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ON THE DECAY OF THE ELEMENTS OF INVERSE TRIANGULAR
TOEPLITZ MATRICES*

NEVILLE J. FORD! DMITRY V. SAVOSTYANOV't! NICKOLAI L. ZAMARASHKIN?

Abstract. We consider half-infinite triangular Toeplitz matrices with slow decay of the elements
and prove under a monotonicity condition that the elements of the inverse matrix, as well as the
elements of the fundamental matrix, decay to zero. We provide a quantitative description of the
decay of the fundamental matrix in terms of p—norms. The results add to the classical results of
Jaffard and Vecchio, and are illustrated by numerical examples.
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1. Introduction. Consider a real half-infinite triangular Toeplitz matrix, de-
fined by a sequence a = {ax}>, as follows

Qo
aj Qo
A= az; Qg QAo . (1.1)

as a aq Qo

If ap # 0, the matrix A is invertible, and the inverse matrix B = A~! is also triangular
Toeplitz with elements b = {by 2>, given by the following formula

k—1
1 1

by = — by =—— _;b; fi k>1. 1.2

0 aO, k o ]._Zoak j Ojy or = ( )

Since A and B are triangular, the inverse of the k x k leading submatrix of A is the
k x k leading submatrix of B. Given the asymptotic behaviour of a = {ay}, what can
we say about the asymptotic properties of b = {by}?

This study is motivated by the convolution Volterra equation of the first kind

[K-osas =g, ostsT (13)
0

that describes linear time—invariant causal systems [17, Chapter 2]. The analysis of
integral equations of the first kind is generally more difficult than that of the equations
of the second kind [19] [3, 4, 7], particularly when the kernel K(t — s) is unbounded
at t = s. An important example is the Abel kernel K(t) =t~%, 0 < « < 1, and the
generalised Abel kernel, that has the same singularity. Equations of Abel type arise
for cylindrically symmetrical plasma |22, 20} 24], and in fractional calculus, which is
found in mathematical models in mechanics, biochemistry, electrical engineering, and
medicine |11} 8, 12].

*This work was started when D. V. Savostyanov was visiting the University of Chester as a
Leverhulme Trust Visiting Research Fellow.
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HInstitute of Numerical Mathematics of Russian Academy of Sciences, Gubkina 8, Moscow
119333, Russia ([dmitry.savostyanov,nikolai.zamarashkin]@gmail.com)
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The discretisation of the convolution Volterra equation with the generalised Abel
kernel on a uniform grid gives a linear system with triangular Toeplitz matrix m
The matrix A inherits certain properties of the kernel K(t), i.e. some or all from the
following list:

(a) the elements ay are non-—negative and decay to zero;

(b) the sequence ay is non—increasing and for large k behaves as ax ~ (k+1)7%;

(c) the sequence ay is log—convex, i.e. ai < agx_iaxeq for k> 1.

Using these properties of {ay}, we describe the asymptotic behaviour of the elements
{by}, e.g. whether the norm of the inverse matrix B = A~ is bounded, which is
essential for error analysis, see e.g. [17].

Log—convexity is arguably the most popular tool for the analysis, applied both
to functions [13| and linear systems [17, Chapter 10]. However, it is also a very
delicate property, that can be lost after discretisation, unless special measures are
taken to inherit it from the kernel. A notable example is a collocation method on
the uniform grid tx = kh with one collocation point txy. = (k 4+ ¢)h per interval
[ti, tii1], applied to the Volterra equation (1.3) with the Abel kernel K(t) = t~=*. If
0 < a<1land 0 < c <1, the matrix elements generated by the collocation will be
log—convex only for ¢ > ¢, (). The critical value ¢, () is estimated in [6] and then
with improved technique in [18]. However, a slight modification of the kernel K(t),
or tiny perturbation of the matrix A may result in the loss of log—convexity, as we
demonstrate in Section [2.

