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In this paper we prove that periodic boundary-value problems (BVPs) for delay
differential equations are locally equivalent to finite-dimensional algebraic
systems of equations. We rely only on regularity assumptions that follow those
of the review by Hartung et al. (2006). Thus, the equivalence result can
be applied to differential equations with state-dependent delays (SD-DDEs),
transferring many results of bifurcation theory for periodic orbits to this class of
systems. We demonstrate this by using the equivalence to give an elementary
proof of the Hopf bifurcation theorem for differential equations with state-
dependent delays. This is an alternative and extension to the original Hopf
bifurcation theorem for SD-DDEs by Eichmann (2006).

1. Introduction

If a dynamical system is described by a differential equation where the derivative at the
current time may depend on states in the past one speaks of delay differential or, more
generally, functional differential equations (FDEs). A reasonably general formulation of an
autonomous dynamical system of this type looks like this:

x(6) = f(x;, m) (1)

where 7 > 0 is an upper bound for the delay. On the right-hand side f is a functional,
mapping C°([—7,0];R") (the space of continuous functions on the interval [—7, 0] with
values in R") into R". The dependent variable x is a function on [—7,T,,,) for some
T.ax > 0, and x, is the current function segment: x,(s) = x(t +s) for s € [—7,0] such that
x, € C°([—7,0]; R"). The second argument u € R" is a system parameter. For a system of
the form (1) one would have to prescribe a continuous function x on the interval [—7,0]
as the initial value and then extend x toward time T,,, (see textbooks on functional
differential equations such as [4, 11, 22]).


https://core.ac.uk/display/12824926?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

A long-standing problem with certain types of FDEs is that they do not fit well into the
general framework of smooth infinite-dimensional dynamical system theory. The problem
occurs whenever the functional f invokes the evaluation operation in a non-trivial way,
that is, for example, if one has a state-dependent delay. A prototypical caricature example
would be the functional

fiUXR—R, [, ) = p—x(—=x(0)), 2)

where U = {x € C°([-7,0];R) : 0 < x(0) < 7} is an open set in C°([—7,0];R). The
corresponding FDE is

x(t)=pu—x(t —x(t)). 3)

Here, f evaluates its first argument x at a point that itself depends on x. We restrict
ourselves to solutions x of (3) with x(t) € (0, 7) for t > 0 to avoid problems with causality
and to limit the maximal delay to T (always keeping x, in U).

The difficulty with (3) stems from the fact that f as a map is only as smooth as its
argument x. Specifically, the derivative of f with respect to its first argument in this
example exists only for x € C}([—7,0];R) (the space of all continuously differentiable
functions on [—7,0]):

o'f : CY([-7,0];R) x R x C}([—7,0];R) — R,
o' f (x,u,y) = x'(=x(0)) y(0) — y(—x(0)).

So, if we choose U as the phase space for initial-value problems (IVPs) in example (3) then
the functional f is not differentiable for all elements of U. In fact, it is not even locally
Lipschitz continuous in U. Indeed, Winston [25] gave an example of an initial condition
in U for (3) (with u = 0 and 7 > 1), for which the IVP did not have a unique solution.
This counterexample is not surprising since the right-hand side f does not fit into the
framework that the textbooks [4, 11, 22] assume to be present. A result of Walther [24]
rescues IVPs with state-dependent delays (such as (3)) by restricting the phase space in
general to the closed submanifold C, of C!([—7,0];R"):

4)

C. = {x € C'([~7,0];R") : x'(0) = f (x)}.

Walther [24] could prove the existence of a semiflow inside this manifold that is continu-
ously differentiable with respect to its initial conditions. However, this result is restricted to
a single degree of differentiability. Results about higher degrees of smoothness are lacking
for the semiflow [12].

A typical task one wants to perform for problems of type (1), or example (3), is bi-
furcation analysis of equilibria and periodic orbits. Equilibria are solutions x of (1) that
are constant in time, and periodic orbits are solutions x € C}(R;R") of (1) that satisfy
x(t+ T) = x(t) for some T > 0 and all t € R. Equilibria of the general FDE (1) can be
determined by finding the solutions (p, u) € R" x R" of the algebraic system of equations

0= f(Eop, 1) (5)



where E, is the trivial embedding
E,:R"— C°([—7,0];R"), [E,pl(s)=p forallse[—7,0].

We observe that, even though the FDE (1) is an infinite-dimensional system, its equilibria
can be found as roots of the finite-dimensional system (5) of algebraic equations. Moreover,
the regularity problems of the semiflow do not affect (5): in the example (3), the algebraic
equation (5) reads 0 = u — p, which is smooth to arbitrary degree, and can be solved even
for negative u (near equilibria with u = p < 0 the semiflow does not exist).

In this paper we establish a system similar to (5), but for periodic orbits: we find a
finite-dimensional algebraic system of equations that does not suffer from the regularity
problems affecting the semiflow, and an equivalence between solutions of this algebraic
system and periodic orbits of (1). In comparison, for ordinary differential equations (ODEs)
of the form x(t) = f(x(t), u) with a smooth f : R" x R¥ — R", the fact that the problem
of finding periodic orbits can be reduced to algebraic root-finding is well known [9]. For
example, in ODEs one can use the algebraic system 0 = X(T; p,u) —p where t — X(t;p,u)
is the trajectory defined by the IVP starting from p € R" and using parameter u € R".

A central notion in the construction of the equivalent algebraic system for periodic orbits
of FDEs are periodic boundary-value problems (BVPs) for FDEs on the interval [—7t, 7] with
periodic boundary conditions (which we identify with the unit circle T). Periodic orbits of
(1) can then be found as solutions of periodic BVPs. If one wants to make the equivalence
result useful in practical applications, one has to find a regularity (smoothness) condition on
the right-hand side f that includes the class of state-dependent delay equations reviewed
in [12], while still ensuring that it is possible to prove the existence of an equivalent
algebraic system. We use exactly the same condition as used by Walther in [24] to prove
the existence of a continuously differentiable semiflow, the so-called extendable continuous
differentiability (originally introduced as “almost Frechét differentiability” in [21]), which
implies a restricted form of local Lipschitz continuity. We generalize restricted continuous
differentiability to higher degrees of restricted smoothness (which we call EC* smoothness)
in a similar fashion as Krisztin [19] did for the proof of the existence and smoothness of
local unstable manifolds of equilibria. Our definition of EC* smoothness is comparatively
simple to state and check, and lends itself easily to inductive proofs.

After introducing the notation for periodic BVPs and EC* smoothness we state the
main result, an equivalence theorem between periodic BVPs and algebraic systems of
equations in Section 2. The equivalence theorem reduces statements about existence and
smooth dependence of periodic orbits of FDEs to root-finding problems of smooth algebraic
equations. The result is weaker than the corresponding results for equilibria of FDEs and for
periodic orbits of ODEs because the equivalence is only valid locally. For any given periodic
function x, with Lipschitz continuous time derivative we construct an algebraic system that
is equivalent to the periodic BVP in a sufficiently small open neighborhood of x,. However,
the result is still useful, as we then demonstrate in Section 3. We apply the equivalence
theorem in the vicinity of equilibria for which the linearization of (1) has eigenvalues on
the imaginary axis (for example, near x, = u = 1/2 in example (3)) to prove the Hopf
Bifurcation Theorem. The equivalence theorem reduces the proof of the Hopf Bifurcation



Theorem to an application of the Algebraic Branching Lemma [1]. This provides a complete
proof for the Hopf Bifurcation Theorem for FDEs with state-dependent delays, including the
regularity of the emerging periodic orbits. We discuss differences to the first version of the
proof by Eichmann [5] and the approach of Hu and Wu [13] in Section 3. The equivalence
is applicable in other scenarios where one would expect branching of periodic solutions.
Examples are period doublings, the branching from periodic orbits with resonant Floquet
multipliers on the unit circle in Arnol’d tongues, and branching scenarios in FDEs with
symmetries. We give a tentative list of straightforward applications and generalizations of
the equivalence theorem in the conclusion (Section 4).

We note that the theorem stated in Section 2 differs from statements about numerical
approximations. As part of the theorem we also provide a map X that maps the root of
the algebraic system back into a function space to give the exact solution of the periodic
BVB and a projection P that maps functions to finite-dimensional vectors (and, hence,
periodic orbits to roots of the algebraic system). In numerical methods one typically
has to increase the dimension of the algebraic system in order to get more and more
accurate approximations of the true solution whereas the dimension of the algebraic system
constructed in Section 2 is finite.

2. The Equivalence Theorem

This section states the assumptions and conclusions of the main result of the paper, the
Equivalence Theorem stated in Theorem 2.5. Before doing so, we introduce some basic
notation (function spaces on intervals with periodic boundary conditions and projections
onto the leading Fourier modes).

Periodic BVPs

We first state precisely what we mean by periodic BVP and introduce the usual hierarchy
of continuous, continuously differentiable and Lipschitz continuous functions on the
compact interval [—m, ] with periodic boundary conditions. For j > 0 we will use the
notation C/(T;R") for the spaces of all functions x on the interval [—m, 7] with continuous
derivatives up to order j (including order O and j) satisfying the periodic boundary
conditions xV(—m) = xU(n) for I = 0...j. Elements of C°(T;RR") are continuous and
satisfy x(—m) = x(m). For derivatives of order j > 0, xU)(—n) is the right-sided jth
derivative of x in —m, and x(7) is the left-sided jth derivative of x in . The norm in
C/(T;R™) is
lxll; = max_{Ix(OL1x'(0)],...., IxP(OI}
te[—m,mn]

We can extend any function x in C/(T;R") to arguments in R by defining x(t) = x(t —2km)
where k is an integer chosen such that —n <t — 2kn < 7 (we will write t,,4;_ ) later).
Thus, every element of C/(T;R") is also an element of BC’/(R;R"), the space of functions
with bounded continuous derivatives up to order j on the real line. We use the notation
t € T for arguments t of x, and also call T the unit circle. This make sense because the



parametrization of the unit circle by angle provides a cover, identifying T with R where we
use [—7t, ) as the fundamental interval.

Additional useful function spaces are the space of Lipschitz continuous functions and,
correspondingly, spaces with Lipschitz continuous derivatives, denoted by C’!(T;R"),
which are equipped with the norm

x0(s) = x0(2)
llx|l;,; = max { [|x|l;, sup (6)
t,s€ER |5 - tl
t#s

(x©(t) refers to x(t)). Note that we used the notation t,s € R in the index of the
supremum, as we can apply arbitrary arguments in R to a function x € C°(T;R") by
considering it as an element of BC°(R; R"), as explained above. We use the same notation
(C/(J;R™) and C’!(J;R")) also for functions on an arbitrary compact interval J € R
without periodic boundary conditions (and one-sided derivatives at the boundaries). As
any function x € C/(T;R") is also an element of BC/(R;R"), it is also an element of
C/(J;R") for any compact interval J (and the norm of the embedding operator equals
unity). On the function spaces C’(T;R") we define the time shift operator

A, : C/(T;R™) — C/(T;R"), [Ax](s) =x(t+5s).

The operator A, is linear and has norm 1 in all spaces C’(T;R"). Similarly, A, maps also
C/Y(T;R") — C’!(T;R"), and has unit norm there as well.
Let f be a continuous functional on the space of continuous periodic functions, that is,

f:C(T; R™") — R™.

The right-hand side f, together with the shift A,, creates an operator in C°(T;R"), defined
as

F: C°(T;R") — C°(T; R") [FO)I(8) = f (Ax). (7)

The operator F is invariant with respect to time shift by construction: F(A,x) = A, F(x).
We consider autonomous periodic boundary-value problems for differential equations
where f is the right-hand side:

x(t) = f(Awx) = F(x)(t). (8)

A function x € C}(T;R") is a solution of (8) if x satisfies equation (8) for all t € T (for
each t € T equation (8) is an equation in R"). In contrast to the introduction we do not
expressly include a parameter u as an argument of f. This does not reduce generality
as we will explain in Section 3. The main result, the Equivalence Theorem 2.5, will be
concerned with equivalence of the periodic BVP (8) to an algebraic system of equations.
The notion of the shift A, on the unit circle and the operator F, combining f with the shift,
is specific to periodic BVPs such that the BVP (8) looks different from the IVP (1) in the
introduction. Several results stating how regularity of f transfers to regularity of F are
collected in Appendix A.



Definition of EC* smoothness and local (restricted) EC Lipschitz continuity

Continuity of the functional f is not strong enough as a condition to prove the Equivalence
Theorem. Rather, we need a notion of smoothness for f. However, as explained in the
introduction, we cannot assume that f is continuously differentiable with degree k > 1, if
we want to include examples such as f(x) = —x(—x(0)) (see FDE (3) for u = 0) into the
class under consideration.

The review by Hartung et al. [12] observed the following typical property of functionals
f appearing in equations of type (8): the derivative ' f (x) of f in x as a linear map from
C!(T;R") into R" can be extended to a bounded linear map from C°(T;R") into R", and
the mapping

o'f : CY(T;R™) x CO(T;R™) — R™ defined by (x,y)— df(x,y)

is continuous as a function of both arguments. In other words, the derivative of f may
depend on x’ but not on y’. For the example f(x) = —x(—x(0)) this is true (see (4)).
Most of the fundamental results establishing basic dynamical systems properties for FDEs
with state-dependent delay in [12] rest on this extendability of 21f.

We also rely strongly on this notion of extendable continuous differentiability. The precise
definition is given below in Definition 2.1. In this definition we permit the argument range
J to be any compact interval or T. We use the notation of a subspace of higher-order
continuous differentiability not only for C/(J; R") but also for products of such spaces in a
natural way. Say, if

D=CM(J;R™) x...x CH(J;R™), 9)

where £ > 1, and k; > 0 and m; > 1 are integers, and denoting the natural maximum norm
on the product D by

X =X, X = max ||X;
Iello = ks, coxllp = max, [l

then for integers r > 0 the space D" is defined in the natural way as

D' =ChH(J; R™) x ... x CkHr(J; R™), with
_ ()
lxllp, = max Il Iy, -

1<i<t

For the simplest example, D = C°(J;R"), D is C*(J;R™). If J = T then the time shift A,
extends naturally to products of spaces:

Ax =(Axq,...,Axp) forx=(xq,...,x,) €D.

Definition 2.1 (Extendable continuous differentiability EC*)

Let D be a product space of the type (9), and let f : D — R" be continuous. We
say that f has an extendable continuous derivative if there exists a map 9'f

O'f :D'x D — R"



that is continuous in both arguments (u,v) € D! x D and linear in its second
argument v € D, such that for all u € D?

y lflu+v)—flw)—o,f(uv)l
im =0

vep! vllp,
||V||D,1—’0 ’

(10)

We say that f is k times continuously differentiable in this extendable sense if
the map 9%f, recursively defined as dXf = 01[0*"'f], exists and satisfies the
limit condition (10) for 2*~!f. We abbreviate this notion by saying that f is EC*
smooth in D.

