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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 the stability of linear periodic difference delay systems, where the value at
time t of a solution is a linear combination with periodic coefficients of its values at finitely many
delayed instants t — 7, ...,t—7y. We establish a necessary and sufficient condition for exponential
stability of such systems when the coefficients have Holder-continuous derivative, that generalizes
the one obtained for difference delay systems with constant coefficients by Henry and Hale in the
1970s. This condition may be construed as analyticity, in a half plane, of the (operator valued)
harmonic transfer function of an associated linear control system.

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

1. Introduction

In this paper we present a necessary and sufficient condition for exponential stability of periodic
difference-delay systemﬂ; 1.e., linear dynamical systems of the form

N
y(t) =Y Di(t)y(t—m), t>s, (1.1)

j=1
where 77 < -+ < 7y are positive delays and D;(t),..., Dy(t) complex d x d matrices, depend-

ing periodically on time ¢. This stability condition applies when the maps t +— D;(t) are pe-
riodic and differentiable with Holder continuous derivatives. Here, periodicity is essential but
the Holder-smoothness assumption is technical. Precise definitions of exponential stability are
made in Section [2} for the time being, we simply describe it as the property that every solution
y:[s— 7N, +00) = C?of has a restriction to [t — 7y, t] that decays exponentially fast with ¢
as the latter goes to +oo.

Dynamical systems like (|1.1)) are natural generalizations of time-invariant difference-delay sys-
tems, arising in various contexts of modeling and control. Let us mention three:

a) The study of certain 1-D hyperbolic systems reduces to the study of particular difference-
delay systems: after integrating in terms of functions of one variable (backward and forward
waves) using the method of characteristics, their evolution is governed by equations like (|1.1)),

LCorresponding author.

2There seems to be no general agreement on terminology. The name “difference-delay system” is used in [T} 2, [3],
but these are called time-delay systems in [4] and difference equations in [5, [6], while no specific name is coined in
[7, 8] where is written Ly(.) = 0 and L is referred to as a difference operator.
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see [4, 9 2]. In particular, results from the present paper apply to study the stability of such
systems when subject to linear periodically time-varying boundary conditions.

b) Neutral functional differential equations are functional differential equations of the form

4 (v - S Dy = 7)) = Bt () + S Byt =), 128 (12)

where the maps B;(.) and D;(.) are regular enough. Such equations model quite general linear
phenomena involving delays, and are naturally related to ((1.1)). Indeed, the solution operator
of System turns out to be a compact perturbation of the one governing System (|1.1)),
which makes exponential stability properties of close to those of : the spectra of
their monodromy operators differ by at most finitely many eigenvalues [7, thm 7.3 Section
3.7]. References [8, 5] use this connection already in the time-invariant case, and one can
surmise that characterizing the exponential stability of is likewise a substantial step
towards analyzing the one of in the periodic case; see discussion in Section @ In the
language of electronic engineering, System is called the high frequency limit system of
because it represents the limiting behaviour of the latter when y oscillates arbitrary
fast (so that the right hand side of goes to zero weakly).

¢) The stability of active microwave circuits (like amplifiers), has been an initial motivation of
the authors to undertake the present study. Circuits can be regarded as nonlinear systems
with infinite dimensional state space, due to transmission lines that are modelled either by 1-
D hyperbolic systems or by delays. Their response to a periodic signal is typically a periodic
solution, and linearizing along this trajectory yields a linear periodic dynamical system, gov-
erned by a functional differential equation slightly more general than (1.2]), whose operator
solution is again a compact perturbation of a high-frequency limit system of the form (|1.1]).
The same remarks as in [b)| now apply, to the effect that if the high frequency limit system
is exponentially stable (this is the property we shall characterize), then the local stability of
the periodic solution to the initial, nonlinear circuit depends only on whether the harmonic
transfer function of the linearized system (HTF, to be defined later) has unstable poles [3].
Such methods are already instrumental in engineering (without much mathematical justifica-
tion), based on frequency-wise simulation of the HTF obtained by so-called harmonic-balance
techniques; see for example [10] for a discussion.

Our result supersedes the “Henry-Hale theorem”, that settles exponential stability issues for
difference-delay systems in the time-invariant case; i.e., when the matrices D; in are constant.
This result, stated further below as Theorem [2] in Section [2, dates back to the 1970s; it was first
established in [§] for finitely many commensurate delays and later carried over to countably many,
not necessarily commensurate delays in [5]; generalizations to distributed delay systems may be
found in [7, Chapter 9]. The stability of functional differential equations like has been
studied since the fifties in the time-invariant case, using either Laplace transform and semigroups
to reduce the problem to localizing the zeros of almost periodic holomorphic functions [11], 5] 8, [7],
or else devising Lyapunov—Krasovskii functionals to prove stability in special cases [7, 12 [13]. The
stability of time-varying linear difference-delay systems was not investigated nearly as extensively,
and the literature we know of can be summarized as follows. First, a (fairly restrictive) sufficient
condition for exponential stability, based on the Perron-Frobenius theorem, can be found in [1].
Second, a formula representing the solutions of in the general time-varying case is given in
[6]. The latter paper contains interesting results on the insensitivity of LP-exponential stability



to p, and on how stability is preserved under perturbation of the delays, but unfortunately the
characterization of exponential stability proposed there is untractable for it involves the spectrum
of 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 real
numbers 7;. Third, if a linear time-varying system of the form ({I.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 based on dissipativity at the nodes of the
network [2]. Related, somewhat specific criteria for hyperbolic 1-D systems may be found in [4].
When the maps ¢ — D,(t) are periodic and Holder-smooth, such results follow from the present
ones [14].

In this paper we dwell on control-theoretic ideas, basing our approach on the introduction of
an associated control system whose exponential stability is equivalent to the one of (adding a
virtual control in the simplest possible way, see ) This fresh point of view is suggestive of new
tools to investigate stability of periodic systems, as we now explain. In the time-invariant case, the
transfer function of the associated control system is a matrix-valued function H (p) of a complex
variable p, and the Henry-Hale theorem amounts to saying that system (.1)) is exponentially
stable if and only if H is holomorphic in some half plane {p € C, R(p) > «a}, with a < 0; this
is equivalent to the seemingly stronger requirement that H be holomorphic and bounded in such
a half-plane, see discussion after Theorem [3] To adress the periodic case, we define a so-called
Harmonic Transfer Function (HTF) for periodic difference-delay control systems (whose state
space is infinite-dimensional), that generalizes the one introduced in [15] for periodic differential
equations on R™ (whose state space is finite-dimensional). Our HTF is a holomorphic map of a
complex variable p, valued in the space of linear operators on L?([0, 7], C?) with T the period of
the system, that reduces to multiplication by the ordinary transfer function at p when the system is
time-invariant. Then, our main result can be interpreted in terms of the HTF the same way as the
Henry-Hale theorem does in terms of the classical transfer function. Namely, a periodic difference-
delay system is exponentially stable if and only if the HTF of the associated control system is
holomorphic and bounded (as an operator-valued map) in some half-plane {p € C, R(p) > a}
with oo < 0. This is the content of Theorem [5] which is the main result of the paper; an equivalent
formulation not mentioning the HTF (but featuring the latter in disguise) is given in Theorem

Hence, just like transfer functions encode in their singularities the stability properties of time-
invariant linear systems, harmonic transfer functions as defined in this paper reflect the stability
of infinite-dimensional linear periodic systems. In this connection, we note that results from this
paper were implicitly anticipated by the Engineering community when basing stable design of active
circuits on the location of the singularities of certain analytic functions that are none but the first
few Fourier coefficients of the HTF, see [10] and the bibliography therein. In turn, the present
study questions Engineering practice; e.g., asking when the singularities of the HTF coincide with
those of finitely many such Fourier coefficients.

Besides classical tools from Fourier or complex analysis and periodic evolution families, the
proofs appeal to further material like variation-of-constant formulas in the BV -setting and con-
trolled inversion in Banach algebraﬂ along with the fact that LP-exponential stability is indepen-
dent of p for systems like . The most convoluted, and perhaps deeper part of this work is the
connection, given by Lemma[I4] between the HTF and the ordinary transfer function of the lifting

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 [16] and Nikolski [I7].



of the solution operator for ((1.1)) (which is a discrete time-invariant infinite-dimensional linear sys-
tem). Because the dynamics of (a suitable realization of) this lifting is the monodromy operator
(see Theorem , the above-mentioned connection is the ultimate reason why the singularities
of the HTF reflect the spectrum of the monodromy operator and therefore also the exponential
stability properties of the system.

The paper is organized as follows. In Section [2, we make pieces of notation and define ex-
ponential stability, before recalling the Henry-Hale theorem; we then state its generalization to
the periodic case which constitutes our main result (Theorem , before defining the HTF and
reformulating this main result in terms of control systems (Theorem [5). Section [3| contains basic
facts on functions of bounded variation, while Section 4] introduces fundamental solutions and a
priori estimates thereof, as well as variation-of-constant formulas, for systems of the form ({1.1)).
The proof of Theorems [3] and [f is given in Section [f], then Section [f] concludes with a discussion
of a conjecture regarding neutral periodic delay equations.

2. Statement of the Main Result

2.1. Notations

2.1.1. The real and complex fields are denoted by R and C. We write || - || for Euclidean norm on
C* and ||| for the norm of an operator or a matrix C* — C* [[| M| = supy, =, [[Mz|. We put I,
for the d x d identity matrix or operator on a vector space of dimension d, and I, for the “doubly
infinite” identity matrix [; ;](; jyez2 or the identity operator on the Hilbert space £*(Z, C%).

2.1.2. For E C R a Lebesgue-measurable set, we write LI(E) for the space of (equivalence classes
of a.e. coinciding) C-valued measurable functions on E with norm ||g||zem) = ([, lg(y)|%dy)*/?
(ess. supg |g| if ¢ = 00). The space L, (E) consists of functions whose restriction to any compact
K C FE lies in LY(K). We write C°(E) for the space of C-valued continuous functions on F, and
if £ is compact we endow it with the sup norm denoted by || - ||co. For o € (0, 1), we designate
with C*(E) the subspace of C°(F) consisting of Holder continuous functions with exponent «;

e., f € C*FE) if and only if |f(z) — f(y)| < C|z — y|* for some constant C' and all z,y € E,
the smallest C' being the Holder constant of f. When E is open, C'(E) indicates the space of
complex functions whose first derivative lies in C°(E), and C*(FE) stands for functions whose
first derivative belongs to C*(E). When dealing with vector-valued functions, we indicate the
target space as in LI(E, C¥9) or Ct(E,C%), while replacing in the definition the modulus by the
corresponding norm.