An effort has been made by several authors to characterise the asymptotic be-
haviour of {by} based only on the decay properties (a) and (b) of the matrix A. From
an asymptotic point of view, the following three cases can be considered:

1. fast decay, Y 3o lax| < oo;

2. slow decay, ax, — 0, Y 1oy lax| = oo;

3. stagnation, ax — a, > 0.
The first case includes matrices with superlinear decay, i.e., |ayx| < C(14+k)~* for some
o > 1 and C > 1. They were considered by Jaffard [15] in a very general framework
of matrices with Toeplitz—type spatial decay (similar results for band matrices have
been shown in [10] and generalised in [I|). The classical result of Jaffard shows that
if the inverse matrix B = A~! is bounded, then it has the same polynomial decay of
coefficients as A. This excludes the situation when the elements of A decay fast, but
B = A~ is not bounded, e.g.,

1
-1 1
1 ., B=|1 -1 1 . (1.4)

1
1
A= |0
0 11 —1 1T -1 1

o —- —

The third case ax — a, > 0 was considered under the monotonicity condition
ap > aj; > az > ... by Vecchio. An upper bound for the series ZEO:O [byx| was
established in [26] and improved later in [2]. It follows that by — 0 and the inverse
matrix B = A~ belongs to the first class (with fast decay of the elements).

Relatively little is known about the second case — the slow decay of the matrix
elements. The results of Jaffard do not cover this case. Vecchio mentioned in |26]

that partial sums uy, = Z;Q:o b; cannot form a converging series. The authors of [2]

provide an upper bound for Z}(:O |bjl, that grows linearly with k. However, these
results do not say much about the properties of {by} in the limit.
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In this paper we consider matrices A with non-negative elements ay > 0, and
slow decay ) -, ax = 0o, assuming without loss of generality (w.l.o.g.) that ap =1,
and provide new results on {by} to fill the gap in the existing literature. In Section @
we recall the properties of matrices with log—convex decay. In Section 3 under the
condition ax_7 > ay, k > 1 we prove that u, — 0 and therefore by — 0. In Sectiong
we describe the decay of uy qualitatively in terms of p-norms. In Section |5 we present
numerical examples, illustrating the theoretical results obtained in this paper.

2. Log—convex case. Following [16], we call a function f(x) log—convex (or
superconvez) if log f(x) is convex. A similar notion is defined for sequences as follows.

DEFINITION 2.1. A sequence a = {ayx}Y> , is called log—convex if a, > 0 and
aﬁ < ax_10xiq for k>1. (2.1)

Log—convex functions and sequences are often used to study densities and discrete
distributions in probability.

If a log—convex sequence starts from ap = 0, then all further elements are also
zeros, i.e. A = 0. Another trivial case is ap = 1 and a; = 0, which gives ax = 0 for
k > 2, i.e. A = 1. Excluding these possibilities, we assume that ap = 1 and a; > 0,
and claim from @) that ax > 0 for k > 2, i.e. all elements of the sequence are
strictly positive. This allows us to rewrite (2.1) as

Ax+1 a
+> k

ax =~ Qg1

for k>1. (2.17)

The following theorem was known to Hardy [14, Theorem 22|, and is used for
error analysis of discretisation methods for Volterra equations [17, Chapter 10].

THEOREM 2.2 ([14]). If the coefficients {ax} of the triangular Toeplitz matriz
are log-convex and decay slowly, then its inverse B = A~ is bounded, and ||B||; =
Zio:o by| = 2.

The proof consists of several steps. First, it is easy to show that a log—convex
sequence is non—increasing.

LEMMA 2.3 (|14]). If{ax} is log—convexr and bounded, then ay > ax41 fork > 0.

Proof. The statement of the lemma holds for the trivial cases, A =0 and A = 1.
For other sequences we see from m that ayxy1/ay is non—decreasing sequence, and
therefore it has a limit. Since {ay}is bounded, limy_,oc ary1/ax < 1,and ay1/ax <1
for k > 0, which completes the proof. O

The central component of the proof is the following result.

LEMMA 2.4 ([14]). For a triangular Toeplitz matriz A defined by a log—convex
sequence {ayx} with ag = 1, the inverse matric B = A~ has non-positive elements
by <0 for all k > 1.

The proof relies significantly on the log—convexity of a sequence. We provide
the proof in Appendix [A, together with the rest of the proof of Theorem [2.2, If
the inequality QH) does not hold at some point k’, we cannot predict the signs of
by for k > k/, and estimate the norm |/B||; using Theorem Particular care is
required to ensure that the log—convexity is preserved during the discretisation and
not distorted by approximation errors and noise. That is, however, a non—trivial task,
as we illustrate by the following examples.

