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Exponential stability of linear periodic difference-delay equations

L. Baratchart, S. Fueyo !, J.-B. Pomet

Inria, Université Cote d’Azur, Teams FACTAS and MCTAO,
2004, route des Lucioles, 06902 Sophia Antipolis, France.

Abstract

This paper deals with stability of linear periodic time-varying difference delay systems, i.e. dynam-
ical systems where a finite dimensional signal at time ¢ is given as a linear time-varying function
of its value at a finite number of delayed times ¢t — 7,...,t — 7n.

We give a necessary and sufficient condition for exponential stability, that is a generalisation
of the one by Henry and Hale in the 1970s. It has a control theoretic interpretation in terms of
the harmonic transfer function (HTF) of a corresponding linear control system.

Keywords: linear periodic systems, difference delay systems, exponential stability, harmonic
transfer function, Henry-Hale theorem.

1. Introduction

This paper deals with stability of time-varying linear difference-delay systemsﬂ; i.e., linear
dynamical systems of the form

N
y(t)=> Di(t)y(t—m;) forallt>s, (1.1)

j=1
where 71 < -+ < Ty are positive delays and D (t), ..., Dy(t) are complex d X d matrices depending

on time (at least continuously all along this paper). A solution is a map y(.) : [s — 7w, +00) — C¢
that satisfies . More general linear difference-delay systems are obtained by letting y(t) be a
function of the values of y at distributed time instants on the interval [t — 7y, t); a general form
drawn from [1] is

vy = [ duteoyule+6). (1.2

0e[—7n,0]

where du(t,-) is a family of measures on the interval [—7y,0] indexed by ¢, with values in d x d
matrices (further assumptions are needed to guarantee well-posedness). One obtains from
by taking u(t,-) = >_; Dj(t)d—,(-), a sum of N Dirac masses with coefficients the D;(t); in
[4], the number of Dirac masses (and hence of delays) is countable but not necessarily finite. In

! Corresponding author.

2There seems to be no general agreement on terminology here. No specific name is coined in [I} 2], where
is written Ly(.) = 0 with L a difference operator, and one speaks of exponential stability of the operator rather
than the dynamical system. In [3], system is termed a time-delay system. In [4] [5], the authors simply call
a difference equation; we adapted the latter into “difference-delay system” (cf. [6, [7]), to mean that it is a
continuous-time dynamical system in which the value of signals at a given time is a function of their value at delayed
instants; this name is in agreement with [§].
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the present paper, we stick to systems of the form but the techniques should be amenable
to cover more general cases from . With an eye on this, we treat fundamental solutions and
variation-of-constants formulas somewhat generally in [Appendix Al

A solution to (|1.1)) is uniquely determined by its restriction to [s — 7y, s]. We say that system
(1.1]) is C° exponentially stable if all continuous solutions undergo uniform exponential decay of
their restriction to [t — 7y, t], with respect to the sup norm, as ¢ — +oo. Exponential stability
may be defined similarly with respect to the L? norm, and it follows from [5, Corollary 3.29] or [6],
Theorem 3.4] that for systems like , C%-exponential stability is equivalent to L?-exponential
stability, for any single ¢ € [1, 00].

The main result of the present paper is a necessary and sufficient condition for C° exponential
stability of , when the maps ¢ — D;(t) are smooth and periodic of period 7" > 0. By what we
just said, the same condition is necessary and sufficient for L9-exponential stability, regardless of
q € [1,00]. This condition is a natural generalisation of the one given in [2, [4], in the case where
the D; are constant matrices (the Henry-Hale theorem). The proof embeds system into
the control system and leads us to introduce, in the present infinite-dimensional context,
an analog of the so-called harmonic transfer-function introduced in Engineering to study finite-
dimensional periodic systems; cf., [9, [10]. Our analysis lays ground for a systematic study of the
harmonic transfer function, defined here as a holomorphic operator-valued function, for the case
of more general infinite-dimensional periodic systems. This is another contribution of the paper.

Some motivation. Dynamical systems of the form (l.1)) or ([1.2)) are of interest in their own
right, and characterizing their stability has stand-alone mathematical relevance. Besides, they
arise naturally in connection with other, more specific classes of dynamical systems:

a) Studying 1-D hyperbolic systems is almost equivalent to studying difference-delay systems.
Indeed, after explicit integration in terms of arbitrary functions of one variable (backward
and forward waves), the evolution of 1-D hyperbolic systems is governed by equations of the
type (1.1)), see for example [3] or the textbook [I1], and also the paper [6] where the authors
take advantage of this dual point of view.

b) Difference-delay systems are also instrumental when studying the stability of functional dif-
ferential equations, because they appear as “high frequency limits” of the latter. For instance,
if we consider a so-called “neutral functional differential equation” of the form

(v - L D0yt — 7)) = Bty + S B0yt — 7). s, (13)

then its solution operator (mapping the state at time s to the state at time ¢) is a compact
perturbation of the solution operator of (1.1]) (see [I, thm 7.3 Section 3.7]); this makes the
stability properties of ([1.3]) similar to those of ([1.1]), up to finitely many Jordan blocks.

c¢) In fact, the initial motivation of the authors to undertake the present study was in stability
of active microwave circuits. The reader is referred to [7, Chapter 2] and the introduction of
[6] for details. Such circuits can be considered as nonlinear systems with infinite dimensional
state, due to transmission lines that are modelled either by 1-D hyperbolic systems or by
delays. The response to a periodic signal (for instance: the signal to be amplified in an
amplifier) in the so-called high-gain regime is a periodic solution of this nonlinear system,
and taking the linear approximation along this periodic trajectory provides one with a linear
periodic time-varying dynamical system. The latter is governed by a functional differential



equation of more general type than , that mixes differential equations and pure delay
equations, but still it has a high frequency limit system of the form . Subsequently, the
solution operator of the linearized system along the periodic trajectory under examination
turns out to be a compact perturbation of the solution operator of the high frequency limit
system, and if the latter is stable then the stability of the periodic solution can be numerically
investigated by chasing singular points of the harmonic transfer function; see [7], and also
[12] for a discussion of such methods in Engineering, based on frequency-wise numerical
simulations obtained wia the so-called harmonic-balance techniques.

State of the art. Let us first point out that the simplest situation occurs when the delays and
the period are commensurate; i.e., when the ratio of any two numbers {r,...,7y,T} is rational
(of course, we ignore T in the time-invariant case). Indeed, when this is the case, there exists
an integer M such that y(t) only depends on the values of y in at most M time instants from
[—7n, 0], and then can be viewed as a collection of infinitely many decoupled finite dimensional
discrete-time systems. Without commensurability, the system is truly infinite-dimensional but the
time-invariant case, where the matrices D; in are constant (or the matrices B;, D; in (1.3)
if one considers the latter equation) is of course simpler.

In the time-invariant case, stability of functional differential equations like has been
studied from the fifties on. By and large, works on the subject fall into two classes: those relying
on Laplace transform and the spectral theory of semi-groups to reduce issues of stability to the
location of zeros of almost periodic holomorphic functions (see for instance [I3] 4, 2, [1]), and those
seeking to construct Lyapunov—Krasovskii functionals whose existence is sufficient for exponential
stability to hold (for example as in [1l 14, [15]). For time invariant difference-delay systems of
the form (that is: with constant D;), a well-known necessary and sufficient condition for
exponential stability (either C° or L? for any ¢ € [1,00]) can be given in terms of the matrix-
valued function H(p) = I — Zjvzl e P7 D; of the complex variable p; namely, exponential stability
in this case is equivalent to the existence of @ < 0 such that H(p) is invertible for R(p) > a.
This result, that we call the Henry-Hale Theorem, was initially established in [2] for finitely many
commensurate delays and later generalized by Henry to the case of countably many, not necessarily
commensurate delays [4]; it was subsequently carried over to distributed delay systems , see [11
Chapter 9]. Although this condition is often difficult to check and stability is frequently established
in practice by exhibiting a Lyapunov-Krasovskii functional, the Henry-Hale theorem brings closure,
theoretically at least, to exponential stability issues for systems like in the time-invariant case.

The stability of time-varying linear difference-delay systems is much more delicate, and it has
apparently not been studied nearly as extensively: literature we know of is scarce and can be
recapped as follows. Firstly, a sufficient condition for exponential stability of linear time-varying
delay systems, based on the Perron-Frobenius theorem, can be found in [8]; though interesting
it is of rather special character. Secondly, when a linear time-varying system of the form (1.1
arises from a network of lossless telegrapher’s equations (for instance as the high frequency limit of
an electrical network), then a sufficient condition for exponential stability can be given, based on
dissipativity at the nodes of the network [6]; related, somewhat specific criteria for hyperbolic 1-D
systems may be found in [3]. Thirdly, a detailed analysis of system in the general time-varying
case is carried out in [5]; this paper sets up a “representation formula” for the general solution
and derives from it interesting results, for instance regarding how stability is preserved under
perturbation of the delays. However, as it involves sums of products of matrices with indefinitely
growing number of terms and factors when ¢ goes large, indexed according to combinatorial rules
involving the lattice generated by the 7;, the characterization of exponential stability stated in [5]



can hardly be verified in practice and does not constitute an explicit criterion like the Henry-Hale
theorem does in the time-invariant case.

Further below, we state as Theorem |3| a characterisation of exponential stability for periodic
systems like with Holder-smooth coefficients, which seems to be a proper generalization of
the Henry-Hale theorem. The matrix-valued function from the latter gets replaced by an operator
valued one.

Control theoretic point of view. To the dynamical system (|1.1)), one may associate a con-
trol system by adding a term wu(t) (the control) in the right-hand side. In the time-invariant

case, the transfer function H of that control system is the matrix-valued function H : p —
-1

<I - Zjvzl e PTi Dj) of the complex variable p (see e.g. [16]), and the Henry-Hale theorem
(already mentioned and stated below as Theorem can be rephrased by saying that system
is exponentially stable if and only if the transfer function is holomorphic in some half plane
{p € C, R(p) > a}, where « is a strictly negative real number. In the periodic case, the con-
cept of transfer function generalizes to the one of Harmonic Transfer Function (HTF), and our
main result (Theorem [3)) has the same interpretation in terms of HTF and exponential stability
of periodic difference-delay control systems as the Henry-Hale theorem has in terms of classical
transfer functions and exponential stability of time-invariant difference-delay control systems. This
is expounded in Section [2.4]

Organization of the paper. Section 2| describes the problem in greater detail than we just
did, and contains statements of the main results. Section |3| makes the necessary definitions and
notation, while Section [4] is devoted to preliminary results needed for our purposes, establishing
in particular a variation-of-constants formula for difference-delay systems. We prove the necessity
and sufficiency parts of Theorem [3] in Sections [f] and [6] respectively. The concluding remarks in
Section [7| mostly consist in a conjecture about neutral periodic delay equations

2. Main results

2.1. Problem statement

We use complex coefficients and C*-valued functions throughout the paper to alleviate notation,
but we do not use the complex structure in any meaningful way and everything goes through if
one restricts to real coefficients and R¥-valued functions.

Consider a periodic difference-delay system of the form (|1.1)):

MQ:E:DﬁM@—q) t>s, y(s+0) = ¢(0) for —7y <60 <0, (2.1)

where s € R is the initial time, d and N are positive integers, D; : R — C%*? is a continuous
T-periodic matrix-valued function:

D(t+T)=Dj(t), 1<j<N, (2.2)

¢ : [—7n,0] — C?is an initial condition and the solutions to are C? valued functions t — y(t)
of the time t.

Note that delays are assumed to be strictly positive. Without loss of generality, we order them
and assume that 7" is strictly larger than any of them:

O<nm<---<7y<T (2.3)
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(otherwise we may replace T' by kT with k£ > 0 the smallest integer such that k7" > 7).

Since the D;(.) are continuous, it is natural to seek continuous solutions y € C°([s, +00), C?);
see Section [3] for notation. A compatibility condition is required, however, for a continuous map
¢ : [~7n,0] — C? to be the initial condition of a continuous solution to (2.1)). Specifically, ¢ must
belong to the space

N

Cs = {¢ € C°([=, 0, C)[$(0) = D D;(s)o(—;)}. (2.4)

=1

Given ¢ € C, an easy recursion shows that the system (2.1)) has a unique continuous solution y
with initial condition ¢. Thus, we can define for ¢ > s the solution operator U(t,s) : Cs — C;
that maps ¢ € Cs to U(t, s)¢ defined by

(U(t.5)6)(0) = y(t +6). 0 € [~x.0]. (25)

One obviously has Csip = Cy and U(t + T, s+ T') for the maps D; are T-periodic.

One may consider as well solutions in the local Lebesgue space L ([s,+00),C%), 1 < g < oco.
The latter comprises (equivalence classes of almost everywhere coinciding) functions whose norm
to the ¢ power is locally integrable (or whose norm is locally essentially bounded if ¢ = o), see
Section . In this case we only require to hold for almost every ¢ € R, and no compatibility
condition on ¢ is needed anymore. More precisely, the same recursion as before shows that for each
¢ € Li([7n,0],C?) the system admits a unique solution y € L{ ([s, +00),C?). Consequently,

we can define for ¢ > s the solution operator U,(t,s) : LY([—7n,0],C?) — LI([—7n,0],C%) that
maps any ¢ in L([—7x, 0], C?) to U,(t, s)¢ defined in a similar way to ([2.5)):

(U, (t,$)9)(0) = y(t +0), ae. 0€[—7y,0]. (2.6)

We endow C; and L9([ry, 0], C?) with the classical C° (supremum) and LY norms respectively
(see Section , and define the corresponding notions of exponential stability as follows.