2.1.3. We shall work in the Hilbert space:

+oo
P2,CY) = {2 = (z)jez % €L ) ll5]* < +oo}, (2.1)

j=—00
equipped with the standard norm
+o0o 1/2
et = (3 1) (2.2
j=—00

The norm of bounded operators ¢*(Z,C?) — (*(Z,C%) (often identified with doubly-infinite d x d
block matrices representing them in a basis) is denoted by [[-[[l,; i-e., [ L[ll, = supy.; ,—1 || L2[|e

4



2.1.4. If a function f is defined on £ and E' C E, we put fig to mean the restriction of f to £'.

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

+oo
13 = sup [ 17+ i)y < +ox.

—0Q0

Such functions are v/2-metrically the Laplace transforms of square integrable functions on [0, +00)
[18, Ch. 8, p. 131]. That is, H> = {f : f(z) = [" e #u(t)dt, u € L*([0,+0),C), R(z) > 0},

= Jo
and it holds that || f[|32 = 2llul|72 (o 400).c)-

2.2. Solution operators and exponential stability
Consider a periodic difference-delay system:

y(t) = Z D;(t)y(t — ), t>s, y(s+0) = ¢(0) for — 7y <0 <0, (2.3)

where s € R is the initial time, d and N are positive integers, 71 < --- < 7y are strictly positive real
numbers (the delays) and the D; : R — C%*¢ are continuous T-periodic matrix-valued functions:

while ¢ : [-7x, 0] — C? is the initial condition and solutions to are C%valued functions y(t)
of the time ¢ € [s — 7y, +00). When the D; are real-valued, all results below specialize to real
solutions obtained by restricting to real initial conditions. We shall assume that T is strictly larger
than the delays: 7y < T, which is no loss of generality for we may replace T' by kT with k£ € N.

One may seek solutions of in various functional spaces. As the D;(.) are continuous, we
may for instance look for continuous solutions in which case a compatibility condition is required
on the initial condition: it must belong to the space

C, = {p e C%([—7n,0],C%) : $(0) = Z D;(s)p(—75)}. (2.5)

Given ¢ € Cy, an easy recursion shows that system (2.3) has a unique continuous solution y €
C%([s — 7w, +00), C%) with initial condition ¢. Thus, we can define for t > s the solution operator
U(t,s) : Cs — Cy, mapping ¢ € Cs to U(t, s)¢ defined by

(U(t,s)9)(0) =y(t+0), 0¢c|[—Tn,0]. (2.6)

Note that Csyr = Cs and U(t,s) = U(t + T, s+ 1), by the T-periodicity of the D,.
One may also seek solutions of in LL ([s — 7w, +00),C%) for 1 < ¢ < oo, and then we
require to hold for almost every t € [s, +00) only; no compatibility condition on ¢ is needed
anymore, and a recursive argument shows that for each ¢ € L4([—7y,0],C%) the system (2.3)
admits a unique solution y € L ([s,+00), C%) with initial condition ¢. Consequently, one can

define for ¢ > s the solution operator U,(t, s) : LY([—7n,0],C?) — L4([—7n,0],C?) that maps ¢ to
U,(t,s)¢ given by a relation analogous to ([2.6)):

(U,(t,5)0)(0) = y(t+0), ae. 0€ [—7y,0]. (2.7)

These different types of solutions a prior: yield distinct notions of exponential stability defined as
follows.



Definition 1. System (2.3 is called CY-exponentially stable if there exist v, K > 0 such that
|U(t, 5)¢||co < Ke 79| ¢||co, for all s € R, all t > s and all ¢ € C.. (2.8)
System is called Li-exponentially stable, ¢ € [1, 00, if there exist v, K > 0 such that
|U,(t, 8)¢||ne < Ke "9 ¢||1a, for all s € R, all t > s and all ¢ € L¢([—7y,0],C?).  (2.9)

It is remarkable that these notions are in fact equivalent, as shown by the following result
contained in [2, Theorem 3.4] which is also a consequence of [6, Corollary 3.29].

Proposition 1. For each q € [1,00], System (2.3) is Li-exponentially stable if and only it is
CC-exponentially stable.

Proposition [I] plays an important role in the proof of Theorem 3| because the sufficiency part
establishes C%-exponential stability while the necessity part assumes L?-exponential stability. In
view of Proposition |1, hereafter we simplify terminology by making the following definition.

Definition 2 (Exponential stability). System (2.3)) is called exponentially stable if and only if
if there exist 7, K > 0 such that one of the equivalent properties (2.8) or (2.9) holds.

2.3. The Henry-Hale Theorem

In the time-invariant case, the following characterization of exponential stability is known.

Theorem 2 (Henry-Hale [5, Section 3], [7, Theorem 3.5]). Assume that the mapst — D;(t)
are constant, 1 < j < N. Then, a necessary and sufficient condition for System ([2.3) to be C°-
exponentially stable is the existence of a real number f < 0 such that :

N
I;— Z e™PT D; is invertible in C™** for every p in {z € C: R(z) > B} . (2.10)

j=1

Our goal is to “generalize” Theorem [2] to the case where the maps ¢ — D,(t) are not constant,
but periodic. Let us first discard the naive attempt requiring that (2.10) holds for all ¢, for this is
not enough to ensure stability as the following example shows.

Let N =1,d =2 T =2 7 =1, and set Dy(t) = (;{3 ?%) in (2.3), with a a smooth
function such that a(t) = 0if ¢t € [1,2], a(t) = ift € [+,2], and a(t +2) = a(t) for all t
a(

373
while b(t) = a(t + 1). On the one hand, condition is satisfied because, since a(t)b(t) =
)

for all t, Dy(t) always has % as a double eigenvalue. On the other hand, for ¢ in [— % one has

y(t+2k) = (Dy(t+2)Dy(t+1))"y(t) for all k € N, with Dy(t+2)Dy(t+1) = (5/4 1/2), since this

1/21/4
matrix has one eigenvalue larger than 1 (namely % + */75), exponential stability cannot hold.
In the next section, we shall give a proper analog of Theorem [2| in the periodic case.

2.4. Main result: generalizing the Henry-Hale theorem to the time-varying periodic case.

From now on, we consider the case where the maps ¢ — D;(t) are T-periodic. Let us define

w:=2m/T, (2.11)



and put Dj(k:), for j € {1,--- ,n} and k € Z, to indicate the k-th Fourier coeflicient of D;:

Dj(k) = %/OT Dj(t)e ™dt . (2.12)

We denote by Lp, the (doubly infinite) block Laurent matrix associated with D;(t); its block
entries are:

(Lp,),,=Dj(t—k), Lkel (2.13)
We also put A, ,, j € {1,..., N}, for the (doubly infinite) block diagonal matrix given by
A= diag(- coL e, eT WL Ty, et T, e TR, ) (2.14)

Both Lp, and A, , define, by matrix multiplication, bounded operators (*(Z,C%) — (?(Z,C%). In
fact, when (%(Z,C%) gets identified with L2([0,T),C?) (the space of square integrable C?-valued
functions on the circle of circumference T') wia the Fourier coefficients (arranged columnwise so
that indices increase from top to bottom), then A, , corresponds to the isometry f(§) — f(e'¢)
while Lp, becomes pointwise multiplication by D;(—t), whence }HLD]. H|2 = ||Djl|co. Hereafter, we
often identify operators ¢*(Z,C%) — (?(Z,C?) and operators L*([0,T),C%) — L?([0,T),C?), via
their matrix in the Fourier basis.

We define a function R of the complex variable p, valued in the space of bounded operators
(*(Z,C%) — (*(Z,C?) by the formula

N

R(p):=1Iew—» e"TLpA, ., (2.15)

J=1

and the doubly infinite matrix representing R(p) in the Fourier basis has the block description:

N
R(p) = I, — (Z e~ P HITI D (0 — k)) : (2.16)
(k,0)ez?

j=1
Our main result is now the following.

Theorem 3 (Necessary and sufficient condition for exponential stability). Assume that
the D; : R — C%™9 are periodic with Hélder continuous derivative for 1 < j < N. Then, 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 each p in {z € C: R(z) > B},
(i) there is a positive number M such that H|R_1(p)m2 < M forallp in {z € C: R(z) > B}.

When the D; are constant matrices, the operators Lp, A, . are block diagonal with k-th diag-
onal block €7 D; and condition (i) in Theorem [3|is equivalent to saying that I; — Zjvzl e PiD;
is invertible for $(p) > S. In this case, since a holomorphic function on 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 [19, Ch. III, Sec. 2, Cor. IJ, it holds that



|det (g — Zjvzl e P D;)| > ¢ > 0 for R(p) > B, whence condition (i) is redundant. Thus, Theo-
rem |3| yields back the Henry-Hale theorem for systems with constant coefficients.

For periodic difference-delay systems, the authors doubt that Condition implies Condition
in general (though they know of no counterexample), but when all delays are commensurate
it does. Indeed, p — R(p) is then periodic of period it for some 7 > 0 and hence, since inversion
is continuous on invertible elements of a Banach algebra while needs only be checked for p in
a compact set by periodicity and a Neumann series argument, we deduce that implies in
this case. Thus, we obtain the following:

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

Remark 1. The proof of Theorem (3| will show that the sufficiency part remains true when the D;
are merely continuous, if only we strengthen assumption |(21)] to:

|HR(p)_1|Hm is uniformly bounded for all p in {z € C: R(z) > 5}, (2.17)
where the Wiener norm |||y, of a doubly infinite block matrix is defined in ((5.11)).

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

Below we recast the previous considerations in system-theoretic language, introducing harmonic
transfer functions and reformulating Theorem [3]as Theorem [5 which is more faithful to the version
of our main result described in the introduction.