ExXAMPLE 2.5. The simplest way to violate the log—convexity of a function is
to approximate a piece of it by a linear function, as we show in Figure [2.1. For
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0 X X
FiGure 2.1. Log—convezxity is very delicate — a piecewise—linear approximation of the log—

convex function x~% is not a log—convex function.

relative number of violations relative number of violations
0.5 0.5
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03 03
log—convexity monotonicity log—convexity monotonicity
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0.1} 0.1
0 | | | | lO O | | | | | | | 10 y
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Ficure 2.2. Relative number of violations of monotonicity and log—convezity for a sequence
ax = (k4 1)795 4 usy, where sy is uniformly distributed in [0.1), and k =0,...,n — 1, with sequence
size n =210 (left) and n =220 (right).

example, the function t~* and the corresponding sequence (14 k)~ % are log—convex
for o > 0, because k? > (k — 1)(k + 1) for k > 1. However, its linear approximation
of a form —bx 4 ¢ with some b > 0, ¢ > 0, is not log—convex (see Figure ’ﬂL right).
The corresponding sequence —bk + ¢ also does not satisfy @)7 since (—bk +¢)? >
(—bk 4+ c—Db)(—bk + c + b).

ExXaAMPLE 2.6. During the discretisation, perturbations occurring due to the
fixed machine precision threshold, and other sources of noise, can also violate the
log—convexity of entries {ay}. For example, we consider ay = (1 + k)~ % + usy, where
u is the amplitude of noise and sy are (pseudo)random values, uniformly distributed
in [0:1). For p = 0 this is a perfectly ordered and log—convex sequence, but when the
noise increases, first the log—convexity and then the monotonicity are violated, as we
show in Figure For a relatively small sequence of size n = 2'0 the logconvexity
is first violated for u = 1078 and the monotonicity for p = 2 - 107°. For a larger
sequence of size n = 22° the logconvexity is violated almost instantly by a noise of
amplitude = 3- 107 "¢, which is very close to the double precision machine threshold
level. The monotonicity persists until @ =7 - 1071°,

The example considered shows that in practical computations with large matri-
ces we can hardly expect that the log—convexity condition Qﬂ) would hold for all
elements of the matrix A. Therefore, we cannot rely on Theorem [2.2]to analyse the
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inverse matrix B. A similar problem appears if we want to apply some numerical
approximations to A in order to reduce the number of parameters and speed up the
computations, as we do in [23]|. In the rest of the paper we will try to see how much
we can say about the properties of B without the log—convexity of the elements of A.

3. The decay of the elements of the fundamental matrix. For a triangular
Toeplitz matrix A defined by @), the fundamental matriz is defined as follows.

DEFINITION 3.1 (|25]). The fundamental matrix {uy} is a sequence withu_; = 0,
U = Z;{:O bj for k > 0, where {bj} are the entries of the inverse matriz m)

REMARK 3.2. In this paper we do not associate {uy} with a particular matriz,
but preserve the name from [25] for compatibility with the existing literature.

Since by = ux —ux_1, k > 0, properties of the fundamental matrix, such as limit
and summability, allow us to study the inverse matrix. The following elementary
statements can be found in, e.g. [25].

LEMMA 3.3. In the definitions made above we have

k k
Z (ljbk_j = Z (lk_jbj =0 f07’ k > 1; (3.1&)
j=0 j=0
k k
Z AGuUx—j = Z Ax—iWy = 1 fOT k > 0; (31b)
j=0 j=0
k—1 k
U = Z 8% dk,j = Zuk,j d]' fOT’ k > 1, (31C)
j=0 j=1

where dy = ax_1 — ay fork > 1.
Proof. Consider the non—diagonal entries of AB =1 to prove (3.1a). Summation
over the k' leading rows of this linear system gives (3.1b) as follows

k' ok kK’ Kk’ k' %
1= E E Cljbk,j = E E ajbkfj = E (] E bkfj = E AUk’ —j,
k=0j=0 k=0j=0 j=0 k=0 j=0

where we set by = 0 for k < 0. From (3.1b) the recurrence relation (3.1c) is written
as follows

k—1 k—1 k—1 k—1
Aoug = 1— E ak,ju)- = E ak,1,juj — E AWy = E dk,]‘uj,
j=0 j=0 j=0 j=0

which completes the proof. O

If we additionally assume the monotone decay of {ay}, the following nice statement
can be derived.