The limit in (10) is a limit in R. For k = 1 the definition is identical to property (S) in
the review [12], one of the central assumptions for fundamental results on the semiflow.
Extendable continuous differentiability requires the derivative to exist only in points in D'
and with respect to deviations in D?, but it demands that the derivative must extend in its
second argument to D ('f is linear in its second argument). This is the motivation for
calling this property extendable continuous differentiability.

The definition of EC* smoothness for k > 1 uses the notation that a functional (say, 8'f)
of two arguments (say, u € D! and v € D) for which one would write ' f (u,v), is also a
functional of a single argument w = (u,v) € D! x D, such that one can also write 31 f (w).
When using this notation we observe that the space D! x D is again a product of type (9)
such that d'f is again a functional of the same structure as f. For example, let us consider
the functional f : x — —x(—x(0)) from example (2) (setting u = 0). The functional is
well defined and continuous also on D = C°(T;R). Moreover, f is EC* smooth in D to
arbitrary degree k. Its first two derivatives are:

d'f : CH(T;R) x C°(T;R),

o f (u,v) = u'(—u(0)) v(0) — v(—u(0)), and (11)
8%f : [CX(T;R) x CY(T;R)| x [CH(T;R) x C°(T;R)],

O, f (u,v,w,x) =—u"(—u(0))w(0) v(0) + u'(—u(0)) x(0)

W (u(0))v(0) — v (—u(O)w(0) — x(—u(0)). P

As one can see, the first derivative d'f has the same structure as f itself if we replace
D = C°(T;R") by D! x D. So, it is natural to apply the definition again to 3'f on the space
D' x D.

Assuming that f is EC' smooth on C°(J;R") implies classical continuous differentiability
of f as a map from C!(J;R") into R" and is, thus, strictly stronger than assuming that f is
continuously differentiable on C!(T;R").

Since every element of C/(T;R") is also an element of C/(J;R") for any compact interval
J (and the embedding operator has unit norm), any EC* smooth functional f : C°(J; R™) —
R" is also a EC* smooth functional from C°(T;R™) into R".

It is worth comparing Definition 2.1 with the definition for higher degree of regularity
used by Krisztin in [19]. With Definition 2.1 the kth derivative has 2¢ arguments. In
contrast to this, the kth derivative as defined in [19] has only k + 1 arguments (the



first argument is the base point, and the derivative is a k-linear form in the other k
arguments). The origin of this difference can be understood by looking at the example
f(x) = —x(—x(0)) and its derivatives in (11)-(12). Krisztin’s definition applied to the
second derivative does not include the derivative of 2! f with respect to the linear second
argument v (as is often convention, because it is the identity). One would obtain the
second derivative according to Krisztin’s definition by setting x = 0 in (12). Indeed,
the terms containing the argument x in (12) are simply 9'f (u, x), as one expects when
differentiating 2'f (u,v) with respect to v, calling the deviation x. While in practical
examples it is often more economical to use the compact notation with k-forms, inductive
proofs of higher-order differentiability using the full derivative only require the notion of
at most bi-linear forms, making them less complex.

If f is EC! smooth then it automatically satisfies a restricted form of local Lipschitz
continuity [12], which we call local EC Lipschitz continuity:

Definition 2.2 (Local EC Lipschitz continuity)

We say that f : C°(T;R") — R" is locally EC Lipschitz continuous if for every
x, € C}(T;R") there exists a neighborhood U(x,) € C!(T;R") and a constant K
such that

lf ()= fE@I=Klly —=ll (13)
holds for all y and z in U(x,).

That EC' smoothness implies local EC Lipschitz continuity has been shown, for example,
in [24] (but see also Lemma A.3 in Appendix A). Note that the estimate (13) uses the
|| - lo-norm for the upper bound. This is a sharper estimate than one would obtain using
the expected || - ||;-norm. The constant K may depend on the derivatives of the elements in
U(x,) though. For example, for f(x) = —x(—x(0)) as in (2) with u = 0, one would have
the estimate

G+ y) = G| < [1+11l] Iyl such that K <1+ max x|,

xe€U(xq

This means that in this example, the neighborhood U(x,) can be chosen arbitrarily large as
long as it is bounded in C*(T;R").

The following lemma states that we can extend the neighborhood U(x) in Definition 2.2
into the space of Lipschitz continuous functions (C%! instead of C') and include time shifts
(which possibly increases the bound K).

Lemma 2.3 (EC Lipschitz continuity uniform in time)

Let f be locally EC Lipschitz continuous, and let x, be in C%!(T;R"). Then there
exists a bounded neighborhood U(x,) € C%!(T;R") and a constant K such that

If(Ay) = fAR) <KIAY —Aizllo =Klly —zllo

holds for all y and z in U(x,), and for all t € T. Thus, ||[F(y)—F()|lo < Klly —2ll,
for all y and z in U(x,).



Recall that F(x)(t) = f(A,x). See Lemma A.3 and Lemma A.5 in Appendix A for the proof
of Lemma 2.3. A consequence of Lemma 2.3 is that the time derivative of a solution x,
of the periodic BVP is also Lipschitz continuous (in time): if x,(t) = f (A,x,) then there
exists a constant K such that

[lx6(£) = x6()llp < K|t — 5] (14)

Thus, x, € C*'(T;R"). This follows from Lemma 2.3 by inserting A,x, and A x, for y
and z and using that x;(t) = f (A, X,) (it is enough to show (14) for |t — s| small).

Projections onto subspaces spanned by Fourier modes

The variables of the algebraic system in the Equivalence Theorem will be the coefficients
of the first N Fourier modes (where N will be determined as sufficiently large later) of
elements of C%!(T;R") (the space of Lipschitz continuous functions on T). Consider the
functions on T

1
bp=t— > b, =t — cos(kt), b_, =t —sin(kt)

for k=1,...,00 (which is the classical Fourier basis of L?(T;RR)). For any m > 1 we define
the projectors and maps

N T
Py : C(T;R™) > CI(TSR™, [Pyx](6)i = Y [%J bk(s)xi(s)ds} bi(t),

k=—N -7
QN = I - PN’

N
Ey : RGN s CI(T; R™),  [Eypl(t); = Z pixbi(t), (15)
k=—N

. 1 ("
Ry : CI(T;R™) — R™@NHD - [R x], . = —J b, (s)x;(s)ds,
’ i
TT

t

L :C/(T;R™) — C/(T;R™), [Lx](t) = J x(s) —Rox ds = J Qolx](s)ds.

0

The projector Py projects a periodic function onto the subspace spanned by the first 2N + 1
Fourier modes, and Qy, is its complement. The map E, maps a vector p of 2N + 1 Fourier
coefficients (which are each vectors of length n themselves) to the periodic function that
has these Fourier coefficients. The map Ry extracts the first 2N + 1 Fourier coefficients
from a function. The simple relation Py = EyRy holds. The vector R,x is the average of a
function x, and Q,, subtracts the average from a periodic function. The operator L takes
the anti-derivative of a periodic function after subtracting its average (to ensure that L
maps back into the space of periodic functions). In all of the definitions the degree j of
smoothness of the vector space C’ can be any non-negative integer. The operator L not
only maps C’ back into itself, but it maps C/(T;R™) into C/*}(T;R™).



We do not attach an index m to the various maps to indicate how many dimensions
the argument and, hence, the value has because there is no room for confusion: for
example, if x € C°(T;R?) then Pyx € C°(T;RR?) such that we use the same notation Pyx
for x : T — R™ with arbitrary m. Similarly, we apply all maps also on product spaces D of
the type C*1(T;R™) x ... x Ck(T;R™) introduced in Equation (9) by applying the maps
element-wise. For example,

Pyx = (Pyxq,...,Pyxy) for x = (x4,...,x,) €D,
Exp = (Eyp1,--->ExDy) for p = (py,...,p;) € RM*ENFD 5 Rmex(@N+1),

Equivalent integral equation

We note the fact that a function x € C*(T;R") solves the periodic BVP x(t) = f(A,x) =
F(x)(t) if and only if it satisfies the equivalent integral equation

t

x(t) =x(0)+ f F(x)(s)ds forallteT. (16)

0

For each t € T, Equation (16) is an equation in R". In particular, the term x(0) is in R".
Thus, the integral equation (16) is very similar to the corresponding integral equation
used in the proof of the Picard-Lindel6f Theorem for ODEs [3]. This is in contrast to the
abstract integral equations used by Diekmann et al. [4] to construct unique solutions to
IVPs, in which equality at every point in time is an equality in function spaces. It is the
similarity of (16) to its ODE equivalent that makes the reduction of periodic BVPs to finite
dimensional algebraic equations possible. One minor problem is that the Picard iteration
for (16) cannot be expected to converge. In fact, the integral term f Ot F(x)(s)ds does not
even map back into the space C°(T;R") of periodic functions, even if x is in C°(T;R").
However, a simple algebraic manipulation using the newly introduced maps L, Py, Qy, Ey
and Ry removes this problem (remember that F(x)(t) = f(A,x)):

Lemma 2.4 (Splitting of BVP)

Let N > 0 be an arbitrary integer. A function x € C°(T;R") and a vector p €
Rnx(ZN-‘rl) satisfy

x(t)=f(A,x) and p=Ryx, (17)
if and only if they satisfy the system

x = Eyp +QyLF(x), (18)
0 =Ry [PoF(x)+ Qo (Eyp — PyLF(x))]. (19)

Note that the map Ry, extracts the lowest 2N +1 Fourier coefficients from a periodic function.
Equation (18) can be viewed as a fixed-point equation in C%!(T;R"), parametrized by p.
We will apply the Picard iteration to this fixed-point equation instead of (16). Equation (19)

10



is an equation in R™ N+ _If the Picard iteration converges then the fixed-point equation
(18) can be used to construct (for sufficiently large N) a map X : U C R™@N+D
C%1(T;R"), which maps the parameter p to its corresponding fixed point x. Inserting this
fixed point x = X (p) into (19) turns (19) into a system of n x (2N + 1) algebraic equations
for the n X (2N + 1)-dimensional variable p, making the periodic BVP for x equivalent to
an algebraic system for its first 2N + 1 Fourier coefficients, p. The proof of Lemma 2.4 is
simple algebra, see Section 5.2.

Statement of the Equivalence Theorem

Using the Splitting Lemma 2.4 we can now state the central result of the paper. The
intention to treat (18) as a fixed-point equation motivates the introduction of the map

My : CONT;R™) x RPN+, ¢OL(T; R™) given by
My(x,p) = Eyp + QyLF(x).
This means that we will look for fixed points of the map My, (-, p) for given p and sufficiently

large N. We will do this in small closed balls in C%!(T;R") (the space of Lipschitz
continuous functions) such that it is useful to introduce the notation

By (xo) = {x e COY(T; RM) : Hx — x0||0’1 < 5} ,

for § > 0 and x, € C*!(T;R"). That is, Bg’l(xo) is the closed ball of radius & around
Xy € C®!(T;R") in the || - ||, -norm (the Lipschitz norm on T).
Theorem 2.5 (Equivalence between periodic BVPs and algebraic systems of equations)
Let f be EC/»> smooth, and let x, have a Lipschitz continuous derivative, that is,
X, € CV1(T;R™). Then there exist a 5 > 0 and a positive integer N such that the
map My (-, p) has a unique fixed point in ng(xo) for all p in the neighborhood U
of Ryx, given by
U — {p c RnX(ZN-’rl) : IIEN |:p _RN‘XO] ||01 S 25} .
The maps
X :U+~ CT;R"), X(p)= fixed point of My(-,p) in Bg’;(xo),
g:U—R™CND, g(p) =Ry [PF(X(p)) +Q (Exp — P\LFX(P)))]

are j.., times continuously differentiable with respect to their argument p, and
X(p) is an element of C/=1(T;R"). Moreover, for all x € Bg’l(xo) the following
equivalence holds:

x(t) = f(Ax)
if and only if p = Ryx is in U and satisfies

g(p)=0 and x=X(p).
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Theorem 2.5 is the central result of the paper. It implies that, for any x, € C*'(T;R") all
solutions of the periodic BVP in a sufficiently small neighborhood of x lie in the graph X (U)
of a finite-dimensional manifold. Moreover, these solutions can be determined by finding
the roots of g in U ¢ R™@N*D_ We note that Theorem 2.5 is different from statements
about numerical approximations. Even though the integer N is finite, solving the algebraic
system g(p) = 0 and then mapping the solutions with the map X into the function space
CO(T;RR") gives an exact solution x = X(p) of the periodic BVP x(t) = f(A,x).

The size of the radius 6 of the ball in which the equivalence holds depends on how large
one can choose 6 such that a local EC Lipschitz constant K for F exists for Bg’;(xo) (such
neighborhoods exist according to Lemma 2.3). In many applications (in particular, in the
example (3)) this can be any closed ball in which the right-hand side f is well defined
(at the expense of increasing K for larger balls). Once the local EC Lipschitz constant
K is determined, one can find a uniform upper bound R for the norm ||F(x)||,, for all
X € Bg’;(xo) (see Lemma A.5). The integer N, which determines the dimension of the
algebraic system, is then chosen depending on R, K and ||x|lo ;-

Section 5 contains the complete proof of Theorem 2.5. The first step of the proof of
Equivalence Theorem 2.5 is the existence of the fixed point of M in Bg;;(xo) forpeU.
This is achieved by applying Banach’s contraction mapping principle to the map My/(-, p)
in the closed ball ngl(xo). The only peculiarity in this step is that we apply the principle
to Bgél(xo), which is a closed bounded set of Lipschitz continuous functions, using the
(weaker) maximum norm (|| - ||,). This is possible because closed balls in C*!(T;RR") are
complete also with respect to the norm || - ||,. With respect to the maximum norm the map
My (-, p) : x — Eyp +QuLF(x) becomes a contraction for sufficiently large N (because the
norm of the operator QL is bounded by Clog(N)/N, and F has a Lipschitz constant K
with respect to || - ||, in ngl(xo)).

After the existence of the fixed point of My (-, p) is established in Section 5.3 the equiva-
lence between the algebraic system g(p) = 0 and the periodic BVP x(t) = f(A,x) in the
smaller ball Bg’l(xo) follows from the Splitting Lemma 2.4.

The smoothness (in the classical sense) of the maps X and g follows, colloquially
speaking, from implicit differentiation of the fixed-point problem x = Eyp + QyLF(x)
with respect to p. Section 5.5 checks the uniform convergence of the difference quotient
in detail, Section 5.6 uses the higher degrees of EC’m* smoothness of f to prove higher
degrees of smoothness for X and g. For proving higher-order smoothness one has to check
only if the spectral radius of a linear operator is less than unity, but the inductive argument
requires more elaborate notation than the first-order continuous differentiability.

3. Application to periodic orbits of autonomous FDEs — Hopf
Bifurcation Theorem

Let us come back to the original problem, the parameter-dependent FDE (1) x = f (x,, u),
where u € R is a system parameter and the functional f : C°(J;R") x R” — R" is defined
for first arguments that exist on an arbitrary compact interval J. Periodic orbits are solutions
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x of x = f(x,,u) that are defined on R and satisfy x(t) = x(t + T) for some T > 0 and all
teR.