Definition 1. System ({2.1)) is called C%-exponentially stable if there exist v, K > 0 such that
|U(t,5)¢||co < Ke "=9)||¢||co, for all s € R, all t > s and all ¢ € C.. (2.7)
It is called Li-exponentially stable, g € [1, oc], if there exist v, K > 0 such that
|U,(t,8)¢|| e < Ke =9)||$||1q, for all s € R, all t > s and all ¢ € LI([—7y, 0], C%). (2.8)

It turns out that these properties are equivalent. Indeed, the following result is contained in [6],
Theorem 3.4}, and is also an easy consequence of [5, Corollary 3.29].

Proposition 1. For any q € [1,00|, system (2.1)) is Li-exponentially stable if and only it is C°-
exponentially stable.

Proposition [1|is important to what follows, for the proof of sufficiency in Theorem (3| establishes
C-exponential stability assuming analyticity of a certain operator-valued function, while the proof
of necessity establishes analyticity of the latter assuming L2-exponential stability. In view of
Proposition [I} we no longer qualify the words “exponential stability” and we make the following
definition.

Definition 2 (Exponential stability). System (2.1)) is called exponentially stable if and only if
if there exist 7, K > 0 such that any of the equivalent properties (2.7)) or (2.8]) holds.
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2.2. The Henry-Hale Theorem for time-invariant systems

Suppose for a while that the maps ¢ — D;(t) are all constant. Then, assumption holds
for any 7' > 0, the sets C no longer depend on s, the operator U(t, s) depends only on ¢ — s and
the system clearly defines a semi-group; we do not elaborate on this point of view but let us recall
the following characterisation of exponential stability that was obtained in this case.

Theorem 2 (Henry-Hale [4, Section 3], [I, Theorem 3.5]). Assume that the matrices D;
are constant, 1 < j < N. Under this assumption, a necessary and sufficient condition for System
[2.1) to be C°-exponentially stable is the existence of a real number 3 < 0 such that :

N
I;— Z e P7 D; is invertible in C™*% for all p in {z € C|R(2) > B} . (2.9)

j=1

2.3. Conditions for stability in the time-varying periodic case

We turn to the setting under investigation, where the maps t — D;(t) are not necessarily
constant but still continuous and T-periodic, see . Further smoothness assumptions will be
made shortly.

A naive generalization of Theorem [2| fails; i.e., if one replaces the assumption that the D; are
constant by the periodicity requirement (2.2)), then the conclusion of the theorem no longer holds,
however smooth the D;. For example, let N =1,d =2, T = 2m, 7y = /2, and consider (2.1 with

Dy(t) = <a2ﬁ% af;’?) for some v € (0,1). On the one hand, condition (2.9)) is satisfied because

the eigenvalues of D;(t) are 1(1+ a[sin2t|) € (0,7) with v = 2(1 + a) < 1, implying that (2.9)

holds with 8 = logy'/™. On the other hand, all solutions satisfy y(t,+2k7) = (D1<t0—|—27'1)D1 (to+
Tl))ky(to) for any time ¢, and any integer k, with Dy (t,+271) D1 (t,+711) = <1/4+zjgos4t° 1/4+Zézsin4t >,
whose largest eigenvalue is i(l + a? + a? cos?2t,) + %a\/ 1 + a2 cos?2t,. Taking « close enough to
1, this is larger than 1 for ¢, in an interval around 0, defeating exponential stability.

Let us now proceed with a proper generalization of Theorem [2l As an extra piece of notation,

we introduce
w=2n/T, (2.10)

and we put Dj(k‘), for j € {1,--- ,n} and k € Z, to denote the k-th Fourier coefficient of D;; i.e.,
§ 1 [T ,
Dj(k) := —/ Dj(t)e ™ qt. (2.11)
T Jo
We let Lp, be the (doubly infinite) block Laurent matrix associated with D;(t), whose entries are
(Lp,),, =Djn—k), nkel (2.12)

Since the Dj(t) are bounded periodic functions, the Laurent matrices Lp, act on the Hilbert space:

+oo
CP(Z,C%) = {z = (z))jezlz € T4, Y ||5]* < +o0}, (2.13)

j=—o0

equipped with the norm ||.||,2 given by

Joh = ( 5 szuz)m. (214)

j=—o0
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For A : (*(Z,C%) — (*(Z,C?%) a linear operator, we denote by ||A]||, its operator norm:

A
A, == Sip” e (2.15)

o l[2lle

In fact, |Lp,z|le = [|D;Z||L2(r, ) where T, indicates the circle of radius r, while Z € L*(T,,) is
the function whose Fourier coefficients are the z;. In particular, this implies |||Lp, H|2 < || Dj||co-
Write I, for the identity operator on C? (or the d x d identity matrix), I, : *(Z,C%) — (*(Z,C?)
for the identity operator (or its doubly infinite matrix in any Hilbertian basis), and by A, ., for
j€{1,..., N}, the (doubly infinite) block diagonal matrix given by

A= diag{- co e AW e T Ty, et T e TR, }, (2.16)

where w is as in (2.10) (obviously, H’A%wm y = 1). We further define a function R of the complex
variable p, valued in the space of bounded operators ¢2(Z,C?) — (*(Z,C?), by the formula:

N
R(p):=1Iw—» ePTLp A, . (2.17)
j=1

We shall often identify R(p) with the doubly infinite matrix representing this operator in the
Fourier basis, that is:

I — (Z e~ PO D (0 — k;)) : (2.18)
(k,0)ez?

J=1

Of necessity, this matrix has square-summable rows and columns.
Our main result is the following characterization of exponential stability in the periodic case.

Theorem 3 (Necessary and sufficient condition for exponential stability). Assume that
the D; : R — C¥? are periodic and differentiable with Hélder continuous derivative for 1 < j < N.
Under this assumption, a necessary and sufficient condition for System to be exponentially
stable is the existence of a real number B < 0 such that :

(i) R(p) is invertible (*(Z,C?) — (*(Z,C%) for all p in {z € C|R(z) > B},
(ii) there is a positive number M such that H|R_1(p)m2 < M for all p in {z € C|R(z) > 5}.

When the D; are constant matrices, we see from that the operators L D.ATJ.M are block
diagonal with k-th diagonal block equal to e D;, and condition (i) in Theorem [3|is easily seen to
be equivalent to the invertibility of I; — Zjvzl e P% D; for R(p) > . In this case, as every analytic
function in a vertical strip which is uniformly almost-periodic in the pure imaginary direction and
has no zeros must be bounded below in modulus by a strictly positive constant [17, Ch. III, Sec.
2,Cor. I], the modulus of the determinant of I, — Zjvzl e PTiD; is greater than some ¢ > 0 and
therefore condition (iz) of Theorem [3|is redundant. Thus, Theorem 3| yields back the Henry-Hale
theorem (Theorem [2)) for systems with constant coefficients.

For general periodic difference-delay systems, the question as to whether Condition |(z)| implies
Condition remains unanswered here. The authors surmise that it is not the case, but have
no counterexample yet: apparently, little is known about invertibility of analytic almost periodic



Banach valued functions. Still, in the special case where delays are commensurate, the operator
p — R(p) is periodic of period it for some 7 > 0. Hence, as inversion is continuous on invertible
elements of a Banach algebra and since boundedness of the inverse in needs only be checked on
a compact set of p by periodicity and a von Neumann series argument, we deduce that implies
(11)|in this case. This entails the following corollary.

Corollary 4. If the delays are commensurate, then condition can be omitted in Theorem @

Remark 1. In Theorem [3| we assume that the periodic matrices D;(-) have Holder-continuous
derivatives. Actually, the sufficiency part only uses Hoélder-smoothness to ensure that Fourier
coefficients decay conveniently, and would remain true without regularity hypothesis on D; but

replacing assumption by:
H!R(p)’lmYm is uniformly bounded for all p in {z € C|R(z) > 5}, (2.19)

where the Wiener norm |||-[[|y; of a doubly infinite block matrix, defined in (5.11)), is the sum of
the supremum norms of the diagonals. It would be interesting to know if the necessity part still
holds in this case.

It is likely that Theorem [3| generalizes to more general delay equations. After all, in the time-
invariant case, the Henry-Hale Theorem has extensions to distributed-delay systems [I, Ch. 9].
However, this matter is left here for further research. Another issue of interest is to generalize
Theorem (3] to the case of periodic linear neutral differential equation; we formulate a conjecture
in this direction; cf. Section

2.4. A system-theoretic point of view; harmonic transfer functions.

Recall that a linear time-invariant system mapping a control u(t) to an output y(¢) can be
described, under mild assumptions, as a convolution operator, so that taking Fourier-Laplace
transforms converts the latter into a multiplication operator in the Fourier-Laplace domain; the
multiplier is called the transfer function of the system. Now, to the dynamical system (|1.1)) one
may associate the control system

y(t) = Z D;(t)y(t — ;) + u(t), y(t) =0 and u(t) =0 for t < s, (2.20)

j=1

with control u € C%([s, +o0), C%) or LI ([s, +00), C?). Solving for u in (2.20), it is easy to see that
for any time instant ¢ > 7y and any ¢ € C;, (resp. LP([—7n,0),C%)), there is u € C°([s, ], C?)
(resp. LP([s,t],C%)) for which the map 1 : [—7n,0] — C? given by 1(0) = y(t + 0) coincides with
¢. Consequently, outputs y of associated to controls u that vanish for ¢ > t; > 7 coincide
with solutions to where we let s = t;. This explains why exponential stability of the control
system (2.20) (meaning that if the system is driven by some input u(¢) vanishing for ¢ > ¢, then
the C° (or L?)-norm of the restriction y;_r, 4 decays exponentially fast to zero as t — +00) is
equivalent to exponential stability of system , in the sense of Definition .

In the time-invariant case, the transfer function of (2.20)) is the matrix-valued function of the

complex variable p given by p +— (Id — Zjvzl e PTi Dj) ) , and the Henry-Hale theorem says that

(2.1)) is exponentially stable if and only if the transfer function is holomorphic in the half-plane
{p € C, R(p) > a} for some a < 0.



In the periodic case, the concept of transfer function generalizes into the one of harmonic
transfer function (in short: HTF). It is again a function of the complex variable p, but instead of
being C%*“-valued it takes values in the space of bounded operators ¢*(Z,C%) — (*(Z,C?). More
precisely, one can check that ||y||z2(s.-p) < Ce" ™9 ||ul| 2 (s, 100 for appropriate constants C, v and
all 7 > s; compare ([6.6). Thus, when u € L?([s, +o00), C?) one can define for R(p) > ~ the Laplace
transforms of y(¢) and u(t) by the formulas

400 400
Y(p) ::/ e Ply(t)dt and  U(p) ::/ e Plu(t)dt. (2.21)

If Y, U get sampled at equally spaced points on vertical lines with mesh iw (see (2.10])), we obtain
infinite vectors of d x 1 column vectors:

A Y@%m) ) U@¥w)
Y(p):=| Y and  U(p):=| Ulp) , Rp) >, (2.22)

Y(p —iw) Up —iw)

where the convention is that lines are numbered from top to bottom; i.e., the above notations
could also be written

Y(p) = (Y(p - ikw))ZEZ, and U(p) = (U(p - zkw))

where Z receives the natural ordering and superscript t means transpose.

Since the U(p + ikw)/T (resp. Y (p + ikw)/T) are the Fourier coefficients of the T-periodic
function = 37 e P Dy(z 4 §T) (resp. x — Y20 e Py (24 jT)), we conclude that
Y, U lie in ¢*(Z,C%). Tt can be shown that, for R(p) large enough, there is an unique operator-
valued holomorphic function p — H(p) such that H(p) : 2(Z,C%) — (2(Z,C%) maps Y to U, and
it is none but the inverse of (that exists for R(p) large enough by a von Neumann series
argument); technical details are given in Section |§| Thus,

Y(p) =H(p) Ulp), R(p) >+ (2.24)

Definition 3 (Harmonic Transfer Function). The operator-valued holomorphic function H(-)
is called the harmonic transfer function (HTF).

t

2.2
e’ R(p) >, (2.23)

Equation connects the inputs and outputs of a linear periodic control system in the frequency
domain wia the harmonic transfer function. For periodic systems with finite-dimensional state-
space (that is: generated by finitely many periodic differential equations), a similarly described
harmonic transfer function has become a classical tool in Engineering; see, [9, [10, 18]. Actually,
in the Engineering literature, the harmonic transfer function is commonly defined as the (doubly
infinite) matrix of H(p) in the Fourier basis rather than an operator-valued analytic function.

We can now recast Theorem [3| as a criterion for exponential stability of System in terms
of its harmonic transfer function as follows:

Corollary 5. System with periodic Holder-smooth derivative coefficients is exponentially
stable if and only if the control system 1s exponentially stable, and this is if and only the
Harmonic Transfer Function H of the latter is analytic and bounded in {p € C|R(p) > B} for
some 3 < 0.



Altogether, we gather that Theorem [3|has the same interpretation in terms of HTF and exponential
stability of periodic control systems than the Henry-Hale theorem has in terms of classical transfer
functions and exponential stability of time-invariant systems. Actually, there is more to it than
a mere rephrasing for we actually use the control-theoretic point of view and the mathematical
properties of the HTF to establish the result.