LEMMA 3.4 ([25]). If ax > 0 and dx = ax—1 —ax > 0 for allk > 1, then

0<u <1 for k>0. (3.2)

Proof. The statement can be proved by the following inductive argument. Since
Ug = bo = 1, the base of induction holds. Then, if 0 <wu; < 1for 1 <j<k—1, we
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use (3.1c) to establish

k
Uy = Zuk_jdj >0,
=1

k k
uk:Zuk,de’ SZd] :1—ak§ ],
j=1 j=1

which completes the proof. O

Now we show that for a triangular Toeplitz matrix A with monotone slow decay
the sequence of elements of the inverse matrix B = A~ also decays to zero.

THEOREM 3.5. Ifl=ap>a; >a; >...>ax_1 > ax > ... and ax — 0, but
the series Y v o ax diverges, then ux — 0.

Proof. Consider all convergent subsequences {uy, } of the sequence {uy} and let

u, = max lim w,.
{ug, } t—oo

By @), 0 < u, < 1. Suppose that u, > 0. Since ) - ;ay is divergent, we can
choose N such that

a 2

Sanl

k=0 o
and arbitrary small ¢ that satisfies

c—1 Yx here ¢ = ]
N_12> 7 1 a

<

Denote by {j+}i2, the subsequence of indices for which u;, > u, — e. If the step sizes
of {ji} are bounded (see Figure 3.1} left), i.e.,

ﬂthZO jt—l—] —jtSh,

then for some sufficiently large T the following inequality holds
T T T T
D G = ) @ 2 (=€) ) a5, 2 (We—€) ) an
5—0 t=0 t=0 t=0

T
u, —¢
> h §Gt>].

The contradiction with (3.1b]) shows that the step sizes of {j+} are not bounded.
Choose M such that apg < €. Since {ji+1 — ji} is unbounded, we can choose T

such that jtT —jt—1 > M + N (see Figure ’ﬂL right). For jt_1 <j < jr all elements

uj < u, —g¢, since none of them belongs to {u;, }. Apply with k = j1 to establish

M—1 k
u, —e <up =diug_q + Z djur—; + Z djui—;
j=2 j=M
M-—1 k (3.3)
§d1uk_1+ Z dj(u*—e)+Zd]-
j=2 =M

<(1—aj)ux_1 +aj(u, —¢)+e.
6



U, —€ -1

jo 1 it T i1 it

Ficurg 3.1. Illustration of the Proof of Theorem|3.5. Marks: o — sequence uj, ® — subse-
quence Uj , X — sequence Gj  _j.

This shows that
cZ—1

c—1"

uk12u*_(]+ )EZLL*—C1£, cio=1+4c=

]—(1]

We proceed with induction, assuming that for some j < N the inequality ux_j41 >
U, — cj—1¢ holds with ¢j_7 = % Similarly to 1} we establish

> 1+ G c c 1+Cj71c o 1
Ug—j > Uy — —— | e =u, —cj¢ j = =
k=) = T 1—a; T ) c—1 c—1
Using the assumption on ¢ we conclude that
Uy .
Uk—j > Uy — CE > — for j=0,...,N—1.

2
Now we are ready to show the contradiction with (3.1b). Indeed, for k = jr,

k N u N

*
E a5 Uk—j > E aQGUk—j > 7 E a; > 1.
=0 =0 =0

The contradiction with (3.1b) proves u, = 0, and therefore Ilimy_,o, w = 0.0
COROLLARY 3.6. Under the conditions of Theorem Jlimy_, o0 bx = 0.
REMARK 3.7. The requirement ay < 1 in Theorem 3.5 can be removed.

Proof. Consider the minimal index 1 such that a; < 1. Define N such that

ZE:O aix > 2/u, ¢ =1/(1—ay) and ¢ and M in the same way as in the proof of the

Theorem. Choose T such that jT —jt—1 > M + 1IN, set k = j1 and substitute m by

M—1 k

u, — e <u = diug_1 + Z djuge_j + Z e < (T —a)uge_r+ar(u, — ) + e
j=1+1 =M

This gives ux_1 > u, —ci€ and ux_j; > u, — ¢;¢ in the sequel for j = 0,...,N —1.

