CONSTRUCTION OF QUASI-PERIODIC SOLUTIONS OF
STATE-DEPENDENT DELAY DIFFERENTIAL EQUATIONS BY
THE PARAMETERIZATION METHOD I: FINITELY
DIFFERENTIABLE, HYPERBOLIC CASE

XIAOLONG HE AND RAFAEL DE LA LLAVE

ABSTRACT. In this paper, we use the parameterization method to con-
struct quasi-periodic solutions of state-dependent delay differential equa-
tions. For example

X(1) = (0, x(0), ex(t — T(x(1))))
0(f) = w.

Under the assumption of exponential dichotomies for the € = 0 case, we

use a contraction mapping argument to prove the existence and smooth-

ness of the quasi-periodic solution. Furthermore, the result is given in

an a — posteriori format. The method is very general and applies also to
equations with several delays, distributed delays etc.

1. INTRODUCTION

Differential equations with state-dependent delay(SD-DDEs) appear as
natural models in several scientific disciplines, such as Physics, automatic
control, neural networks, infectious diseases, population growth and cell
production. One pioneering work on models of electrodynamics is [Dri63].
A recent survey with many references is [HKWWO6]]. Such problems fall
outside the scope of the theory of constant delay equations, which are treated
as dynamical systems with semi-flows on an infinite-dimensional functional
space(see, e.g., [DvGVLWO9S,IGW 13, HVIL.93]). The complicated structure
of SD-DDE:s gives rise to challenging problems both in mathematical anal-
ysis and in numerical computation.

From an abstract point of view, the state dependent delay equations in-
volve the composition operator. The lack of regularity of the evaluation
operator ev on many of the spaces makes unavailable some familiar results
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2 X.HE AND R. DE LA LLAVE

of solutions, such as existence, uniqueness, smooth dependence on the ini-
tial data and parameters. Several papers [WalO3a, WalO3b, HKWWO06|| have
contributed to constructing a well-defined phase space and to formulating
the fundamental theory as an infinite dimensional dynamical system. In
the abstract framework, one introduces the so called solution manifold, a
smooth submanifold of finite co-dimension of continuous function space,
and proves under mild hypothesis that the initial value problem is well-
posed on the solution manifold, and the solutions define a semiflow of con-
tinuous differential solution operators.

The paper [HKWWO0G6] develops the so called sun — star calculus (see
[DvGVLWO3] for details) to prove the existence of Lipschitz local cen-
ter manifold at a stationary point. Later, [[Kri06] improves the regularity
of the obtained center manifold to continuously differentiable. Further-
more, a local Hopf bifurcation theorem has been proved in [Eic06] for
SD-DDEs. [Siel2] provides an alternative proof by showing the periodic
boundary-value problems for delay differential equations are locally equiv-
alent to finite dimensional algebraic systems of equations. Applying the S !-
equivalent degree, [HW10] develops a global Hopf bifurcation theory. By
the Poincaré maps, [MPN11] studies the stability of periodic solutions of
SD-DDEs. There are also some numerical methods contributed to the study
for these classes of differential equations, such as [HDMU12, MKW 14]].

Then standard program for dynamical systems would go from the ex-
istence and uniqueness to the qualitative property of solutions. The pur-
pose of this paper is to propose a different approach- the parameterization
method, which, in general, formulates a functional equation for a parameter-
ization of the invariant manifold as well as the dynamics on it. Rather than
trying to seek all the solutions, we construct solutions with good recurrence
properties, such as periodic, quasi-periodic solutions, stable/unstable mani-
folds together with those asymptotic to them. The parameterization method
lends itself to very efficient computer implementations since it provides a
global representation of the manifold, and it also allows a very efficient dis-
cussion of dependence on parameters. An introduction on the parameteriza-
tion method is presented in [CFdILO3, (CEdILOS, HCE™]]. Some extensions
of this method to quasi-periodic systems and numerical implementations
are developed in [HdILO6, LdIL0O9, HdIL13].

In this paper, we focus on the construction of quasi-periodic solutions
of SD-DDE:s via the parameterization method. To this end, the evolution
problem and the existence of quasi-periodic solution are transformed into
solving a functional equation on a Banach space, which allows us to ap-
ply various methods in nonlinear analysis. As our motivation, we show the
persistence of quasi-periodic solutions under some hyperbolic hypothesis.
Furthermore, an a posteriori result is obtained. More precisely, given a
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function that solves the functional equation approximately and that satisfies
some non-degeneracy conditions, then there is a true solution. Moreover,
the distance from the true solution to the approximate one is bounded by
the residual of the approximate solution in the functional. One can, for
example, take as an approximate solution the result of a numerical com-
putation. To verify the reliability of the computed solutions, it suffices to
check that they satisfy the equation approximately and that they satisfy the
non-degeneracy conditions. See [HdILO6] for example.

We do not aim to present technically optimal results nor discuss the most
general models, but only to present some significant results that illustrate
the main idea of our method. We mention that the work in [[LdILO9|] also
uses the parameterization method to construct invariant tori when consid-
ering a quasi-periodic perturbation on the autonomous linear delay equa-
tions. Since the spectrum of the linear system may intersect the imaginary
axis, the small divisors problem appears inevitably, which causes difficul-
ties. Nevertheless, under the assumption of exponential dichotomy, we will
not encounter the small divisor problem in this paper.