Let x be a periodic function of period T = 27t/w. Then the function y(s) = x(s/w) is a
function of period 27t (s € T). This makes it useful to define the map

S :BC°(R;R") x R — BC’(R; R") [S(y, @)](s) = y(ws),

such that S(y, w)(t) = x(t) for all t € R (remember that BC°(R;R") is the space of
bounded continuous functions on the real line). Then x € C!(R;R") satisfies the differential
equation

x(t) = f (xe, 1) (20)

on the real line and has period 27t/ w if and only if y = S(x,1/w) € C}(T;RR") satisfies the
differential equation

1
5(5) = —F(S(A,y, 0.
Let us define an extended differential equation
Xext(s) = fext(Asxext)J (21)

where f,, maps C°(T; R""'*") into R""'*¥ and is defined by

Yy f (8(¥,Row),Rout) / cut(Ryw)
foe | @ | = 0 , Where
u 0
w if > Wy >0
cut(w) = : : :
smooth, uniformly non-negative extension for w < o

for y € C°(T;R"), w € C°(T;R) and u € C°(T;R") (recall that R, takes the average
of a function on T). We have used in our definition that any functional f defined for
x € C°(J;R") is also a functional on C°(T;R") (periodic functions have a natural extension
x(t) = x(tpoai-n,m) if t € R is arbitrary). The extended system has introduced the
unknown w and the system parameter u as functions of time, and the additional differential
equations « = 0, ¢t = 0, which force the new functions to be constant for solutions of (21).
We have also introduced a cut-off for w close to zero to keep f,,, globally defined. The
extended BVP (21) is in the form of periodic BVPs covered by the Equivalence Theorem 2.5.
Thus, if f,,, is EC’» smooth then BVP (21) satisfies the assumptions of Theorem 2.5 in
the vicinity of every periodic function x, ., € C'(T; R™"*1). Any solution x, = (y, w, u)
that we find for (21) corresponds to a periodic solution t — y(wt) of period 27 /Ryw at
parameter Ryu for (20) and vice versa, as long as Ryw > w0~ The condition of ECJmx
smoothness has to be checked only for the first n components of the function f,,, since its
final v + 1 components are zero.

Application of the Equivalence Theorem 2.5 results in a system of algebraic equations
that has (n+v +1)(2N + 1) variables and equations, where N is the positive integer proven
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to exist in Theorem 2.5. Let us denote as F = (F,,F,, F,) the components of the right-
hand side F,,, (given by Fo(Xex)(t) = fex(AXex)), of which F, and F,, are identically
zero. Let p = (p,,p,,P,) be the 2N + 1 leading Fourier coefficients of y, w and u,
respectively (these are the variables of the algebraic system constructed via Theorem 2.5),
and X(p) = (X,(p),X,(p),X,(p)) be the map from R +DEN*) jnto Clmax(T; R™H).
Then several of the components of p can be eliminated as variables, and the equations for
p resulting from Theorem 2.5 correspondingly simplified. Since F is identically zero in its
last v + 1 components we have

Xw(p):Eprz Xu(p):ENp,u

Hence, the right-hand side

g(p) =Ry [PoF(X(p)) + Qo (Eyp — PyLF(X(p)) ],

defined in Theorem 2.5, has v + 1 components that are identical to zero (since PyF(X(p)) =
0 for the equations & = 0 and g = 0). Furthermore, g(p) = O contains the equations
RyQoEnp,, =0 and RyQuEyp,, = 0, which require that all Fourier coefficients (except the
averages Ryw and Ryu) of u and w are equal to zero. This means (unsurprisingly) that
the algebraic system forces w and u to be constant. Thus, we can eliminate RyQ,Eyp.,,
and RyQ,Eyp, (which are 2N(v + 1) variables), replacing them by zero, and drop the
corresponding equations. Since w and u must be constant, we can replace the arguments
p,, and p, of X by the scalar RyEyp,, (Which we re-name back to w) and the vector
RoEyp, € R" (which we re-name back to u). This leaves the first n(2N + 1) algebraic
equations

0 :RN (POFy(Xy(py: w, AU“)’ w, M) + QO I:Epr - PNLFy(Xy(py) w, M)) w, nu')] ) > (22)
which depend smoothly (with degree j,,.,) on the n(2N +1) variables p, and the parameters
w € R and p € R". Overall, (22) is a system of n X (2N + 1) equations.

Rotational Invariance

The original nonlinearity F, defined by [F(x)](t) = f (A,x) is equivariant with respect to
time shift: A, F(x)=F(A,x) forall t € T and x € C°(T;R"). Furthermore, A, commutes
with the following operations:

AQyL=QyLA, (ifN>0)and APy =PyA,.

This property gets passed on to the algebraic equation in the following sense: let us define
the operation A, for a vector p in R*®¥*D which we consider as a vector of Fourier
coefficients of the function Eyp € C°(T;R"), by

A.p =RyAEyp.

With this definition A, commutes with Ry and Ej. It is a group of rotation matrices: A,
is regular for all ¢, and A, is the identity for all integers k. The definition of X(p) as a
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fixed point of x — Eyp + QyLF(x) implies that A, X(p) = X(A,p). From this it follows
that the algebraic system of equations is also equivariant with respect to A,. If we denote
the right-hand-side of the overall system (22) by G(p,, w, u) then G satisfies

AG(p,,w,u)=G(Ap,,w,u) forallteT,p, e R"*N* ¢, >0and ueR".

Application to Hopf bifurcation

One useful aspect of the Equivalence Theorem is that it provides an alternative approach to
proving the Hopf Bifurcation Theorem for equations with state-dependent delays. The first
proof that the Hopf bifurcation occurs as expected is due to Eichmann [5]. The reduction
of periodic boundary-value problems to smooth algebraic equations reduces the Hopf
bifurcation problem to an equivariant algebraic pitchfork bifurcation.

Let us consider the equation

0 = f(Eoxo, ) (23)

where f : C°(J;R") x R — R", u € R, J is a compact interval, x, € R", and the operator
E, (as defined in (15) in Section 2) extends a constant to a function on T (and thus, on J).
This means that (23) is a system of n algebraic equations for the n+ 1 variables (x,, u). The
definition of EC* smoothness does not cover functionals that depend on parameters. We
avoid the introduction of a separate definition of EC* smoothness for parameter-dependent
functionals that distinguishes between parameters and functional arguments. We rather
extend Definition 2.1:

Definition 3.1 (EC* smoothness for parameter-dependent functionals)

Let J = [a, b] be a compact interval (or J = T), and D be a product space of the
form D = Ck(J;R™) x ... x Ck(J;R™) where £ > 1, and k;>0and m; > 1 are
integers. We say that f : D x R” — R" is EC* smooth if the functional

(x,y) €D x C°(J;R") — f(x,y(a)) €R" 24)
is EC* smooth (if J = T we use a = —7).

Requiring EC*-smoothness of the parameter-dependent functional f in this sense, implies
that the algebraic system O = f(Eyx,, u) is k times continuously differentiable. Let us
assume that the algebraic system 0 = f(E,x,, ) has a regular solution x,(u) € R" for
u close to 0. Without loss of generality we can assume that x,(u) = 0, otherwise, we
introduce the new variable x,.,, = x4 — EyX,(u) € C°(J;R™). Hence, f(0,u) =0 for all u
close to 0.

The EC* derivative of f in (0, u) is a linear functional, mapping C°(J; R™"") into R". Let
us denote its first n components (the derivative with respect to the first argument x of f)
by a(u). The linear operator a(u) can easily be complexified by defining a(u)[x +iy] =
a(w)[x] +ia(uw)[y] for x +iy € C°([—7,0];CM). If f is EC* smooth with k > 2 then the
n x n-matrix K(A, u) (called the characteristic matrix), defined by

K(A,u)v = Av — a(u)[vexp(At)] (25)
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is analytic in its complex argument A and k — 1 times differentiable in its real argument u
(since the functions t — v exp(At) to which a(u) is applied are all elements of C*(J;R")).
The Hopf Bifurcation Theorem states the following:

Theorem 3.2 (Hopf bifurcation)

Assume that f is E C* smooth (k > 2) in the sense of Definition 3.1 and that the
characteristic matrix K(A, u) satisfies the following conditions:

1. (Imaginary eigenvalue) there exists an w, > 0 such that detK(iw,,0) =0
and iw, is an isolated root of A — detK(A,0). We denote the corresponding
null vector by v; = v, + iv; € C" (scaling it such that |v, > + |v;]* = 1).

2. (Non-resonance) detK(ikw,0) # O for all integers k # £1.

3. (Transversal crossing) The local root curve u — A(u) of detK(A,u) that
corresponds to the isolated root iw, at u = 0 (that is, A(0) = iw,) has a
non-vanishing derivative of its real part:

%)
0# ——ReA(u)

Then there exists a k — 1 times differentiable curve
Be(—e,e)—(x,w,u)€CHT;R") X R XR
such that for sufficiently small ¢ > 0 the following holds:

1. x(w-) (or S(x, w)) is a periodic orbit of x(t) = f(x,, u) of period 27/ w, that
is, x € C}(T;R") and

1
£(0) = = (S(Ax, @), ), (26)
2. the first Fourier coefficients of x are equal to (0, 8), that is,

1 (" . \AqT
0= %J Re [vyexp(it)]” x(t)dt, and
e 27

1 T
B = —%f Im [v; exp(it)] x(t)de,

—T

3. X|g=o = 0, ulg—o = 0 and w|z_y = w,, that is, the solution x, the system
parameter u and the frequency w of x, which are differentiable functions of
the amplitude f3, are equal to x =0, u =0, w = w, for f =0.

The statement is identical to the classical Hopf Bifurcation Theorem for ODEs in its assump-
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tions and conclusions apart from the regularity assumption on f specific to FDEs. Note
that the existence of the one-parameter family (parametrized in ) automatically implies
the existence of a two-parameter family for 8 # 0 due to the rotational invariance: if x is a
solution of (26) then A x is also a solution of (26) for every fixed s € T. Condition (27)
fixes the time shift s of x such that x is orthogonal to Re[v, exp(it)] using the I.? scalar
product on T.

The proof of the Hopf Bifurcation Theorem is a simple fact-checking exercise. We have
to translate the assumptions on the derivative of f : C°(J;R") — R" into properties of the
right-hand side of the nonlinear algebraic system (22) near (x, w, u) = (0, w,, 0), and then
apply algebraic bifurcation theory to the algebraic system. The only element of the proof
that is specific to functional differential equations comes in at the linear level: the fact that
the eigenvalue iw, is simple implies that the right nullvector v; € C" and any non-trivial
left nullvector w, satisfy

R ]1/1760.

0
wh | K2, 0)'
A

- i(J)O

This is the generalization of the orthogonality condition wi'v; # 0, known from ordi-
nary matrix eigenvalue problems, to exponential matrix eigenvalue problems of the type
K(A,u)v = 0. The proof of Theorem 3.2 is entirely based on the standard calculus argu-
ments for branching of solutions to algebraic systems as can be found in textbooks [1].
The details of the proof can be found in Section 6.

The statements in Theorem 3.2 should be compared to two previous works considering
the same situation: the branching of periodic orbits from an equilibrium losing its stability
in FDEs with state-dependent delays. The PhD thesis of Eichmann (2006, [5]) proves the
existence of the curve 8 — (x(),u(B), w(B)) and that it is once continuously differen-
tiable (assuming only EC? smoothness of f). Since u/(0) = 0 due to rotational symmetry
(see proof in Section 6) this is not enough to determine if the non-trivial periodic solutions
exist for yu > 0 or for u < 0 for small 8 (the so-called criticality of the Hopf bifurcation,
which is of interest in applications [15, 16]). Moreover, the non-resonance condition in
[5] is slightly too strong, requiring that icw, is the only purely imaginary root of detK (A, 0)
(this assumption is different in the summary given in the review by Hartung et al. [12];
note that the publicly available version of [5] has a typo in the corresponding assumption
L1), and only the pure-delay case (where the time interval J equals [—7,0]) was consid-
ered. However, the techniques employed in [5], based on the Fredholm alternative, are
likely to yield exactly the same result as stated in Theorem 3.2 if one assumes general EC*
smoothness with k > 2 (the formulation of EC? smoothness is already rather convoluted in
[5D.

Hu and Wu [13] use S'-degree theory [7, 18] to prove the existence of a branch of
non-trivial periodic solutions near (x, u, w) = (0,0, w,). This type of topological methods
gives generally weaker results concerning the local uniqueness of branches of periodic
orbits or their regularity, but they require only weaker assumptions ([13] still needs to
assume EC? smoothness, though). Degree methods also give global existence results by
placing restrictions on the number of branches that can occur.
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4. Conclusion, applications and generalizations

Periodic boundary-value problems for functional differential equations (FDEs) are equiva-
lent to systems of smooth algebraic equations if the functional f defining the right-hand
side of the boundary-value problem satisfies natural smoothness assumptions. These as-
sumptions are identical to those imposed in the review by Hartung et al. [12] and do not
exclude FDEs with state-dependent delay. There are several immediate extensions of the
results presented in this paper. The list below indicates some of them.

Further potential applications of the Equivalence Theorem 2.5

Theorem 3.2 on the Hopf bifurcation is not the central result of the paper, even though
it is a moderate extension of the theorem proved in [5]. Rather, it is a demonstration
of the use of the Equivalence Theorem 2.5. The main strength of the equivalence result
stated in Theorem 2.5 is that it permits the straightforward application of continuation
and Lyapunov-Schmidt reduction techniques to FDE problems involving periodic orbits of
finite period, regardless if the delay is state dependent, or if the equation is of so-called
mixed type (that is, positive and negative delays are present). A source of complexity, for
example, in [5, 7, 10, 13, 18, 26], is that techniques such as Lyapunov-Schmidt reduction
or S'-degree theory had to be applied in Banach spaces. Theorem 2.5 removes the need
for this, reducing the analysis of periodic orbits to root-finding in R"™*@N+1D, For example,
Humphries et al. [14] study periodic orbits in FDEs with two state-dependent delays
numerically using DDE-Biftool [6], alluding to theoretical results about bifurcations of
periodic orbits that have been proven only for constant delay. Fist of all, Humphries et al.
[14] continue branches of periodic orbits. Theorem 2.5 makes clear when these branches as
curves of points (x, w, u) in the extended space C°(T;R") X R x R are smooth to arbitrary
degree: the Jacobian of (22) with respect to (p,, w, u) along the curve has to have full rank.
Along these branches Humphries et al. [14] encounter degeneracies of the linearization
and conjecture the existence of the corresponding bifurcations (backed up with numerical
evidence) such as: fold bifurcations, period-doubling bifurcations, or the branching off of
resonance surfaces (Arnol’d tongues) when resonant Floquet multipliers of the linearized
equation cross the unit circle [20]. The Equivalence Theorem 2.5 provides a straightforward
route to proofs that these scenarios occur as expected. Similarly, Theorem 2.5 will likely
not only simplify the proofs about bifurcations of symmetric periodic orbits such as those of
Wu [26], but also extend them to the case of FDEs with state-dependent delays. As long as
one considers branching of periodic orbits with finite periods, the problem can be reduced
locally (and often in every ball of finite size) to a finite-dimensional root-finding problem.
This transfers also a list of results of symmetric bifurcation theory found in textbooks [8]
to FDEs with state-dependent delays.