We have the same contradiction as in the proof of Theorem 3.5. O

4. Summability of the fundamental matrix in p—norms. In [26] it is
shown that under the conditions of Theorem|[3.5 the series of the fundamental matrix
Y v Uk is not convergent. The result of Theorem@shows we — 0, Y o0 o Uk = 00,
i.e., the sequence u = {uy} has slow decay.

7



Given a sequence a = {ax}3°> o with slow decay, we sometimes can choose a power
p such that ) 7 j[ax/P < oco. A notable example is the harmonic series Y >, 1/k
which is divergent, but the over-harmonic series ) > ; 1/kP converges for any p > 1.

A quantitative measure of divergence for a sequence can be given in terms of its
summability in p-norm.

DEFINITION 4.1. For a sequence a = {ai}y> o we define ||allp by

o0

lalp=> laxl’,  [lafle = suplaxl.
k=0 k

The space of sequences a with ||a||, < oo is denoted by {P.

REMARK 4.2. Forp > 1 the operation || - ||, is a norm on {P.

LEMMA 4.3. The function || - ||, is decreasing in p for p > 0.

Proof. We have to show that for 0 < p < q and any sequence a it holds |all, >
llallq. For a = 0 this is obviously true. For nontrivial case [lalq > supy |ax| > 0
and we can consider x = {xy 3>, with xi = ay/||al|q. Since x, < 1 for all k > 0 it
holds x} > x;! and hence |x||h > |x||d. Since ||x||q = 1 this implies [|x||, > 1 and
consequently ||al|p > ||a||q, which completes the proof. O

COROLLARY 4.4. For 0 < p < q the embedding £9 C £P holds.

Considering the above, for the sequences with slow decay the following definition
makes sense.

DEFINITION 4.5. For a sequence a = {ayJ3>, with ax — 0 and Y -, lax| = oo,
find p > 1 such that a ¢ P but a € €9 for all q > p. The value 0 < 1/p < T will be
referred to as the decay rate of a.

EXAMPLE 4.6. The harmonic sequence ay = (k+ 1)1 has decay rate 1.

EXAMPLE 4.7. The sub-harmonic sequence a, = (1+k)™%, 0 < a < 1, has decay
rate .

REMARK 4.8. The reverse of the last example is not true: if a sequence has decay
rate o, we cannot claim that ax < c¢(1+ k)™ with some ¢ > 1.

The analysis of the decay rate of the fundamental matrix is based on Young’s
convolution theorem [28]. It is one of the most basic results in harmonic analysis,
which plays an important role, e.g., in PDE theory.

THEOREM 4.9 (Young’s inequality for discrete convolution). Letzy, = Z}{:o XjYk—j
for k> 0. For 1 <p,q,r < oo such that

11
T+-==+-
LA

it follows that

1zll+ < lxllp llyllq-

The discrete version of this theorem is not common in the literature and we provide
the proof in Appendix B\ Using this inequality, we can estimate the decay rate of the
fundamental matrix.

THEOREM 4.10. Consider a triangular Toeplitz matrix generated by a non-
negative slowly decaying sequence

o0
a ={ax}lo, ax >0, Jim ay =0, Z ay = oo.
k=0

8



log, Uk—1 log; [by—1]
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0.9

30 | | | | 1 k
0 5 10 15 20 25 082

log, k

FIGURE 5.1. Decay of the fundamental matriz (left) and the inverse matriz (right) for the
triangular Toeplitz matriz with the elements ay = (1 +k)™%, k > 0, for different o« < 1.

If a has decay rate 0 < o« < 1, the fundamental matriz has decay rate v < 1 — «.
Proof. The result of Vecchio [26] proves v < 1. Suppose that o« +v > 1, then
according to the Definition [4.5

1 1
Ip,q > 1, 5+a>1, such that ||afl, < oo, [Jullq < oo.