To one can associate the control system:

N
y(t) = Z D;(t)y(t — ;) + u(t), t>s, y(t) =u(t) =0 for t < s, (2.18)
j=1
with control u € C%[s,+00),C?) (or u € L ([s,+00),C?) and output y. System is
exponentially stable if, when driven by an input u(¢) vanishing for ¢ > ¢, and generating an output
y, the L*> (or L?)-norm of the restriction y;_, 4 decays exponentially fast to zero as t — +o0.

Solving for u in (2.18)), one sees that for any ¢y > 7n and ¢ € Cy, (resp. LP([—7w,0],C%)),
there is u € C%[s, o], C%) (resp. LP([s,to], C?)) such that the corresponding output y satisfies
#(0) = y(to+0) for 6 € [—7y,0]. Consequently, outputs of associated to controls that vanish
for t > ty coincide with solutions to (1.1)) where we put s = t5. This explains why exponential
stability of the control system ([2.18)) is equivalent to exponential stability of .

A linear time-invariant control system can be represented, under mild assumptions, as a convo-
lution operator; i.e., the output is obtained by convolving the input with some kernel [20]. Taking
Fourier-Laplace transforms converts the latter into a multiplication operator in the Fourier-Laplace
domain, and then the multiplier is called the transfer function of the system. Hereafter we specialize
this to time-invariant delay difference control systems, before explaining the notion corresponding
to the transfer-function in the periodic case.

In the time-invariant case, the transfer function of is the matrix-valued function of one

complex variable, say p, given by H(p) = (Id - Zjvzl e PTi Dj> (see e.g. [21]). The Henry-Hale
theorem says that (2.3]) is exponentially stable if and only if H is holomorphic in a half-plane

{p € C, R(p) > B} for some 3 < 0. In this case, as explained after the statement of Theorem [3]
H(p) is in fact bounded for £(p) > ' > p.



In the periodic case, the concept of transfer function generalizes into the one of harmonic trans-
fer function (in short: HTF). It is again a function of one complex variable p, but instead of ranging
in C™ it takes values in the space of bounded operators (?(Z, C%) — (2(Z,C?%). More precisely,
one can check from ([2.18) that ||y||r2(s.) < C€""9||ul|12((s +00) for appropriate constants C,
and all 7 > s; see (5.56). Thus, when u € L*([s,+o0),C%) one can define, for R(p) > ~, the
Laplace transforms of y(¢) and u(t) by the formulas

400 +o0o
Y(p) := / e Ply(t)dt and U(p) := / e Plu(t)dt (2.19)

(recall from ([2.18)) that u, y vanish on (—o0, s]). Sampling Y, U at equally spaced points on vertical
lines with mesh iw (recall (2.11])), we construct infinite colums of d x 1 vectors:

A Y(zz —i— iw) ) U(Zz + iw)
Y(p):=| Y(p) and  Ulp):= [ Ulp) ;. R(p) > (2.20)

Y(p—iw) U(p —iw)

We choose to order the entries of doubly infinite vectors from top to bottom; i.e., we write

t t

Y(p) = (f/(p - @/M)) and U(p) = (U(p - ikw)) (2.21)

keZ kez’

where the superscript t means transpose.

Since U(p+ikw)/T (resp. Y (p+ikw)/T) is the k-th Fourier coefficient of the T-periodic function
r Y0 e Pt Dy (x4 §T) (resp. x> Y%7 e Pt y(z 4 jT)) that lies in L2([0, T]) for
R(p) > 7, both Y and U lie in (2(Z,C%). If moreover R(p) > 108;(2;\/:1 |D;jllco)/ 71, there is an
operator-valued holomorphic function p — H(p) such that H(p) : £2(Z,C%) — (2(Z,C%) maps Y
to U. Indeed, H(p) is none but the inverse of R(p) defined in ([2-15)), computed via a Neumann
series; c¢f. Section , Equation . Altogether, increasing v if necessary, we get that

Y(p) =H(p)U(p), R(p) >~. (2.22)

Definition 3 (Harmonic Transfer Function). The operator-valued holomorphic function H(-)
is called the harmonic transfer function (HTF) of system ([2.18)).

We can now restate Theorem [3l as follows.

Theorem 5 (Reformulation of Theorem . If system has periodic coefficients of class
Cle it is exponentially stable if and only if the control system (2.18)) is in turn exponentially stable,

and that is if and only if the harmonic transfer function of the latter is analytic and bounded in
{p € C: R(p) > B} for some < 0.

PROOF. Equivalence between the exponential stability of (2.3) and (2.18)) was explained after
Equation (2.18). The remaining assertion is formally equivalent to Theorem , granted the defini-
tion of the HTF.



A couple of remarks are in order. First, the harmonic transfer function can be defined in the
same manner for more general linear periodic systems than difference-delay ones, but we shall stick
to the present setting. Second, Equation connects inputs and outputs of a linear periodic
control system in the frequency domain via the HTF, and if the system is time-invariant, then the
HTF reduces to the block diagonal matrix H(p) = diag{--- , H(p+iw), H(p), H(p—iw), - - - } where
H is the ordinary transfer function, so that is equivalent to the well-known input-output
relation Y (p) = H(p)U(p) for time-invariant systems. Third, the HTF further generalizes the
ordinary transfer function in a way which is worth explaining: if a stable, time-invariant control
system is fed with a periodic input signal e®‘v with v € C?, then the output is asymptotically
H(iv)ve™ where H is the transfer function. If a stable periodic control system is fed with
a periodic input signal ve™! then the output is asymptotically H(iv)(v)e™*, where H is the
harmonic transfer function and v the constant function with value v in L?([0,7T),C%) (so that
H(iv)(v) is again an element of L*([0,7),C%)). Thus, while in the time-invariant case a periodic
input is asymptotically mapped to a periodic output with the same period, it gets asymptotically
mapped in the periodic case to an oscillating signal with the same period but carried by the wave
H(iv)(v) which has the period of the system. This attractive interpretation follows from ((5.74)),

(B-61), and (5.52).

3. Functions with bounded variation and Lebesgue-Stieltjes integrals

Hereafter we recall basic facts regarding functions of bounded variation and Stieltjes integrals,
setting up some notation regarding bounds of integration that will be of use throughout.
For I a real interval and f : I — R a function, the total variation of f on I is defined as

Wi(f) == sup > |f(w:) — flai)| < 0. (3.1)

wo<z<<ey T
z,€I,NeEN

The space BV (I) of functions with bounded variation on I consists of those f such that W;(f) < oo,
endowed with the norm || f| gy ) = Wi(f) + | f(d)| where d € I is arbitrary but fixed. Different d
give rise to equivalent norms for which BV (1) is a Banach space, and ||.|| gy (s) is stronger than the
uniform norm. We let BV,.(I) and BV|(I)) be the closed subspaces of BV (I) comprised of right
and left continuous functions, respectively. We write BV,.(R) for the space of functions whose
restriction to any bounded interval I C R lies in BV (I). Observe that

Wi(fg) < Wi(f) sup lg(x)] + Wilg) sup |f ()] (3-2)
Each f € BV(I) has a limit f(z7) (resp. f(z™")) from the left (resp. right) at every = € I where
the limit applies [22] sec. 1.4]. Hence, one can associate to f a finite signed Borel measure vy on [
such that v¢((a,b)) = f(b™) — f(a™), and if I is bounded on the right (resp. left) and contains its
endpoint b (resp. a), then v¢({b}) = f(b) = f(b7) (resp. f(a") — f(a)) 22, ch. 7, pp. 185-189].
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,. For g : I — R a measurable function, summable against vy, the
Lebesgue-Stieltjes integral [ gdf is defined as [ gdvy, whence the differential element df identifies
with dvy [22], ch. 7, pp. 190-191]. This type of integral is useful to integrate by parts, but caution
must be used when integrating a function with respect to df over a subinterval J C I because
V(f,,) heeds not coincide with the restriction (vf)1 of vy to J. More precisely, if the lower bound
a (resp. the upper bound b) of J belongs to J and lies interior to I, then the two measures may
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differ by the weight they put on {a} (resp. {b}), and they agree only when f is left (resp. right)
continuous at a (resp. b). By [ ;9df, we always mean that we integrate g against V(f,,) and not

against (v7);;. We often trade the notation [ 5 gdf for one of the form f;f gdf, where the interval
of integration J is encoded in the bounds put on the integral sign: a lower bound a~ (resp. a™)
means that J contains (resp. does not contain) its lower bound a, while an upper bound b* (resp.
b~) means that J contains (resp. does not contain) its upper bound b. Then, the previous word of
caution applies to additive rules: for example, when splitting f;f gdf into facii gdf + fcbf gdf where
¢ € (a,b), we must use ¢t (resp. ¢7) if f is right (resp. left) continuous at c.

To a finite, signed or complex Borel measure p on I, one can associate its total variation
measure ||, defined on a Borel set B C I by |u|(B) = supp Y pep |14(E)| where P ranges over all
partitions of B into Borel sets, see [23, sec. 6.1]; its total mass |u|(]) is called the total variation
of p1, denoted as ||p]|. Thus, the total variation is defined both for functions of bounded variation
and for measures, with different meanings. When f € BV/(I) is monotonic then W;(f) = |lv¢|,
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 Wi (f) on I [22]
Thm. 1.4.1]. In any case, it holds that | [ gdf| < [ |g|d|vs| < 2W(f)sup; |g].

The previous notation and definitions also apply to vector and matrix-valued BV -functions,
replacing absolute values in by Euclidean and operator norms, respectively.

4. Variation-of-constants formulas and a priori estimates

Below, we introduce fundamental solutions and variation-of-constants formulas for system ({1.1)),
before deriving estimates thereof; this material will be of much use later in the paper, and we could
not see it proven in the literature.

4.1. Fundamental solution and variation-of-constants formula for continuous solutions.
The fundamental solution X : R* — C¥4 of (2.3)) is defined by the following equation [7]:

0 for t < s,

B N
X<t75)_ ]d_|_ZDj(t)X(t—Tj7s) for t > s.
j=1

(4.1)

Argueing inductively, it is easy to check that X uniquely exists. Moreover, it does not grow faster
than exponential with respect to t — s, as the following proposition shows.