Globally valid algebraic system

The main result was formulated locally in the neighborhood of a given x, € C!(T;R")
and required only local Lipschitz continuity. The proof makes obvious that the domain of
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definition for the map X, which maps between the function space and the finite-dimensional
space is limited by the size of the neighborhood of x, for which one can find a uniform
(EC) Lipschitz constant of the right-hand side F. In problems with delay the right-hand
side is typically a combination of Nemytskii operators generated by smooth functions and
the evaluation operator ev : C°(T;R") x T — R", given by ev(x, t) = x(t). These typically
satisfy a (semi-)global Lipschitz condition (see also condition (Lb) in [12]): for all R there
exists a constant K such that

If G = FII < Kllx = yllo

for all x and y satisfying ||x||; <R and ||y||; <R. Under this condition one can choose for
any bounded ball an algebraic system that is equivalent to the periodic boundary-value
problem in this bounded ball. For periodic orbits of autonomous systems this means that
one can find an algebraic system such that all periodic orbits of amplitude less than R and
of period and frequency at most R are given by the roots of the algebraic system.

Implicitly given delays

In practical applications the delay is sometimes given implicitly, for example, the position
control problem considered in [23] and the cutting problem in [15, 16] contain a separate
algebraic equation, which defines the delay implicitly. In simple cases these problems can
be reduced to explicit differential equations using the standard Baumgarte reduction [2]
for index-1 differential algebraic equations. For example, in the cutting problem the delay
T depends on the current position x via the implicit linear equation

7(t) =a— bx(t)— bx(t — 7(t)), (28)
which can be transformed into a differential equation by differentiation with respect to

time:
(0) = bv(t)—[t(t) —a+ bx(t)+ bx(t — ©(t))] 29)
1+ bv(t —1(t))

(v(t) = x(t) is explicitly present as a variable in the cutting model, which is a second-order
differential equation). The original model accompanied with the differential equation
(29) instead of the algebraic equation (28) fits into the conditions of the Equivalence
Theorem 2.5. The regularity statement of the Equivalence Theorem guarantees that the
resulting periodic solutions have Lipschitz continuous derivatives with respect to time.
This implies that the defect d = 7 — (a — bx — bx(t — 7)) occurring in the algebraic
condition (28) satisfies d(t) = —d(t) along solutions. Since the solutions are periodic the
defect d is periodic, too, and, hence, d is identically zero. The denominator appearing in
Equation (29) becomes zero exactly in those points in which the implicit condition (28)
cannot be solved for the delay T with a regular derivative.

The same argument can be applied to the position control problem as long as the object,
at position x, does not hit the base at position —w (the model contains the term |x + w| in
the right-hand side).
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Neutral equations

The index reduction works only if the delay 7, which is itself a function of time, is not
evaluated at different time points. For example, changing bx(t — 7(t)) to bx(t — t(t — 1))
on the right-hand-side of (28) would make the index reduction impossible. However,
certain simple neutral equations permit a similar reduction directly on the function space
level. Consider

d
T [A(x+g(x))] =f(Ax) (30)

where the functional f satisfies the local EC Lipschitz condition, defined in Definition 2.2,
in a neighborhood U of a point x, € C*!(T;R"), and g : C°(T;R") — R" has a global
(classical) Lipschitz constant less than unity (this excludes state-dependent delays in the
essential part of the neutral equation). Then one can define the map X,(y) as the unique
solution x of the fixed point problem

x(£) = y(t) — g(Ax) for y near y, = X, + g(xo),

which reduces (30) to the equation

y(t) = f(AX,(¥)) = fF(X(Ay)). (3D

Equation (31) satisfies the conditions of the Equivalence Theorem 2.5. One implication of
this reduction is that periodic solutions of (30) are k times continuously differentiable if
the functional f is EC* smooth in the sense of Definition 2.1 and g is k times continuously
differentiable as a map from C°(T;R") into R".

5. Proof of the Equivalence Theorem 2.5

Theorem 2.5 is proved in three steps. First, we establish the existence of a locally unique
fixed point of the map My (-, p) using Banach’s contraction mapping principle. This step
requires only local EC Lipschitz continuity in the sense of Definition 2.2. In the second
step we prove continuous differentiability of the map X and the right-hand side g of the
algebraic system assuming that f is EC' smooth. In the final step we prove higher-order
differentiability, assuming that f is EC* smooth for degrees k up to jy,.;-

5.1. Decay of Fourier coefficients for integrals and smooth functions

The following preparatory lemma states the well-known fact that, colloquially speaking,
integrating a function makes its high-frequency Fourier coefficients smaller. In the fixed-
point equation (18) of Theorem 2.5 the term Q, L occurs, and we need this term to be small
for large N. Recall that Q, removes the first N Fourier modes from a periodic function and
Lx is the anti-derivative of x (after subtracting the average of x), see Equation (15) for
the precise definitions.
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Lemma 5.1 (Decay of Fourier coefficients of integrals)

The norm of the linear operator Q, L, mapping the space C’(T;RR") back into itself,
is bounded by
logN
lQnLll; =C N

where C is a constant. The same holds in the Lipschitz norm (with the same
constant C):

1QuLlo, < c-2BY
N 0,1 — N .

Proof We find the norm ||QyL||, first, and start out with the well-known estimate for in-
terpolating trigonometric polynomials for continuous functions on T. Let x be a continuous
function on T with modulus of continuity w. Then (see [17])

27
lRyxllp < Cow W logN

where C, is a constant that does not depend on x or N. A function w : [0, 00) — [0, 00) is
called a modulus of continuity of a continuous function x if

lx(t) — x(s)| < w(|t —s]).

holds for all s and t € T. For a function x € C°(T;RR") the anti-derivative

[Lx](t)= f x(s) —Ryx ds

has the Lipschitz constant ||x||, = max{|x(t)| : t € T} such that a modulus of continuity
for Lx is w(h) = ||x||oh. Consequently,

2x]|x]lo

lQnLxllo < Co logN, (32)
where C, does not depend on x or N. This proves the claim of the lemma for j = 0. For
x € C/(T;R™) we notice that all derivatives of x up to order j are continuous. Applying
estimate (32) to each of the derivatives of x we get

271G,

lQyLxY, < logN ||x®]|, forl=0,...].

Consequently, the maximum of the left-hand sides over all [ € {0,..., j} must be less than
the maximum of the right-hand sides:

IQnLx|l; = max IQNLx™ [l < v logN max [Ix*lo = anOTHX”]’,
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which implies the desired estimate for [|QyL||; using the constant C = 27C,,.

The estimate of QL in the Lipschitz norm is a continuity argument. The operator QL is
bounded (and, thus, continuous) on C%!(T;R"). For every element y of C*(T;R") (which is
a dense subspace of C%!(T;R")) the Lipschitz constant is identical to || y’||, = max,y |y'(t)I,
and, thus, [|y|l; = llyllo;- Let x, € C'(T;R") be a sequence of continuously differentiable
functions that converges to x € C*'(T; R") in the || - ||y ,-norm: ||x, — x]lo; — 0 for n — oco.
Then

logN logN
”QNLXn”O,l =lQnLx,ll; <C N llx,ll; =C ”xn”O,l‘
On both sides of the inequality the limit for n — oo exists, resulting in the desired estimate
for ”QNL”O,I' U

A direct consequence of Lemma 5.1 is that the Lipschitz norm of Qyx, [|Qyx|lo 1, goes to
zero for N — oo for elements of CH1(T;R"), so, for example, for a solution x of a periodic

BVP:
logN

logN
||QNX||0,1 = ”QNLX/”O,I =< CTHX/”o,l <C ||X||1,1- (33)

5.2. Proof of Splitting Lemma 2.4

For any given integer N > 0 we have to show that the pair (x, p) € C°(T;R") x R™*@N+1D
satisfies

t

x(t)=x(0)+ f F(x)(s)ds forallt €T, and (34)
0

p =Ryx, (or, equivalently, Eyp = Pyx) (35)

if and only if it satisfies the system

x = Eyp +QyLF(x), (36)
0 =Ry [PyF(x)+ Qo (Eyp — PyLF(x))], (37)

“=”: Assume that x € C°(T;R") satisfies (34), and let p = Ryx. Subtracting equation (34)
for t = —m from (34) for t = 7 implies that the average of F(x) is zero. Thus, R,F(x) =0
and PyF(x) =0. Since Ly = f Ot y(s) — R,y ds, the identity (34) implies (in combination
with RyF(x) =0)

x(t) =x(0)+ [LF(x)](t). (38)

Applying projection Q, to this identity we obtain Qyx = QyLF(x). Adding (35) to
this we obtain equation (36). Applying projection PyQ, (which is the same as Q,Py) to
(38) we obtain Q,Pyx = Q,PyLF(x). Inserting Eyp for Pyx into this identity leads to
QoLEyp — PyLF(x)] = 0. Since P,F(x) = 0, this in turn implies (37).

“«": Applying Py to (36) implies Pyx = Eyp (and p = Ryx) immediately. The expres-
sion inside the parentheses of Ry in equation (37) is a sum of two parts that each have to
be zero (since they are both in the image of Py, on which Ry, in injective). The projection
Q, subtracts the average from its argument. Hence, (x,p) € C°(T;R") x R™2N*D gatisfies
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(36)-(37) if and only if there exists a constant ¢ € R" such that the triple (c, x, p) satisfies
the system of equations consisting of (36) and

0 =R,F(x) (39)
Eqc = Eyp — PyLF(x). (40)

Note that E, maps the constant ¢ € R" to a function that equals this constant for all t € T.
In this system, (39) ensures that the average of F(x) is zero. Equation (40) is an equation
in the finite-dimensional space rg Py. Subtracting (40) from (36) gives

x = Eyc + LF(x).

This equals (34), keeping in mind that [Ly](t) = foty(s) —Ryyds ([Ly](0) = 0 for all
y € C°(T;R"™), hence, x(0) = ¢), and using R,F(x) = 0 (see equation (39)). O

5.3. Unique solvability of the fixed point problem (18)

Let x, be an element of C*!(T;R"), for example, a solution of the periodic boundary value
problem x(t) = f(A,x) = F(x)(t). Consider a closed ball Bg’l(xo) of radius 6 around x,
in the Lipschitz norm:

B%(xy) = {x € CO(T; R™) : [|x — xollos < &}

The superscript “0, 1” indicates which norm is used to measure the distance from x, and
that only elements of C%!(T;R") are included.

Lemma 2.3 implies that F is Lipschitz continuous with respect to the || - ||,-norm in
Bg’l(xo) if we choose ¢ sufficiently small (thus, F is also called EC Lipschitz continuous in
B3 (x0)):

IF(x) = F(y)llo < Kllx — ¥llo (41)

for all x and y in Bg’l(xo) and a fixed K > 0. In any ball Bg’l, in which F is EC Lipschitz
continuous, F is also bounded in the Lipschitz norm:

IF(x)llpy <R forall x € Bg’l(xo). (42)

See Lemma A.5 in Appendix A for the proof.
We can now formulate a lemma about the unique solvability of the fixed point problem

x =Eyp+QyLF(x).

This unique solvability and the Splitting Lemma 2.4 allow us to reduce the periodic BVP
x(t) = f(A,x) to a system of algebraic equations. Remember that E, p takes a vector p
of 2N + 1 Fourier coefficients and maps it to the periodic function having these Fourier
coefficients, Ry x extracts the first 2N + 1 Fourier coefficients from a periodic function x,
Py x projects the periodic function x onto the space spanned by the basis b_y, ..., by and
Qy = I — Py sets the first Fourier modes of a function to zero. (Py and Q, are projections
in the function space, and Ry and E, map between the finite-dimensional subspace rg Py
and Rnx(2N+1)_)
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Lemma 5.2 (Unique solvability of fixed point problem)
Let x, be in C'(T;R"), and let 5 > 0 be such that

IFOllos <R and  [[F(x) = F(y)llo = Kllx = yllo (43)
forall x and y € Bg;;(xo) and for some constants K > 0 and R > 0 depending on
0. Then for any sufficiently large N the fixed point problem

x =Eyp +QyLF(x) (44)

has a unique solution x € Bgy (x,) for all vectors p € R™@¥+1 in the neighborhood
U of RyXx, given by

U= {p e RX@N+D) . “EN [P —Ryxo] HO,l < 25}. (45)

Moreover, if x € Bg’l(xo) is continuously differentiable and satisfies x’ = F(x) then
its projection p = Ry x is in the neighborhood U, and x and p satisfy (44).

Note that U is an open set of R"™*@N+1 since Ey, is an isomorphism between rg Py, equipped
with the || - ||o;-norm, and R™®¥+_ We have to prove the unique solvability of the fixed-
point problem in a slightly larger ball (radius 66) and for a slightly larger range of
parameters p (note the 26 in (45)) in order to establish one-to-one correspondence in the
ball of radius o.

Proof The idea is, of course, that the function
My(+,p) : x = Eyp +QyLF(x)

maps the closed ball B2’51 (x,) back into itself and is uniformly contracting for suitably large
N and vectors p € U.

First, any closed ball B>'(x,) is closed (and, thus, forms a complete metric space)
with respect to the || - ||,-norm. This completeness is a simple continuity argument: let
Y = X, + 2, be a Cauchy sequence in B>'(x,) with respect to the || - ||;-norm. Then z,
converges to a continuous function z, and, since ||z, |, < ||2,/lo.; < r, for all n, the maximum
norm of z is also bounded by r: ||z||, < r. We only have to show that the Lipschitz constant
of z is bounded by r, too. Let € > 0 be arbitrary and let t # s be arbitrary in T. We select
some n such that ||z — z,]||, < €|t —s|/2. Then

|2(t) = 2(s)] < [2() = 2,(6)] + |2,() = 2,(5)] + [2,(s) — 2(s)]

<elt—s|+r|t—s|<(r+¢e)|t—s]|.

Thus, the Lipschitz constant of z is less than r + ¢ for arbitrary £ > 0. Hence, ||z][,; <,
completing the argument for completeness of B>'(x,) with respect to the || - ||o-norm. This
completeness implies that we can apply Banach’s contraction mapping principle in a ball
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B%!(x,), a ball of Lipschitz continuous functions, using the weaker maximum norm in the
following.

We choose the radius r of the ball equal to 66 (6 was chosen in the lemma such that the
estimates (43) are true for the constants K and R), Thus, Bg’al(xo) is the set to which we
want to apply Banach’s contraction mapping principle. To ensure that the map My (-, p)
maps into Bg’;(xo) for p € U, and that My(-,p) is a contraction we pick N large enough.
Specifically, we pick N such that

26
”QNxO”O,l <29, ”QNL”O,l =< R’

1 log N
lQuLllo < or  C—— < 1/max{L, (R+lxolli) /5,

(46)

where R and K are the bounds on F given in the conditions of the lemma, in Equation (43).
We know that these bounds exist due to Lemma 2.3 (see Equation (41)) and Lemma A.5 (see
Equation (42)). We know that choosing N according to (46) is possible from Lemma 5.1
and estimate (33) following Lemma 5.1.