By Young’s inequality for the sequence zy = Z;{:o ajci—j there is 1 < v < oo such
that

llzll+ < llallpllellq < oo

However, by (3.1b), zx =1 for all k > 0 and ||z||; = oo for all r < co. The conclusion
of the theorem follows by contradiction. O

5. Numerical examples. First, we consider the sequence a, = (1+k)™%, k < 0,
that is log—convex and has slow decay for o« < 1, and the corresponding triangular
Toeplitz matrix A defined by m For different values of a we have computed the
inverse matrix B = A~ using the divide-and-conquer algorithm [21, 9]. We show the
behaviour of the elements of the inverse and the fundamental matrix in Figure|5.1, We
observe that the rate of decay v for the elements uy of the fundamental matrix behaves
as prescribed by Theorem 4.10, i.e. v = 1—«. Note that the example considered seems
to provide the sharp bound for the inequality in Theorem but we do not have
a theoretical proof of this fact yet. Since the sequence ay is log—convex, we have by
Lemma 2.4| that by < 0 for k > 1, and therefore the sequence of elements of the
fundamental matrix uy is non-increasing by Theorem [2.2. It is no surprise that the
elements of the inverse matrix, that are in fact the numerical derivative of uy, have
the decay rate f =1+ v = 2 — «. This behaviour is clearly observed in Figure

Our second example is the sequence {ayx} with ap = 1 and ay = c¢(1 + k)~ * for
k > 1, where ¢ < 1 is a variable parameter. This pattern of elements is typical for
convolution Volterra equations of the second kind [3] [4, 23], in which case ¢ ~ h%,
where h is the grid step. Of course, for ¢ = 1 we observe the same results as in
Figure For small ¢ the considered sequence has a certain jump at the very
beginning, but is still perfectly monotone and log—convex everywhere, just like in
the previous example. Consequently, we observe the same asymptotic behaviour for

9
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—30 | | | | 1 k
0 082

log, k
5 10 15 20 25 082

FIGURE 5.2. Decay of the fundamental matriz (left) and the inverse matriz (right) for the
triangular Toeplitz matriz with the elements ag = 1 and ax = c(1+k)™%, k < 1, for « = 0.2 and
different ¢ < 1.

sequences {by} and {uy} at the limit, but in this case it does not start instantly, as we
see in Figure Instead, the sequence {uy} stays around 1 for quite some time, while
{by} behaves approximately as by ~ —ay = —c(1+k)~* for k < k,. For k 2 k,, both
{ur} and {by} switch to the expected decay rates v = 1—x and 3 = 2— «, respectively.
Due to the log-convexity of ax we known from Theorem 2.2 that by < 0 for k > 1,
and therefore uy is non—increasing. This allows us to estimate the position of the
critical point k, between two régimes from the condition 1+ Zt; by ~ 0, that gives
ck!=*/(1— ) ~ 1, and k, ~ ¢~ T==. The data in Figure@‘agree with this estimate.
This example illustrates why it can be difficult to provide a meaningful estimate for
[by| using only the asymptotic properties of {ai} (such as decay rate), unless k is very
large.

Finally, we consider the sequence {ay} with ap = a; =1 and ax = c¢(1+ k)™ * for
k > 2, where ¢ < 1 is again a variable parameter. The log—convexity is violated in this
sequence in just one point k = 1, where 1 = a? > apay = 3~%. The monotonicity is
preserved everywhere, and the decay rate is equal to «, like in the previous examples.
For small ¢ we can consider this sequence as an approximation of the bidiagonal
matrix in (1.4), and therefore the elements of the inverse B = A~ are expected to
behave similarly to the sign—alternating sequence in QH) Therefore, in the beginning
of the sequence {by} all even entries are close to 1, and odd entries are close to —1.
Therefore, the entries of {by} alternate signs, but all |bx|’s remain close to 1. In
contrast, the sequence {uy} is non—negative, but ‘highly oscillatory’ in the beginning,
ie. u_1=0,u=1,u; =0, u, = 1, and so on. To demonstrate the decay pattern
of the fundamental matrix, ignoring the fast oscillations, we show in Figure 5.3| the
odd and even entries of {u} separately. We can see that after a certain critical point
k, the values of |by| tend towards zero with the decay rate p = 2 — «, while Juy|
decays with the rate v = 1 — «, just as in the previous examples. The critical point
k, seems to be at the same position k, =~ c*ﬁ, as the one in Figure [5.2. It is
clear from this example that for every 0 < o« < 1 we can choose a sufficiently small
¢, such that the asymptotic decay of |by| starts only after a very large k, and the
norm ||B||; = Y 3, [bi| is arbitrary large. Therefore, if the log-convexity (2.1) of A
is violated at just one point, there is no hope to construct a uniform upper bound for
the inverse.
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FIGURE 5.3. Decay of the fundamental matriz (left) and the inverse matriz (right) for the
triangular Toeplitz matrixz with the elements ag = a1 =1 and ax = c¢(1 + k)%, k > 2, for « = 0.2
and different ¢ < 1.