There is another, more subtle way in which the HTF generalizes the ordinary transfer function:
if a stable, time-invariant control system of the form (4.6 is fed with a periodic input signal
ety with v € C?, then the output is asymptotically H(iw)ve™*, with H the transfer function.
For instance, when d = 1 it means that a periodic input is asymptotically mapped to a periodic
output with the same period, amplitude magnified by |H (iw)| and phase shift argH (iw). Now, if a
stable periodic control system of the form (4.6]) is fed with a periodic input signal v e**, then the
output is asymptotically H(iw)(v)e®®t, with H the harmonic transfer function and v the sequence
in ¢?(Z,C%) whose only non zero coefficient is v at index 0; for instance, when d = 1 it means that

a periodic input is asymptotically mapped to a periodic output with the same period, carried by
the periodic wave H(iw)(1) which has the period of the system. This follows from (6.24)), (6.11)),

and (2)

3. Notation and function spaces

We let R and C be the real and complex fields, and R? (resp. C9) the Euclidean (resp.
Hermitian) space of real (resp. complex) dimension d. When x,y € R? (resp. C¢), we write (z,y)
for their scalar (resp. Hermitian) product and ||z|| for the norm of z. We often identify a linear
operator A : C? — C™ with its m x d matrix in the canonical bases. For A a linear map between
Banach spaces, we let || A|| indicate its operator norm. The notation is the same for the real and
complex case, but this causes no confusion.

For E C R? (resp. C?) a Lebesgue-measurable set and p € [1,00], we write LP(E, R¥) (resp.
LP(E,C*)) for the space of (equivalence classes of a.e. coinciding) R (resp. C*)-valued measurable
functions on E whose Euclidean (resp. Hermitian) norm to the p-th power is integrable, with

norm [[g|lr(eery (vesp. [|gllemcr)) given by ([ lg(y)[[Pdy)'/? (ess. supg|lgll if p = o0). We set
L7 (E,R¥) (resp. L} (E,CF)) to consist of functions f whose restriction fix lies in LP(K,R")
(resp. LP(K,CF)) for every compact K C E. When k = 1, we simply write LF(E) or L} (F) and
the context makes it clear whether the functions are real or complex valued.

For E C R? or C?, we let C°(E) be the space of continuous real or complex valued functions.
Likewise, for B a Banach space, we write C°(F, B) for continuous B-valued maps on E. When F
is compact, we endow C°(E) and C°(F, B) with sup norm. For o € (0,1) and I a real interval, we
designate by C*(I) the space of real or complex valued Holder continuous functions with exponent
a; de., f e CI)if and only if |f(z) — f(y)| < C|lx — y||* for some constant C' and all z,y € I,
the smallest C' being the Holder constant of f; the space C%(I,B) is defined analogously. When
E is open, we let C'(E) (resp. C'(E,B)) designate real or complex (resp. B-valued) functions
on E whose first derivatives lie in C°(E). The space CV*(E) is comprised of functions whose
first derivatives belong to C*(E), and similarly for C**(E, B). The space of continuous periodic
functions on R with period T > 0 may be viewed as C’O(TT/%); recall that T, indicates the circle
of radius r.

For I a real interval, recall that a function f : I — R is said to have bounded variation if

Wi(f) == sup > [f(z:) = flwi)] < oo (3.1)

zo<z)<---<xT

N __
z,el,NeN =1
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In the degenerate cases where [ is empty or reduces to a point, we set W;(f) = 0. The number
Wi(f) is called the total variation of f on I, and we let BV (I) indicate the space of functions of
bounded variation on I endowed with the norm || f||gv )y = Wi(f) + |f(d)|, where d is arbitrary
but fixed in I. Different d give rise to equivalent norms, for which BV (1) is a Banach space. When
I is bounded on the right and contains its endpoint b, we choose d = b for definiteness. Note
that functions in BV (1) are bounded and ||.| gy (s is stronger than the uniform norm, because
evidently |f(z)| < |f(d)] + Wi(f). Since a function of bounded variation is the difference of two
nondecreasing functions, it has, at each « € I, a limit f(z7) (resp. f(z™)) from the left (resp.
right) whenever the limit applies [19, sec. 1.4]. If f,g € BV (I), then clearly fg € BV (I) and

Wi(fg) < Wi(f)suplg(z)| + Wig) sup | f(z)|- (3.2)

zel zel

To f € BV(I) one can associate a unique finite signed Borel measure v; on I such that, whenever
(a,b) C I, we have v¢((a,b)) = f(b~) — f(a™), while if I is bounded on the right (resp. left) and
contains its endpoint b (resp. a), then v¢({b}) = f(b) — f(b™) (resp. f(at) — f(a)) [19} ch. 7,
pp. 185-189]. For ¢g : I — R a measurable function which is summable against vy, the Lebesgue-
Stieltjes integral [ gdf is defined to be [ gdvy, whence the differential element df identifies with
dvy [19, ch. 7, pp. 190-191]. Note that different f may generate the same v: for example if f
and f; coincide except at isolated interior points of I, then vy = vy,.

A finite signed (or even complex) Borel measure p on I also has a total variation, denoted
as ||u||: in fact, ||| is the total mass of the so-called total variation measure of p, written |u|,
which is the positive measure defined on a Borel set B C I by |u|(B) = supp > gep |1(E)| where
P ranges over all partitions of B into Borel sets, see [20, sec. 6.1]. Thus, there are three distinct
occurrences of the words “total variation”, which is traditional but unfortunate. We shall deal
mainly with total variation of functions, but on occasions we need total variation of measures to
derive estimates, as we now explain. Let f € BV ([), and v indicate the associated measure on [
described above. From and the regularity of finite positive Borel measures [20, thm. 2.18], it
follows that W;(f) = ||vf|| when f is monotonic, but in general it only holds that ||| < 2W;(f);
this follows from the Jordan decomposition of f as a difference of two increasing functions, each
of which has variation at most W;(f) on I [I9, Thm. 1.4.1]. In any case, we have the elementary
inequality | [ gdf| < [ |gld|vs| < 2Wi(f)supy|gl.

We let BV, (I) C BV(I) denote the subpace of functions that are right-continuous. Likewise,
BV,(I) Cc BV(I) is the subpace of left-continuous functions. Because ||.| gy (1) is stronger than the
uniform norm, BV,.(I) and BV;(I) are Banach spaces in their own right.

Given f € BV/(J), we often need to integrate a function g with respect to df over a subinterval
I C J. The subinterval I is typically encoded by assigning bounds to the integral sign: a lower
bound a~ (resp. a™) means that I contains (resp. does not contain) its lower bound a, while an
upper bound bt (resp. b~) means that I contains (resp. does not contain) its upper bound b.
Care must be used with this notion, for v ) needs not coincide with the restriction Vi of vy to
I. More precisely, if the lower bound a (resp. the upper bound b) belongs to I and lies interior to
J, then the two measures may differ by the weight they put on {a} (resp. {b}): they agree only
if f is left (resp. right) continuous at a (resp. b). In any case, the notation [, gdf indicates that
we integrate g against v(y ), but then the additivity of integrals needs attention. For example, in

+ ot +
order to split an integral of the form fabi gdf as [, gdf + fcbi gdf where ¢ € (a,b), we must use ¢
(resp. ¢7) if f is right (resp. left) continuous at c. We write BV],.(R) for the space of functions
whose restriction to any bounded interval I C R lies in BV (I).

11



The Hardy space H? of the right half-plane is comprised of those holomorphic functions f in
{z € C: R(z) > 0} satisfying

+0c0
113 i=sup [ Irta+ in)Pdy < +oc.

—Oo0

By a Theorem of Paley and Wiener, such functions are exactly the Laplace transforms of square
integrable functions on the positive real line: f(z) = 0+°° e tu(t)dt with u € L*(]0, +o0),C), and
it holds that || fII32 = 2[ullZ2(o 1 00).c); See 21, Ch. 8, p. 131].

The above notation and definitions also apply to complex, vector and matrix-valued functions,
replacing absolute values in by moduli, Euclidean and operator norms, respectively. This of
course means that the real and imaginary parts of the components lie in the corresponding spaces

of real-valued functions.

4. Preliminary results and variation-of-constants formulas

We gather in this section some results of essential use to us, that we could not see proven in
the litterature in the form we need.

4.1. Representation formula for continuous solutions

It is traditional (see e.g. [I])) to define the so-called fundamental solution X : R? — R¥*4 of
(2.1) through the following equation:

0 for t < s,

B N
X(t,s) = ]d_|_ZDj(t)X(t—Tj7s) for t > s.
j=1

(4.1)

Argueing inductively, it is easy to check that X uniquely exists and is continuous at each (¢, s)
such that t — s ¢ F, where the set F is defined as:

F = {ann, (n1,...,ny) € NV} (4.2)
=1

Moreover, X has a bounded jump across each line ¢ — s = § as  ranges over JF; more precisely, a
moment’s thinking will convince the reader that

X(ts) == Y &t), ifs<t, (4.3)

felot—s|NF

where each €(.) lies in C9(R, C**?) when all the maps D; are in C*°(R, C?*9). Tt is easy to see
that each €(.) is a finite sum of products of maps D;(. — f’), where f’ ranges over the members
of F whose defining numbers n, in are no larger than those defining f, the empty product
being the identity matrix; the precise expression of €; can be derived by a reasoning resembling
the one in [5, Sec. 3.2] or [6], Sec. 4.5], but we do not need it. Clearly, for fixed ¢ € R, the function
X(t,-) is locally of bounded variation on R with respect to its second argument. The importance
of the fundamental solution stems from the following integral representation formula, expressing
the solution 7y of system in terms of X and the initial data ¢ € C,:

12



Proposition 6. For any s € R and any ¢ in C, the unique solution y € C°([s — Ty, +00), C¥*?)

to (2.1) is given by

N (s+75)~
yit) == / A X(5a)Dy(@)bla—75—s),  t>s, (4.4)

j=1

where X is the fundamental solution defined in (4.1). Moreover, X does not grow faster than
exponential with respect tot — s; i.e., there exist K > 0 and A € R such that

X (L, s)|| < Ker=2) | for allt > s. (4.5)

PROOF. The proof is given in [Appendix Al We give an extensive proof of (4.4)), valid for BV-

solutions, because we observe that the corresponding formulas for autonomous linear difference-
delay systems which appear in [4] and [22] seem to have issues. O

4.2. The variation-of-constants formula in L?

Let us now switch from C? solutions to L? solutions. In the proof of necessity we need to handle
square integrable initial data on the interval [s — 7y, s|, and locally square integrable solutions to
(2.1). We also consider the control system obtained by forcing ([2.1)) with an additive input wu:

y(t) =>_ Di(t)y(t — ) +ult), u(t)eC’ t>s (4.6)

J=1

For t > s, we set y,(0) = y(t + 6) for 6 € [—7n,0]. The function y; : [—-7x,0] — C¢ (more
accurately: its equivalence class modulo coincidence a.e. in our L? setting) will serve as a natural
state for the input-output system (4.6 at time ¢. With this notation, y, is the initial condition,
previously denoted by ¢ in (2.1)) when dealing with the homogeneous system (for which u = 0).

Recalling from the fundamental solution X, let us define for each (t,a) € R* a map
K(t,a): [-7n,0] — C™4 by

K(t,a)®) = -X({t+0,a), 0¢€[—7x,0] (4.7)

For t € R, § € [-7n,0] and I C R an interval bounded on the left, the map «a — X (¢ + 0, «) lies
in BV;(I) and is identically zero when o > t + . Thus, it is associated to a C¥*?-valued Borel
measure V(x t+9,.),) Ol I, as indicated in Section [3 Recall the discrete set F C R* introduced
in ([.2). It follows from the definition of X (compare and (A.4)) that for fixed ¢ and 6, this
measure is of the form
vxerogn = Y Cilt+60)8o-y, (4.8)
feF t+0—fel

where I denotes [ deprived from its right endpoint (if contained in I), d;49—s is a Dirac mass at
t+ 6 — f, and €; were introduced in (4.3). For each fixed ¢, the boundedness of I from below
implies that the number of terms in is bounded independently of § € [—7x, 0], and clearly the
map sending a Borel set £/ C I to the function 6 — —1/ X(t46,.), 1)(E) is a vector measure, valued
in the space B([—7y, 0], C™*?) of bounded measurable C%*¢-valued functions on [—7y, 0] endowed
with the sup norm. In view of (4.7)), we denote this measure by d, K (¢, ) when I is understood.
For g € C°(I,C?) one can define the integral [, dK (¢, a)g(a) as a member of B([—7x,0], C?); see,
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e.g. [23] for a definition of the integral against a vector measure. To us, it is just a compact
notation for the function

(/dK(t,a)g(a)) 0) = — /doéX(tnL 0,a)g(a) = — Z Crt+0)g(t+60—f). (4.9)