Let us check first that x — Eyp + QyLF(x) maps the closed ball Bg’;(xo) back into itself:

| Exp + QuLF(x) = xo|, <
= ||EN [P —RyXo] —QuXo +QNLF(X)||O,1
S ||EN [P — Ry, ] ||0,1 + ||QNXO||0,1 + ||QNLHO,1 IF (30,1

20
<25+25+HR:65'

Here we used the bounds (46) implied by our choice of N and the definition (45) of the set
U of permitted p, and the bound on ||F(x)l|, ;, which is determined in (43) by our choice
of 6.

Second, let us check that x — Eyp + QyLF(x) is a uniform contraction in B! with
NP N 66
respect to the || - ||,-norm:

lQuL [FG) = FON] |, < [|@wL]], [[FC) = FO)|, < %Knx —yllo < %nx = ¥llo-

Again, we exploited the bounds (46), implied by our choice of N, and the Lipschitz constant
K of F determined in (43) by our choice of 6.

Since Bgzsl(xo) is complete with respect to the || - ||-norm Banach’s contraction mapping
principle implies that the fixed point problem (44) has a unique solution x € Bg’l(xo) for
peU.

Finally, let us check that for x € Bg’l(xo)r‘IC 1(T; R") satisfying the periodic BVP x’ = F(x)
the projection p = Ryx is in U. For this we have to prove that if ||[x — x|lo; < 6 and
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x" = F(x) then ||Py(x — x¢)llo; < 25. We can estimate ||Py(x — x¢)llo via

||Py(x — xO)”O,l < |I(T —Qu)(x — xO)“O,l <|lx— xO”O,l +[|Qu(x — xO)”O,l (47)

log N

<6+C llx — x0||1,1 (48)
logN ,

< 5+CT max{lx—xollo,pllx _XQ”O,I} (49)
logN , ,

< 5+ G max{, [l + xglo, } (50)
logN

= 5+CT max{5,||F(x)||0’1+||x0||1’1} (51)
logN

S5+CTmax{5,R+|lxollL1}<25. (52)

The inequality (47) follows from the definition of Py and Q, and the triangular inequality
for the || - ||0,1-norm. The step from (47) to (48) uses the estimate (33) for the norm
IQy ¥ llo, for elements y of C'(T;R"). It also bounds ||x — x|y, by the radius & of the
ball. Step (49) splits up the || - ||, ; norm into its two parts which are estimated separately
in the following steps. One part, ||x — x,||o; is bounded by & (the radius of the ball), the
difference of the derivatives is bounded by a triangular inequality for its parts, ||x’l|,; and
llxgllo,1 in (50). To get to (51) we use that x satisfies the BVP x’ = F(x). We also bound the
norm of x| by [|x,l; ;. Finally, in (52) we estimate the Lipschitz norm of F(x), ||F(x)ll,; by
the bound R determined in (43) by our choice of §. The right-hand side of (52) is (strictly)
less than 26 by our choice of N, see (46). O

5.4. Lipschitz continuity of the algebraic system

The Splitting Lemma 2.4 guarantees in combination with the unique existence of the
fixed point of My (-, p), proven in Lemma 5.2, the equivalence between the periodic BVP
x(t) = f(A,;x) and the algebraic equation g(p) = 0 for x inside the ball Bg’l(xo), where g
is given in (19) by

g:p€U— Ry [PoF(X(p))+Qo (Exp — PyLF(X(p)))] € RPNtV where  (53)
X :peUw~C'T;R"), andX(p)is the fixed point of My(-,p) in ng(xo). (54)

The relation between p € U and x € Bg’l(xo) is given via p = Ryx and x = X(p): if x
satisfies the periodic BVP then p = Ry x satisfies g(p) = 0, and, vice versa, if p € U satisfies
g(p) = 0 then x = X(p) satisfies the periodic BVP The domain of definition, D(X) = U
is an open set, however the map X (and, thus, g) can be extended continuously to the
boundary of U: My(-,p) maps into the closed ball Bg;; back into itself also for p on the
boundary of U and it still has contraction rate 1/2 with respect to the || - ||,-norm.

The remainder of the section addresses the remaining open claim of the Equivalence
Theorem 2.5, namely the regularity of the maps X and g. Using only local EC Lipschitz
continuity (Definition 2.2) we can prove the Lipschitz continuity of g and X:
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Lemma 5.3 (Regularity of X and algebraic system)

1. For all p in the neighborhood U = D(X), defined in (45), the image X(p) is
in CYY(T;R™) (that is, X(p) € C'(T;RR") and its time derivative is Lipschitz
continuous),

2. X is Lipschitz continuous with respect to the || - ||;-norm for its images: there
exists a constant Cy such that

1X(p) = X(g)ll, < Cylp —ql forall p and g in U,

3. the map p € U — [RoF(X(p)), PyLF(X(p))] € R" x R™CNT1) is Lipschitz
continuous in U.

Proof For a function y € rgP,, differentiation is a bounded operator: y’ = Dyy. The
vector Ry y of the first 2N + 1 Fourier coefficients of a function y and the vector Ry [y']
satisfy Ry[y’'] = DyRyy where Dy is a matrix (independent of y). Hence, y' = EyDyRyy
for all y € rg Py such that we can define Dy = EyDyRy. Denote X(p) as x. By definition
of the map X, x = Eyp + QyLF(x). The right-hand side of this fixed-point equation is
differentiable with respect to time, giving

x" = DyEyp + QuF(x) — DyPyLF(x). (55)

This guarantees that x € C'(T;R"). Equation (42) ensures that |[F(x)ll,; < R, which
implies that the right-hand side of (55) is Lipschitz continuous in time. This in turn implies
that x’ is Lipschitz continuous in time (thus, x € C!(T;RR")), and

||X/||o,1 = ||DNEN||O,1|p| + ||Q0||0,1R+ ”DNPNL”O,lR'

Representation (55) also implies point 2: let x = X(p) and y = X(q) be two functions in
the image of X:

Ix" = ¥'llo < IDyExllolp = ql + (l1Qollo + 1Dy Py LIIo)K [lx = ¥ llo, (56)
where K was the EC Lipschitz constant of F in Bg’;(xo). The difference x — y in the
|| - ||o-norm is bounded due to the contractivity of the right-hand side in fixed point problem
(44) defining X (the || - ||,-norm was the metric used to apply the contraction mapping
principle):

1
1 = yllo = IEwllolp — al + RN LIF(x) = F(¥llo = 1Exllolp — al + Sllx = ¥ llo-
Thus,

lIx = yllo < 2llExllolp —ql,
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which, combined with (56), gives Lipschitz continuity of X as a map from U into C!(T;R"):

llx" = y'llo < [”DNENHO + (llQollo + ||DNPNL||0)2K||EN||0] Ip —ql=:Cylp —ql. (57)

Point 3 is a direct consequence of the Lipschitz continuity of F with respect to || - ||,-norm
in ngl(xo), the Lipschitz continuity of X on U in the || - ||,-norm, and the fact that X maps
into Bg’;(xg). d

5.5. First-order differentiability of the algebraic system

Until now we have only used the EC Lipschitz continuity (in the sense of Definition 2.2) of
the right-hand side F in the ball ng(xo) with respect to the || - ||,-norm. We can expect
that the right-hand side g of the algebraic system, defined in (53), is smooth only if we
require more smoothness of the right-hand side f (which enters F in the algebraic system).

We first discuss first-order differentiability of the map X and the right-hand side g, de-
fined in (53) and (54). For this we assume EC! smoothness of f as defined in Definition 2.1.
For x € C*(T;R™) N Bg; (x,) the norm of 8'f (x,-) as an element of L(C°(T;R"); R") (the
space of linear functionals mapping C°(T;RR") into R") is less than or equal to K, the EC
Lipschitz constant of F (and, hence, f) in ng(xo) assumed to exist in the conditions of
Lemma 5.2.

Let us define the map
0'F :C'(T;R") x CU(T;R™) = CUT;R™), [ F(v,w)| (1) =23 f(Av,Aw).

If v € CY(T;R") and w € C%!(T;R") then the map 9'F defined above is indeed the
derivative of F in v with respect to the deviation w (see Lemma A.6 in Appendix A):

. IF(v+w)—F(v)—3'F(v,w)lly
lim =

weC%(T;R") ||W||0,1
HW||0,1_’0

0. (58)

Part of the definition of EC! smoothness for f is that the map 8'f is continuous in both
arguments, v € C}(T;R") and w € C°(T;R"). One can then apply Lemma A.4 to ' f to
conclude that the map d'F (a composition of A, and ' f) is continuous with respect to the
||-|lo-norm in its image space as a map of both arguments (in their respective norm), too. For
ve ngl(xo) the norm of the linear map 8'F(v,-) as an element of L(C°(T;RR"); C°(T;R")),
the space of continuous linear functionals from C°(T;R") back to itself, is bounded by the
EC Lipschitz constant K of F in Bgél(xo).

The additional regularity assumption on f and its implications for F permit us to improve
our statements about regularity of X and the algebraic system:

Lemma 5.4 (Continuous differentiability of X and the algebraic system)

Assume that the right-hand side f is EC' smooth in the sense of Definition 2.1.
Then the regularity statements about the map X, defined in (54), and the right-
hand side of the algebraic system, defined in (53), can be extended:
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1. X(p)isin C3(T;R") for all p € U = D(X), the domain of definition of X, and
p — X(p) is continuous with respect to the || - ||,-norm for its images.

2. The map X, which maps U into C!(T;RR") according to Lemma 5.3, is contin-
uously differentiable with respect to its argument p using the || - ||;-norm for
its images.

3. The map p € U — [R,F(X(p)), PyLF(X(p))] € R* x R™N*D) js continu-
ously differentiable with respect to p.

Proof Letp € U= D(X)c RN*D where U is defined in (45), and let us denote X (p)
by x. Lemma 5.3 ensures already that x is in C*(T;R"). Lemma A.7 in Appendix A
proves that F(x) € C'(T;R") for x € C}(T;R") (choosing D = C°(T;R") and k = 0 in the
assumptions of Lemma A.7). This implies the first statement, that X(p) € C*(T;R"): since

X(p)=Eyp+QyLF(X(p)) (59)

and X(p) € CH(T;R") (see Lemma 5.3), F(X(p)) is in C'(T;R"), and, thus, LF(X(p))
is in C2(T;R"). Hence, X(p) is an element of C*(T;R"), too. Furthermore, Lemma A.7
states that F is continuous as a map from C!(T;R") into C*(T;R"). Since X is continuous
as a map from U into C!(T;R") (in fact, it is Lipschitz continuous, see Lemma 5.3), the
right-hand side of (59) in p is continuous with respect to the || - ||;-norm. This proves the
first point.

Concerning the second statement: again, let p, be in U = D(X), and choose a small open
neighborhood U(p,) which has a positive distance to the boundary of U. We will prove
point two for all p € U(p,). Let us choose an initial ¢, sufficiently small such that p + hq
is still in U for h € (—¢,, €,), all p € U(p,), and all q with |gq] < 1. Let us introduce the
difference quotient for h € (—¢,, €,) \ {0}:

1
(hq,p) =+ [X(p+hq)—X(p)]. (60)

The maps z maps [(—&o,&0) \ {0}] x B1(0) x U(py) € R x RENTD x Rrx@N+TD jntg
Cl(T;R"). We first prove that z has a limit for h — 0 in C!(T;R"), and that this limit is
achieved uniformly for all p € U(p,) and |q| < 1. By definition of X, z satisfies the fixed
point equation (dropping all arguments from 2)

1
z = Enq +QNLE [F(X(p)+hz) — F(X(p))] (61)
for h € (—¢y, &) \ {0}. Let us introduce

L[F(X(p)+hz)—F(X(p))] ifh#0

0'F(X(p),2) ifh=0, (62)

Al(PaZ:h) = {
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which maps U(p,) x C*(T;R") x R into C°(T;R"). The limit (58) implies that A, is
continuous in all arguments (insert v = x, w = hz into (58)). Using f\l we extend the fixed
point problem (61) to h =0:

z = Eyq +QyLA,(X(p), 2, h). (63)

The following intermediate lemma proves that the fixed point problem (63) has a unique
solution:
Lemma 5.5 (Fixed point problem for linearization)

There exists an € > 0 and constants C, > 0 and C; > 0 such that the map

v :2 € CPN(T;R") — Exq + QyLA,(X(p),2,h) € C¥'(T; R"),

which depends on the additional parameters p, g and h, has a unique fixed point
z, in

B={zeC”(T;R"): llzllo < Co and ||Z||o,1 <C}
forallh € (—¢,¢), all p € U(p,) C U =D(X) c R™EN+D and all ¢ € R"V+D with
lg] < 1. The fixed point z, is an element of C!(T;R") and depends continuously
on h, p and q with respect to the || - ||;-norm.

Note that the € we have to choose in Lemma 5.5 is smaller than the initial &, for which the
difference quotient z is defined.

Proof of Lemma 5.5 First of all, since A, is continuous in all arguments, the map y is
continuous. Moreover, since x’ = (X(p)) and x = X(p) depend continuously on p (see
Lemma 5.3 and expression (55)), the map y also depends continuously on the parameters p,
q and h (that is, the expression E,q + QyLA,(X(p), 2, h), defining y, depends continuously
on z, p, q and h with respect to the [ - ||, ;-norm). We choose the constants C, > 0 and
C; > 0 such that

Co = 2||Eyllo (64)
Cy = [IDyEyllo + (IQollo + 1Dy Py Lllo) KCy, (65)

where K is the Lipschitz constant of F with respect to the || - ||,-norm in Bg;sl.
We choose € < g, such that for all z satisfying ||z]|,; < C; and all p € U(p,) the function

X(p)+ hz is in ng(xo) for all h € (—¢, ¢). This implies that for any z; and z, satisfying
||Z1||0,1 < C; and ||zz||o,1 < C; we have

1
E”F(X(P) +hz,) —F(X(p) + h22)||0 <K|lz _22”0,

(66)
||51F(X(P),Z1 —25)llo £ Kllz1 — 221l
where K was the Lipschitz constant for F in Bg’;(xo), and, thus,
1
ly(z1) —v(z)llo < 5”21 — 2l (67)
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for all h € (—¢, €) by choice of N (N was such that ||QyL]||, < (2K)™!). This estimate for y
implies

1 .
ly()llo < 1Enllo + S llzllo  if llzllos = Gy, (68)

since y(0) = Eyq and |q| < 1. Moreover, the two inequalities (66) imply that for h € (—¢, €),
llzllo.; < C; and p € U(p,) the maximum norm of A,(p,z,h) is bounded by K||z||,:

14:1(p, 2, W)llo < Kllzllo (69)

The time derivative of y(z) exists and its || - ||,-norm can be estimated by differentiating the
expression E,q + QyLA,(X(p), 2, h), defining y, with respect to time in the same manner
as we obtained (56) (we insert (69) to bound [|A,(p,z,h)l,):

< [[DyEyllo + (lIQollo + 1Dy Py Lllo)K iz]lo- (70)
0

d
EY(Z)

The combination of the bounds (68) and (70) and the definition of the constants C, and
C, guarantee that y(z) maps the set

B={zeC®(T;R"): llzllo < C, and ||Z||0,1 <Ci}

back into itself. The contraction estimate (67) for the || - ||,-norm and the completeness of
B with respect to the || - ||,-norm make the contraction mapping principle applicable with a
uniform contraction rate for all p € U(p,), all |q| <1 and h € (—¢, €). This ensures that
the fixed point z, depends continuously on p, ¢ € R*™®¥*Y and h € (—e¢, ¢) with respect to
the || - ||,-norm (since y is continuous with respect to z, h, q and p).