In this paper, we will consider the following quasi-periodic differential
equation with state-dependent delay

{ x(t) = f(0, x(1), ex(t — 7(x(2))))

(1.1 o) = w

where § € T¢ = RY/27Z¢, f is now defined on T x R" x R", and the
frequency w € R is rationally independent, i.e. w -k # 0 for all k €
Z2—{0}. Our method is to find a function K : T¢ — R" solving the functional
equation

0K -w = f(Ild, K, eK o (Id — wt o K))

in such a way that x(f) = K(6 + wt) is a solution of (I.1))

It should be clear that the method developed here can be adapted to other
problems, such as several delays. In Section 4] we give some of these ex-
tensions, which are technically not too complicated.

Our main results(see Theorem are based on a perturbation setting,
i.e. the positive parameter € in (I.1)) is assumed to be small enough. We also
need to assume the unperturbed systems satisfy some non-degeneracy as-
sumptions, which correspond to hyperbolicity. Similar results have already
been obtained for constant delay differential equations using the evolution
operators (see [HVL93]). However, by our methods, we provide an efficient
and direct way to discuss the existence and regularities of the invariant ob-
jects, without involving the evolution operator or variation equations. We
note that in this paper, we consider finitely differentiable solutions. The
analytic regularity require different considerations.
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The paper is organized as follows. In Section[2] we give some definitions
and properties of function spaces and exponential dichotomies, which are
well known and can be skipped at a first reading. The new results are given
in Section[3] In Section[3] we present and prove an a posteriori theorem for
the quasi-periodic model by the contraction mapping theorem. See Theo-
rem[3.1] As a corollary, we show the persistence of quasi-periodic solutions
when the unperturbed system has a quasi-periodic solution. We conclude
by the last section explaining some improvements and further work.

2. PRELIMINARIES

In this section, we collect some standard definitions and recall some well-
known properties. This will serve to set the notations. This section could
be skipped in a first reading.

2.1. Function spaces. In this paper, we will work on a scale of Holder
spaces {C"(T¢,R")},»o. More precisely, for the integer r, we refer to the set
of continuously differentiable periodic functions u of order r, with the norm

k
llull = sup sup [[D u(O)|| < 0.
0<k<r @eTd

For the non-integer r, we mean the Holder spaces
DUl — pll
ue C[r](Td,Rn) . ”u”r — maX{ sup ” l/l( ) []M(f)”
f#£eT 0 — &It
where [7] is the integer part of positive r. Obviously, for 0 < r < s one has

Cogcr(_.,cs;)coozﬂcr

r>0

R ”u”[r] } < OO}’

where ” <= 7 represents existence of a continuous embedding.

We recall some results on the regularity of the composition of two func-
tions expressed in the scale of spaces introduced above. It is well known that
a composition on the right is an operator that causes loss of derivatives. The
composition operator appears naturally in section 3| because of the state-
dependent delay terms. Thus we cite several theorems on these arguments
in a concrete form. For more details, we refer the reader to [[dILO99].

Lemma 2.1. Let real numbersr > 1,5 > 1,1 > 0 and t = min(r, s).

(i) If f € C/(TY,R") and g € C'(T?, L(R",R")), then g - f € C(T¢,R") and
(2.1 g - 1l < 21Igll; - A1l

(ii) If f € C'(T?,R") and g € C*(T,R"), then g o f € C'(T¢,R") and there

is a constant M, such that
(2.2) llg o fll: < Millgll:(1 + [I£1I).
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The above lemma is mainly used to estimate the norms when composing
with other functions. For simplicity, we will always denote the constant on
the right hand sides by C when proving our main theorems. The next lemma
is on some sufficient conditions for the continuity of composition operators,
which is used in Theorem 3.11

Lemma 2.2. (Continuity) Let r > 1,s > 1,min(r,s) > t > 0 and g €
C*(T9,R"). Then the map

g* : Cr(Td’ Rn) 3 f = g © f € Ct(Td’ IRH)

is continuous. Furthermore, if t is an integer, g. is also continuous for
min{r, s} > t.

Another important property of the scale of Banach spaces {C"(T¢, R")},=0
is the Hadamard interpolation inequality. The interpolation inequalities al-
low us to control the norm of a function in the scale of Holder spaces.

Lemma 2.3. Forall0<r <t a€l0,1] and u € C'(T?,R"), one has
llulls <Cllullylull?,

23 s =(1 —a)r+at,

where C depends only on r, s and a.

The Lemma|2.3|can be easily proved by using the modern C®—smoothing
techniques, see [Zeh75]]. We also refer to [dILO99] for some general situa-
tions in which functions are defined on Banach space.

The interpolation inequalities in Lemma lead to the following re-
sult, which is very similar to proofs of the center manifold theorem(Notably
[Lan’/3]]). We consider an operator that preserves some set which is bounded
in a high regularity space and which is a contraction in a low regularity
norm. We conclude that it has a fixed point in the intermediate norms. As
a corollary of the argument we obtain an a-posteriori format with explicit
bounds.