I I ~
feF, t+0—-fel

The rightmost term of . can be rewritten as Zfef Cr(t+6)g(t+ 60 — f) where g is equal to g
on I and to zero elsewhere, and since the ¢; (being in C°(R, C%*9)) are locally bounded (in fact:
bounded since they are periodic) while those f € F for which t+60— f € T for some 6 € [—7y, 0] are
finite in number (because I is bounded on the left), one easily sees that || [, dK (t,@)g(a)|| r2r.co)
is bounded above by C/||g||12(;,c4) for some constant C' depending on ¢ and I, the D; as well as the
7;. Hence, makes good sense for g € L?(I,C%); of course, in this case ([, dK(t,a)g(a))(0)
is only defined for a.e. 8 € [—7n,0] in general. As for ordinary Lebesgue-Stieltjes integrals, the
interval I will be encoded in the bounds we put on the integral. When writing [, dK (t,o)g(«), it
is irrelevant whether I contains its right endpoint or not, since the rightmost term in depends

only on IN7 however, for easy quoting of formulas in the Appendix, we typically assume that [ is
closed on the right. Observe also that K (¢, a) = 0 when « > ¢, therefore [, dK(t, a)g(«) does not

depend on the values g(a) for @ > ¢. In particular, if g € L2 ([a,+00)), then fab,i dK (t,a)g(a) is
independent of b > ¢ and of the choice of sign +. We find it convenient to choose b = +o00 and
record a convention that
+oo bt
/ dK (t,a)g(a) = / dK(t,a)g(a) for any b strictly larger than ¢. (4.10)
Proposition 7. For s € R, let y(-) € L} ([s — 7n, +00),C?) and u(-) € L2 ([s, +0o0), C%) satisfy
for almost all t > s. Then:

—+00

yr = Us(t, 8)ys —|—/ do K (t,a)u(w), t>s. (4.11)

S

PROOF. Denote by 7, the right hand side of (4.11), and set n(t + ) = m(6) for ¢ > s and
0 € [—7n,0]. Write y for the solution of the homogeneous system (2.1)) with initial condition ys, so
that g = Us(t, s)ys. Now, fix t > s and observe that for a.e. § in [—7y, 0] satisfying ¢t +6 < s (such
6 occur when t < s+ 7y), we have (f+oo do K (t, 0)u())(0) = fstoo do X (t+6,0)u(a) = 0 (because
X(t4+6,a) =0 when t+ 6 < s < «) and also that 4,(0) = y(t +6) = ys(t +0) = y(t + 0) (because
y and y have the same initial condition ys on [—7y,0]). Hence, we get indeed that n,(0) = y,(6)
for a.e. 0 in [—7y,0] such that ¢ + 6 < s.

Next, for a.e. 6 € [—7y, 0] such that ¢ + 6 > s, we deduce from the definition of 7, in view of

2.6) (with ¢ =2), ([2.1) (where y is set to y), (4.10) and (A.4)), that

“+oo

() = Gt + 0) — / o X (t + 0, a)u(a)

=z

N +oo
Z (t+0)j(t +60 — 7)) ZDZtJrH/ do X (t + 60 — 75, a)u(a) + u(t + 6)
j=1 s

N
Z (t+0)n(t + 0 —7;) 4 u(t + 0).
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Altogether, we proved that to each t > 0 there is a set By C [—7n, 0] of zero measure such that,
for 6 € [—7n,0] \ E:, we have n(t +0) = ZD (t+0nt+60—1)+ut+6) when t +0 > s

and n(t +6) = ys(t +0) when t + 6 < s. Thus letting @ denote the rational numbers, the set
E := U,cof{q + E,} has measure zero and since each ¢ € R can be written as ¢ + 6 with ¢ € Q
and 0 € [—7n, 0], we deduce that n(t) satisfies when t > s and ¢t ¢ E, with initial condition
n =y, a.e. on [—7y,0]. In other words, n must be equal to y a.e., as desired. 0

For fixed ¢ € R, let us now consider the function s — X (¢,¢t — s) from R to C¥*?. Tt is right-
continuous and lies in BVj,.(R, C¥*?), moreover it is identically zero for s < 0. Thus, on each
interval / C R which is bounded on the right, X (¢, —.) defines a C4*¢-valued measure V(X (tt—)1)
which is but the image of the measure d,X (¢, s) under the map s — ¢ — s from {t} — I onto I.
When [ is understood, we denote this measure by d, X (¢,t — s) and we see from the discussion
before that

dX(tt—s)=— > €t)dy, (4.12)
ferni

where I denotes I deprived from its left endpoint (if contained in I) and the Cs are as in (4.8). By
periodicity of D;(t), one sees that X (¢, — s) is periodic in ¢, and therefore the €(¢) are likewise
periodic. Moreover, if the D;(t) belong to C'*(R) then the €(¢) also lie in C*(R), and we can
further define the measure

%dsX(t,t—s) =— ). (gttf( )) 5y (4.13)

ferni

whose coefficients (£€(t)) belong to C°(R, C¥9).
For I = [0, 7], the number of terms in the right hand side of (4.12)) tends to +oo with 7, and
the terms themselves involve more and more sums of products of the D;(t — f') for f' < f.

4.3. Other estimates
We shall need an a priori estimate, independent of ¢, for the quantities:

ld X (8t =)= D €@, (4.14)
ferni

94 X(tt—s)|| =) ¢ (t) (4.15)

ot =N o '
ferni

0

A[,(;(adx ) ZAg(atc:f ) (4.16)

feFni

where A;(g) indicates the Holder constant of g € C°(R, C?¥*?). Note that (4.14) and (4.15)) are but
the total variation of the measures d; X (¢,t — s) and %dsX (t,t — s) on I, respectively.

Proposition 8. Assume that the D; : R — C%% are periodic and differentiable with Holder
continuous derivative for 1 < j < N; i.e, D; € CY(R,C™%) for some § € (0,1). Then, there
exist K,y > 0 such that, for allT > 0 and t € R:

0

atd X (t,t—s)

0
max { |ds X (¢t = $).n 5 Ao (adsX(t, t— s)) } < Ke'm. (4.17)
[0,7]
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PROOF. Observe that d, X (t,t— s) is the image of the measure d; X (¢, s) under the map s — t —s
from [t — 7,¢] onto [0, 7]. Hence, it follows from (A.4) that

] =

ds X (t,t—s) D;(t)d; X(t —T;,t —s)

<.
Il
-

WE

D;(t)d; X(t —T;,t —7; — (s — 75)) on [0, 7],

1

J

as well as

0 AN al 0

S0 X (8t —5) = ; 5 Did X (=7t = 5) + ; Dj(t) - ds X (t = 7t = 5)
Ay al B
Z EDJ — Tt —T1j— (s —75)) + Z Dj(t)adsX(t — Tt =1 — (s —T1j)).
7j=1 Jj=1

Since X (t —7;,t —7; — (s —7;)) is identically zero for s < 7;, we deduce from the previous identities
that if K is an upper bound (made independent of ¢ by periodicity) for the [|D;l[, the ||| 2
the As(D;) and the A(;( D;), then

N
14X (8,2 = 8) o7 < K 2 da X (t = 70t = 75 = Bllio.r—: (4.18)
j:

a N
HadsX(tﬂf - S)H[OJ]SK/ZlHdﬁX(t — 75t =75 = Bljosr—r HI G ds X (t — 75,8 — 75 — B)||o.r—{14-19)
]:

0

N
Jj=

"’A[O’T_Tj},g(%X(t — Tj, t— Tj — 5)) =+ H%d/gX(t — Tj,t — Tj )H 0,7— 7—] (4 20)

where we used that As(AB) < As(A)||B|| + As(B)]|A]|. The proof may now be completed by an
inductive step, similar to the one used to establish (4.5). More precisely, pick v and K” positive
and large enough that K'Ne ™™ < 1/4 as well as

0]}

Note that K” exists as €, is periodic and lies in C*°(R). From (4.12)) one sees that ||d, X (¢,t —
s)|lj0,7 is equal to 0 when 7 € [0,71) and to ||&,, (¢)|| when 7 = 7. A fortiori then, for 7 € [0, 7],
we have:

0

max{||€,, ()], As(@n), As(5,€)} S K, teR (4.21)

0

EdsX(t,t —3)) <2K'K"e7,

0
max {||dSX(t, t — S)||[0,T], ||§dSX(t, t— S)H[O,T]} < K", A[o,ﬂ,&(

so that (4.17) holds with K := max{K",2K'K"} for 0 < 7 < 7. Now, assume that (4.17) is true
for all t and 7 € [0,k7y), with & > 0 an integer. For 7 € (k7y, (k + 1)71], we get in view of this
hypothesis and the definition of v, that

|ds X (t,t — 8)|[jo) < K'NKe™™™ < Ke' /4 by ([@15),
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Hgth(tt—s)H[OT]<2KNK677 ™ < Ke'T/2 by (4.19),

d
Ao s(5;d: X (t 1 = 5)) < AK'NKe™) < Ke'™ by (@.20).

By induction on k, this completes the proof. 0]

5. Proof of the sufficiency part of Theorem

In essence, the proof of sufficiency is framed after the one in [4] for the time-invariant case,
but new technicalities arise because, with time-varying coefficients D;(t), Laplace transformation
yields infinite-dimensional functional equations.

Let us assume points |(3) and in Theorem We shall prove exponential convergence in
three steps.

Step 1
Since the D, are assumed to have Hoélder continuous derivatives, a classical estimate on their

Fourier coefficients (2.11)) is
I|D

where C' is a positive constant and § €]0, 1] is the Holder exponent of the derivative; indeed,
follows at once from the fact that the modulus of the k-th Fourier coefficient of %Dj is bounded by
C'/(1+n)°, see [24, Ch. 2, thm. 4.7]. We note, for later use, that the constant C' in depends
linearly on the Holder constant of %Dj. Substituting the Fourier expansion of D; in the integral
explicit expression yields:

¢ :
k)lH < W? J € {17 e 7”}7 (51)

N
X(t,s) =1+ Y e™Di(k)X(t—7,5) ift>s,  X(t,s)=0ift <s, (5.2)

kEZ j=1
where the right hand side of (5.2 is absolutely convergent, locally uniformly in (%, s), thanks to

(5.1) and the local boundedness of X. Hereafter, we shall denote with a hat the Laplace transform
with respect to the first variable; e.g., we put

X(p,s) = /_ X syt (5.3)

o0

Taking the Laplace transform of both sides of (5.2)) and interchanging the series and integral signs
(this is possible thanks to (5.1])), we obtain with A as in (4.5)) that for p € C with R(p) > X :

“+oo +oo
/ X (¢, )t — / Ly oo (t)e pIddtJrZZ / PRI ()X (1 — 7, )1, (5.4)

o0 o0 kezZ j=1

where 1, ) is the characteristic function equal to 1 on [s, +00) and to 0 elsewhere; note that the
factor X (¢ — 75, s) in the integrand on the right hand side of (5.4) is a fortiori zero for t < s. By
an elementary change of variable, we deduce from (j5.4)) that

X( (—p+ikw) TJD k)X(p — ikw, s), R(p) > A (5.5)

keZ j=1
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This can be rephrased as

~

Z (R(p))qk X(p—tkw,s) =

keZ p

with R(p) defined in (2.17)) and (2.18]). Writing the above with p substituted by p+inw and letting
n range over Z, we obtain a system of countably many equations, that may be written as

e b

I (5.6)

~

R(p)X(p,s) = é(p,s), (5.7)

with X(p, s) and é(p, s) the infinite d x d block vectors:

A~ ’ 6—(p+7:'w)s
R X(]Z + iwa S) pHiw d
X(p,s) := A X(p, s) and é(p,s) := epp‘ Iy : (5.8)
X(p —iw,s) W,

Clearly, these are the Laplace transforms of infinite d x d block vectors X(t, s) and e(t, s):

+oo +o0
Kpos) = [ R o)) = [ el (5.9)
6_%)((1; S) [de_%]l[s&oo)
with  X(t,s) := 2_Xt'(t,s) ce(t,s) == Igl.]lk*w) : (5.10)
€ T X(t, S) Ide T ]l[s’+oo)

The infinite dimensional linear constant system (5.7)) recasts the finite-dimensional periodic time-
varying delay system (4.1) through Fourier series and Laplace transforms. In order to estimate
X(p, s) -and eventually X (t, s)- we are going to invert the operator R(p) in the next step.

Step 2
For A := (a; ;)i ez a doubly infinite block matrix, where a; ; is a d X d complex matrix for each

i and j in Z, we say that A has off diagonal decay of order r if there is a constant C' such that
lla:;|l < C(1+41]i—j|)~". We also define the Wiener norm of A to be

1Al := > sup [lalll. (5.11)

kcZ |i_j‘:k

Note that [|All, < [[|A[ly, as follows immediately from the Schur test [25]. We denote by
B(*(Z,C%), ¢*(Z,C%)) the space of those doubly infinite block matrices A such that || A]|, < oo,
and by 20(¢*(Z,C?), *(Z,C?)) the subspace of those A satisfying || Ay < oc. It is easy to check
that 20(¢%(Z,C?), (?(Z,C%)) is a subalgebra of the algebra B(¢*(Z,C?), (*(Z,C?)).