Proposition 6. There exist K > 0 and X\ € R such that
X (L, s)|| < Ker=*) | for allt > s. (4.2)

PROOF. Since the maps D; are continuous and periodic, there is a K’ > 0 such that || D;(t)|| < K’
fori e {1,...,N} and t € R. Pick K > 2 and A large enough that

K'Ne™™ < 1/2. (4.3)

Let us prove by induction that, for any k£ € N, Equation holds if t —s < ky; this claim clearly
implies what we want. Now, this is obvious for & = 0, because t — s < 0 whence X(¢,s) = 0 in
this case. Next, assuming that the claim holds for a certain k& > 0 and considering ¢, s such that
kr <t—s < (k+1)m, we get from that

X (t,s)|| <1+ K'NKe Mert=s)

11



which implies (4.2)) in view of (4.3) and the inequality 1 < %K e*t=%)  This concludes the induction.
0

By inspection, X is as smooth as the maps D;(.). In particular, it is continuous about each (¢, s)
such that t — s ¢ F, where F is the positive lattice generated by the 7, in R:

F = {ZTMT@, (nl,...,nN)ENN}. (4.4)

Clearly, X has a bounded jump across each line t — s = f for { € F; in fact, a moment’s thinking
will convince the reader that it is of the form

X(ts)=—- > &), s<t, (4.5)

fe [0,t—s]NF

where each &;(.) is differentiable with Holder continuous derivative of the same exponent as the
maps D;(-). One can see also that €;(¢) is a finite sum of products of matrix-valued functions of
the form D;(t — §'), where | ranges over the elements of F whose defining integers n, in do
not exceed those defining §, the empty product being the identity matrix. A precise expression for
¢; can be obtained by reasoning as in [0, Sec. 3.2] or [2, Sec. 4.5], but we will not need it. Note
that, for fixed ¢, the function X (¢,-) is locally of bounded variation on R. More precisely, observe
from that o — X (t, ) lies in BV},.(R) for all ¢, and that for b > s we have:

N
Z Dj(t>daX(t — Tj, Oé) if t > b
do X (t,a) =4 7= on [s,b], (4.6)

N
—Id5t + Z Dj(t)daX(t — Tj,Oé) ifs<t<bd
=1

where 0; is the Dirac mass at t. The fundamental solution is quite important because it yields
explicit integral formulas to express solutions of . For instance, Equation below allows
one to parametrize continuous solutions, and is similar in spirit to variation-of-constants formulas
for autonomous time-invariant linear difference-delay systems given, say in [5] or [24] [7]. Proving it
here would make the paper unbalanced; however, we provide an argument in the separate note [25].
We do so because, to the difference of [5, 24] [7], we deal with time-varying matrices D;(.), and
also because many such formulas in the literature seem to have issues. The integral fs(,erTj " in
Equation (4.7) must be understood as a Lebesgue-Stieltjes integral on the interval [s, s 4+ 7;); cf.
Section |3l This type of integral is especially adequate in the present setting of jump singularities,
as it cleanly accounts for excluding or including endpoints of intervals that may, or may not be
charged by the integrand; everything is well defined here because X (t,.) is in BV,.(R).

Proposition 7. ([25]) For s € R and ¢ in C, the solution y € C°([s — 7y, +00), C?) to (2.3)) is

N (s+75)~
y(t)=—=>_ / doX (t,a)Dj(a)p(ar — 75 —5), >, (4.7)

j=1

where X was defined in (4.1J).
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2

ihe Solutions.

4.2. Variation-of-constants formula for L

Proving necessity in Theorem [3| requires that we deal with L?([s — 7y, s])-initial data as well as

L? ([s,00))-solutions for (2.3)), and then the variation-of-constants formula features vector-valued
integration. Specifically, let us consider the control system with input u:
N
y(t) =Y D)yt — ) +ut), u(t)eC’ t>s. (4.8)
j=1

When ¢t > s, we set y:(0) = y(t +0) for —7x < 6 < 0. The function y; : [—7y,0] — C? (more
accurately: its equivalence class modulo coincidence almost everywhere) is the state at time ¢ of
the input-output system . In particular y, is now the initial condition, previously denoted by
¢ when dealing with the homogeneous system (for which u = 0).

Recalling X from (4.1)), we define for each (t,a) € R? a map K(t,a) : [—-7y,0] — C4 by

K(t,0)(0) = —X(t+0,0), 60€[—1y,0] (4.9)

For t € R, § € [—7n,0] and I C R an interval bounded on the left, the map o — X(t + 6, «)
lies in BV(I) and vanishes for @ > ¢ + . As indicated in Section [3| we associate to this map a
C%™4_yalued Borel measure V(x(t+6,.)) on 1. Tt follows from (4.1)), and that for fixed ¢
and 6, this measure is of the form

vixaso, o = D Glt+0)dey, (4.10)
feF, t+0—fel

where I denotes I deprived from its right endpoint (if contained in I, otherwise I=1 ) and 6495
is a Dirac mass at ¢t + 6 — f. For fixed ¢, the boundedness of I from the left implies that the
number of terms in (4.10]) is majorized independently of § € [—7y, 0], and clearly the map sending
a Borel set £ C I to the function 6 +— —V(X(t_,_g’.)ll)(E) is a vector measure, valued in the space
B([—7n, 0], C¥4) of bounded measurable C**?-valued functions on [—7y,0] endowed with the sup
norm. In view of we denote this measure with d, K (t,«), and though it depends on I the
latter will be understood from the context. Then, for g € C°(I,C%), one can define the integral
[; dK(t, a)g(c) as a member of B([—7y, 0], C%); see, e.g. [26] for a definition of integrals against a
vector measure. To us, it is just a compact notation for the function

(/dK(t,a)g(a)) 0) = — /IdaX(t +6,0)9(a) = — Z Ci(t+0)g(t+0—7). (4.11)

I -
feF, t+0—fel

The rightmost term in (4.11) can be rewritten as > . > &(t + 0)g(t + 0 — ) where g is equal to
g on I and to zero elsewhere. Since the ¢; are bounded (being periodic in C**(R, C?*4)) while

those f € F for which ¢ +6 —f € I for some # € [—7y,0] are finite in number because I is
bounded on the left, one can check that || [, dK(t, ) g(@)||r2(1.cay < Cllgllz2(1,c4) for some constant
C depending on ¢, I, the D; and the 7;. Hence, makes good sense for g € L?(I,C%), but of
course ([, dK(t, a)g(c))(0) is only defined for a.e. § € [—7x,0] in this case. As indicated in Section
B, the interval of integration will be encoded in the bounds put on the integral sign. Note that
it is immaterial here whether I contains its right endpoint or not when writing [, dK (t,a)g(c),

for the rightmost term in (f.11)) depends only on I. Moreover, J; dK(t,a)g(a) is independent of
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g(a) for a > t as K(t,a) = 0 when a > t. Hence, if g € L} ([a,+00)) then ff,i dK (t,a)g(a) is
independent of b > t and of the choice of sign in bi. In this case, we find it convenient to define

pt

+o0
/ dK(t,a)g(a) = / dK (t,a)g(a) for any b > t. (4.12)

The variation-of-constants formula for L? -solutions to (4.8) now goes as follows, with Us(.,.)

the solution operator defined in (2.7))).

Proposition 8. For s € R, let y(-) € L} ([s — 7n, +00),C?) and u(-) € L2 ([s, +00), C%) satisfy
(4.8) for a.e. t > s. Then:

oo

yr = Us(t, 8)ys +/ do K (t, a)u(w), t>s. (4.13)

PROOF. Denote by 7, the right hand side of (4.13), and put n(t + 6) = n,(0) for ¢ > s with
0 € [—7n,0]. Write y for the solution of the homogeneous system (2.3) with initial condition
Ys, so that g, = Us(t,s)ys. Fix t > s; for a.e. 6 in [—7n, 0] satisfying ¢ + 6 < s (such € occur
when t < s+ 7y), it holds that (f+ood K(t,a)u(a))(0) = f;oo do X (t + 0, a)u(a) = 0 (because
X(t+6,a) =0 when t +6 < s < «) and that 3,(0) = y(t + 0) = ys(t + 0) = y(t + ) (because y
and y have the same initial condition y; on [—7y,0]). Hence, we obtain indeed that 7;(6) = y:(0)
for a.e. 0 in [—7y, 0] such that t+6 < s. Next, for a.e. § € [—7y,0] such that ¢t +6 > s, we deduce

from the definition of n, (2.7)) (with ¢ = 2), (2.3) (where y is set to y), (4.12)) and (4.6)) that
+00
n(6) = §(t + ) — / doX (¢ + 6, a)u(a)

+oo
s

N
Di(t+0)j(t +6 — 7)) ZDZH—G/ do X (t 4+ 60 — 75, a)u(a) + u(t + 6)
j=1

(t+0)n(t+0—1;) +u(t+0).

S

Altogether, we proved that to each ¢t > 0 there is a set By C [—7n, 0] of zero measure such that,
for 0 € [—7n,0] \ E;, we have n(t + 0) = ZD (t+0)nt+60—r1)+ult+6) whent +6 > s

and n(t +6) = ys(t +0) when t + 6 < s. Thus letting @ denote the rational numbers, the set
E = Uyeq{q + E,} has measure zero and since each t € R can be written as ¢+ 6 with ¢ € Q and
0 € [—7n,0], we deduce that 7(t) satisfies when t > s and t ¢ E, with initial condition n = y;
a.e. on [—7y,0]. Hence, by uniqueness of a solution with given initial condition, n =y a.e. 0

Let us now fix ¢ and consider the function s — X (¢, —s) from R to C¥?. Tt is right-continuous
and lies in BV,.(R, C™*?), moreover it is identically zero for s < 0. Thus, on each interval I C R
which is bounded on the right, it generates a C%*?-valued measure V(X (tt—)1) which is but the
image of d;X (¢, s) under the map s — ¢t — s from ¢ — I onto I (where ¢ — I indicates the set of
time instants of the form ¢ — 7 for 7 € I). When [ is understood, we denote this measure by
ds X (t,t — s) and we get from that

dX(tt—s)=— > &t)d, (4.14)

feFnI
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where I denotes I deprived from its left endpoint (if contained in I) and the ¢; are as in (4.10)). By
periodicity of the D;, one sees that X (¢, — s) is periodic in ¢ and therefore the €;(t) are periodic
as well. If the D; belong to C'?(R, C¥?) then so do the €;, and we may define the measure

%dSX(t,t —s)== > (gte:f( )) 55 (4.15)

feFNI

with coefficients in C°(R, C**?). The number of terms in the right hand sides of (4.14)), (4.15)),
and the number of sums of products of the D;(¢ — §') involved in these terms, tend to +o0o with
the length of I. Nevertheless, in the next section we show that the growth of these quantities is
at most exponential with that length.