The time derivative 2. of z, also exists and is continuous in p, q and h: we differentiate
the fixed point equation (63) for z, with respect to time (in the same way as done in (55))
to get

Z; =DyENq + Q0A1 X(p),z,,h) — DNPNLAl X(p),z.,h), (71)

which is a continuous function in p, ¢ and h with respect to the || - ||,-norm (note that
z, depends on p € U(p,), q and h). Thus, the fixed point 2, is in C!(T;R") and depends
continuously on p, g and h with respect to the || - ||;-norm. O

Proof of Lemma 5.4 continued As a consequence of Lemma 5.5 we may write the fixed
point z, of y as a function of h, q and p: 2.(h,q,p) maps h € (—¢,¢€), q in the unit ball
of RN+ and p € U(p,) continuously into C*(T;R"). It is also identical to z(h,q,p),
defined in (60) as the directional difference quotient of X. Thus, the directional difference
quotient z(h, q, p) has a limit for h — 0 in the || - ||;-norm, and this limit equals 2,(0, g, p).
Moreover, this limit 2,(0,q, p) depends continuously on p and ¢ in the || - ||;-norm (as
proved in Lemma 5.5), and it is linear in q (since A,(p, 2, 0) is linear in 2). Thus, 2,(0,q, p)
is the Frechét derivative:
1X(p+q) —X(p) —2.(0,q,p)lly

lim =0. (72)
q—0 lql
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Consequently, the map (p,q) — 2.(0,q,p) = 3'X(p) q is continuous in the || - ||;-norm as
claimed in the lemma.

The third statement of Lemma 5.4 is a consequence of the second statement and the
fact that the difference quotient of F has a limit in the || - ||,-norm if it is taken between
arguments in C'(T;R") (see (58)). We split the difference quotients into two parts:

F(X(p +hq)) — FX(p)) _ F(X(p) +ho'X(p)q) — F(X(p))+
h h
+ F(X(p +hq)) — F(X(p) + hd'X(p)q)
h

The right-hand side in (73) converges in the || - ||-norm to 3'F(X(p), 3'X(p)q) for h — 0,
since X(p) and 8'X(p)q are in C!(T;R") because F is EC! continuous (see the second
point of the lemma for the regularity of d'X(p)q and Lemma 5.3 for the regularity of
X(p)). For the term in (74) we can apply the local EC Lipschitz continuity (all arguments
are in Bg(’sl(xo) for p € U(py), Iql <1 and h € (¢, ¢)) such that we get

(73)

74

—9X(p)q

2

0

H F(X(p +hq)) - F(X(p) +hdX(p)q)
h

<KHX(p+hq)—X(p)
0 h

which converges to 0 for h — 0 due to the second statement of the lemma (K is the EC
Lipschitz constant of F in Bg’;(xo)). Consequently, we obtain from the limit of (73) for h —
0 that the directional derivative of F(X(p)) in direction q is equal to 'F(X(p),2'X(p)q),
which is continuous with respect to p and q and linear in q. Thus,

0
[%F(X(p))] q=0'F(X(p),2X(p)q), (75)

and p — F(X(p)) is continuously differentiable with respect to p in the || - ||,-norm. Note
that we use the notation not enclosing q in the bracket in (75) to highlight that this is a
classical derivative with respect to a finite-dimensional variable. The linear operators R,
and Py L preserve the continuity (and the linearity in q) of (75). O
Lemma 5.6 (Spectral radius of the linearized fixed point problem)

For x = X(p) (where p € U = D(X)) consider the linear map
M :z+— QyLO'F(x,2).

The spectral radius of M as a map from C°(T;R") back into itself, or as a map from
C!(T;R") back into itself, is less or equal 1/2.

Proof Since M is compact as an element of L(C*(T;R"); C*(T;R")) (the space of linear
functionals from C*(T;R") back to itself) for k = 0 and k = 1, the spectral radius is
identical to the modulus of the maximal (in modulus) eigenvalue, which is of finite
algebraic multiplicity if it is different from zero. An eigenvector z corresponding to this
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maximal eigenvalue is an element of C!(T;R") such that the spectral radius of M is the
same for k =0 and k = 1.
Since x and z are both in C!(T;RR") we have that

O'F(x)z = }lir%% [F(x +hz) — F(x)] (76)

For x =X (p) where p € U, and h sufficiently small the arguments of F, x + hz and x, both
lie inside 32’51 such that the EC Lipschitz constant K applies to the difference:

1
EIIF(X + hz) — F(x)llo < Kllz]lo.
Since ||QyLll, < 1/(2K), (76) and (5.5) combine to
1
1Mzl < §||Z||o-

As z is an eigenvector corresponding to the largest eigenvalue, the spectral radius of M is
less or equal 1/2. O

Thus, the derivative 2 = dX(p)q of X in p is the unique solution of the contractive linear
fixed point problem in C!(T;R")

2z =Enq+QyL3'F(X(p),2). (77)

5.6. Higher degrees of smoothness

We observe that (x,y) = (X(p), 3'X(p) q) satisfies the system of equations
x = Eyp +QyuLF(x)
Yy =Enq +QNL81F(X:.)/)-

This has a similar structure to the original fixed point problem (44) but in dimension
n, = 2n with the variables (x, y) and parameters (p,q). Thus, we aim to apply a linear
version of the arguments of Section 5.5 recursively, assuming that f is EC* smooth as
recursively defined in Definition 2.1. Throughout this section we assume that f is EC*
smooth for all degrees up to order j,, .-

For higher-order derivatives, we introduce the spaces D; and the operators d'Fforj>0
recursively:

(78)

D, = C°(T;R") D;= D}_l XDj_,
9'F :D; — C°(T;R"), [8/F(x)](t) = 3’ f(A,x).
The spaces D; are products of the type (9), and the argument x of d’F and d’f isin D;,a

product of 2/ spaces. We also recall that the notion of subspaces D;f of higher-oder (k > 0)
differentiability for product spaces such as D; was introduced in Section 2. For example,

D; = C*(T;R"),
DY = Di™! x Df = C*I(T; R™) x CH(T; R™),
Df =DM x DX = C*2(T; R") x CFHI(T; R™) x CHFY(T; R™) x CK(T; R™), etc.,
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all with their natural maximum norms. The maps 8F are all continuous and map indeed
into C°(T;R") due to the continuity of 3/f and A, (applying Lemma A.4 to D;, 9’F and
d’f). It is also clear from the definition that 87**F = 9/[0XF] if j + k < j..,.. We will also
use the notation L(D;‘ ; Df) for the space of linear bounded functionals mapping from Dllj
into D!.

The following lemma is a consequence of the EC* smoothness of f.

Lemma 5.7

For j + k < j... the operator 3’F is a continuous map from D;.‘ into C*(T;RM).

Proof of Lemma We have to apply Lemma A.7 from Appendix A inductively over the order
of differentiability (k). To start the induction for k = 0 we can apply Lemma A.4 to D;, d'F
and 9’ f . For the inductive step let us assume that for k we know that 3'F : D§ — C*(T;R")
is continuous for all j < j,.. — k. Let us fix a j < j,,., — k — 1. We have to show that 0’F
maps DX*! continuously into C**'(T;R"). We know (by inductive assumption) that 0/F

maps D’ continuously into C*(T;R") and that 8*'F maps DY |
into C*(T;R"). Thus, we can apply Lemma A.7 to 8/F (this takes the place of the operator
F in Lemma A.7) and D = D;‘, obtaining that 3’F : D;F“ — C*1(T;R") is continuous. [

An immediate consequence of Lemma 5.7 is that X(p) and dX(p)q, as constructed in

Section 5.5, are as smooth as the right-hand-side:

= Dj.‘“ X Dj.‘ continuously

Lemma 5.8 (Smoothness of X and dX in time)

Let f be EC’» smooth. For every p € U = D(X) and every q € R"®"+Y the func-
tions X(p) and 8X(p)q satisfy X(p) € C/»=1(T;R") and dX(p)q € C/m=x(T;R").
Moreover, the maps

p—X(p) € CP=*(T;R") and [p,q] — dX(p)q € C=(T;R")

are continuous.

Proof The function x = X(p) satisfies x = Eyp +QyLF(x). Since F maps Df = C*(T;R")
back into itself continuously for all k < j. .., QyL maps D’é into D’é“ continuously for
all k, and Eyp € C®(T;R"), the fixed point equation implies the following: if x € D
then F(x) € Df, thus, x = Eyp + QyLF(x) € D' (for all k < j,,). Similarly, z =
Eyq+QyL3'F(x)z, and 8'F maps D¥ into D for all k < j,., — 1. Thus, the fixed point
equation implies: if z € Df and x € D' then (x,z) € DX, thus, 8'F(x,z) € Df, thus,
2 = Eyq+ QyL3'F(x,z) € D5 for all k < j,, — 1. All of the above dependencies are
continuous such that the continuous dependence on p and g in the norms of Dé‘“““ and

Dé‘“", respectively, follows. O
We plan to find the derivatives of the map X inductively through fixed point equations

34



of the form (78). In order to set up the recursion we define inductively the operators F; by

Fy(x)=F(x) for x € D, (79)

X _ F;_1(x) X .
f (J’) B [ale—l(X,J/)} ’ for |:y] €D;=D; ; X Dj. (80)

Note that F; is always linear in its second argument, y, since o'F ;1 is linear in its second
argument. The operators F; are combinations of derivatives of F. The plan is to study
fixed-point problems of the type x = Eyp + QyLF;(x) (with j = 1 we obtain (78)). Before
doing so, we establish which spaces the operators F; map into:

Lemma 5.9 (Image of right-hand side)

k

. . l
For j+1+k < jyay the operator 3°F; maps Di,

continuously into D;‘. In particular,
F; maps D; continuously back into itself.

Proof The statement of the lemma follows inductively from the definition of F; and D;.‘.
We apply Lemma 5.7 to start our induction over j (for j = O the statement is identical to
Lemma 5.7). For the inductive step let us assume that we know that 8'F j_1 maps D;.‘ i1
continuously into D;‘_l for all k and [ satisfying [ + k < j.,.. —j + 1. By definition (80) of

F; the derivative o'F jforl < jiax —Jjis

, x\ o'F._ (x) X _
o (y) N [amzi_f(x,y) for |y | €Pues = Piiyr X Prayer

The first component, 8'F j_1 Maps Dl’fjl_l continuously into foll for all k from 0 to j . —[—J

(this is the assumption of the inductive step when one shifts the index k down by 1).
Similarly, 9'*'F;_, maps D}jflk_l x DX, _; = D}, continuously into D¥_, for all k from 0 to
jmax — L — j, again due to the assumption of the inductive step. Consequently, 'F ; maps
Df:ll_l X Df o = D;‘H continuously into D;‘ for all k from O to j,,, — [ — j, which is the
statement we had to prove for the inductive step. O

Even though the map x € D} — J'F i(x,-) € L(D;; D;) is in general not continuous, the

following map is:

Lemma 5.10 (Continuity in operator norm)
For j < jma the map x € D; — QyL3'F;(x,-) € L(D;;D;) is continuous with
respect to x € D;.

Proof of Lemma 5.10 The EC* smoothness of f (for k < j,..) implies that F ; is contin-
uously differentiable (in the classical sense) as a map from D} into D;. Thus, the map

x — 3'F;(x,-) as a map from D} into L(D}; D;) is continuous. Recall that the operator L
involves taking the anti-derivative of its argument such that L : D; — D}. Since QL maps
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D; continuously into D, the map x — QyL3"F;(x,-) is continuous as a map from D; into
L(D;; D;). m

The following theorem provides continuous differentiability of order j,,, for X and the
map p — F(X(p)) if the right-hand side is EC* smooth in the sense of Definition 2.1 for

Theorem 5.11 (Smoothness of algebraic system and X)

Define n, = n(2N + 1) and n; = 2/n,, and the maps

X,:p€U=D(X)CR™— X(p) €D, and
Yo:p€U=D(X)CR™— F(X(p)) €D,,

and assume that f : D, = C°(T;R") — R" is EC’» smooth. Then the following
maps exist and are continuous for all j up to j,..:

X;:[p,ql € D(X;) :=D(X;_1) x R CR"Y — [X; ,(p),dX;_1(p)q] €D,
Y;:[p,ql € D(X;) — [Y;_,(p),dY;_1(p)q] € D;.

The proof of Theorem 5.11 does not require the application of the contraction mapping
principle for nonlinear maps. It uses only Lemma 5.6, Lemma 5.9 and Lemma 5.10
inductively.

Proof of Theorem 5.11 The main work is the proof of the existence and continuity of X,
which we will do first.The assumption of the inductive step is comprised of the following
two statements. We assume for j:

1. The map (p;,p,) € D(X;_;) X R — X.(p;,p,) € D; exists and is continuous.
Moreover, the pair (x;, x,) = X;(p;, p,) satisfies

x; =Eyp, +QNLFj—1(X1) (81)
Xy =Eyp, + QNLale—1(X1, X3). (82)

2. The linear map z — QyL3'F;_;(x;,2) maps D;_, back into itself and has spectral
radius less or equal 1/2.

Both statements of the assumption of the inductive step have been proven for j =1 in
Lemma 5.4 and Lemma 5.6 . Let j be smaller than j,,.

Regularity of X;(p)

Let us first establish that the map
P1 X1 D1 X;1(p1) :|
= — X = =X. = J
P |:P2:| [x2:| g (Pz) |:31Xj—1(P1)P2
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does not only map continuously into D; but into D;F forall k < j..—Jj+1.

The argument is the same as in the proof of Lemma 5.8: the map F; maps D;‘ continuously
back into DY for all k < ji,.,—j. If x € DY then F;(x) € DY, thus, x = Eyp+QyLF(x) € D*!
for all k < j... — j (and the dependence on p is continuous because all dependencies are
continuous).