One can see from that R(p) possesses off-diagonal decay of order 1 + , moreover the
constant is uniform over any half-space R(p) > a. From this, it follows at once that [|R(p)||qy
is uniformly bounded over such a half-space. Hence, R(p) € 23(¢*(Z,C?), (*(Z,C?)) for all p and
clearly, R : C — B((*(Z,C?),¢*(Z,C%) is a Banach valued holomorphic function.
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Now, assumption of Theorem [3| tells us that R(p) is invertible in B(¢*(Z,C?), (*(Z,C?))
for ®(p) > B, and assumption that the inverse operator R~'(p) has uniformly bounded |||-||,-
norm. Therefore, as R(p) has off-diagonal decay of order 1+ 4§, we get from [26, thm. 1.2] and the
boundedness of |||[R~*(p) |H2 that R71(p) also has off-diagonal decay of order 1+ §, uniformly over

R(p) > )| oy 18 uniformly bounde for R(p) > B:
N -1
=) eiLp A, <C, pe{zeCR(z) > g} (5.12)
— .

In view of (5.12)), applying to the result of [27, thm. 2.6] which is a generalization of the
Wiener lemma to Banach algebra-valued almost periodic functions, the Banach algebra here being
W((*(Z,C), (2(Z,C)) (see also [28] for a more general version of that theorem), we get for any
a with 8 < a < 0 that R~!(p) admits a Fourier expansion on the vertical line p = a + iR of the
form :

RN a+im) =) RWHPE G eR, (5.13)

keZ

where 3, is real and R} € 93(¢2(Z, C?), *(Z,C?)) with
>
ke

Moreover, following the proof of the theorem in section 3 on Dirichlet’s series page 147 of [17],
which is possible because Cauchy’s theorem holds for Banach valued holomorphic functions (one
can apply all the arguments there in weak form by evaluating on a fixed vector in £2(Z,C%)), we
deduce that Rt = RUeeb where R € B(12(Z,C%), (3(Z,C%) is independent of o. Thus,

one can rewrite - and - as

‘ < +o0. (5.14)
W

R Y a+iw) = Z R} B oBitsi, weR, a>p, (5.15)
keZ
with
D IR e < +o0. (5.16)
keZ

In addition, observing from the von Neumann series that

R =Y (Z L, A, 6™ ) (5.17)

n=0

whence

1 log(3 o1 [, Ml A ll,)

|HR_1(P)|H < for R(p) >y =
SRR D WAy [ 779 | T a8 ™

(5.18)

3Controlled inversion (bounding the norm of the inverse in a subalgebra in terms of the norm in this subalgebra
and the norm of the inverse in the algebra) was pioneered in Baskakov [? | and Nikolski [? ].
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we deduce that

N
{Blk € Z} C {Z n;7j| n; non-positive integers for j =1,--- N} = —F (5.19)

J=1

where F was defined in (4.2)). We remark that (5.15)), (5.16)) and (5.19)) are reminiscent of [13, p.
429, equations (12.15.12) and (12.15.13)], that deals with complex-valued functions.

Step 3
We now compute X(¢, s). For this, we apply the Laplace inversion formula (see for example [T,

Ch. 1, Lem. 5.2]). It gives us for R(p) = ¢ > A, with A as in (4.5]), that

1 c+iw
X(t,s) = lim — R~ (p)é(p, s)eP dp. (5.20)

G—+00 270 J iz

We shall need two lemmas, the proof of which is postponed till the end of this section.

Lemma 9. Let f < a <0 and p,, := %Tm + % for m a positive integer. Then, we have that
. | NP t
X(ts) = lim —— o R (p)é(p, s)e”dp + Q(1), (5.21)
where
Qt) = -+ Ry (—iw)e ™ + By (0) + Ry (iw)e™ + - -

with R,;l to mean the k-th column of R™*.

Recall that X (¢, s) is the element of index 0 of the infinite column vector X(¢, s). So, if for each
k € Z we let (Rékg )nez enumerate the line of index 0 of the matrix R¥*} defined in (5.15)), it is a
consequence of (5.21]) that

1 —(p—inw)s
X(t,s) = — lim ZRéf,}e_—eP<t+5k>dp+Q(t)o, (5.22)

27, m—+oo a—ipm oy

where Q(t)o stands for the element of index 0 of the column vector (¢); note that the convergence

of the series in ((5.22)) ensues from ([5.16)).

Lemma 10. For allt and s such that t + B — s # 0 for all k € Z, we have that

X(ts)= > Ry £ Q). (5.23)

(t+Br—s5)<0,n€Z

Note that on a bounded interval there are only finitely many [, because the integer coefficients in
(5.19) are non-positive. Observe also from that X (¢,.) is left continuous. Hence, Lemma
allows in fact to compute X (¢, s) for all (¢, s) (the proof of the lemma will be given momentarily).
Hereafter, we fix the symbol s to mean the initial time, and we shall evaluate the variation of
X(t,7) in its second argument when the latter ranges over [s, s+ 7y|. To this effect, we substitute
7 for s in (5.23)) and observe, since Q(t)q is independent of 7 while the sum in is piecewise
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constant in 7 with jumps at the ¢t + S, caused by the constraint on the indices, where it is left
continuous, that

k
Wesr X(6) < > ||[RE (5.24)
0<t+Br—s<7N,nEZ
kneZ

where we used in the second inequality that a(t + S — s — 1) > 0 because o < 0. Thus, with K’
an upper bound for the [|D;(t)|| as in (A.1), we deduce from (4.4)) and (5.25) that

@I < K'N (Wissiry X (¢,.)) [6llco (5.26)

K'N (Z | 6‘“5’“6"”N> | oo, (5.27)
k,n€Z

thereby showing that System (2.1)) is C%-exponentially stable. This achieves the proof of the
sufficiency part of Theorem [3]

IN

Proof of the two lemmas
Proor oF LEMMA [0 Considering the subsequence p,, = %Tm + 7, we deduce from the equation

(5.20) that :

1 c+ipm

X(t,s) = lim — R (p)é(p, s)eP dp. (5.28)

m—+oo 2771 c—ipm

Note that each component of R~!(p)é(p,s) is a meromorphic function in the half plane {p €
C|R(p) > B}, with poles in the set {p € C|lp = £Z k € Z}. Thus, by (5.28) and the residue
theorem, we get that

a+ipm ctipm C—1pm
A pt
X(t.5) = lm - (/ / / mm) e, s)edp+ Q) (5.29)

where we recall that :
Q1) =+ + R (miw)e™ + Ry ' (0) + Ry (iw)e™ + - -
with R, the k th column of R~!. Observe that
Rz < [[R7(0)][] < +o0, (5.30)

which warrants taking the limit in ([5.29). To establish the lemma, it remains to show that

c+ipm c—ipm

. -1 o pt _ -1 5 pt _
lm i R (p)é(p, s)e”dp = lim - R~ (p)é(p, s)e”dp = 0. (5.31)

For this, let us write the entry with index j of the vector [ LZ ™ R7Y(p)é(p, s)ePldp as

c+ipm . e—(p—inw)s .
A D (5.32)
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where R]_}L(p) denotes the entry with index (j,n) of R7!(p). As pointed out in step 2, R~!(p) has
off-diagonal decay of order 146, uniformly over R(p) > . Thus, if we pick € > 0, there is n = n(y)
such that > |HR p)||| < &, uniformly with respect to R(p) € [a, ], and since

[n|>n
|pm — nw| > 7T for all n and m (5.33)
we have that
c+ipm —(p—inw)s _ T
/ Z R\ )e—,eptdp < gelt=9) le=a)T (5.34)
atipm [ p— inw s

which is arbitrary small with . In another connection, for fixed j and n € Z, we get since |p — inw|
becomes arbitrary large with m while the other terms in the integrand are uniformly bounded with
respect to R(p) € [a, ¢] that

c+ipm e—(p—inw)s

li RN p)———ePldp = 0. 5.35
Sy . inP) (5.35)

In view of (5.34) and ([5.35]), we conclude that

c+ipm

lim R~ (p)é(p, s)ePtdp = 0, (5.36)

m—-+oo a-+ipm

and in the same way one can prove that
c—1ipm

lim R (p)é(p, s)eP'dp = 0, (5.37)

m——+00 a—ipm
as wanted. O

PrROOF OF LEMMA [I0l Let ¢ and s be such that ¢t + 8, — s # 0. By (5.33) and the absolute
convergence in (5.16) that allow us to integrate termwise, we get by performing the change of
variable p — p — tnw in the integrals corresponding to index n that

a+ipm —(p—inw)s a—inw+ipm p(t+Br—s)
/ {k}e T gy = 3 R et / T i (5.38)
a—1ipm, kn 7, —m kneZ a—inw—1ipm D
€ €
Integrating by parts, we get that
/a—inw+ipm €p(t+'8k_s) ep(t—i—ﬁk—s) a—inw+ipm a—inw+ipm ep(t+ﬁk—s) ( )
= {—] n / T ap, (5.39
a—inw—ipm p P+ B = ) | 0ine ipm a—inw—ipm (t+ Bx — s)p?

and by (5.19)) there is 6 > 0 such that |t + 5, — s| > § for all k € Z. Hence, using ([5.33]), we obtain:

1 eoc(t-i—ﬁk—s) ea(t-&-ﬁk—s)
+

[+ By — sl \/a2 + (pm —inw)2 \/042 + (pm +inw)2
0,00 (t+54—5)

< =
oyor + ()’
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{ P (t+Br—s) r‘mwﬂpm
p(t+ Br —s)

a—inw—1ipm

(5.40)



and

a—inwtipm  op(t+Br—s) e(t+Br—s) Pm—nw 1
a—inw—ipm (t + Bk - S)p |t + ﬂk - 8| —pm—nw a + Pa
e(t+Br—s) 1 pm—nw
< - { arctan (pz)}
|t+/3k _S| « —pPm—Nw
< Lea(t+ﬂk*5). (5.41)

|0

Altogether, we deduce from ((5.39), (5.40) and (5.41)) that there exists a constant K > 0,
independent of k, n and p,,, such that :

/a—mwﬂ‘pm oP(t+Bi—s)
o

—inw—1ipm p

dp‘ < Keoto=s), (5.42)

Consequently, it holds that

a—inw+ipm p(t+PBr—s)
H‘Rékn}eznw(t-ﬁ-ﬁk)/ e’ * dpm < Kea(t—s)
7 p

a—inw—1ipm

e*Prdp, (5.43)

|

and since the right hand side of ([5.43) is summable over k,n because of (5.16])), the dominated
convergence theorem allows us to take the limit termwise in the right hand side of ((5.38]) as m — oo:

a+ipm e~ (p—inw)s
li {k} p(t+6x) g
mEJrrloo 27 Ja—ipn, aneZ p—inw p
1 a—inw—ipm ,p(t+Br—s)
= 3" Rt i S (5.44)
2 m—r400 e P
kneZ a—inw—1ipm,

Finally, the residue theorem gives us

1 ‘ atipm p(t+pPr—s) ,
Z ﬂRéfﬁemw(t+5k) ml_lg‘}_loo | e—dp — Z Ré’kgeznw(ﬂrﬁk). (545)
k,nez a—tpm p a(t+Br—s)>0,neZ
Putting together (5.22)), (5.44)) and (5.45)), we achieve the proof of Lemma [L0] O

6. Proof of the necessity part of Theorem

In the time-invariant case, i.e. when proving the classical Henry-Hale theorem, stated in this
paper as Theorem [2| necessity is proven using the spectral theory of semigroups [4]. We cannot
follow this path here, with time-varying periodic coefficients, because there seems to be no adequate
notion of semigroup to fit the situation.

We now assume exponential stability, and aim at proving conditions and of Theorem
. We chose to assume specifically L? exponential stability, anyway equivalent to C° stability or
L7 stability, ¢ # 2 according to Proposition . We start with the following classical property.

Proposition 11. System (2.1)) is L*-exponentially stable if and only if the spectral radius of the
monodromy operator Us (T, 0) is strictly less than one.
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Here Us(.,.) refers to the solution operator (2.6)). Proposition [L1{— or even an extension for any
periodic evolution family of operators — is a consequence of [29, lem. 4.2]. Strictly speaking, this
reference yields Proposition 11| where the equation (2.8]) is just true for ¢ = 2 and t > s > 0 only,
but since the constants merely depend on the D, () through sup{||D;(¢)||, 1 <¢ < N, t € R}, the
case of arbitrary s follows by periodicity. Choosing zero as initial time for the monodromy operator
is quite arbitrary, and we may as well have termed Us (T + s, S9) the monodromy operator, for some
so # 0. Although different choices of sq lead to different monodromy operators, the relation of their
spectrum to exponential stability is the same, and we stick to the choice sy = 0 for definiteness.