Lemma 2.4. Let {C'(T R")},» be a scale of Holder spaces and <7 be an
operator defined on the scale of spaces.
We assume:
(i) There is an index r such that the operator </ maps the ball Bj(u)
into itself. where ug is in C"(T¢,R") and Bi(up) = {u € C"(T*,R") :
llue — uoll, < 6},
(ii) For any 0 < q < r, the operator < is continuous from C4(T,R") to
itself;
(iii) There is constant 0 < k < 1 such that

<[] = o Tulllo < «lld — ullo
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for any it,u € Bi(u),

Then, for any 0 < g < r, there exists a unique fixed point u* of </ in
Bg(uo)co such that

C(26)1/"

2.4) |l < T e

1_
Il [uo] — wolly ™"

where Bj(uo) ., denotes the closure of B(uo) in Co(T?, RM).
Proof: Since .o7"[u] € Bj(uy) for any n, one easily obtain
o™ o] — " [uo]llo < K112 [uo] — uollo

and
" uo] — " [uo]ll, < 26.

The interpolation inequality yields
7" o) = 7" [wo]lly < CQ26)"" o] — wolly """,

which is a Cauchy sequence in C?. Denoting the limit by u*, the continuity
of &7 proves it is exactly the desired fixed point and (2.4)) holds. Obviously,
u' e Bg(uo)cq C Bg(uo)co.

cos We have

If there are two fixed points u'" and u® of .« in Bi(u)

™ = uPllo = 1127 ("] = o [uP]llo
< |1/ [u"] = [P + 117 "] = o [P + 1/ [u>] = o [uP]llo
< |l [u"] = & [uPo + llul” = uPllo + 117 (4> = 2 [u o
<1/ [u"] = o [P + 117 (] = o [P lo
+ k([ = Mo + 11 = u@llo + 1u® — uPllo)
(1) 2)

where u,,’ and u,’ are sequences in Bj(u) converging to " and u'® in the
C°-norm respectively. Then the continuity of < yields

' = u@llo < kllu™ = u?lo,
which implies the uniqueness of <7 in Bg(uo)co. O

Remark 2.1. (Parameter dependence) If </ is a uniform contraction on
an open set V in a Banach space Y, then the fixed point mapping u* :
V — CUT? R") has the same regularity as the parameterized operator
o : CI(TY R") x V — C4(T¢,R"). See the uniform contraction theorem in
[Chi06].
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2.2. Exponential dichotomy. When studying non-autonomous systems,
exponential dichotomy is a fundamental tool for studying their asymptotic
behavior (boundedness, stability, etc). See [CL95,[SS74]]. In this paper, we
restricts ourselves on the quasi-periodic case.

Definition 2.1. (Linear Skew-product flow) Assume X and Y is the Haus-
dorff space. Then a flow m : X X Y X R — X X Y is said to be skew-product
Jlow if

m(x, y, 1) = (p(x,y, 1), 0°(y, 1)),
where o : Y X R — Y is a flow on Y. If, in addition, ¢(x,y,t) is linear in x
forevery (y,t) in Y X R, then n is said to be a linear skew-product flow.

Definition 2.2. (Exponential Dichotomy) Assume n is a linear skew-product
flow on the product space XXY, where X is a finite dimensional vector space
and ¢(x,y,t) = O(y, t)x. We shall say that & admits a exponential dichotomy
at y with positive constants B, A if there exists a projection P on X such that

Oy, HPD ' (y, 5)|| < Be 19 fort>s

(2.5) -1 At-5)
and [|O(y, )(Id — P)®™ ' (y, s)|| < Be fort <s.

In this paper, we pay attention to an elementary linear skew-product flow
n = (@, o) on the trivial bundle R”xT“. More precisely, for a quasi-periodic
coeflicient linear differential equation with frequency w

&) = M(DE,

one can extend it to the autonomous equations with phase space R" x T¢,

(1) = M(6)

(2.6) f ¢
0() = w

where M is the hull of quasi-periodic function M. Then o(6, f) = 8 + wt and

d(6, 1) is the principle fundamental matrix solution to

E(t) = M(6 + wh)é.

Since w is rational independent, the closure of the flow (6, r) starting at
any base point 6 is the whole torus T¢, or equivalently, the flow is dense on
the torus.

Remark 2.2. (Smoothness) From [JS81]] and [SS74), one deduces that the
existence of exponential dichotomy at any 6 € T¢ leads to the existence of
exponential dichotomies with uniform constants B and A. Furthermore, the
associated projections P(6) have the same regularity as M and satisfy

P(0 + wt) = OO, HPO)D (6, 1).
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Remark 2.3. (Persistence) The theorem 4.3 in [CL9S] implies the persis-
tence of exponential dichotomy, i.e. the exponential dichotomy is not de-
stroyed by a sufficient small perturbation of the cocycle ®. Moreover; the
exponent A and the constant B is uniform for all systems which are sufficient
small perturbations. See [CL93S] for a more detailed description.

2.3. Solutions of non-homogeneous equations with dichotomy. In the
analysis on the model (I.)) in section 3| we are led to considering the solu-
tion u of the equation

2.7 ou(d) - w— M@@ud) = g(6)

where g € C"(T*,R")and M € C"(T¢, Z(R",R") are given and u € B(T, R")
(the bounded functions space) is the unknown. We will be concerned with
the existence and regularity properties of u solving (2.7) as well as quanti-
tative estimates for several norms on u.