Proof of existence and continuity of 91X i(p)g

Let us use the notation p = (p;,p,) and x = (x3,x,) = X;(p). Let p, € D(X;) be arbitrary.
We first show that 'X(p) q exists for all p in a neighborhood U(p,) with positive distance
to the boundary of D(X;). We can choose & > 0 sufficiently small such that p + hq € D(X)
for all h € (—¢,¢), all ¢ = (q,,9,) with |q| <1 and all p € U(p,). Consider the difference
quotient

Xj(P +hq) _XJ(P) _ 1 |: Xj—l(pl +hq,) —Xj—1(P1) :| _. [21:|
81Xj—1(Pl +hq,) [p, +hq,] — 31Xj—1(P1)P2 NEZIR

h h

By assumption of the inductive step, X;_; is continuously differentiable such that the first
row of this difference quotient has the form

1
1
21(hp1, ) = 3 [X,1(py + 1) = X4 (py) | = f 0'X;_1(py +hsq)qids  (83)
0

for h # 0. As established above (p;,q;) — 9'X;_1(p1)q; € D}_, is continuous for all

k < jnax — j + 1 such that

1

.max_.""1
zl(h7p1:ql)€D;_1 ! gD?_l

max —J +1 = 2 since j < j..¢), and z(h, p;,q;) depends continuously on its arguments,
also when h = 0. Let us use the abbreviations

x1(p1) :Xj—1(P1),
x5(p1,P2) = alxj—l(pl)pZ:

1 1
z1(h,p1,q1) = n [Xj—1(P1 + hq,) —Xj—1(P1)] = f alxj—l(pl + hsq;) q; ds
0

1
2,(h, P1,P2,91,92) = H [alxj—1(p1 + hq,) [p2 + hq,] — 81X]'—1(P1)pz] for h # 0.

With these notations we have X;_;(p; + hq;) = x; + hz; and, for non-zero h, 31Xj_1(p1 +
hq,)[p, + hq,] = x5 + hz,. The fixed-point equations (81) and (82) imply a fixed-point
equation for the difference quotient z, for non-zero h:

1
zy = Enqy + EQNL [31Fj—1(x1 + hzy, x5 + hzy) — 31Fj—1(x1,x2)]
= EnQs 4+ 2(P1, P2, 91,0) + QyLO'F;_;(x; + hzy,2,) where (84)
ale—l(Xl + hzy,x,) — 31F1—1(X1,X2)
h

Z(P1,P2,91,h) = QL
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The regularity of x,, x, and z; is:
jmax_j+2 3
x, €Dy Cp?
jmax_.H']- 2
X, € D]._1 - DJ.i1 and (85)

jmax_j+1 2
z, € Dj_1 - Dj—l'

We can apply the mean value theorem to the difference quotient appearing in Z since x;
and z, are at least in D]?_l and x, is at least in D}_l (see Lemma 5.7, and Lemma A.2 and
Lemma A.6 in Appendix A):

1

2(p1,P2,q1,h) = QNLJ asz—l(xl + shzy, x5,%;,0) ds.

0

The map (xy, X5,2,,h) = °F;_;(x, +shz, X,,2,,0) maps x;, X,, 2, and h continuously into

the space Dj."iai‘_j ! (we see this by applying Lemma 5.7 to 3%F j_1, setting k in Lemma 5.7

t0 jmax — j — 1). Thus, the quantity £(py, p3,qy,h) is in D"y S D7, (since j < jipa — 1.
It depends continuously on p;, p,, q; and h in this space, and can be extended to h = 0
continuously (such that Z(p,,p,,4q;,0) € D™, too).

Hence, (84) is a linear fixed-point problem for z, where the inhomogeneity is in Dj:‘fai‘_j
and depends continuously on (p, g, h). The linear map M(h) : 2, — QyL3'F;_,(x, +hz,)z,
in front of z, on the right-hand side of (84) depends continuously on h as an element of
L(D}_lg D}_l) (see Lemma 5.10 and note that x; and 2, are in D}_l). Since the spectral
radius of the map M (0) (for h = 0) is less or equal than 1/2 by assumption of our inductive
step, the spectral radius of M(h) is less than unity if we choose h sufficiently small. Thus,
for all p € D(X;) and g € R™ and sufficiently small h, z, satisfies a contractive linear fixed
point equation with an inhomogeneity in D}_l and a contractive linear map that maps into
D}_l where all coefficients depend continuously on (h, p,q). Consequently, z, has a limit in
D}_l for h — 0 that depends continuously on (p, q). For h = 0 the fixed point equation for
(#1,2,) simplifies to

Zy = Eynq; + QNL81F1—1(X1:Z1)

2 1 (86)
2y = Enqy + QL [8 Fj—l(xth:zl:O) +0 Fj—l(xbzz)] .

Both equations are linear in q and 2z = (2,%,). Consequently, z(0,p,q), which is by
definition the directional derivative of X; in p in direction g, depends linearly on q and
continuously on p and q. Consequently,

0
2(0,p,q) = [%xj(p)} q

is the Frechét derivative of X i
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Collection to finish proof of statement 1 of inductive step

The functions x = X;(p) and z = alXj(p)q satisfy

x =Eyp + QNLFj(x) by inductive assumption (81)-(82),

87

2 =Enq+ QNLale(x,z) by (86) and definition of F;. (87)
The variable x = X;(p) depends continuously on p with respect to the norm of D} by
the assumption of the inductive step and the step “Regularity of X;(p)”. The variable
z = 9'X(p) q depends continuously on p and q as shown in the previous step, “Existence
and continuity of 3'X(p)q”. Thus (x,2) = (X;(p), 2'X(p)q) = X;11(p,q) € D} xD;=D;,
depends continuously on (p,q), and satisfies (81)—(82) for j + 1 (which is identical to
system (87)). This completes the proof of statement 1 of the inductive assumption for
j+1.

Spectral radius of map z — QL3 'F;(x,2)

The map 0'F ; maps D;,; continuously into D; (by Lemma 5.7). Thus, for fixed x the
linear map z — d'F;(x,z) maps D; continuously into D;, and, hence, the map M;(x) : z —
QyL0'F;(x,2) maps D; continuously into D}, making M;(x) a compact linear operator.
Thus, the spectral radius of M;(x) is determined by its largest eigenvalue (which has
finite modulus and algebraic multiplicity if it is non-zero). Splitting M;(x) into its two
components we get

M;(x) : [Zl} [t O lam)
! 29 QNL I:aZFj—l(xlx'xZ)zlzo) + ale—l(beZ):I

If (A, (21,%,)) is an eigenpair of M;(x) then the first row of the definition of M;(x) implies
that, either (A,z,) is an eigenpair of z, — QyL3d'F;_;(x;,2,), or 2, = 0. If (A,2,) is
an eigenpair of z; — QuL0'F;_;(x;,2;) then, by inductive assumption, [A| < 1/2. If
z; = 0 then the term 82Fj_1(x1,x2,z1, 0) vanishes in the second row, such that (A, 2,) is
an eigenpair of z, — QyL3'F i-1(x1,2,). Thus, by inductive assumption, |A| < 1/2 in this
case, too. Consequently, the spectral radius of M;(x) is also less or equal to 1/2, which
proves statement 2 of the inductive assumption for j + 1.

Existence of Y; We show inductively that Y;(p) = F;(X;(p)). For j =1 this statement was
proven in Lemma 5.4. Let j < j,, and assume that Y; = F;(X;(p)) for p € D(X;). Since

X;(p) = Eyp + QyLF;(X;(p))

and F; maps D} into D}, X is an element of D}. Let ¢ € R be arbitrary, and let us denote
(x1,x2) = (X;(p), 81Xj(p)q) = X;41(p,q). The component x, satisfies

Xy =Eyq+ QNLale(xlaxz)
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such that x, is in D}, too. Consequently,

Yi(p+hq) -Yi(p) F;(X;(p+hq))—F;(X;(p))
h B h
_ Fj(xl + hx,) — Fj(xl) + Fj(Xj(p +hq)) — Fj(xl + hx,)

h h

(88)

Since F; is continuously differentiable for x; € D; and deviations hx, € D; the first quotient

in the expression (88) converges to d'F (x1,x,). Since F; as a map from D! into D;is
locally Lipschitz continuous the second term in (88) can be bounded by

F;(X;(p+hq)) — F;(X;(p) + ho'X;(p)q) -
n <
X,(p+hq)—X; J

1 i(p 6;1) J(p)_alxj(p)q"

with some constant K, for sufficiently small h, which converges to zero for h — 0 because
X; is differentiable. Consequently, the directional derivative of Y; in p in direction q is
ale(Xj(p))[é’Xj(p)q], which is continuous in p and g and linear in q. Therefore, the
Frechét derivative of Y; exists and

d
[%yj(p)] q = 0'F;(X;(p), 8X;(p) ),

which implies by definition of F; and X; that Y;,; = F;,1(X;41(p,q)). O

We can refine the statement of Theorem 5.11 slightly by noting that X; : D(X;) — D} is
continuous for all j < j,,, (instead of X; : D(X;) — D;). This follows from the continuity
of Y; = F;(X;(p)) as a map into D; and the relation

Xj(P) = Eyp + QNLYj(p)-
Theorem 5.11 completes the proof of the Equivalence Theorem 2.5. The refinement (that X;
maps into D}) ensures that the image X (p) is in C/»"1(T;RR"), as claimed in Theorem 2.5
6. Proof of Hopf Bifurcation Theorem
First, we note that x — S(x, )™ = x(w™!-) maps C*(T;R") into a closed subspace of
C*([—7,0];RM), if we extend functions x on T to the whole real line by setting x(t) =

X(tmod[_nm)- This implies that, if the functional f : C°([—7,0];R") X R — R" is EC*
smooth then the functional

1
(x,u, ) € CO(T; R™) x R* — Sf(S(x, @), p) €R"
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is EC* smooth, too, such that we can reduce the problem of finding periodic orbits of
frequency w to the algebraic system (22). The right-hand side F, in (22) is defined by

1
[Fy(x, 0,1) ] (6) = —F(S(Ax, ), ).
w

Let us choose the periodic orbit x, = (x, w, u) with x =0, w = w,, u = 0 as the solution
in the neighborhood of which we construct the equivalent algebraic system. We choose the
number N of Fourier modes and the size § of the neighborhood By (x,) in C%!(T; R"*2)
such that the conditions of Theorem 2.5 are satisfied in Bg’l(xo). The full algebraic system
(22) then reads (after multiplication with « and mapping it onto the space rg Py from
Rn(2N+1) by applying Rgll)

0 :POFy(X_y(p) w, ,LL), w, ‘U,) + wQOPNENp - QOPNLFy(Xy(p: w, nu’): w, .u’) (89)

The variables are p € R"®V+D (which was called p, in (22)), u and w. We know from
Theorem 2.5 that

Y, :(p, w,u) € R"CVY X R xR — F(X,(p, w,u), w),u) € C°(T; R"),
X, :(p,p, ) ERVI X R X R — X (p, w,u) € CO(T; R")

are k times differentiable, and note that
F,(X,(0,w,u),w),u) =0 (90)

for all w ~ wy and u ~ 0 (because x, = (0, w,u) is a solution). The derivative of the
right-hand side F, in x =0, w ~ w, and u ~ 0 with respect to x is A(w, u)x, defined by

[A(w, wx] () = a(w) [x(t + w)],

where a(u) is the same linear functional as used in the definition of the characteristic
matrix K(A, u) in (25) (the derivatives of F with respect to w and u are zero due to (90)).
We observe that A(w, u) commutes with P; and Q; for all j > 0.

Let us now determine the linearization of X, (p, w,u) in (p, w,u) = (0, w,u). Due to
(90) Xy(O, w, W) is equal to zero for all w ~ w, and y ~ 0: since 0 is a solution to the
periodic BVP and Py0 = 0, the zero solution must also be equal to X, (0, w, u). Thus, we
have

0 0 X ( ) d 0 4 X ( )
= —X,(p,w,u an = —X,(p,w,u .
dw 7 p= 0 3“ Y p= 0
Moreover, the fixed point equation (77) defining z = [0X,/dp](p, w,u)q, evaluated in
(p, w,u) = (0, w,u) reads

z :ENq+QNLA(|u’J O))Z :ENq+QNLA(‘U” CO)QNZ, (91)

exploiting that Qy L = QyLQy and QyA(w, u) = A(w, u) Qy. In the neighborhood Bg’l(xo)
the spectral radius of Qy LA(u, w) is less than unity (see Lemma 5.6). Application of Qy
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to (91) gives Qyz = QyLA(u, w)Qyz. Since the spectral radius of Qy LA(u, w) is less than
unity this implies that Q2 = 0, and, thus

d
—X = Eynq.
|:ap y(p)wuu')'p:():| q Ng

Consequently, the linearization of the algebraic system (89) in (0, w, u) with respect to
the first variable is

0 = PyA(w, u)Exp + wQoPyEnp — QoPyLA(w, u)Eyp (92)

for all w ~ w, and u ~ 0 (also using p for the argument of the linearization in (92)). We
observe that the linear system (92) decouples into equations for

Yo =P,Eyp = Eop = po (the average of Eyp),

¥1 =QuE;p =p_;sint 4+ p;cost (the first Fourier component of Eyp),

Y; =Q;1E;p =p_;sin(jt) + p;cos(jt) (the j-th Fourier component of Eyp,
2<j<N),

where we denote the components of p by p; € R" (j = —N...N). This decoupling is
achieved by pre-multiplication of (92) with P, and Q;_;P; for j=1...N:

Py-(92): 0 =A(w, u)y, = alu) po (93)
QoP, - (92) : 0=wy; —QoLA(w,u) y, (94)
Q;_1P; - (92): 0=wy; — QoLA(w,u)y; forj=2...N. (95)

Inserting the definition of y; into the equations (94) and (95) gives for j > 1

t

0=w [p_j sin(jt) + p; cos(jt)] - QOJ a(u)[p;sin(js + jw-) + p; cos(js + jew-)] ds
0

1
=w [p_j sin(jt) + p; cos(j t)] - ;sin(j t)a(u)[p-;sin(jw-) + p;cos(jw-)]
1
- ECOS(jt)a(u)[—p_j cos(jw-) + p;sin(jw-)].

These equations are satisfied if and only if the coefficients in front of sin(jt) and cos(jt)
are zero. The resulting system of equations reads in complex notation (splitting up again
into the cases j =1 and j > 1)

iwu; —a(p) [u; exp(ios)] =K(iw,u)u; =0, (96)
ijou; —a(u) [uj exp(ijcos)] =K(ijw,W)u; =0 (2=<j<N), 97)

that is, uj=p_;j+ip; €C'is a solution of (96) (or (97), respectively) if and only if
¥; =p_;sin(jt) + p;cos(jt) is a solution of (94) (or (95), respectively).
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The non-resonance assumption of the theorem guarantees that equation (93) is a regular
linear system for p,, and that (97) is a regular linear algebraic system for p_; and p;
(j 2 2)at u =0 and w = w, (and, hence, for all w and u near-by). The condition on
the simplicity of the eigenvalue iw, of K ensures that equation (96) (and, thus, (94)) has
a one-dimensional (in complex notation) subspace of solutions for w = w, and u = 0,
spanned by the nullvector v; of K(iw,0). Let us denote the adjoint nullvector of K(iw,, 0)
by w; € C" (again, using complex notation, wK (iw,,0) = 0). Since iw, is simple, the
relationship

JK

W’fﬁ(iw, 0)v, #0

holds, which implies that we can choose w; € C" without loss of generality such that

49K .