Thanks to this proposition, we now specifically assume that the spectral radius of Uy(T',0) is
less than 1, and resort to a classical construction from Control Theory allowing us to realize the
periodic input-output system (4.6)) as a discrete-time system in state space form (the state is here
infinite dimensional), see [10]. More precisely, consider (4.6|) with initial data 0 at time 0, and let
u € L2([0, +00),C?) be an input with y(¢) € C? the corresponding output, given by

y(t) = Di(t)y(t — ;) + u(t), ae. t>0, y(t)=0fort<0. (6.1)

j=1
Using (4.11) with s =0, ys = 0, and performing the change of variables 5 =t — « imply at once

¢+t

y(t) = / dgX(t,t — B)u(t — B), a.e. t >0, (6.2)

—00

where, since X (t,t — () is identically zero when § < 0, this integral can also be written as

fci dsX(t,t — f)u(t — B) for any ¢ < 0. From (6.2]) and (4.12)), it follows that
y(t) = D Cthu(t—f), ae t>0. (6.3)

feFN[0,t]

Applying to (6.3) the Schwarz inequality and using (4.14)), (4.17) together with the fact that
€y = —1I; (as follows readily from (4.8) and (4.1])), we get that

WOF < (Zsernion IEON) (ermoq lut = NI?)
< (Srerpa IEON) (S yero lutt — 1))
< (14 KO (Spemmpq It = HI), ac.t=0, (6.4)

In another connection, the cardinality of F N [0,¢] is no larger than the number of N-tuples
(q1,--.,qn) € NV satisfying vazl ¢; <t/ (recall 71 is the smallest delay), and a fortiori:

Card {F N 1[0,4]} < (1+ i)N . te0,+00), (6.5)

1

where Card{E'} stands for the cardinality of E. Integrating (6.4) from 0 to 7 > 0 and taking (6.5
into account, we deduce that

N/2
. T
Il < 72 14 K (14 2)  ulgosony (66
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implying that to each v; > v there is K; > 0 for which ||y[|z2(o < K17 [|ul|z2(jo,400))- Since
|| 2([0,4-00)) < +00, this warrants the existence, for %(p) > v, of the Laplace transforms of y(t)
and u(t):

?@p:[ﬁmemmww, U@p:[ﬁwemmwﬁ, (6.7)

for if ®(p) > v > v then f:H e Pu|(t)dt and f:ﬂ e Py|(t)dt decay exponentially fast with
k € N, by the Schwarz inequality. Proceeding on like we did on to obtain , namely
expanding the D;(t) into Fourier series and taking Laplace transforms termwise using , next
replacing the complex variable p by by p + ¢nw and letting n range over Z, we deduce that

R(p)Y(p)=U®p), R(p) >, (6.8)

where Y(p) and U(p) are given by (2.23) and R(p) by ([2.17). Moreover, we see from (5.18) that
R(p) is continuously invertible for R(p) > 71, so we obtain with 5 := max{~y,~;} that

Y(p) = R (pUp),  Rp) > . (6.9)

Equation is exactly the equation (2.24)) and shows that the operator-valued holomorphic
function p — R™(p) is the Harmonic Transfer Function (Definition [3) of System ([6.1)).
Next, we define the instantaneous transfer function:

+o0
G@m:/’-ﬂgwi—ﬂem, teR,  peC,  R(p)>n, (6.10)

[e.9]

where the integral is understood as — limy_, beI d. X(t,t — 7)e PT for any ¢ < 0. The existence
of the limit is guaranteed by Proposition [§] and the fact that it does not depend on ¢ provided that
it is strictly negative is argued similarly to the independence of from the exact value of b.
Observe from Proposition [§ that t — G(t, p) lies in C**(R, C¥*4), and obviously it is T-periodic.
Thus, we may expand this function in Fourier series as

G(t,p) =) _ Grp)e™,  R(p) >7, (6.11)
keZ
where we recall that w := 27 /T, and the series converges absolutely for fixed p by a standard
estimate used already in (5.1)); more precisely, [24, Ch. 2, thm. 4.7] implies that
RR(p))
G < 2L 6.12
G < Tt (612

where R(R(p)) > 0 depends on R(p), and also on K, v in (4.17)) though we do not show the latter
dependence. Now, for f € F and k € Z, let ¢; s be the k-th Fourier coefficient of the T-periodic
function ¢ — €;(t). Since €; € C'*(R), we have the estimate

Ky

< _ 6.13
el < 77 (613)

so that €(t) = Y,z ek, re™™, where the series is uniformly absolutely convergent. Summing up
over those f € F such that f < 7, we deduce from (4.12)) that for any £ > 0:

d; X (t,t—s) = Z dpy, €™ on [—e,T], (6.14)

kEZ

25



where the measure fuy,; is equal to — >+ - ¢k 07 and absolute convergence with respect to the
total variation holds in (6.14]), because F N [0, 7] is a finite set. If 7 < 0, then obviously puy, = 0.
Moreover, as the constant K in (6.13]) is majorized by a linear function of the Holder coefficient
of 4¢;, we get from (4.17) that

K1€77
ksl = D lesll < T T > 0, (6.15)
feFNI[0,7]

for some constant K; depending only on the D; and the 7;. Let us now define

Bk = cr gy (6.16)
feF

Clearly, puy, is a distribution on R valued in C**? and supported on [0, +00), but it is not a measure.
However, its restriction to every interval bounded from above is a finite discrete measure. Hence,
we can integrate against py, any R%valued bounded function which is zero for large arguments,
and more generally any function that decays in norm as fast as et for some v > ~, by .
Furthermore, when this function is supported on an interval of the form [a, 7] with @ < 0 and
T < 400, the integral against py, coincides with the integral against py, r. Using this remark, we
can write for R(p) > v:

bt bt
— _ T . T _ _ T; iwkt —pT
G(t.p) Jim [ dx(r—me Jim Z e /_ dmalr)e
b+
_ iwkt 7 iwkt —pT
= Z € bginoo duk Z € / dpx(T)e "7,
keZ kEZ

where the second equality uses the absolute convergence in and the third uses (6.15)) and
the fact that R(p) > . Considering (6.11]), the previous chain of equalities yields that

Gr(p) = — /0+OO dpg(T)e 7. (6.17)

Next, assuming for a while that u is locally bounded, (6.2)) and (6.14]) imply

swapping the sum and integral sign thanks to (6.15) and using the above mentioned relation

between i, and gy, then yields y(t Z f dpy(o)e™*u(t — o), and finally, since u(t —a) =0
when « > t and py, is supported on [0, oo),
“+oo
= Z Ag(t) with  Ag(t) :== / dpg (@)™ u(t — a)ekit=e) (6.18)
o

keZ
Since for 7' > v we have that

oo oo ’ Foo , +oo /
/ d‘“kKO‘)/ |u(t—04)|€”dt=/ d\ukl(a)e”/ lu(t — a)|e™" =gt
0 0

- o oo ' K - (=i |l 2@
= B d’ILLk|(Oé)€ . |U( )‘6 dt 11 |k’1+5 Z W < 400,

(6.19)
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where the first inequality uses ((6.15)) and the Schwarz inequality, we can use Fubini’s theorem to
compute the Laplace transform of Ay (t) in the strip $(p) > . This gives us

+o0 too oo
/ Ap(t)e™Pdt = / dpug, () e@k—pe / R =P =)y (t — o)dt
0 0

- ( / - d,uk(oz)e(i“’kp)a) < /0 " ke )dT>

= Gi(p —iwk) U(p — iwk) (6.20)
where the last equality uses . Summing over k, we find in view of that
Z Gr(p — iwk)U(p — ikw), R(p) > ~, (6.21)
kEZ
where the absolute convergence of the series follows from the estimates obtained in ; i.€.,

VK1 Ky(R(2) — ) nd ()| < |l 22 (m)

Tulleee
T k| < e @

|Gr(2)] <

with Ky(z) := Zjog e~% for x > 0. Changing p into p + inw in (6.21) and renumbering, we get

Y (p + inw) = Z Gom(p + iwm)U (p + imw), neZZ, Rp) >-r. (6.22)
meZ
Combining and , we see that
> (Gum(p+iwm) = RY, (p)) Ulp + imw) = 0,n € Z, R(p) >, (6.23)
meZ

where R;J.l (p) indicates, as in ([5.32)), the entry with index (i, j) of R~!(p). For each p with R(p) > 0
the sequence {z,, := p + imw, m € N} is hyperbolically separated in the right half-plane; i.e.,

Zm — R

>c >0, jmeN, j#m.
zm+z]

Indeed, we have that

Zm T Zj

Zm, —|—Ej

_ ( A(R(p))* +1) e (MJF 1) o

Em — 5P %

Hence, as is well-known (see [30, Ch. VII, Thm 1.1] for an equivalent on the upper half-plane),
(zm)men 1s an interpolating sequence, meaning that to each bounded sequence a,, in C there is a
bounded analytic function F' in the right half-plane with F'(z,,) = a,,. In particular, to each j € N
and v € C4, there is a C%-valued bounded analytic function Fj, such that F},(z,) = 0 for m # j
and Fj,(z;) = v. Multiplying F}, by a function without zeros in the Hardy space H? (for instance
p+— (p+ 1)), we get a function G;, € (H*)? which is zero at z, when m # j and a nonzero
multiple of v at z;. Now, by the Paley-Wiener theorem, there is u € L*([0,00)), C?) such that
U= G, and using this collection of u in as j ranges over N and v over C?, we conclude
that

R,L..(p) = Gum(p + imw), n,meN, R(p)>r. (6.24)
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Next, in order to link the monodromy operator to R~!(p), we shall discretize the continuous
dynamical system (/6.1]) in state space form. For this, we restrict the input and the output to
intervals of length 7' by setting:

ug(t) = w(kT +1t)

Uet) = y(kT +1) } fora.e. t €[0,T] and k €N, (6.25)

thereby giving rise to sequences @y and g, of functions in L?([0,T]). We introduce another sequence
of functions 2y, this time in L?([—7y,0]), by putting Z; := ypr, where the notation yr was defined
after ([L.6)); i.e., 2x(0) := y(kT + 0) for k € N and a.e. § € [—7y,0]. The function zj, will be the
“state variable” of our discrete system at time k, initialized with Zg = yo = 0. Recall also the
monodromy operator Us(T,0) from (with ¢ = 2) and the integration with respect to K (t, «)
from (4.9). They allow us to define four operators as follows:

A L*([—7y,0],C%) — L3(|—7,0],C%)
v +— Us(T,0)v,

. B:L2([0,T],RY) — L2([—7x,0],C%)
wo—> OtoodaK(T,a)w(a),

C: L¥([-7x,0],C%) —s L2([0,T],C4)
v — {(Ux(t,0)v) (0), t €[0,7T]},

D : L2(0,T],C%) — L2([0,T],C?)
¢ w o (— 0+OO daX(-,oz)w(oz)>“07T].

Observe that B and D do not depend on the values of w outside [0, 7], and that (Us(¢,0)v)(0)
exists for a.e. t € R, hence the operators A, B, C' and D are well-defined and continuous.

Theorem 12. Let u € L*([0,+00),C%) and y € L3,.([0,+00),C?) be, respectively, the input and

loc

output of System (6.1). For Uy, yx and zy as in (6.25), the following recursion holds:

Ur = CZ + Duy,
PROOF. Applying the variation-of-constants formula (4.11]) to System (6.1]) with s, ¢ replaced with
KT, kT +t yields
“+oo
Yt = Us(KT + t, kT )yrr + / do K(ET + t, a)u(a),
(KT)~
i.e., performing the change of variable o = kT + 3 and using T-periodicity,
+oo B
wirss = Ua(T, O+ [ daB(, B)i(5). (627)

0—
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This, with ¢ = T, is the first equation in (6.26]). Next, evaluating (6.27)) at 0 (this is possible for
a.e. t) while using the definition of K (see (4.9)) yields:

VKT = (W05 0)~ [ X (ARG, aete )

which is the second equation in (|6.26f). 0

For a := (an)nen & sequence in a Banach space X, we define its z-transform as the formal series

Ll{a}(z) = ayz" (6.28)

neN

We denote by X[[27']] the space of such power series. Let 2) a Banach space. For O := (O,)nen
a sequence of operators from X to 2), the z-transform L£{O}(z) acts naturally from X[[z7!]] to
2)[[z7!]] since the number of terms involved in the coefficient of each power of 27! is finite. If we

let now 7 := (Yn)nen, @ := (Un)neny and Z := (2, )nen, we get from ([6.26)) that
(21, — A)L{z} = BL{u} and  L{y} = CL{z} + DL{u}.

Note, since Z, = 0, that (2 — A)L{z} indeed belongs to L2([—7y,0], C?)[[z"']]. Observing that

(21 — A)7' =3 cyA"2" 1 in the ring of formal Laurent series with operator coefficients on
L*([-7n,0],C%), we may write

L{G}z) = [é(zfd _A)'B+ E} L{a}(2). (6.29)

Although (6.29)) was derived formally, it becomes a valid relation between vector and operator

valued analytic functions when |z| > max{wg

,€7}, with 7 as in Proposition , because all series

involved are then normally convergent (compare ) In another connection, decomposing the
first integral of (6.2]) on subintervals taking into account that X (7,.) is left continuous, and using
T-periodicity, we get that

(k+1)T)~ +oo
do X (t +nT, a)u(a) + / do X (t + nT, a)u(a)
(nT)~
n-l 7= (n+1)T)F
= Z/ dgX(t +nT, kT + B)u(kT + ) + / do X (t + 0T, a)u(w)
k=0 70" (nT)~

) = (e +n1) =Y [

3

—1 T+ T+
= Z/ dsX(t +nT, kT + B)u(kT + ) + / dgX (t +nT,nT + B)u(nT + )
k=0 70" -

T+

_y / deX (t + (n — k)T, B)ur(B) + / ds X (t, B)un(P)

= Hp_wir(t), ae te[0,T] (6.30)
k=0

where, for v € L2([0,T], C%), we have set:

Hygo(t) == /OT d; X (KT +t,7)v(7), a.e. t € [0,7T]. (6.31)
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Observe that the equality between f(:;?), do X (t +nT,a)u(a) and f ;L;r,l)Tﬁ do X (t + nT, a)u(a),

used in the third identity of , only holds for ¢t < T in general because when ¢ = T and
(n+1)T € F, then f( (n+)T) do X (t +nT, a)u(a) will miss the jump that may occur at (n+ 1)7.
However, since (6.30)) 1s claimed for a.e. t € [0,7] only, this is unimportant. Note also that
changing the upper bound from 7'~ to T in the integrals summed over k after the fourth equal
sign of is permitted because the left continuity of X (7,.) implies that {T'} carries no mass
of dg X (t +nT,nT + B). If we take z-transforms in (6.30), we obtain:

L{7}(z) = L{H}(2) L{u}(2), (6.32)

where H := (Hp,)nen, and since for each k we may pick 1wy, arbitrary in L*([0,77]) and u; = 0 for
J # k, we deduce from ([6.29) and ((6.32)) that

L{H}(z) = C(zId— A)'B+ D (6.33)

The equality a priori holds between formal power series in z~! with coefficients in the ring
B(L?([0,T],C%) of bounded linear operators on L%([0,T],C%). However, if we let a denote the
spectral radius of A and set P, := {z € C: |z| > a}, then holds in B(L?([0, T],C%)) when we
substitute for z a value in P,, for the series become normally convergent. Of course, by analytic
continuation, the right hand-side (therefore also the left hand-side) extends to an operator-valued
analytic function on a connected component of € C\ Spec A where Spec A stands for the spectrum
of A = Uy(T,0), but this function may no longer be defined by a power series in 2~!. Since we
assumed that System (2.1)) is C%-exponentially stable, we know by Propositions and [1| that
Spec A is compactly included the unit disk; that is to say a € [0,1). In particular, L{H}(e?T) is a
well-defined operator on L2([0,T],C?) as soon as R(p) > loga/T, where loga is strictly negative
or —oo.