Differentiating ®~!(6, )u( + wt) with respect to ¢, we have that [2.7)
implies
d
d—tdrl(e, Hu(0 + wt) = ®10, 1)g(6 + wi)
which yields

t
(2.8) OO, Hu(6 + wt) = u(6) + f O71(6, 5)g(0 + ws)ds.
0
Next, we use the assumption of the exponential dichotomy to decompose

R” into RanP(0) ® KerP(6) for any 6 € T¢. On the subspace KerP(6), we
see that

(Id—P(0))u(6)

=(Id - P(0))®~' (0, Hu(0 + wr) — f (Id — P(6))D7'(8, 5)g(0 + ws)ds
0

=(Id — P(0))D~' (0, Hu(6 + wr) — f @10, s)(Id — P + ws))g(0 + ws)ds.
0

Noticing that, by Definition[2.2] we have for any 6 the following estimates
I(Id = P@O)D™ (6, (@ + wi)ll < Be™|lullc — 0

ast — +oo and
+00 +00
f l(Id — P(0))D (6, 5)g(8 + ws)|lds < f Be Y||gllods < +oo.
0 0
Thus,

2.9 Ud-P@O)u@®) = - f ) O71(0, s)(Id — P(0 + ws))g(0 + ws)ds.
0
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The same arguments on the subspace RanP(6) lead to

0
(2.10) PO)u(d) = f @710, s)PO + ws)g(0 + ws)ds.

(o)

Combining (2.9) and (2.10), the unique bounded solution to (2.7) is

0
u(9) = f D716, )P0 + ws)g(0 + ws)ds

(2.11) .
- f O71(6, s)(Id — PO + ws))g(0 + ws)ds
0

2B
and satisfies u € C°(T?, R") with |Ju||y < 7”8”0-

To establish the higher regularity of the solution u, we formally calculate
the derivative of (2.7) with respect to 6, which results in

(2.12) 0(Du) - w — M(0)Du(6) = DM (0)u(6) + Dg(6)
Equation (2.12)) is essentially the same as (2.7). Hence, we can find a unique
solution Du for (2.12) which belongs to C°(RY, L(R",R")) with
IDullo < 2B(IDMlo - llullo + lIDgllo)/ A
< [2BA™)IM]l; +2BA7'] - ligll;.
Now we show the formal derivative is the true derivative of u ,which
implies u € C'(T%,R"). Denoting
0(0,¢) = u(f + &) —u(0) — Du(0) - &
and taking its directional derivative, (2.7) and (2.12)) yields

90(0,¢) - w = M) 00, &) + 8(6,6),
where
8(0,8) =[g(0+ &) — g(0) — Dg(0) - &1 + [M(6 + &) — M(6) — DM(6) - £]u(6)
+ (MO + &) — M) - (u + &) — u®)).
By the mean value theorem,
MO + &) = MO)| - |u(O + &) — u(O)|

€]

18C, Ollo
€1

< [IDMlo - [|u(6 + &) — u(6)ll,

which implies approaches zero as |£] — 0if g, M € C'. Then,

19C, Dl _ 2BII&C, Ollo
et Al

This completes the argument for r = 1.
By induction, we assume that if g, M € C*! with 2 < k < r, the solution
u of (2.7) is C*'. Then, for (2.12)), we see the inhomogeneous term is C*!

— 0.
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when g, M € C*, which implies the exact derivative Du is C*~! and therefore
u is C*. This completes the induction.

Furthermore, we still need to show the inverse is bounded. Taking k-th
derivative to (2.7), it is readily seen that D*u satisfies

dD"u - w — MD"u = £(DM - D*"'u, D°M - D" *u,--- ,D*M - u) + D'g

where _Z; is a linear combination of its arguments with integer coefficients.
A trivial induction argument also yields

(2.13) llull- < Cligll,,

2B
where C = 9(7, [[M]|,) and &7 is a polynomial with positive coefficients.

We conclude the above results as the following lemma.

Lemma 2.5. Given M € C'(T¢,R™™) and r € N. Assume that the linear
skew-product flow of (2.6) admits exponential dichotomy with positive con-
stants A and B. Then, for any g € C"(T4,R"), there exists a unique bounded
solution u of 2.7). More precisely, u belongs to C'(T¢,R") and satisfies

@.13)

We denote by n the operator that, given g € C'(T¢,R"), associates the
unique u which solves (2.7). We have that n is linear and bounded.

Remark 2.4. Although Fourier analysis plays an important role in study-
ing invariant equation on torus, it may lead to the loss of regularities even
when M is constant. However, by the method of variation of parameters
developed above, we avoid this problem.