6. Conclusion. Classical methods for the error analysis of Volterra equations
of the first kind are based on the log—convexity of the elements of triangular Toeplitz
matrices of the corresponding linear systems, see Theorem|2.2| However, this property
is very delicate and can be easily violated by approximations, perturbations, or noise.
In this paper we consider matrices with slow decay of the elements and establish new
results on the decay of the inverse and the fundamental matrix, that are not based
on the log—convexity. In particular, we show that the elements of the fundamental
matrix {u,} and the inverse matrix {by} decay to zero, see Theorem @, and provide
a quantitative description of this decay in Theorem[4.10| By numerical examples we
demonstrate that the decay rate prescribed by our analysis manifests itself for the
‘tails’ of {uy} and {by}, k > k4, beyond some critical point k., which can be large.
We also show that if the log—convexity is violated in just a single point, the norm of
the inverse matrix can be arbitrary large. The proposed results add to the classical
analysis of Jaffard [15] and to the results of Vecchio et al [25,/26,2]. The predicted
decay rates together with the empirical estimate of k, can be used to develop fast
algorithms for the solution of convolution Volterra equations in the spirit of [23].

Appendix A. Theorems concerning the log—convex case. We consider a
log—convex sequence (2.1) and provide proofs for the lemma and the theorem in Sec.
Since A is inverible, we will assume w.l.o.g. ap = 1.

If a; = 0 and a is log—convex then all further elements of the sequence are zeroes.
Indeed, a% < ajaz =0 hence a; = 0 and so on. This sequence defines the unit matrix
A =1 with B=A"" =1, for which the result of Lemma 2.4 holds.

If a7 > 0 then all further elements of the log—convex sequence are also strictly
positive — to prove this, apply ax1 > af/ax_1 > 0 recursively for k > 2. Therefore
all elements of a are non—zeroes and we can divide by them, obtaining (2.1/).

Proof. |Lemma ’ﬂl Since ap = 1, Eq. (ﬁb gives by = —a; < 0, which is the
base of induction. Assume that b; <0 for j =1,...,k and prove the same for by, .
11



From (3.1a) it follows that a, = —Z;;l ax—jb; and for k > 1 we have

k
Qax o ak,j b
— — E iy
Ax—1 P
]7

Ax—1

k+1 k

B B e PO ol b R bii
= 2 j = 2 j .
(¢313 = Ay — Ay ax
j=1 j=1

Subtracting one line from another, we obtain

k
ax A+l Z (ak—H—j axj ) b 4+ b
- = - Y )
a1 ak -1 ak ax—1 ak

where the left-hand side is non-positive since a is log—convex. Similarly, all round
bracket in the right-hand side are non—positive due to the log—convexity of a,

Ar+1— Ak _ (ak+1—j o ak+2—j) T (ak+2—j . ak+3—j)
Ak—j ax—1 Ak—j Ak+1-j k415 Ak4+2—j

+...+(a““ - )<o.

ax—2 Qx—1/)
We conclude that

k
b1 _ Gk Gk 72 e S I PR
ax ax ax y="

ax—1 i1 ak—1

Each round bracket in the right-hand side is non-positive, and all b; <0,j =1,...,k,
are non—positive by the inductive assumption. It follows that by,; < 0, and the
theorem is proved by induction. O

To prove Theorem. 2.2, we combine the result of Lemma 2.4 with Theorem 3.5. It
follows that 1+ 3 7 ;b =1—=3 " |bx/=0and |B|; =T+ Y 7, bkl =T1+1=2.

Appendix B. Young’s inequality for discrete convolutions. Here we pro-
vide the proof of Young’s convolution theorem 4.9|for sequences. We start with several
lemmas.