4.8. A priori estimates

For I = [0, 7], we shall need basic a priori estimates, independent of ¢, for the quantities:

ld X (&, =s)ll, = D el (4.16)
6]-'0[
G,
HEdSX(t,t—s) = Zv ac:f(zt)H, (4.17)
feFNI
5,
A,ﬁ(adx ) > Aé(atetf > (4.18)
feFni

where A;(g) indicates the Holder constant of g € C°(R, C¥*?). Note that (.16)) and (4.17) are just
the total variations of the measures d; X (¢, — s) and %dSX(t, t — s) on I, respectively.

Proposition 9. Assume that D; € C1°(R,C%¥) is T-periodic for 1 < j < N and some § € (0,1).
Then, there exist K,~v > 0 such that, for all 7> 0 and t € R:

0

TAX(tt—
atds (t,t —s)

max { | X (tt = 8]0+

0
o] ,A[Oﬂ—]’g (adsX(t, t— S)) } < Ke. (419)

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,t] onto [0, 7]. Hence, it follows from (4.6|) that

d,X (8t — ) = i D;(0dX(t —75,t — 5)

1

=3 Di(t)dX(t — 75t —7;— (s —73))  on [0,7],

as well as

0 A al 0
50X (= 5) = Z 5 Di0d:X (t =75t — 5) + > Dj(t) 5 du X (t = 75,1 = 5)

= Z ng(t)dsX(t — Tt —T1;— (s — 1)) + ZDj(t)%dsX(t — i t—T1,— (s — 1))



Since X (t —7;,t —71; — (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;]|, the ||| 2D;|||,
the As(D;) and the As(£ D;), then

N
|ds X (t,t — s)|[jo < K’ 21 [ds X (t — 75, t — 75 = B)lj0.7—r5 (4.20)
‘7:
N 0
H—d X(t,t S)H[o,ﬂSK'ZlHdﬁX(t—Tj:t—Tj — Blljo.r—=,H 57 ds X (t — 75, Bljo.r—-p-21)
‘7:
a N
A[o,r],é(adsX(U —8)) SK'Y Aorrs(X(t =15t =75 = 8)) + [|[ds X (t — 75, — 75 — B)lljo,r—7,]
j=1

+A[077—_7—j}75<%X(t — Tj, t— Tj — 5)) =+ ||%d5X(t — Tj,t — Tj — 6)”[077—_7—].},(4.22)

where we used that As(AB) < As(A)|||B|l| + As(B)|||All. The proof may now be completed by an
inductive step, similar to the one used to establish (4.2]). More precisely, pick v, K" positive large
enough that K'Ne 7™ < 1/4 and

o]}

Note that such a K” indeed exists, as €,, is periodic and lies in C(R). From (4.14)) one sees that
|ds X (t,t — 5)||j0,- is equal to 0 when 7 € [0,7;) and to ||&;, (¢)|| when 7 = 7. A fortiori then, for
T € [0, 7] we have:

0

max{[|€, (1) -

A5 Tl) A(;( Tl)} < K// t e R. (423)

0

adSX(t,t —3)) <2K'K"e'7,

max {||dsX(t, 3)|10,75 || d X (t,t—s) oT]} < K"e", A6

so that (4.19) holds with K := max{K",2K'K"} for 0 < 7 < 7. Now, assume that (4.19) is true
for all ¢ and 7 € [0, km), with £ > 0 an integer. For 7 € (km, (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 ([@20),

0
I 51 X(tt—8)|lor < 2K'NKe™ ™ < Ke'™ /2 by (E21)),
0
A[O,T],(g(ads)((t, t—s)) <AK'NKe™™ < Ke'™ by [@.22).
By induction on k, this completes the proof. 0

5. Proof of Theorem [3

5.1. Sufficiency

The proof of sufficiency can be modeled after the one in [5] for the time-invariant case, but new
technicalities arise because applying Laplace transformation to linear relations with time-varying
coefficients yields functional rather than algebraic equations. Assuming that both , hold in
Theorem |3| we shall prove exponential stability of System in three steps.
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Step 1
By assumption the D, have Holder continuous derivatives, so their Fourier coefficients (2.12))
satisfy

195 (k)

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 4 D; is bounded
by C'/(1+n)°, see [27, Ch. 2, thm. 4.7]. Note, for later use, that the constant C' in depends
affinely on the Holder constant of %Dj. Substituting the Fourier expansion of D; in yields:

¢ :
= T [k e{l---,n}, (5.1)

N
X(t,s)=Tg+ > Y e™Djk)X(t—m7,s) 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) = / m e PLX(t, s)dL. (5.3)

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 that for p € C with R(p) > A where X is as in (4.2)):

+00 +oo
/ ePX(t, s)dt:/ e o) (t)e? Iddt+22/ (PRIt D (KX (t — 75, 8)dt, (5.4)

[e%S) 9] keZ j=1

where 1, | is the characteristic function equal to 1 on [s,+00) and to 0 elsewhere; note that
the factor X (¢ — 7;,s) in the integrand on the right hand side of (5.4) is zero for t < s. By an
elementary change of variable, we deduce from (5.4 @ ) that

A

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

keZ j=1

This can be rephrased as
e ps

Ig, 5.6
PR, (5.6)

~

> (R(p))oy X(p — ikw, s) =

keZ
with R(p) as in (2.15)), (2.16) and where (R(p))o stands for the block at the intersection of block-
line 0 and block—column k Substltutmg p+inw for p in (5.6 and letting n range over Z, we obtain
a system of countably many equations that may be written as

R(p)X(p,s) = é(p, s), (5.7)
where X(p, s) and é(p, s) are the infinite d x d block vectors:

A ’ e (p+;w)s

X X(p+iw,s) i la

X(p,s) := ~X(p.s) and é(p,s) := epp 1, : (5.8)
X(p—iw, s) S
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Clearly, these are the Laplace transforms of infinite d x d block vectors X(t, s) and e(t, s):

+o00 400
X(p, s) :/ e P'X(t, s)dt, é(p,s)(p,s) :/ e Pe(t,s)dt, (5.9)
e_i“’tX(t, 8) [de_i“)t]l[s’_,_oo)
with  X(¢,s) := X(t, ) e(t,s) == g1 (s 1o0) . (5.10)
e“tX (t, s) T1e"" s 4 o)

The infinite dimensional linear constant system (5.7)) recasts the finite-dimensional periodic time-
varying delay system (4.1)) in terms of Fourier series and Laplace transforms. In order to estimate
X(p, s) —and eventually X (¢, s)— we shall invert the operator R(p); this is our 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
llaijll < C(1+|i—j|)~". We also define the Wiener norm of A to be

1Al := >~ sup Jlalll- (5.11)

Note that [|All, < [|A[ly, as follows immediately from the Schur test [28]. We denote by
B((*(Z,C%), *(Z,C%)) the space of doubly infinite block matrices A such that || A, < oo, and by
(¢*(Z,C*), (*(Z,C%)) the subspace of those A satisfying [|Ay; < oo. It is easy to check that
W(2(Z,C), (*(Z,C?)) is a subalgebra of B(¢*(Z,C%),(*(Z,CY)).

One can see from and that R(p) possesses off-diagonal decay of order 144, moreover
the constant is uniform over any half-space %(p) > a. From this, it follows at once that || R(p)||qy
is uniformly bounded over such a half-space. Hence, R(p) € 2(¢*(Z,C?),¢*(Z,C?) for all p and
clearly, R : C — B((*(Z,C%),(*(Z,C%)) is a Banach valued holomorphic function.

Now, assumption of Theorem (3| tells us that R(p) is invertible in B(¢*(Z,CY), (*(Z,C%))
for R(p) > B, and assumption that the inverse operator B~!(p) has uniformly bounded |-,
norm. Therefore, as R(p) has off-diagonal decay of order 1+ 0, we get from [29, thm. 1.2] and the
boundedness of ‘HR_l(p)m2 that R7!(p) also has off-diagonal decay of order 1 + §, uniformly for
R(p) > B. In particular, HR_l(P)H\w is uniformly bounded for £(p) > 5:

N -1
Io—)Y eiLp A, <Cp,, pe{zeC|R(z)>p} (5.12)
i=j .
By (5.12)), applying to (2.15)) the result of [30, thm. 2.6] that generalizes the Wiener lemma to
Banach algebra-valued almost periodic functions (the Banach algebra here is 20(¢2(Z, C?), (*(Z, C%)),

see [31] for a still more general version of that theorem), we get for any a with § < o < 0 that
R™!(p) admits a generalized Fourier expansion on the vertical line p = o + iR of the form :

R a+im) =) REIe G eR, (5.13)
kEZ
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where Sy, is real and R} € Q0(¢2(Z, C%), ¢2(Z,C%)) with
> [
keZ

Moreover, following the proof of the theorem in section 3 on Dirichlet’s series page 147 of [19],
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%), (2(Z,C%) is independent of o. Thus,
one can rewrite and as

’ < +00. (5.14)
bl

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

In addition, observing from the Neumann series that for R(p) large enough one has

+o0o N n
R%m=:§j< LDﬁxwﬂfm) , (5.17)
7j=1

n=0

we deduce that

N
{Brlk € Z} C {Z n;7;| n; non-positive integers for j =1,--- N} = —F (5.18)

j=1

where F was defined in (4.4). Note that (5.15)), (5.16) and (5.18]) are reminiscent of [11, p. 429,

equations (12.15.12) and (12.15.13)], that deals with complex-valued functions. We also record for
later use the following consequence of ([5.17)):

| i) oo S Dl )

1B, < 0
2 1—6%@)2?]:1 H‘LD;“HQH‘A%WH‘Q "

(5.19)
Step 3
We now compute X(¢,s). For this, we apply the Laplace inversion formula (see for example [7,

Ch. 1, Lem. 5.2]). It gives us for R(p) = ¢ > A, with X as in (4.2)), that

1 c+iw
X(t = lim — R '(p)e PLdp. 5.20
(ts) = _lim —— . (p)é(p, s)e”dp (5.20)
We shall need two lemmas, the proof of which is postponed untill the end of this section. The
first one goes as follows.
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Lemma 10. Let B < a <0 and p,, := Z™ + T for m a positive integer. Then, it holds that

T
1 a+i,0m
X(t,s) = lim —— R (p)é(p, s)ePdp + Q(t), (5.21)
m—+oo 27T¢ a—ipm
where
Q) ==+ R 1(—iw)e ™ 4+ Ry (0) + Ry ' (iw)e™ + - (5.22)

with Ri,' to mean the k-th column of R™L.