3. FUNCTIONAL EQUATION FOR QUASI-PERIODIC SOLUTIONS

In this section, we formulate the problem of existence of quasi-periodic
solutions as a functional equation (3.2)) and state our main result Theorem

B.1

3.1. Formulation of invariance equation. Following the parameteriza-
tion method, we seek a function

3.1) K:T¢ > R"

in such a way that x(r) = K(6+wt) is a solution of (I.1)). Since w is rationally
independent, it is sufficient to solve the invariance equation

(3.2) 0K(0) - w = f(0,K(0), eK(0 — wt(K(6))))

where the left hand side is the directional derivative. When € = 0, equation
(3.2) reduces to the invariance equation without delay

(3.3) 0K(0) - w = f(8,K(0),0).
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Assume K(6) is an approximate solution of (3.2) and denote the error by
(3.4) E(Ko)(0) = dKo(0) - w — f(6, Ko(8), €Ko(0 — wT(Ko()))).

In the perturbation framework, we look for some A such that Ky + A is a
solution of (3.2)). To this end, we give some formal calculations to clarify
the main idea. o

Given a function S : T? — R", we denote S by S(8) = S (8 — wt(S(H))).
Substituting K = Ky + A into (3.2) yields

AA) - w — D1 f (6, Ko(6), €Ko(6))AO)
(3.5) =£(6, Ko(0) + AB), €Ky + A(9)) — £(6, Ko(0), €Ko(0))
— Dy f (8, Ko(8), €Ko())A(B) — E(Ko)(6).

Let M.(0) = D, f(6, Ky(6), GEO(H)) and assume that for M|, the correspond-
ing linear skew-product flow (2.6) admits exponential dichotomy at some
base point 6, € T¢. Then, by the Remark (2.3)), all the linear skew product
flows for M, admit exponential dichotomy with the uniform exponent A and
constant B for sufficient small €. Formally from Lemma [2.5] equation (3.5)
reads

A©) =n.[fd, Ky + A, €Ky + A) — f(Id, Ko, €Kp)
(3.6) — D, f(Id, Ky, €Ko)A — E(Ko)1(6)
=/ [A](0)

where 7). is defined in Lemma [2.5] The left is to choose suitable spaces to
satisfy the assumptions in Lemma [2.4]

3.2. Formulation of the result. Recalling that B = {u € C’(T,R") :
|lu]|, < ¢}, we give our main result on the existence and smoothness of
quasi-periodic solutions in an a-posteriori format.

Theorem 3.1. Letr € N, p > 0, f € C3(T¢ x R* x R",R") and 7 €
C™*2(T,R"). Assume that there is an approximate solution K, € B;+2 of
(B-2) such that , for My(0) = D, f (0, Ky(6),0), the corresponding linear
skew product flow over the rotation admits exponential dichotomy in the
sense of Definition

Then, there exist small positive constants €y and ¢ such that, for any 0 <
€ < &, if the error ||E(Ko)||;+1 defined in (3.4) is sufficient small, there is a
solution K € C"(T¢,R") of (3:2) and

IK = Koll- < C(5 - IE(Ko)llo)' ™",

where the constant C depends only on r, ||fll;+3, [|Tll;+2, 0, @ and the con-
stants B, A in exponential dichotomy.
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Furthermore, the solution K of (3.2) is locally unique. More precisely, K
is unique in B (Ko) .

Proof: Under the assumptions on the regularities of f, T and K, the for-
mal discussions above are indeed true derivatives. Now we concentrate the
operator </ acting on the ball B;"'. Using the results on the regularity of
composite operators, for A € B;*! we obtain from (3.6)) that

(3.7
127 [All-+1

<Ilnell - {lf(Id, Ko + A, €Ko) = f(Id, Ko, €Ko) — Dy f(Id, Ko, €Ko)All,41
+|f(Id, Ko + A, €Ky + A) = f(Id, Ko + A, €Ko)ly1 + IEKo)ll11

1 1
<linll - {”E(KO)”r+l + f f Dy f(Id, Ko + sul, €Ko)A||, dpdss
0 0

1
+e f I\Dsf(Id, Ko + A, €Ko + es(Ko + A — Ko)) - (Ko + A — K0)||,+1ds} :
0

Now we deduce from Lemma[2.1] that
(3.8)
IDsf(Id, Ko + A, €Ky + es(Ky + A — Ko)) - (Ko + A = Ko)ll+1
< 2"YDsf(Id, Ko + A, €Ko + es(Ky + A = K)lI - 1Ko + A = Kollo+1
< 2 Mo |IDs fll i (1 + 1(d, Ko + A, (1 = 9K + esKo + A7

r+1

<2 M ID3 fllra [1 4+ (1 [[Kollr + [All41 + €1 = $)IKoll1
+ esl|Ko + Alle)™']
S C(r’ ||f||r+27p7 6’ ||T||r+2)
since ||E0||r+1 and ||K/(;\+JA||,+1 are also bounded by the similar arguments.
In the following, we will not give the detail estimates as in (3.7) and (3.8)
and will use C denoting the universal constant. It is worth noticing that the

constant C would be different from line to line.
We finally get the bound from (3.7) that

17 [Allly1 < CUIAIR,, + 1Ko + A = Kollre1 + 1E(Ko)ll+1)-
Observing that

1Ko + A = Kollr+1 <lIKo(Id — wt(Ky + A)) — Ko(Id = wt(Ko))llr+1
(3.9) +IAUd — wT(Ko + A))ll41
<Cé
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and a trivial estimate yields ||.<7[A]|],+; < ¢ if
(3.10) C(e+ 6 +IE(Ko)lly+1) <6 < 1,

where the constant C depends only on || f||,+3, ||7l],+2, 0, W, B, 4 and r. Thus
</ maps Bj into itself.