For p € C, consider the operator E, : L*([0,T],C%) — L?([0,T],C%) consisting of pointwise
multiplication by the function ¢ +— e/ that lies in L>([0,T7). Clearly E;* = E_,, and it is easy
to check that

1E, || = max{1,e"®T}. (6.34)

When R(p) > loga/T, we also define the operator

Alp) : L*([0,T],C%) — L*([0,T],C7),
Alp) = E_,oL{H}(") o E,. (6.35)

In addition, for R(p) > 72 with 7, as in (6.9), we construe R™'(p) : I*(Z,C%) — [*(Z,C?)
as an operator from L?([0,T],C%) into itself by identifying a function ¢ € L?([0,T],C?) with
(+++,as,ay,ap,a_1,a_s, -+ ) where ay is the k-th Fourier coefficient of ¢.

Lemma 13. For p € C with R(p) > 72, it holds that
Ap)o(t) = R (p)e, ¢ € L*([0,T],CY. (6.36)
PROOF. As vy, > 0 > loga/T, we see from ([6.31]) that for any v € L*([0,T],R) we have:

L{H}(z) ZH Z ’f/ d X (KT +t,7)v(r). (6.37)

k=—o00
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Next, performing the change of variable 7 — ¢t — 7 in l) and computing as in (6.30]), we obtain

+00 +oo
G(t,p) = / dX(tTep(Tt Z/ dXtT—l{:T)ethkT)

oo

+oo T+
= Z e~ tT <e_pt/ d; X(t + kT, T)GPT> : (6.38)
0

k=—o0 B

Multiplying (6.38) on the right by some arbitrary V' € C? and comparing with (6.37)), we obtain
upon setting z = e?” and v = e”'V that

G(t,p)V = e P [L{H}(")e" V)] (1), a.e. t € [0,T]. (6.39)
Now, assume for a while that ¢ € C**([0,T],C%) with a € (0,1) and ¢(0) = ¢(T), and write

the Fourier expansion ¢(t) = Y ape™** where a;, € C¢. By normal convergence of the latter, we

kEZ
deduce from , and that
Ap)p(t) = e P[L{HNE ) Y are™F](t) =Y e P L{H ()P a](t)

kEZ keZ
_ Z 6zwkt —(pt+iwk)t {H}( (p+iwk)T ) (p+iwk) - CLth) _ Z €iwktG(t,p + iwk)ak
kEZ kEZ
= Z ekt (Z ™G (p + zwk)) ap = Z (Z Gm—i(p + ikw)ak> met - (6.40)
keZ nez meZ \kEZ

Thus, in view if (6.24]), we get that

Ap)o(t) =Y (Z Rm}_k(p)ak) em™t = R7Y(p)g. (6.41)

meZ \keZ

Equation (6.41)) yields the desired conclusion, except for the assumption that ¢ € C1*([0,T7], C?)
with ¢(0) = ¢(T'). But since A(p) and R™*(p) are continuous operators L*([0,T]) — L?([0,T]) for
R(p) > 72, we conclude by a density argument that (6.36]) holds as stated. O

To recap, we know from the discussion after that L{H}(e’?) is an analytic operator-
valued function for (p) > loga/T', which is uniformly bounded in every half-plane {p : ®(p) > 5}
if 5 > loga/T. Therefore, by and the very definition , A(p) is an analytic operator-
valued function for R(p) > loga/T, which is uniformly bounded in every strip {p : 81 > R(p) > 5}
if 81 > 8 > loga/T. Furthermore, in view of (2.17), R(p) is an entire operator-valued function.
As Lemma [13] tells us that A(p)R(p) = I for R(p) > 2, this identity in fact holds on the
larger domain {p : R(p) > loga/T}, by analytic continuation. So, if we let g € (loga/T,0) and
B1 = v +1 with v, as in , we get that R7!(p) exists and is equal to A(p) for R(p) > loga/T,
and that |[R~1(p)l, < C; for B < R(p) < B for some constant C; > 0 depending on 8 and 5 but
not on p. In another connection, we know from that [|R~(p)|l, < Cs for R(p) > 71, and
altogether we conclude that

R D, <. R) > 5, (6.42)

with C' = max{C}, Co}. This ends the proof of the necessity part of Theorem [3, and thus of the
theorem itself, considering Section [5]
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7. Concluding remarks

Having proven a generalization of the Henry-Hale theorem on the stability of difference-delay
systems to the periodic case, it is natural to ask whether the result from [4] on the stability of
neutral functional differential systems carries over to the periodic case as well. In other words,
whether the stability of a periodic linear neutral differential system of the form can be
characterized in terms of some harmonic transfer function. It is transparent how to define the
latter: simply put H(p) := R(p)~" where

R(p):=D Ze’pTJLD 5w Ze’mLBk - (7.1)

with
Dy (p) := Diag(--- , (p +iw)lq, plg, (p — iw)1g,---) (7.2)

and the D;, B; are as in ((1.3). Then, with the natural definition of exponential stability paralleling
Definition [I}, we raise the following question:

Assume that the D;(-) and By(-) are periodic and differentiable with Hélder continuous
derivative for 1 < j < N and 0 < k < N. Is it true that a necessary and sufficient
condition for System ((1.3)) to be exponentially stable is the existence of a real number
B < 0 satistying

(i) R(p) is invertible (2(Z,C%) — ¢*(Z,C%) for all p in {z € C|R(z) > B},

(i1) there is M > 0 such that H’R(p)_l < M for all pin {z € C|R(z) > 5} ?
2

We expect that the answer is yes, and that the necessity part can be proven in the same way as
in theorem . The difficulty with the sufficiency part arises from the matrix D, (p), that prevents
us from obtaining straightforward analogs of Lemmas [9] and [10}
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Appendix A. Proof of Proposition @, and in particular formula (4.4))

Let us first quickly prove (4.5)) by induction, assuming (4.4). Let K’ > 0 be an upper bound

for {||D;()||, 1 <i < N, t € R}; such a K’ exists since the D; are continuous and periodic. Pick
A large enough that

K'Ne™™ < % (A1)

and let us show (|4.5)) by induction on & such that ¢t € [s+ k7, s+ (k+1)71). For k = 0, it is obvious
that (4.5 holds with K = 1 because X (t, s) is either 0 or I; for 0 < ¢ — s < 7. Next, assume that
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(4.5)) hold for all ¢, s such that 0 <t — s < kry. Then, for ¢, s verifying kg <t —s < (k+ 1), we
get from (4.1)) that

X (2, s)|l 14+ K'NEKe 2mert=) (A.2)

<
< KM, (A.3)

which concludes the induction. To prove that y(t) is C%-exponentially stable, in the forthcoming
steps we will estimate the variation of X (¢, s) with respect in its second argument, using Laplace
transforms.

We now turn to proving formula (4.4). This requires preliminaries about Volterra kernels in

Sections and [A.2] before giving the proof proper in Section [A.3]

A.1. Reduction to a Volterra equation
Observe from (4.1)) that o — X (¢, ) lies in BV,.(R) for all ¢, and that for b > s we have:

N
Z D](t)daX(t - Tj,Oé) if t Z b

do X (t,0) = { 7= N on [s, b], (A.4)
—146: + Y. Di(t)do X (t —715,0) if s <t <b

Jj=1

where ¢, is the Dirac delta at ¢. In particular, & — X (¢, a) has bounded variation on [s, s 4 7;] for
each 7, and for t > s 4+ 7y we have that

dX(t,0) =) Di(t)doX(t —7j,0)  on [s,s+ 7). (A.5)

Then, substituting in (4.4) formally yields , provided that ¢ > s + 7. Hence, by
uniqueness of a solution y to (2.1)) satisfying y(s + 6) = ¢(0) for 8 € [—7y,0], it is enough to
check for s <t < s+ 7y. For this, we adopt the point of view of reference [I], which is to
construe delay systems as Stieltjes-Volterra equations upon representing delays by measures. More
precisely, we can rewrite as a Lebesgue-Stieltjes integral:

o= [ auteonio,  t= (A6)
with
u(t,0) = 3 i) (6 -+ 7). (A7)

where y(7) is understood to be ¢(1 — s) when s — 7y < 7 < s and $(7) is the Heaviside function
which is zero for 7 < 0 and 1 for 7 > 0, so that the associated measure on an interval of the form
[0,a] or [0,a) is a Dirac delta at 0. Note that $(0) = 0, which is not the usual convention, but if
we defined § so that (0) = 1 then expanding using would not give us back for
the term Dy (t)y(t — 7nv) would be missing. Observe also, since 7; > 0 for all j, that the minus
sign in the upper bound of the integral in is immaterial and could be traded for a plus. For
s <t < s+ 7y, singling out the initial data in yields

0~ (s—t)~
y(t) = /( du(t, 0)y(t+0) + f(t) with f(t) = / dut, )6t +0—s),  (AS)

s—t)~ —-TN
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where we took into account, when separating the integrals, that 6 — (¢, 0) is left continuous, while
the integral over the empty interval is understood to be zero. It will be convenient to study (A.8|)
for t € [s,s + Tn], even though in the end the values of y(¢) only matter to us for ¢ € [s,t + 7).

Define N
Kt 7) = { p(t, T —1t) —Ozjl D;(t) for T € [s,t],

for 7> 1. t,7 € [s,s+ Tn]- (A.9)

Note that k(t,7) = 0 when ¢t — 7 < 7, and d, k(t,7) = d;u(t,7 — t) on [s, s + 7n] for fixed ¢.

Hence, (A.8) becomes

.
(1) :/ dk(tr)y(r) + F(t),  s<t<s+try. (A.10)
o
Now, is the Stieltjes-Volterra equation we shall work with.

It suffices to prove for t € [s, s+ 7y) under the additional assumption that ¢ and the D;,
which are continuous by hypothesis, also have bounded and locally bounded variation, on [—7x, 0]
and R respectively. Indeed, functions of bounded variation are dense in C; (resp. C°(T, R%*%)), for
instance because C'-functions are, and if ¢ converges uniformly to ¢ in Cs while D; converges
uniformly to D; in [s,s + 7n] as k — oo, then the solution to (2.1) with initial condition ¢, and
coefficients D, converges uniformly on [s,s + 7n] to the solution with initial condition ¢ and
coefficients D, as is obvious by inspection. Hence, we shall assume without loss of generality that
¢ has bounded variation and the D; have locally bounded variation. Then, since it follows from

and that
=" D)ot —s—m), (A.11)

TE(t—s,7N]

it is clear from (A.11)) and (3.2)) that f € BVj[s, s + 7n] N BV,[s, s + 7n], since it is continuous.

A.2. Volterra kernels of type B>

Volterra equations for functions of a single variable have been studied extensively, see e.g.
[31, B2]. However, the specific assumption that the kernel has bounded variation seems treated
somewhat tangentially. On the one hand, it is subsumed in the measure-valued case presented
in [32, Ch. 10], but no convenient criterion is given there for the existence of a resolvent kernel.
On the other hand, [I, Ch. 9, Sec. 1] sketches the main arguments needed to handle kernels of
bounded variation, but the exposition has issueﬁ which is why we provide a proof in this section.