Assume Lemma |10| for a while and recall that X (¢, s) is the element of index 0 of the infinite
column vector X(t,s). Thus, if for each k € Z we let (Rék,f Jnez 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 3 RISt dp 4 Q(t)o, (5.23)

2mi motoo Jo i oy p —inw

where Q(t)o stands for the element of index 0 of the column vector (t); note that the convergence
of the series in ([5.23)) ensues from ([5.16). The second lemma we need is:

Lemma 11. For allt and s such that t + By — s # 0 for all k € Z, we have that

X(ts)= > RS9 4 Q). (5.24)

(t+Br—s)<0,n€Z

Assume Lemma[l11] as well for the moment being, and note that on a bounded interval can lie only
finitely many [, because the integer coefficients in ([5.18]) are non-positive. Observe also from
that X(¢,.) is left continuous. Hence, Lemma (11| allows us to compute X (¢, s) for all (¢,s).
Hereafter, we fix the symbol s to mean the initial time, and we evaluate the variation of X (¢, 7) in
its second argument when the latter ranges over [s, s + 7y]. To this effect, we substitute 7 for s in
and observe, since Q(t) is independent of 7 while the sum in is piecewise constant in

7 with jumps (induced by the constraint on indices) at the t + 3 where it is left continuous, that

k
Wesr X(6) < 3 ||[RE (5.25)
0<t+Br—s<TN,nNEZ
< (Z H‘RékgH eo‘ﬁkelo‘lm> et=s), (5.26)
kn€eZ

where we used in the second inequality that a(t + S — s — 7v) > 0 because a < 0. If K’ > 0 is
an upper bound for {||D;(¢)||, 1 <i < N, t € R}, then we deduce from (4.7) and (5.26)) that

ly®I < K'N (Wes,s4m X (¢,2)) 19l co (5.27)
(X )
k,neZ

thereby showing that System (2.3)) is C%-exponentially stable. This achieves the proof of sufficiency
in Theorem [3] granted Lemmas [I0] and [TT], that we now establish.

IN

eaﬁ’“elam> eo‘(t_s)HngCo, (5.28)
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ProoF oF LEMMA [I0L Considering the subsequence p,, = 222 + X we deduce from ([5.20)) that :

1 c+ipm

X(t,s) = lim — R™Y(p)é(p, s)ePdp. (5.29)

m—+oo 271 c—ipm

As each component of R7*(p)é(p, s) is a meromorphic function in the half plane {p € C|R(p) > 8}
with simple poles in the set {iknw/T : k € Z}, by (5.8) and the assumed conditions (7), (i7) of
Theorem [3 we get from (5.29) together with the residue theorem that

a+ipm ct+ipm Cc—ipm
X(t,s) = mlffoo%(/ / , / ) “H(p)é(p, s)edp + Q(t) (5.30)

—ipm +ipm —ipm
where @) is as in (5.22)); observe that taking the limit in (5.30]) is indeed permitted, since
Q)12 < [[|R7H(0)][|o < +oc. (5.31)
To establish the lemma, it remains to show that
c+ipm c—ipm
Jim . RN (p)é(p, s)e™dp = Tim . R~} (p)é(p, s)et'dp = 0. (5.32)

For this, let us write the entry with index j € Z of the block vector [ j:gm R Y(p)é(p, s)eP'dp as

c+ipm e—(p—inw)s
A D e (5.33)

ation S p— inw
where R} (p) denotes the block entry with index (j,n) of R™(p). As pointed out in step 2, R~*(p)
has off-diagonal decay of order 1 + 4, uniformly for R(p) > B. Thus, if we pick ¢ > 0, there is
n =n(j) such that > H‘R p)||| < e, uniformly with respect to R(p) € [e, ¢], and since

[n|>n
|pm — nw| > 7 for all n and m (5.34)
we have that
c+ipm —(p—inw)s _ T
/ Z Rj_’,lL(p)e—,eptdp < gelt=s) ez )T (5.35)
a+ipm In|>n p — 1w T

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

ctipm e—(p—inw)s

li R (p)——€"dp = 0. 5.36
im i in(P) PR (5.36)
In view of ((5.35) and (/5.36]), we conclude that
c+ipm
lim R~ Y(p)é(p, s)eP'dp = 0, (5.37)
m——+oo a+ipm

and in the same way one can prove that

c—ipm
lim R~ Y(p)é(p, s)ePtdp = 0, (5.38)

m——+o0 Q—ipm

as wanted. O
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PROOF OF LEMMA [L1]. Let ¢ and s be such that ¢t + 8, — s # 0 for all k € Z. By ((5.34]) and ([5.16])
that allow us to integrate termwise the series below, we get on performing the change of variable
p — p — tnw in the integrals corresponding to index n that

a—inwtipm p(t+B—3)

a+ipm —inw)s
/ ’ {’“}e v . ) B dp = N Rttt / ———dp.  (5.39)

—ipm neZ W k,neZ a—inw—1ipPm p

Integrating by parts, we obtain:

/ainwﬂpm eP(t+5=9) eP(t+p—s) T tiom a—inwtipm  op(t+Fe—s) ( )
————dp = {—} + / ——————dp, (5.40
a—inw—ipm p p(t + Bk - S) a—inw—ipm (t + Bk - S)p2

and by (5.18]) there is 6 > 0 such that |t + 5, — s| > d for all k € Z. Hence, using ([5.34]), we obtain:

a—inw—1iPm

1 eoc(t-i—ﬁk—s) ea(t-&-ﬁk—s)
+

[t + B — sl \/a2 + (P — inw)? \/042 + (pm + inw)?
9,00 (t+54—5)

{ eP(t+B—s) ]a_iWHpm
p(t+ Br —s)

a—inw—1ipm

< = (5.41)
/a2 + (%)
and
a—inwtipm  op(t+Pr—s) e(t+Br—s) Pm—nw 1
/ —de = fL A _ o ﬁdp?
a—inw—1ipm (t + Bk - 8)p |t + 5’9 - 5’ —pm—nw a“® + D3
e(t+Be—s) 1 pm—nw
< —arctan (p2>
|t + By — S| 0 -
T palt+Bi—s) (5.42)

<
~ lald

Altogether, we deduce from ([5.40), (5.41) and (5.42) that there exists a constant K > 0,
independent of k, n and p,,, such that :

/ainwﬂ'ﬂm eP(t+Be—s)
[0

dp‘ < KetHhi=s) (5.43)

—inNwW—1pm P

Consequently, it holds that

H R{k’} nw t+ﬁk)/

a—inw—1ipm
and since the right hand side of ([5.44) 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 ((5.39)) as m — oo:

a—inw+ipm op(t+pBr—s)
ePr, (5.44)

|

s

1 a+ipm (p—inw)s

o
i L R (8
m—stoo 2T Jo i kge:Z 0 p — inw p
a—inw+ipm ep(tJrﬁkfs)
- Z ZZWR{k} e o ml—lg-loo . . —dp <545>
k,neZ a—inw—1ipm p
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Since a < 0, we get on the one hand by Cauchy’s theorem that for kK < a:

a—inw—+ipm, €p(t+6k_5) a—inw—+ipm K—inw—+1ipm, K—inw—1ipm ep(t+ﬁk—s)
/ —dp= (/ +/ +/ )—dp, (5.46)
a—inw—1Pm p K—inw—+1ipm, K—iNw—1pm a—inw—1Pm p

and on the other hand by the residue theorem that for x > 0:

a—inw—+ipm ep(t+ﬁk75) a—inw—+ipm K—inw—+ipm KR—1Nw—1pm ep(tJr/kas)
/ dp=2ir+ </ +/ +/ > . (5.47)
a—inw—1ipm b K—inw=+1ipm K—INw—1pm a—INwW—1iPm p

Since |p| goes to oo with m while the integrands are uniformly bounded with $(p), the first and
third integrals in the right hand side of (5.46|) and ([5.47)) tend to 0 as m — oo for fixed . Hence,

a—inw+ipm op(t+Br—s) K—inwtipm op(t+Br—s)
lim ——dp= lim —dp, k< a, (5.48)
m—+00 a—inw—1ipm p m—+00 K—inw—1ipm b
a—inw+ipm ep(t—l—,Bk—s) K—inw+ipm ep(t+,3k_5)
lim C dp=2ir+ lim — dp, O0<k (549
m—>+00 a—inw—1ipm, b m—r+00 K—inw—1ipm p

Integrating by parts yields that

K—inw+ipm ep(t+ﬁk—s) en(t—l—ﬁk—s) ei(t+5k—s)y Y=—nw+pm K—inw—+ipm ep(t—l—ﬁk—s)
e s N
/’f’mw’il)m p Z(t + ﬂk - 8) K—inw—ipm Z(t + Bk - S)p2

and therefore, if (¢ + fr —s) > 0 (resp. (t+ Br —s) < 0), then the right hand side of (5.48) (resp.
(5.49)) goes to 0 (resp. 2im) when kK — —oo (resp. +00). Thus,

K+ 1y

Y=—nw—pPpm

a—inw+ipm p(t+Bi—s)

Z 5 R{k} nw(t+Bk) iy - dp= Z R{k} inw(t+Pk) (5_5())
17

m—+00 . .
k,n€Z aTImw=Pm p t4Br—s<0,n€Z

In view of (5.23), (5.45) and (5.50), this achieves the proof of Lemma [11] O

5.2. Necessity

We now assume exponential stability of System , and prove that conditions and
of Theorem |3| are satisfied. In the time-invariant case, necessity can be proven using the spectral
theory of semigroups [5]. Unfortunately, there seems to be no adequate notion of semigroup for
time-varying coefficients, and we shall follow a different path: since exponential stability of System
implies in particular its L? exponential stability (see Proposition , we may resort to the
spectral theory of monodromy operators for periodic evolution families [32]. These are just solution
operators over a period; i.e., if Uy(.,.) refers to the solution operator with ¢ = 2, then the
monodromy operator of system is Us(T,0). Choosing zero as initial time is arbitrary, and we
might put Us(T + sg, Sg) for the monodromy operator with arbitrary sq, but even though different
choices of sy lead to different monodromy operators, the relation of their spectrum to exponential
stability is the same, and we stick to sy = 0 for definiteness. The result we need is the following.