LEMMA B.1 (Young’s inequality for products [27]). For real numbers x,y > 0
and p,q > 1 such that 1/p+1/q =1, it holds

xy < — + —. B.1
ys (B.1)

Proof. Since the logarithmic function is concave, it holds

1 1 xP yd
log(xg)zlogx+logg:Elogxp+aloquSlog ?4—? ,

and exponentiation completes the proof. O
LEMMA B.2 (Holder’s inequality). For sequences x € €P andy € {9 with p,q > 1
and 1/p+1/q =1, it holds

Ixyllr < lIxllpllyllqs (B.2)
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where z = xy denotes the elementwise product of sequences, i.e. z; = X;Yj, j > 0.
Proof. If |||, = 0 or ||y[|q = 0 then xy = 0 and the result is trivial. For non-zero
x and y w.lLo.g. we set ||x|, = [[y|lq = 1. Then using (B.1) we write

[x; [P Iy Y o IXIE | Jylld 1
xjyl < < = I ) < B B oy ooy
Z iYj Z P q P q

which completes the proof. O
LEMMA B.3 (Generalised Hélder’s inequality). If Y *; 1/px = 1/1 for px > 0
and 0 < 1 < oo, and sequences xi € {P*, then

Ierxz = xmlle < Ity [Pzl - [emllpne- (B.3)

Proof. For m = 1 the result is obvious, which gives us the base of induction.
Suppose the result holds for m—1 sequences x1,...,Xm_1, and prove the same for m.
If p;n = 00, we can pull out the supremum of x| and use the induction hypothesis.
For py < oo consider 1/p =1 —1/pm and 1/q = 1/pm, which form a Hélder pair
1/p+1/q =1. Since p,q > 1, we can use (B.2) to obtain

%1 X"l < Ml e oxm—a [Tl (Xl

X1 xmorxmll < I oxmet e xm gy -

Since qr = pm and ka;ﬂ 1/px = 1/ —1/pm = 1/(pr), the lemma is proved by
induction. O

Now we are ready to prove the convolution inequality. The structure of the proof
follows |5, Theorem 3.9.4]

Proof. [Theorem 4.9] We formally extend the sequence {y;}{2, with entries y; =0
for j < 0. This does not change its norm. Assuming w.l.o.g. that p < g, we start from
the following simple cases.

(A) p=q=r=1.1t is sufficient to write

Izlly = Z k] < Z Z Xyl = Z bl Y tyies1 = Ixlh Iyl

k=0 j=0 j=0 k=j

(B) r = 00, 1/p+1/q = 1. Since Izk\ < Z _o Xyk—5l = Z o Xjyi—jl, the
result follows from Holder’s inequality (B apphed to sequences ’52 = {Ix)\} ° o and
§ = {lyx—;[}2,, taking in account that ||’53Hp = lIx[lp and [[Gllq < [lyllq-

(C)p=1,1<q=r<oco. Consider q’ > 1 such that 1/q+1/q’ = 1. For any k,
by Holder’s inequality (B.2) we have

k k [e%s) [e’s)
zd =D %y <D Kyl =) Ky l=) ('yk—jp/q ) (|Xj\\yk—j|]/q>
i—0 j=0 i—0 i=0
1/q' 1/q 1/q
o0

(o) (e ]

1
>yl bl < IuIY X bltesl ]
j=0 j=0 j=0

o0 , o0 o0 ,
1+
218 = 3 zed? < Iyl $® 3> bl byl = Iyl ™ IIx08 = Tyl 114,
k=0 k=03j=0
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which completes the proof of the case (C).

Finally, let T <p < q <1 < 00. For each k consider again the sequences X and {,

write

1 _ _
‘ijkfﬂ = (|Xj|p|ykfj‘q) a |Xj|1 p/T|L—lkfj|1 q/T»

and apply generalised Holder inequality (B.3) with

=T — P — q l+l+l—l+l_l+l_l—]
TR T e PTASe e T s e r g
We have

j=0 j

k k 1/r
zil < ) Iyl < ( % IPlyk—;19 X[y llyllg =9/,
; ot

oo oo
27 < I P Iyl D 3 P lyisl® = IxlIg Iyl
=0j=0

=~

which completes the proof. O
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