The rest of this proof is to show &7 is a contraction in the C’-norm. For
AN € Bg“, we arrange the terms as

A [AN']-o/[A]
=ne{[f(Id. Ko + N, eKo + ') = f(Id, Ko + A, eKo + A)
—D,f(Id, Ky + A, €Ky + N YA = A)]
+[fUd, Ky + A, €Ky + N) — fd, Ky + A, €Ky + A)]
+[Dof(Id, Ky + A, €Ky + N) = Do f(Id, Ky + A, €Ko)] - (A’ = A)
+ [Dof (Id, Ko + A, €Ko) — D f(Id, Ko, €Kp)] - (A — A)}.
Similar but much simpler arguments yield
1/ [A"] =/ [Alllo < ClIfll2 - 1A = Al + ell 1l - 1Ko + 47 ~ Ko + Allg
+ellfll - 1A = Allo - 1Ko + A = Kollo + 11112 - 1Allo - 14" = Allo}
<CBS+ o)A = Allp + Ce - ||Ky + A — Ko + Allp.
By the mean value theorem, we show that

(3.11)

IKo + A = Ko + Allg <IIKo(Id — wt(Ko + A')) = Ko(Id — wt(Ko + A))ly
+||A'(Id — wt(Ky + A")) — A'(Id — wt(Ky + A))|lo
+ ||A'(Id — wt(Ky + A)) — A(ld — wt(Ky + A))llo
<([IKolly - || - 17l + 6 ] - [l + 1) - JA” = Allo
<ClIA" = Allo,

which implies

Il [A'] = A [Alllo < C(36 + 26)||A" = Allo < [|A" = Allo
if
(3.12) C(3o+2) < 1.

Thus, we can always choose a small ¢ and ¢, such that, for any 0 < € <
€, the conditions (3.10) and (3.12) hold if ||E(K)l|,+; is sufficient small.
The continuity arguments of .« on C" are direct application of Lemma
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and thus omitted. Theorem [2.4] immediately implies the existence of A* €
C"(T?,R") such that K = K, + A* is the exact solution of (3.2)) and

C(Za)l—l/(ﬁl) U
IK = Koll- < =77 IEKo, Ol .
The local uniqueness is also an immediate result of Theorem O

Remark 3.1. We remark that the operator o/ may not be a contraction on a
closed ball in the space C’'(T¢,R"). To see this, let us revisit the contraction
arguments. When processing the expressions (3.11)), one has to show, ab-
stractly, the composition operator, which is defined from C1(T?, R") to itself
and maps A to A o A for a given A € CU(T,R"), is differentiable, or at
least Lipschitz. However, this is usually impossible for any positive q. See
[dILO99] for the general discussions.

The above theorem gives a posteriori result on the state dependent delay
differential equation. In particular, if K, is a solution of (3.3) , then we
can free one order regularity on the assumption of K to obtain the exact
solution.

Corollary 3.1. Under the same assumptions in Theorem 3. l|except that the
approximate solution K, belongs to C"*'(T?, R"), then, for sufficient small €,
there exists a locally unique solution K € C"(T?,R") nearby of (3.2), which
is continuous in € together with its any partial derivatives up to r.

Proof: Now we can modify equation (3.6)) into

AO) = nLf (6, Ko(B) + AB), €Ky + AB)) — £(6, Ko(6),0)
— D1 £ (8, Ko(6), 0)A(6))]

and replace the error term by zero. Then the proof is essentially the same
as before. However, the argument on (3.9)) is also reduced into the estimate
of IIK/O\-I-JAH,H, which would not need one more order regularity of Ky. O

By the contraction arguments, we actually avoid the difficulties described
in Remark [3.1] However, it is at the price of losing derivatives of the exact
solution and lack of the C!-smoothness in the parameter €, although we
have endowed the original system high regularities.

4. FURTHER DISCUSSION

Although we have assumed that f and 7 are defined globally, actually one
can weaken this restriction since the discussions are in the vicinity of the
approximate solution.
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For the quasi-periodic differential system with multiple state-dependent
time lags

X(1) = f(6, x(1), ex(t — 71(x(1))), - - - , €x(t — 7(x(1))))
(1) = w

one also obtain the operator <7 defined in (3.6) with adding some compo-

nents in the functions f and its derivatives. However, when verifying the

conditions (i) and (iii) in lemma the estimates of </[A] and <Z[A] —

</ [A’] involves more terms by duplication and subtraction arguments. For
example, when / = 2, one has

A
=1e | £(Id, Ko + A, €K, €Ko) — f(Id, Ko, €Ky, €Ko) — Dy f(Id, Ko, €Ky, €Kp)A
+ fd, Ko + A, €Ky ¥ A, €Ko + A) — fUd, Ky + A, €Ky + A, €Kp)
+f(d, Ky + A, €Ky + A, eKo) — f(Id, Ky + A, €K, €Ko)|

1 pl
=1, f f uD», f(Id, Ky + suA, €Ky, €Ko) - A*dsdu
0o Jo

+e fo 1 Dsf(d, Ky + A, €Ky + €s(Ko + A — Ky), €Ky + A)
x (Ko + A — Ko)d's

+e ﬁ 1 Dif(d, Ky + A, €Ky, €Ko + €s(Ky + A — Ko))
X (Ko + A — Ko)ds — E(Ko) |

where the hat of function, say S, is defined as :9\(6’) = 50 — wr(S(H))).
Then the estimates are essentially the same as the single delay case.