Proposition 12. System (2.3)) is L*-exponentially stable if and only if the spectral radius of the
monodromy operator Uy(T,0) is strictly less than one.

PRrooOF. This is formally a consequence of [32], lem. 4.2] if definition (2.9)) of exponential stability
(with ¢ = 2) is restricted to t > s > 0. However, since the constants in that proof only depend on
the D;(t) through sup{||D;(¢)||, 1 <i < N, t € R}, the case of arbitrary s follows by periodicity.
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We mention that [32] deals with much more general periodic evolution families than (2.3)).

In view of Proposition , we may assume that the spectral radius of the monodromy operator
Us(T, 0) is strictly less than 1. Then, we will resort to a classical construction from Control Theory
(called realization) to connect the spectrum of the monodromy operator with the singular set of the
harmonic transfer function. Specifically, we shall realize the periodic input-output system (4.8) as
a discrete-time system in state space form, much like in the reference [33] except that the state is
now infinite dimensional. Consider (4.8)) with initial data 0 at time 0, and let u € L?([0, +-00), C?)
be an input generating the output y(t) € C%

ZD y(t — ;) +u(t),  ae t>0, y(t)=0fort<O0. (5.51)

Using (4.13) with s =0, ys = 0, and performing the change of variables 5 =t — «, we get that

¢t

y(t) = / ds X (t,t — pu(t — B), a.e. t > 0. (5.52)

Note, since X (¢,t—f3) is identically zero when 5 < 0, that the integral in (5.52)) can also be written
as f; dsX(t,t — B)u(t — ) for any ¢ < 0. From (5.52) and (4.14), it follows that
Y Gtut—§,  aet>0. (5.53)
feFN(0,¢]

Applying to ( - ) the Schwarz 1nequahty and using - 4.19)) together with the fact that
¢y = —1I (as follows readily from and . we obtam

WP < (Ziernon IGOI) (Siemnoaq lutt = HI?)
< (S IGON) (Siernon lutt ~ HI?)
< (14 Kety? (zfm[o,t] Hu(t—f)\y?), ae. t>0. (5.54)

In another connection, the cardinality of F N [0,¢] is no larger than the number of N-tuples
(q1,...,qny) € NV satisfying Zf\;l ¢; <t/m (recall 71 is the smallest delay), and so

1

Card {F[0,4]} < (1 + i)N . te0,400), (5.55)

where Card{E} stands for the cardinality of FE. Integrating ({5.54]) from 0 to 7 > 0 and taking
(5.55) into account, we deduce that

N/2
- T
H?JHLZ([O,T]) S 7'1/2 (1 + K67 ) (1 + T_1) ||u||L2([0’+oo]), (556)

implying that to each v, > « there is Ky > 0 for which ||y[/r2(o < K17 [|ul| 120, 400))- Since
|| 2(j0,400) < +00, this warrants the existence, for R(p) > v, of the Laplace transforms of y(t)
and u(t):

Y(p) := /0+OO e Pry(t)dt, Ulp) = /0+OO e Pru(t)dt, (5.57)
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for if R(p) > v > 7 then f:“ e P|u|(t)dt and f:H e P|y|(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
(5.1]), we get on replacing the complex variable p by by p + inw and letting n range over Z that

R(p)Y(p) =U®p), Rp) >1, (5.58)

where Y(p) and U(p) are given by (2.21)) and R(p) by ([2.15). Moreover, we see from (5.19) that
R(p) is continuously invertible for R(p) > v1, so we obtain with o := max{~, 1} that

Y(p) =R (0)UP),  Rp) > e (5.59)

Equation (5.59)) identifies with Equation (2.22)), showing that the operator-valued holomorphic
function p — R™1(p) is the Harmonic Transfer Function of System ([5.51]); see Definition .
Next, we define the instantaneous transfer function:

+oo
Gltr) = [ —dX(t-mer.  teR peC R()>v (5.60)

[e.o]

where the integral is understood as — limy fcbj d. X(t,t — 7)e P" for any ¢ < 0. The existence
of the limit is guaranteed by Proposition [0, and the fact that it does not depend on ¢ < 0
can be argued similarly to the independence of from the exact value of b. Observe from
Proposition @ that t — G(¢, p) lies in C*T(R, C*™*%), and obviously it is T-periodic. Thus, we may
expand this function in Fourier series as

G(t,p) =Y Gilp)e“™,  R(p) >, (5.61)
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, [27, Ch. 2, thm. 4.7] implies that
R(R(p))
G < ——0 5.62
Gl < 7 e (5.62)

where K(R(p)) > 0 depends on R(p), and also on K, v in (4.19)) though we do not show the latter
dependence. Now, for f € F and k € Z, let ¢ 5 be the k-th Fourier coefficient of the T-periodic
function ¢ — ;(t). Since & € C°(R), we have the estimate

K;

< _ 5.63
ekl < T (5.63)

so that &i(t) = >,y cje™* where the series is uniformly absolutely convergent. Summing up
over those f € F such that f < 7, we deduce from (4.14]) that for any ¢ > 0:

d; X (t,t —s) = Z dpy, €™ on [—e, 7], (5.64)
keZ

where the measure py, ; is equal to — Zfe FA0,7] ci0¢ and absolute convergence with respect to the
total variation holds in (5.64]), because F N[0, 7] is a finite set. If 7 < 0, then obviously puy, = 0.
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Moreover, as the constant Kj in ((5.63) is majorized by an affine function of the Holder coefficient
of %Qﬁ,c, we get from (4.19) that

Kle”
Z llewslll < [ T >0, (5.65)
feFNI[0,7]

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

Wy = Zcm&.f. (5.66)

feF

Clearly, py, is a distribution on R valued in C™? and supported on [0, +00), but it is generally
not a measure. However, its restriction to every interval bounded from above is a finite discrete
measure. Hence, we can integrate against u; any C%valued bounded function which is zero for
large arguments, and more generally any function that decays in norm as fast as e~ for some
~' >, by . Furthermore, when this function is supported on an interval of the form [a, 7]
with a < 0 and 7 < +o00, the integral against j, coincides with the integral against py, . Using
this remark, we can write for R(p) >

bt

= — 1i _ -PT _ _ iwkt —p7
G(t,p) bEEloo - d. X (t,t —T1)e bEEloo E / dpg(T)e
b+
- iwkt 1: —pT _ twkt —pT
= E e bginoo } dug(T)e E e / dpg(T)e P,
keZ e keZ

where the second equality uses the absolute convergence in ([5.64) and the third uses (5.65) and
the fact that R(p) > 7. Considering (5.61)), the previous chain of equalities yields that

“+00

Gr(p) = —/ dpg(T)e" T, (5.67)

Next, assuming for a while that u is locally bounded, ((5.52)) and ({5.64]) imply

/ > dpna(@)e™Hult — a);

© kez

swapping the sum and integral sign thanks to (5.65) and using the above mentioned relation

between (1, and fy, yields that y(t) f dpg(a)e®*u(t — a), and since u(t — a) = 0 when

a >t while iy is supported on [0, 00) we ﬁnally get

= Z Ar(t) with  Ag(t) := /+00 dpg, () e“kou(t — )k t=a) (5.68)

keZ a

Since for 7' > v we have that

[ i) [ tute—ae = ([l ) ([ Cluteievar)

e Ky s (7" HUHL2 Yl L2(r) 5.69
1+|k|1+52 o < oo (5.69)
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where the inequality uses (5.65)) 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>

= Gulp—iwk) U(p — iwk) (5.70)

where the last equality uses (5.67). Summing over k, we find in view of (5.68) that

= Gilp—iwk)U(p —ikw),  R(p) >, (5.71)

kEZ

where the absolute convergence of the series follows from the estimates obtained in (5.69); i.e.,

VK1 Ky(R(2) — ) nd ()| < |l 22 (m)

Gi(2)] < leem
| k<Z)| = 1+|k|1+6 — 2%(2)

R(z) >,

with Ky(z) := 3.7 e % for > 0. Changing p into p + inw in (5.71]) and renumbering, we get
7=0

Y(p+inw) =Y Guom(p+iwm)U(p+imw), neZ, R(p)>r. (5.72)
meZ
Combining (5.59) and - we see that
Z (Goem(p +iwm) — RL, () Ulp+imw)=0,neZ, R(p) >, (5.73)
meZ

where R;J.l (p) indicates, as in ([5.33)), the entry with index (4, 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

zm+z]

>c >0, jmeN, j#m.

Indeed, we have that

Zm T Zj

Zm, —|—Ej

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

Em — 5P %

Hence (see [34, Ch. VII, Thm 1.1] for an equivalent statement on the upper half-plane), (2, )men
is 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 € C, there is a C-valued bounded analytic function Fj, such that Fj,(z,) = 0 for m # j and
Fj,(z;) = v. Multiplying Fj, 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¢ provides us
with

R,L.(p) = Gum(p + imw), n,meN, R(p)>r. (5.74)
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Next, in order to link the monodromy operator to R~!(p) (this is achieved in Lemma |14 further
below), we shall use periodicity to realize the dynamical system , that operates in continuous
time, as a discrete time system in state space form; see Theorem [13] For this, we restrict the input
and the output to intervals of length T" by setting:

Unt) = w(kT +1)

Ge(t) = y(kT +1) } for a.e. ¢ €[0,T] and k €N, (5.75)

thereby giving rise to sequences @, and g, of functions in L?([0,T]). We introduce another sequence
of functions Zj, this time in L?([—7x, 0]), by putting 2, := ypr, where the notation y,r was defined
after ([1.8); 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. To realize this
system, recall the monodromy operator Us(T,0) from (with ¢ = 2) and the integration with
respect to K (t,«) from (4.11]). These allow us to define four operators as follows:

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

. BiLA(0.TLRY) — L([—7x,0],C%)
wo— OtoodaK(T,a)w(a),

C: L*([-7x,0],C%) —s L2([0,T],CY)
v — {(Us(t,0)0) (0), t € [0,T]},

Zj :LQ([()?T]de) —>L2<[07T]7(Cd>
° +oo
w o> ( 0 daX(-,a)w(oz)M[O’T].
Observe that B and D do not depend on the values of w outside [0,77, and that (Ux(t,0)v)(0)
exists for a.e. t € R, hence the operators A, B, C' and D are well-defined and continuous.

