0o, Lemma 3.1 gives
Ap—l(t) > 07 ,U*p—l(t) > 07

and the induction step holds in this case.

Now if 7, < 00, by continuity we have I 4+ 7,U(p) € biP. We shall prove later on
that Ap—1(t), up—1(t) are strictly positive in [0, 7,).

We now analyze the case 7,1 < co. We first notice that in the algorithm the
only possible problem could arise with the definition of o, (t). Since o, (7p+1) > 0, the
algorithm is well defined, by continuity, for steps ¢,...,p on an interval [0, 741 + €]
for € > 0 small enough. This proves that the matrix [ + tU(p) is nonsingular in that
interval, and that A\,_1, p,—1 exist in the same interval.

Now, for a sequence t,, | Tp41, either A\,(t,) or pp(t,) has a negative component.
Since there are a finite number of components, we can assume without loss of gener-
ality that for a fixed component ¢ we have (A, (t,)); < 0. Then, by continuity we get
that (Ap(7p+1))i = 0, which implies (by the algorithm) that (Ap—1(7p41)): = 0.

Assume now that for some ¢t > 7,41 the matrix I 4+ tU(p) € biP. By Lemma
3.1 we will have that I+ 7,41U(p) € biP, but its equilibrium potential will satisfy
Ap—1(Tp41) > 0, which is a contradiction. Therefore we conclude that 7, < 7p41.

The conclusion of this discussion is that the matrix I+ tU(p), for ¢ € [0, Tp41], is
nonsingular and its inverse is T — N(p,t), with N(p,t) > 0. That is, [+ tU(p) € M~!
and therefore

7, =1nf{t > 0: I+ tU(p) ¢ biP} = inf{t > 0: A\p_1(t) % 0 or pip—1(t) % 0},

and by continuity I+ 7,U(p) € biP.
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To finish the proof we need to show that 7, coincides with
S =inf{t > 0:X\p_1(t) # 0 or up_1(t) # 0}.

It is clear that S < 7,. If S < 7,, then, due to Lemma 3.1, we have that both
Ap—1(S) > 0 and pp—1(S) > 0, which is a contradiction, and then S = 7,. This
shows that A,_1(t), up—1(t) are strictly positive for ¢ € [0,7,), and the induction is
proven. 0

Remark 5.7. Tt is possible to prove that x,(7,) > 0 when 7, < oo, but this is not
central to our discussion.
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