One interesting respect is the study of subharmonic solutions of (I.1).
Thus we are looking for an embedding K : T — R” such that x(¢) = K(t/n)
is the desired solution. The most interesting thing is to eliminate the per-
turbation setting. However, as remarked in [HVLO93], results on almost pe-
riodic solutions without assumptions of smallness of the perturbed vector
field are very difficult to obtain.

Another problem deserving consideration is in what sense the exponen-
tial dichotomy present for € = 0 persists for the solutions constructed. Of
course, the ever notion of exponential dichotomy is problematic. In a forth-
coming paper we formulate an appropriate notion of dichotomy(also based
on the parameterization method) to establish its persistence and develop a
theory of stable and unstable manifolds.
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At last, we remark that, without the assumption of exponential dichotomy,
the small divisor problem would appear. For a very particular case, [SBO3]
considers a differential-difference equation on the torus and reduce the per-
turbed system into a pure rotation. However, for the general analytic SD-
DDEs, a prime difficulty is to determine the analytic domain for the ex-
pression x(f — 7(x(¢))) involving the unknowns. In particular, for the quasi-
periodic solutions, it refers to K(6 — wt(K(0))). From [MPN14], we know
that the dynamic properties of the map 8 — 6 — wt(K(6)) play a crucial role
in determining the analyticity and non-analyticity of the solutions. We will
consider these problems in a forthcoming paper [HdIL15]].

ACKNOWLEDGMENTS

We thank Prof. Renato C. Calleja for discussions and to him and Profs.
Humphries and Krauskopf for sharing their numerical work in progress. X.
He would also thank School of Mathematics at Georgia Inst. of Technology
for excellent working conditions as a visiting graduate student. X. He is
supported by the China Scholarship Council(File No.201406130018) and
NSFC(Grant No. 11271115). R. de la Llave has been supported by NSF
Grant DMS-1500943.

This work was initiated while both authors were enjoying the hospitality
of the JLU-GT Joint Institute for Theoretical Science. We are very grateful
for this opportunity.

REFERENCES

[CFdILO03] Xavier Cabré, Ernest Fontich, and Rafael de la Llave. The parameterization
method for invariant manifolds. I. Manifolds associated to non-resonant
subspaces. Indiana Univ. Math. J., 52(2):283-328, 2003.

[CFdILO05] Xavier Cabré, Ernest Fontich, and Rafael de la Llave. The parameterization
method for invariant manifolds. III. Overview and applications. J. Differ-
ential Equations, 218(2):444-515, 2005.

[Chi06] Carmen Chicone. Ordinary differential equations with applications, vol-
ume 34 of Texts in Applied Mathematics. Springer, New York, second edi-
tion, 2006.

[CL95] Shui-Nee Chow and Hugo Leiva. Existence and roughness of the exponen-

tial dichotomy for skew-product semiflow in Banach spaces. J. Differential
Equations, 120(2):429-477, 1995.

[dILO99] R. de la Llave and R. Obaya. Regularity of the composition operator in
spaces of Holder functions. Discrete Contin. Dynam. Systems, 5(1):157—
184, 1999.

[Dri63] Rodney D. Driver. A two-body problem of classical electrodynamics: the
one-dimensional case. Ann. Physics, 21:122—-142, 1963.



CONSTRUCTION OF QUASI-PERIODIC SOLUTION: I 17

[DvGVLWO95] Odo Diekmann, Stephan A. van Gils, Sjoerd M. Verduyn Lunel, and Hans-

[Eic06]

[GW13]

[HCF*]

[HdILO6]

[HdIL13]

[HdIL15]

[HDMU12]

[HKWWO06]

[HVL93]

[HW10]

[JS81]

[Kri06]

[Lan73]

Otto Walther. Delay equations, volume 110 of Applied Mathematical Sci-
ences. Springer-Verlag, New York, 1995. Functional, complex, and nonlin-
ear analysis.

Markus Eichmann. A local Hopf bifurcation theorem for differential equa-
tion with state-dependent delays. PhD thesis, Justus-Liebig University in
Giessen, 2006. http://d-nb.info/980600928/34.

Shangjiang Guo and Jianhong Wu. Bifurcation theory of functional differ-
ential equations, volume 184 of Applied Mathematical Sciences. Springer,
New York, 2013.

Alex Haro, Marta Canadell, Jordi-Lluis Figueras, Alejandro Luque, and
Josep Maria Mondelo. The parameterization method for invariant mani-
folds: from theory to effective computations.

A.Haro and R. de la Llave. A parameterization method for the computation
of invariant tori and their whiskers in quasi-periodic maps: rigorous results.
J. Differential Equations, 228(2):530-579, 2006.