We define a Stieltjes-Volterra kernel of type B> on [a,b] X [a,b] as a measurable function
K [a,b] X [a,b] — R4 with x(t,7) = 0 for 7 > ¢, such that the partial maps «(t, .) lie in BVj[a, b]
and ||k(%,.)||Bv(jap) is uniformly bounded with respect to ¢ € [a,b]. In addition, we require that
lim, - Wi (s(t,.)) = 0 uniformly with respect to ¢; i.e., to every ¢ > 0, there exists > 0 such
that Wi,y (k(t,.)) < e assoon as 0 <t —7 <. Note that W, 4 (x(t,.)) = 0 for fixed t as 7 —
whenever £(t,.) has bounded variation on [a,b], by the very definition (3.1)); so, the assumption
really is that the convergence is uniform with respect to t. Hereafter, we drop the qualifier “of
type B*<” and simply speak of Stieltjes-Volterra kernels on [a,b]. We endow the space K of
such kernels with the norm ||&||ia) := supsef ) |5(¢, )l BViap. If mx is @ Cauchy sequence in Ky,
then k; converges uniformly on [a, b] x [a, b] to a R®>*9-valued function x because

Wik (8 7) = a8 D) = [k (8, 7) = malt, 7)) = (Ra(E, ) = malt )] < Nlkn(t, ) = st )l By e

4For example, the equation satisfied by p(t, s) at top of page 258 is not right.
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Clearly, x is measurable and left continuous for fixed ¢ with (¢, 7) = 0 for 7 > ¢. Also, if m is so
large that ||y — kil|jep < € for k,1 > m and n > 0 so small that W, 4 (km) < € when t —7 <7, we
get that Wiy (k1) < Wiy (km) + Wi (km — /1) < 2¢, and letting [ — oo we get from [T9, thm.
1.3.5] that Wi, 4 (k) < 2e. Furthermore, the same reference implies that ||s|/jq5 < supy ||k ||fae s0
that k € K, p. Finally, writing that Wi, 4 (ki(t,.) — Ki(t,.)) < € and passing to the limit as [ — oo,
we see that limy, ||k, — ko) = 0, whence K, is a Banach space. Note that a Stieltjes-Volterra
kernel  is necessarily bounded with supy, jy (a5 156, Tl < [16|ja,- As $ is left continuous and the
D; are bounded, on [s, s+ 7y], it is easy to check that k(¢,7) defined in (A.9) is a Stieltjes-Volterra
kernel on [s, s+ 7n] X [s,5 + Tn].

A resolvent for the Stieltjes-Volterra kernel k on [a,b] X [a, b] is a Stieltjes-Volterra kernel p on
la,b] X [a,b] satisfying

=

p(t, B) = —k(t, B) +/ dr(t, 7)p(T, B), a<t,p<hb. (A.12)

Lemma 14. If k is a Stieltjes-Volterra kernel on [a,b] X [a,b], a resolvent for k uniquely exists.

PRrROOF. Pick r > 0 to be adjusted later, and for ¥ € K, let us define

E.(W)(t, B) = /t e dR(t, T)W(r B),  a< Bt <D

Then, F.(V)(t,5) =0 for § > t, and for a < 1 < B2 < t we have that

t= By

it 7) (T (r, o) — U, Br) — / Dt )7, By),
By

E(U)(t, B2) — F(0)(t, Br) 2/

By

where we used that (¢, .) is left continuous to assign the lower (resp. upper) bound S5 to the first
(resp. second) integral in the above right hand side. Now, the first integral goes to 0 as f; — (2 by
dominated convergence, since W(¢,.) is left-continuous; the second integral also goes to 0, because
Ve, | ([B1, B2)) — O when 1 — [35, by standard properties of finite measures. Altogether, we see

37



that F,.(W)(t,.) is left-continuous. Moreover, for [¢,d] C [a,t) and c= [y < 1 < --- < fn =d

Z I, (®)(E, B;) — Fr(9)(E, Bima)

N

<D

-

_e_r(t_T) dﬁ;(t7 7_) (\I](T7 /B’L) - 7— /B’L 1 ‘

/ e_r(t_T)dK’(ta T)\Ij<7_> ﬁifl)

i—1

< Z / e Ay [ (U (7, Bi) = W (T, Bia)| +Z / ") A | 19 (7, Bion) |l
< / | Zm (r. ) — Wi, )|

d~- d~
et [ i 3008 8) 90500 + L At
c- i=1 [a,t] x[a,
<2 W[d7t)(/<.:(t, .)) sup W[C’d](\lf(T, )

TE[d,t)

+ 27O Wea (5(t,)) sup Wiea (U(r,)) + 270 sup @[] Wieg)(s(t,.))-

T€[e,d) la,t] x[a,t]

When d = ¢, the same inequality holds but then Wig4 (k(t,.)) is zero. Setting ¢ = a and d = ¢, we
get from the above majorization that Wi, 4 (F.(¥)(t,.)) < 4|6/ ¥ ljae, and since F,.(V)(t,7) =
0 for 7 > t we deduce that Wi,y (F.(V)(t,.)) = Wiaq(F(¥)(t,.)) is bounded, uniformly with
respect to t. Next, if we fix ¢ > 0 and pick > 0 so small that W, (s(t,.)) < € as soon as
t — 7 < n (this is possible because x € K, ), the same estimate yields

Wiew (B (9)(t,.) < AW (608 )Y o < 4e |V |0, t—c<nm. (A.13)

Altogether, we just showed that F.(¥) € K, Moreover, if we take 7 so large that e™"” < ¢, then
either t —a < 7 and then with ¢ = a gives us Wiy o) (F.(V)(t,.) < 4¢|| V][04, or else t =7 > a
in which case with ¢ =t — 1, together with our initial estimate when ¢ =a and d =t — 7,
team up to produce:

Wiaa (Fr(0))(1,.) = Wias (F(0)(1,.)) + Wige ) (B (D)(1,.))
<2 sup Wiar y(W(r,.)) 4 2Wjar g (s(t,) sup Wiar o (¥(r,.)

TE[t—n,t) T€la,t—7)
+2e sup ||| Wia—n)((2, ) + 42 [ 9]0
[a,t] X [a,t]
<22 W] (3+2lln)- (A14)

Consequently, as Wi (Fr(¥)(L,.)) = Wieq(F.(V)(t,.)) by the left continuity of F.(¥)(¢,.), we
can ensure upon choosing 7 sufficiently large that the operator F,. : Kjqy — Koy has arbitrary
small norm. Hereafter, we fix r so that [|F.|| < A < 1.

Now, let pg = 0 and define inductively:

Prri(t B) = —e"'K(t, B) + Fu(pr)(t, B).

Clearly (t, ) — e "'k(t, ) lies in Kq ), so that pj € Koy for all k. Moreover, we get from what
precedes that ||prr1 — Prlljap < APk — Pr—1llfap)- Thus, by the shrinking lemma, pj, converges in
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K5 to the unique p € K, such that
pt, B) = —e "'k(t, B) + F.(p)(t, B)
s
= —e "K(t, B) +/ e " dk(t, )p(r,B), a<t,B<b.

(A.15)

Putting p(t, 5) := €""p(t, §), one can see that p lies in K,y if and only if p does, and that (A.15)
is equivalent to (A.12)). This achieves the proof. O

Lemma 15. Let  be a Stieltjes-Volterra kernel on [a,b] X [a,b] and p its resolvent. For each
R-valued function g € BV,([a,b]), the unique bounded measurable solution to the equation

y(t) = / dr(t, T)y(T) + g(t), a<t<b, (A.16)
s given by -
vty =9)~ [ dplt.lge). <tz (A17)

PROOF. Define y through (A.17) so that y(a) = g(a), by inspection. Since g € BV,[a,b] and
p(t,-), k(t,.) lie in BVi[a,b], integrating by parts [19, thm. 7.5.9] while using (A.12)) along with
Fubini’s theorem and the relations x(t, ) = p(t,a) = 0 for o > t, we get that

[ dr(t, a)y(e) = (s(t, a+) — K(t,a))y(a) + [L, dr(t, a)y(e)
= (K(t,a™) - (7 ) a) + [,v d(t,a)g ( ) fj+ dr(t, a) [~ dp(a, B)g(B)
= (k(t,a™) — k(t,a ) + f+ dr(t,a)g f+ dr(t, ) faofr dp(a, B)g(B)
- a+ dﬁ(t a)(p(a,a” )— pla,a))g(a)
= (k(t,a™) — k(t,a))g —l—f dr(t, a)g( )—i—f dk(t, a) fa+ p(a, B)dg(B)
—fa+ dr(t, o) [p(a, B)g (6)][3 §+ — [l di(t,e)(p(a, a®) = p(a, a))g(a)

= (w(t,a*) — w(ta))g(a) + [, dn(t, a)g( >+f (Ji- dntt.a)p(a, 3)) do(5)

+ [y di(t,a)pla.at)gla) = [, dr(t, @)(p(a,a®) = p(a,a))g(a)
=wmwv—ammm@+ﬁgwﬁ@mm> _
+ f:+ (p(t, B) + k(t, B))dg + f(; dr(t, a)p(a, a)g(a)
= (k(t,a™) — k(t, a))g(a) + [~ (t a)g(e)]aZ, + f (t,8)dg(B) + [+ dr(t.a)p(a, a)g(a)
= —r(t,a)g(a) + [p(t, B)g (B3 s — fa+ dp(t, B)g(B) + [, dr(t, a)p(e, a)g(a)
= —r(t,a)g(a) = plt,a*)g(a) = [, dp(t, 5)g(5) + ('f(ta) +p(t,a))g(a)
=~ [, dp(t, 8)9(B) = y(t) — 9(2).
Thus, y is a solution to (A.16). Clearly, it is measurable, and it is also bounded since ||p(¢, .)|| Bv-(ja,0)
is bounded independently of ¢ and ¢ is bounded. If y is another solution to then y(a) =

y(a) = g(a) by inspection, so that z := y —7y is a bounded measurable solution to the homogeneous

equation:
-

z(t):/ et 7)2(r),  a<t<b

+

5This reference deals with open intervals only, and we stick to this case at the cost of a slightly lengthier
computation
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Pick r > 0 to be adjusted momentarily, and set Z(t) := e "'2(¢) so that

+

() = / D gt 7V E (). (A.18)

Let 7 > 0 be so small that W, (x(t,.)) < 1/4 as soon as t — 7 < 7; this is possible because
K € Ko Then, it follows from (A.18) that for ¢t —n > a:

(t—m)*t N
/ e "(t=7) dr(t,7)z(T)

-
1Z(t)| < + / e_r(t_T)idli(tT)z(T)
+ (t—m)*
o 1 _ e 1
< 2" Wigp—m(k(t,-)) sup |z] + 3 sup |z] < sup |Z|(2€ e 5),
(avt_n] (t_nvt) (avt)

while for ¢ —n < a we simply get |2(t)| < sup(,, [2]/2. Hence, choosing r large enough, we may
assume that [2(t)| < Asup, 2] for some A < 1 and all ¢ € [a,b]. Thus, if we choose A" € (A, 1)
and ty € (a,b], we can find t; € (a,ty) such that |Z(¢1)| > (1/N)|Z(to)], and proceeding inductively
we construct a sequence (t,) in (a,to] with |Z(t,)] > (1/N)"|Z(to)|. If we had |Z(tg)| > 0, this
would contradict the boundedness of Z, therefore Z = 0 on (a,b], whence z = 0 so that y =y. O

A.3. Proof of formula (4.4)).
Let p denote the resolvent of the Stieltjes-Volterra kernel &k on [s, s+ 7n] X [s, s + 7] defined in

(A.9). As f defined in (A.8) lies in BV,[s, s + 7] (it is even continuous), the solution y to (A.10))
is given, in view of Lemma [15] by

y(t) = f(t) — / dp(t, o) f(a), s<t<s+r7n. (A.19)

Since p(t,«) = 0 when « > ¢, the integral fst: can be replaced by fs(f+TN)+ in (A.19)). Thus, setting
X(t,a) == I;H(t — ) + p(t, a) with H(7) the “standard” Heaviside function which is 0 for 7 < 0
and 1 for 7 > 0, we deduce from (A.11)), since d,H(t — o) = —6; on [s, s+ 7] for s <t < s+ 7,

that

(5+TN)t, (8+7’N)i
y(t) =—/ dX(t,a)f(a) :_/_ dX(t,a)| Y Dia)pla—s—m)|, s<t<s+7y.

T€(a—3s,7N]

Rearranging, we get that

N plstm)™
y(t) :—Z/ dX(t,a)D(a)p(a — s —Tj), s<t< s+,
j=17%"

which is what we want (namely: formula for s <t < s+7y) if only we can show that X (¢, a)
coincides with X (¢, ) when a € [s,s + 7;) for each j and every t € [s,s + Tn); here, X(¢, ) is
defined by where we set s = a.
For this, we first observe that X (¢, @) = X (¢, ) = 0 when o > ¢ and that X (¢,¢) = X (¢, t) = Id.
Hence, we need only consider the case o € [s,t) with s <t < s+ 7n. For s < a < t, we get that
-
—k(t,o) = k(t,t7) — k(t,a) = / dk(t,T).

«
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Thus, (A.12) (where & = k) in concert with the definition of X (¢, ) imply that

X(t,a)=I;H(t — o) — k(t,a) + /t__ dk(t,m)p(T,a) = Iz + /t_ dk(t,7)(Ls+ p(7, )

=1+ /t__ dk(t, 7) X (7, ).

Now, on [a,t), we compute from (A.7)) and (A.9) that d.k(t,7) = Zt—sza Dj(t)d;—-; and hence,

since X (t — 7;,) =0 when o > t — 7, the previous equation becomes:

N
)~((t,a):Id+ZDj(t))~((t—Tj,a) fors<a<tand s <t <s+7yn. (A.20)

=1

Comparing (A.20) and (1)), we see that X (¢,a) and X (¢, ) coincide on [s, s +7y) X [s, s + Tv),
thereby ending the proof.
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