Theorem 13. Let u € L*([0,+00),C?%) and y € L} ([0, 4+00),C?) be, respectively, the input and

loc

output of System (5.51). For uy, yx and zx as in (5.75)), the following recursion holds:

% =0 keN. (5.76)

Zhy1 = ggk + Eﬂku
yr = Cz, + Duy,

PROOF. Applying the variation-of-constants formula (4.13)) to System (5.51)) with s, ¢ replaced by
KT, kKT 4t yields

—+o0
vz = Un(ET + £, KT )yer + / 4K (KT +1,a)u(a) |
(kT)~

and performing the change of variable « = kT + (8 while using T-periodicity we get that
—+o00
wirss = Ualt, Or + | dalC (8, 5)(5). (577)

0—
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When t = T, this gives us the first equation in (5.76]). Next, evaluating each term of (5.77) at 0
(remember these terms are functions of § € [—7y, 0] and that evaluation at a fixed point is possible
for a.e. t) while using the definition of K (see (4.11))), we obtain:

—+00

y(t + KT) = (U(t, 0)3) (0) — / QX (4 B)in(B),  ae. t€[0,7],

0-

which is the second equation in (|5.76]). 0

For a := (a,)nen a sequence in a Banach space X, its z-transform is the formal series:

L{a}(z) = anz" (5.78)

neN

We let X[[27!]] denote the space of such power series. For 2) a Banach space and O := (O, )nen a
sequence of bounded operators from X to 9), the z-transform £{O}(z) acts naturally from X[[z7]]
into 9|[[z7]], since for each k € N the number of terms involved in the coefficient of =% when

computing the product (Y. O,z7")(>_ a,z~") is finite. Now, if we put ¥ := (Yn)nen, @ := (Un)nen
neN neN

and Z := (2, )nen, we get from that
(2l — A\ C{z} = BL{u} and  L{y} = CL{z} + DL{u}.

Note, since %, = 0, that (zI; — A)L{z} indeed belongs to L2([—7y,0], C?)[[z""]]. Observing that
(2l —A)"' =3 A"z ! in the ring of formal Laurent series with coefficients the operators on
L*([=7n,0],C%), we may write

L)) = [é(zzd _A) B+ f)} L{m (). (5.79)

Although (5.79) was derived only formally, it becomes a valid relation between vector and operator
valued analytic functions when |z| > max{m;f )H, e?} with v as in Proposition |§|, because all series

involved are then normally convergent (compare (5.56))). In another connection, writing after a
change of variable the right hand side of (5.52)) as a sum of integrals on subintervals while taking
into account that X (7,.) is left continuous and using T-periodicity, we get that

(k+1)T)~ +o0
do X (t +nT, a)u(a) + / do X (t + nT, a)u(a)

) = (e +n1) =Y [ .

k=0 7 (K1)~
(n+1)T)*

n—1 T
= Z/ dg X (t +nT, kT + B)u(kT + ) + / do X (t + nT, a)u(a)
k=070~ (nT)~

3

-1 T+ T+

—0 70~ .

- n—1 T+ T+

=2 /0 dg X (t + (n — k)T, B)u(B) + / ds X (t, B)in(5)
k=0

=Y Hywix(t), ae t€[0,T] (580)
k=0
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where, for v € L2([0,T],C?), we have set:

Hpygo(t) == /T d; X (KT +t,7)v(7), a.e. t € [0,7T]. (5.81)

Observe that the equality f(j;;o)_ do X (t + T, a)u(a) = f((é;;r_DTﬁ do X (t +nT,a)u(a) used in the

third identity of only holds for ¢ < T in general, because when t = T' and (n+1)T € F, then
f((n(;;r,l)Tﬁ do X (t+nT, a)u(a) will miss the jump that may occur at (n+1)7T. However, since
is claimed for a.e. t € [0,T] only, this is unimportant. Note also that changing the upper bound
from T~ 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 + ). If

we take z-transforms in ([5.80]), we obtain that

L{7}(z) = L{H} =) L{u}(2) (5.82)

where H := (Hp,)nen, and since for each k we may pick 1w, arbitrarily in L*([0,77]) and @; = 0 for

j # k, we deduce from ([5.79) and (5.82)) that
L{H}(z) = C(zId— A)'B+ D (5.83)

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 extends to an operator-valued analytic function on the unbounded
connected component of C\ Spec A, where Spec A stands for the spectrum of A = Us(T',0), but this
function may no longer be defined by a power series in z7!. Since we assumed that System
is exponentially stable, we know from Proposition |12f that Specg 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 L?([0, 7], C?)
as soon as R(p) > loga/T, where log a is strictly negative or —oo.

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

12, I, = max{1, ™™}, (5.84)
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,. (5.85)

In addition, for R(p) > v, with v as in (5.59), we construe R~'(p) : 1?(Z,C%) — [*(Z,C?)
as an operator from L%([0,7T],C%) into itself by identifying a function ¢ € L2([0,T],C?%) with
(+++,ag,ay,ap,a_1,a_s, -+ ) where ay, is the k-th Fourier coefficient of ¢.

Lemma 14. For p € C with R(p) > 72, it holds that

Alp)o(t) = R\ (p)o. ¢ € L*([0,T],C7). (5.86)
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PROOF. As vy, > 0 > loga/T, we see from (5.81)) that for any v € L*([0, T],R) we have:

L{H}(2) ZH Z k/ d. X (kT +t,7)v(r). (5.87)

k=—o00

Performing the change of variable 7 — ¢t — 7 in ((5.60]) and computing as in (5.80]), we also obtain

+00 +o0 T+
G(t,p) = / d. X (t, )P Z / d. X (t, 7 — kT)ePm—t=FD)

oo

k=—o00
+o0o T+
= > ek (ﬁt / d X(t+ kT, T)epT). (5.88)
k=—o0 0~

Multiplying ([5.88)) on the right by some arbitrary V € C? and comparing with (5.87) where we set
z=ePl and v(7) = e’V for 7 € [0,T], we get that

G(t,p)V = e P [L{H} (") (e’ V)] (1), a.e. t € (0,7, (5.89)

where e?'V is another way of writing v (the dot stands for a dummy argument). Now, assume for
a while that ¢ € C*([0,T],C%) with o € (0,1) and ¢(0) = ¢(T"). Write the Fourier expansion

P(t) = > ape™* with a;, € C? By normal convergence of the latter, we deduce from (5.89)), (5.61)
kez

and that
Ap)o(t) = e [L{HN)e? > ae*](t) =Y e P [L{H (e )e® TP a](t)

keZ kEZ
_ Z eiwkte—(p+iwk)t[E{ﬁ}(e(p—i-iwk)T)e(p—i-iwk)- ak](t) _ Z eiwktG(t,p + iwk)ak
keZ keZ
= Z ekt (Z ™G, (p + uuk)) ap = Z (Z Gom—r(p+ ikw)ak> met s (5.90)
keZ nez meZ \keZ

and so in view if ([5.74]) we get that

Ap)o(t) =) (Z Rﬁ_k(p)ak> ™ = R (p)¢. (5.91)

meZ \keZ

Equation (5.91)) 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) > 2, we conclude by a density argument that ((5.86]) holds as stated. O

To recap, we know from the discussion after that L{H}(e!T) is an analytic operator-
valued function for R(p) > log a/T, which is uniformly bounded in every half-plane {p : R(p) > 5}
if 5 > loga/T. Therefore A(p) is, by and (5.85)), an analytic operator-valued function for
R(p) > loga/T, uniformly bounded in every strip {p : Sy > R(p) > B} if By > B > loga/T.
Furthermore, in view of , R(p) is an entire operator-valued function. As Lemma (14| tells us
that A(p)R(p) = I for R(p) > 2, this identity in fact holds on {p : R(p) > loga/T'}, by analytic
continuation. So, if we let 8 € (loga/T,0) and 8; = v, +1 with v; as in (5.19)), we get that R~!(p)
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exists and is equal to A(p) for R(p) > loga/T, and that [|[R~(p)|, < C) for < R(p) < [y with
a constant C7 > 0 depending on S and (; but not on p. In another connection, we know from
(5.19) that [|R~(p)|l, < Cs for R(p) > 71, and altogether we conclude that

IR wll,<c, R >6 (5.92)

with C' = max{Cy, C>}. This achieves the proof of the necessity part of Theorem [3| and thus of
the theorem itself in view of Section [B.1l

6. Concluding remarks on neutral functional differential equations

Having proven a generalization of the Henry-Hale theorem in the periodic case, it is natural to
ask if the result from [5] on the stability of neutral functional differential systems carries over to
the periodic case as well. In other words, whether exponential stability of a periodic linear neutral
differential system of the form (1.2) can be characterized through analyticity of its harmonic
transfer function. It is transparent how to define the latter: simply put H(p) := R(p)~"' where

N N
R(p) = Dy(p) |Ino = Y e " Lp Ar | =Y e "L D, (6.1)
j=1 k=0
with 75 := 0 and
Dw(p) = dlag { ) (p + i(’“))Id)p[da (p - Z.C‘L))Id7 o } (62)

while the D;, B, are asin (1.2). Then, with the natural definition of exponential stability paralleling
Definition [1}, we raise the following question:

Assume that the D;(-) and By(+) are periodic and differentiable with Hélder continuous
derivative for 1 < 7 < N and 0 < k < N. Is it true that a necessary and sufficient
condition for System to be exponentially stable is the existence of a real number
£ < 0 satisfying

(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 forall pin {z € C|R(2) >} 7
2

We expect the answer to be positive, and it should transpire already that necessity can be proven
as in theorem [3| The difficulty with the sufficiency part is that the matrix D, (p) now prevents us
from deriving straightforward analogs of Lemmas [I0] and
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