Gemma Huguet and Rafael de la Llave. Computation of limit cycles and
their isochrons: fast algorithms and their convergence. SIAM J. Appl. Dyn.
Syst., 12(4):1763-1802, 2013.

Xiaolong He and Rafael de la Llave. Construction of quasi-periodic solu-
tions state-dependent delay differential equations by the parameterization
method II: Analytic case. 2015.

A. R. Humphries, O. A. DeMasi, F. M. G. Magpantay, and F. Upham.
Dynamics of a delay differential equation with multiple state-dependent
delays. Discrete Contin. Dyn. Syst., 32(8):2701-2727, 2012.

Ferenc Hartung, Tibor Krisztin, Hans-Otto Walther, and Jianhong Wu.
Functional differential equations with state-dependent delays: theory and
applications. In Handbook of differential equations: ordinary differential
equations. Vol. III, Handb. Differ. Equ., pages 435-545. Elsevier/North-
Holland, Amsterdam, 2006.

Jack K. Hale and Sjoerd M. Verduyn Lunel. Introduction to functional-
differential equations, volume 99 of Applied Mathematical Sciences.
Springer-Verlag, New York, 1993.

Qingwen Hu and Jianhong Wu. Global Hopf bifurcation for differ-
ential equations with state-dependent delay. J. Differential Equations,
248(12):2801-2840, 2010.

Russell A. Johnson and George R. Sell. Smoothness of spectral subbundles
and reducibility of quasiperiodic linear differential systems. J. Differential
Equations, 41(2):262-288, 1981.

Tibor Krisztin. C'-smoothness of center manifolds for differential equa-
tions with state-dependent delay. In Nonlinear dynamics and evolution
equations, volume 48 of Fields Inst. Commun., pages 213-226. Amer.
Math. Soc., Providence, RI, 2006.

IIT Lanford, OscarE. Bifurcation of periodic solutions into invariant tori:
the work of ruelle and takens. In Nonlinear Problems in the Physical Sci-
ence and Biology, volume 322 of Lecture Notes in Mathematics, pages
159-192. Springer Berlin Heidelberg, 1973.



18

[LdILO9]

[MKW14]

[MPN11]

[MPN14]

[SBO3]

[Siel2]

[SS74]

[WalO3a]

[Wal03b]

[Zeh75]

X.HE AND R. DE LA LLAVE

Xuemei Li and Rafael de la Llave. Construction of quasi-periodic solu-
tions of delay differential equations via KAM techniques. J. Differential
Equations, 247(3):822-865, 2009.

F. M. G. Magpantay, N. Kosovali¢, and J. Wu. An age-structured popula-
tion model with state-dependent delay: derivation and numerical integra-
tion. SIAM J. Numer. Anal., 52(2):735-756, 2014.

John Mallet-Paret and Roger D. Nussbaum. Stability of periodic solutions
of state-dependent delay-differential equations. J. Differential Equations,
250(11):4085-4103, 2011.

John Mallet-Paret and Roger D. Nussbaum. Analyticity and nonanalyt-
icity of solutions of delay-differential equations. SIAM J. Math. Anal.,
46(4):2468-2500, 2014.

A. M. Samoilenko and E. P. Belan. Quasiperiodic solutions of differential-
difference equations on a torus. J. Dynam. Differential Equations, 15(2-
3):305-325, 2003. Special issue dedicated to Victor A. Pliss on the occa-
sion of his 70th birthday.

Jan Sieber. Finding periodic orbits in state-dependent delay differential
equations as roots of algebraic equations. Discrete Contin. Dyn. Syst.,
32(8):2607-2651, 2012.

Robert J. Sacker and George R. Sell. Existence of dichotomies and invari-
ant splittings for linear differential systems. 1. J. Differential Equations,
15:429-458, 1974.

Hans-Otto Walther. Differentiable semiflows for differential equations with
state-dependent delays. Univ. lagel. Acta Math., (41):57-66, 2003.
Hans-Otto Walther. The solution manifold and C'-smoothness for dif-
ferential equations with state-dependent delay. J. Differential Equations,
195(1):46-65, 2003.

E. Zehnder. Generalized implicit function theorems with applications to
some small divisor problems. I. Comm. Pure Appl. Math., 28:91-140,
1975.

CoLLEGE OF MATHEMATICS AND EcoNoMETRICS, HUNAN UNIVERSITY, B CHANGSHA HUNAN
410082, PeoprLE’s REPUBLIC OF CHINA

ScrooL oF MATHEMATICS, GEORGIA INSTITUTE OF TECHNOLOGY, 686 CHERRY ST., ATLANTA
GA 30332, USA
E-mail address: hexiaolong@hnu.edu.cn, xiaolong.he@math.gatech.edu

ScHooL OF MATHEMATICS, GEORGIA INSTITUTE OF TECHNOLOGY, 686 CHERRY ST., ATLANTA
GA 30332, USA
E-mail address: rafael.delallave@math.gatech.edu



	1. Introduction
	2. Preliminaries
	2.1. Function spaces
	2.2. Exponential dichotomy
	2.3. Solutions of non-homogeneous equations with dichotomy

	3. Functional equation for quasi-periodic solutions
	3.1. Formulation of invariance equation
	3.2. Formulation of the result

	4. Further discussion
	Acknowledgments
	References