Wy ﬁ(la),O) v, =1.

With this convention we observe that

40K . oA y 0 i .
w; —(iw,0)v; = — — =:c,€C,and w]—K(iw,0)v;=i€C (98)
ou ou u=0 Jw

where Re ¢, # 0 by the transversal crossing assumption of the theorem. In complex notation
any scalar multiple of the nullvector v; = v, 4 iv; is also a nullvector. Thus, the complex
scalar factor a 4+ if3 in front of v; makes up two components of the variable p (in real
notation): in short, p solves the linearized algebraic system (92) if and only if all p; with
|j| # 1 are zero and p_; sint + p; cost = Re [(a +i8)v; exp(it)] for some a, 8 € R, that

is,
P _ |~V -
e o
Let us collect the statements so far and introduce coordinates. We collect all components p;
with [j| # 1 and the orthogonal complement in R?" of the space spanned by {b,, b,} into a
single variable q (of real dimension n, = n(2N — 1) + 2(n — 1)). Then a set of coordinates
for p are the variables

(a,B)=:r€R? and qeR™.

We split up the full algebraic system of equations (89) in the same way as we did for the
linearized problem, by pre-multiplication with P, and Q;_,P; for j=1...N:

P,-(89): 0=PF(X,(p,w,u),w,u) (100)
QOPI : (89) : 0= wQOElp - QOPILF(Xy(pJ w, nu’): w, ‘U,) (101)
Q;_1P; - (89) : 0= wQ;_,E;p — Q;_1P,LF(X,(p, w, W), @, ). (102)

We split equation (101) further using Wlf{ and its orthogonal complement, the projection
wy =1 —wyw! /(wHw,). This gives rise to a splitting into two real equations (w!-(101))
and 2(n — 1) real equations (Wll-(lOl)). Collecting wll-(101) and the equations (100) and
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(102) into a subsystem of n(2N — 1) + 2(n — 1) = n, equations the full algebraic system
(89) in the coordinates (r,q) has the form

M, (r,q,,u) M, (r,q,w,u)| |1
e rq . 103
[Mqr(r,q,w,m M, (1, q, 1) (103)

By our choice of coordinates the matrices M,, € R**?*, M,, € R*™ and M,, € R"*? are
identically zeroin r =0, ¢ =0, u = 0, w = iw, such that the system matrix has the form

0 O] 0 ... 0
_0 0_ 0 ... 0
00

, M,,(0,0,ie,0)
s (regular)
00

(r,q,u,w)=1(0,0,0, w,). Thus, we can perform a Lyapunov-Schmidt reduction: we elim-
inate q by solving the n, lower equations for g, obtaining a graph q(r, w, u) r locally in
a neighborhood of (r,q,u,w) = (0,0,0, w,). This graph respects rotational invariance:
q(Ar, w,u) A;r = A [q(r, w,u)r]. Note that the application of A, to r = (a, 3) corre-
sponds to the rotation of r by angle s (the same as the multiplication exp(is)(a+if3)). The
Lyapunov-Schmidt reduction of (103), replacing q by the graph q(r, w, u)r, then reads

0=M,.(rq(r,w,u)r,w,u)r = M,(r,w,u)r, (104)

where M, is still rotationally symmetric in r: M,.(A,r, w, u) A,;r = AM,(r, w,u) r. Equa-
tion (98) in real notation implies that

aM,O o—aM”oo o= |0 -1
a(,()( 3('003 )_ a(,l) ( > 30)03 )_ 1 O >

, oM., _

(Oa C()o, 0) = (Os 03 600, 0) = Re CIL Im CH
a‘u, 3M II‘l‘lCM Recu

Equation (104) is a system of two equations with four unknowns (r = (a, 8), w and u).
We now fix one of the unknowns setting

a=0

such that we can expect one-parametric families of solutions (8, w,u). Introducing Mg
as the second column of M, and dropping the dependence on a (which is zero), the first
derivative of M4z(f3, w,u) in (0, w,, 0) with respect to the pair w and u is:

oMz JOM -1 —
—ﬁ —ﬁ (O: Wy, O) = ! tm CM )
Jdw ou 0 Rec,

which is regular (as established in (98), since Re Cu # 0 due to the assumption that the
eigenvalue crosses the imaginary axis transversally). Note that Mg itself is a projection of
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the first derivative of the original right-hand side of the full algebraic system (89). Thus,
Mg is k—1 times continuously differentiable, and we end up with a system of two equations
for three scalar variables (3, w, u):

O:Mﬁ(ﬁ:w’u’)ﬁ'

Hence, either 8 = 0, which corresponds to the trivial solution or (after division by f3)

where Mg(0, wy,0) = (0,0) and the derivative with respect to the pair (w, u) is regular
in (0, wy,0). Thus, we can apply the Implicit Function Theorem to (105) to obtain a
unique graph (w(f),u(B)) solving (105). The graph satisfies (w(0),u(0)) = (wy,0),
and, thus, branches off from the trivial solution (which has f# = 0 and w and u arbi-
trary). The rotational symmetry of M, implies reflection symmetry of Mg in 8 such that
Mg(—B, w,u) = Mg(3, w,u) for all 3, w and u. Hence, the solution graph is reflection sym-
metric, too: w(—f) = w(f) and u(—F) = u(p). Thus, for small B there is a unique non-
trivial solution of the full algebraic system of the form r = (0, ), ¢ = q(r, w(B), u(B))r.
As Equation (99) shows, we can extract the coordinates a (which is zero) and 8 from the
full solution x € CX(T;R") by applying the projections

% J cos(t)vrTx(t)—sin(t)viTx(t)dt=% J Re [v; exp(it)]” x(t)dt = a,

—T —T

™

%J sin(t)v] x(t) + cos(t)v x(t)dt = %f Im [v; exp(it)]" x(t)dt = —f,

—T —

which determines the First Fourier coefficients of x as claimed in (27) in Theorem 3.2.
(Recall that the vector v; = v, +v; was scaled to have unit length and that the decomposition
was orthogonal.) O
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A. Basic differentiability properties of the right-hand side
Let J be a compact interval or T. Let (D, || - ||) be a Banach space of the form
D=Ch(J;R™) x...x Ck(J;R™)

where £ > 1, the integers k; are non-negative and the integers m; are positive. We use the
natural maximum norm on the product D:

lIxllp = llCxy, ..., x)llp = Jax, l1¢;
and use the notation
Df = O R™) x . x CHHR™), i = max 1x ]l
D%!' = {x €D : L(x) < oo}, with the norm lIx|lp,, = max {||x|lp, L(x)},

where xU) is the component-wise jth derivative and the Lipschitz constant L(x) is defined
as

PN
L(x)=sup max |xj (&) %) 2
ths J=1od [t —s|

5
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where t and s in the index of sup are taken from J, if J is a compact interval, and from R
if J = T. Balls that are closed and bounded in D®! are complete with respect to the norm
of D.

A.1. Basic properties of f

This section proves three properties that EC' smooth functionals f have: first that the
derivative limit (10) exists also for Lipschitz continuous deviations, second a weaker form
of the mean value theorem, and third, local EC Lipschitz continuity.

Lemma A.1 (Extension of derivative to deviations in D%1)

Let f : D — R" be EC! smooth in the sense of Definition 2.1. Then the limit
required to exist in Definition2.1 exists also in the || - ||, ;-norm: for all x € D'

Y fGe+Y)=fO) =3 f 0, )l
1m =

yeD%! IN2IPY
lyllp,,—0 ’

0. (106)

Note that in (106) the norm in which y goes to zero is || - || ; instead of || - || ;.

Proof This is a simple continuity argument. Let ¢ > 0 be arbitrary. We pick 6 > 0 such
that

fGe+7) = fFG) =0 f(x, ) < ell7llp,y (107)

for all 7 € D' satisfying || 7|5, < 6. Let y € D! be such that ||y||,, < 6. We can choose a
¥ € D! that satisfies

| 71lp,1 <min{5,2||yllp .} (108)
Ifx+y)—flx+Pl<ellyllp, (109)
101 f (e, y =9 < ellyllp- (110)

Condition (108) can be achieved because D' is a dense subspace in D%, and for every
element y of D' the || - |, ,-norm is not larger than the || - ||, ;-norm: [|§[lp, < 17lp;-
(109) follows from the continuity of f and the density of D®! in D!, and (110) follows
from the continuity of 3'f as a map on D! x D, and the density of D%! in D!. Combining
estimate (107) with (108)-(110) we obtain

fGe+y) =) =0 f(x, ¥l < 4ellyllp,-

Lemma A.2 (Existence of mean value)

There exists a continuous function

d:D'xD'xD—R"
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which is linear in its third argument and satisfies for all x, y € D?

Moreover, d(x,0,y)=0'f(x,y) forall x € D! and y € D.

Proof The argument for the existence of a mean value follows exactly the proof of the
general mean value theorem [12]: the candidate for a(u,v,w) is

1
&(u,v,w):f ' f(u+sv,w)ds. (112)
0

Since ' f is assumed to be continuous in its arguments the integral is well defined and
continuous in its arguments u € D', v € D!, w € D. All one has to show is that the d
defined in (112) satisfies (111): let x, y € D! and ¢ > 0 be arbitrary, and choose m such
that uniformly for all s € [0, 1]

1 m—1
1 k
J 0'f (x+sy,y)ds——> 9'f (x+—y,y) <e,
0 mk:O m

Y 1 Y €
|f (x+sy+—) —flx+sy)—0°f (x+sy,—) < —.
m m m
Then it follows that
1
fx+y)—f(x) —f o' f(x +sy,y)ds| < 2e.
0
Since ¢ > 0 was arbitrary the left-hand side must be zero. O

Lemma A.3 (Local EC Lipschitz continuity)

For all x € D! there exists a neighborhood U(x) € D®! and a constant K, > 0
such that for all y; and y, € U(x) the following Lipschitz estimate holds:

If (v1) = Fr Il S K llyy = yallp-

Note that the upper bound depends only on the || - ||;-norm, not on the || - ||, ;-norm, which
would be a weaker statement.

Proof We prove the Lipschitz continuity first for y; and y, from a sufficiently small
neighborhood U(x) N D! C D! of x € D.

Let x be an element of D!. Since the mean value d is continuous in (x,0,0), and
d(x,0,0) =0, we have a 6 > 0 such that for all u,v € D' and w € D satisfying |lull,, < &,
IVllp,, <6 and [wll, <6

la(x +u,v,w)| <e.
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This implies that |a(x+u,v,w)| < [¢/6]||w||p for u and v with max{|[ul|p ;,[|vIlp1} < 0 and
w € D (since d is linear in its third argument). Thus, ||a(x+u,v,-)||, < €/6 for d(x+u,v,")
as an element of L(D;D) in the operator norm corresponding to D. Consequently, if
ly; —xllp; <&/2and ||y, — x|lp; <06/2

f ) =f2dl = 171 = ¥allb,

| ™

1
J Ay Y1 — Y2 Y1 — Y2)ds| <
0

such that we can choose K, = £/5. The extension of the statement to D! follows from
the continuity of f in D: U(x,) N D' is dense in U(x,) € D*' using the || - ||, ;-norm. Pick
two sequences y, and z, in U(x,) N D' that converge to y and z in U(x,) in the Lipschitz
norm. Then f(y,) — f(y) and f(z,) — f(z) since f is continuous in D. Moreover,
lyn — 2allp = lly — 2|l for n — co. Since

|f(.yn) _f(zn)l < Kx”.yn _Zn“D (113)

for all n the inequality also holds for the limit for n — oo. O

A.2. Basic properties of F

In this section we restrict ourselves to the periodic case: J = T. Let F : D — C°(T;R") be
defined as F(x)(t) = f (A,x).

Lemma A.4 (Continuity of F)

Let f : D — R" be continuous. Then F : D — C°(T;R") is also continuous.

Proof This is a simple consequence of the continuity of f, the continuity of (t,x)— A,x
with respect to both arguments (¢t and x) in the || - ||,-norm, and the compactness of T. Let
€ > 0 and x € D be arbitrary. We want to prove continuity of F in x. So, we have to find a
6 > 0 such that

|f(A5x +h) —f(Asx)| <e¢ forallseTandh € D, satisfying ||h||, < &. (114)

(Since ||Ah||, = ||h||, we can replace Ah by h.) The continuity of f implies that for every
r >0 and every t € T we find a 6,.(t, r) such that

If(A;x +h)— f(Ax)| <r whenever ||h||, < &,(t,r). (115)
For every t € T there exists an open neighborhood U(t) C T such that
|Ax — Axllp, <6,(t,e/2)/2 foralls e U(t),

because the function t € T — A,x is continuous in t. These neighborhoods U(t) are an
open cover of the compact set T, so there exist finitely many t,...,t,, € T such that the
union of the neighborhoods U(t;) contains all points s € T. We choose

6= min 6,(t;,€/2)/2,
]:

1,...m
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which is a positive quantity. Let s € T be arbitrary and let h € D satisfy ||h||, < 6. We have
to check the inequality (114). The point s is in one of the neighborhoods U(t;), say without
loss of generality, s € U(t;). Thus, [[Ax — A, x|lp < 8,(t;,€/2)/2, and, consequently,
|Asx — Ay x +hllp < 6,(t;,¢/2) (because also ||k, < 6 < 6,(t;,/€/2)/2). Therefore, we
can split up the difference |f (A,x +h) — f(Ax)|:

FAx R = FANN S |[f (Box+(Ax = Ax +1) = F(A, 2] |

+|[F (Bx+@x = a,00) - f(8,2)]|
<e/2+¢e/2=¢

Note that the deviations from A, x in the arguments of f in both terms of the sum are less
than or equal to 6,.(t;,€/2) such that we can apply (115) for t =t,, r = ¢/2. O

The following lemma lists properties that F has if f satisfies local EC Lipschitz continuity
in the sense of Definition 2.2. That is, we do not assume that f is EC! smooth in the sense
of Definition 2.1 for Lemma A.5. Since Lemma A.3 was proved using only the assumption
of EC! smoothness of f, local EC Lipschitz continuity is a weaker condition.

Lemma A.5 (EC Lipschitz continuity of F)

Assume that f : D — R" is locally EC Lipschitz continuous in the sense of Defini-
tion 2.2. Then F has the following properties:

1. for all x € D%! there exists a neighborhood U(x) € D%! and a constant
K, > 0 such that for all y; and y, € U(x)

||F(}’1) - F(}’z)”o < Kx”.yl - }’2||D-

2. F maps elements of D®! into C%!(T;R"). Moreover, for every x € D%!, any
bounded neighborhood U(x) € D! for which the Lipschitz constant K,
exists has a bounded image under F: there exists a bound R > 0 such that
IF(¥)llo, <R forall y € U(x) (R depends on U(x)).

Proof Statement 1 is a consequence of the local EC Lipschitz continuity of f and the
compactness of T (which allows one to choose a uniform Lipschitz bound K, for all t € T).

Concerning statement 2: let x € D%! be arbitrary, and let the neighborhood U(x) be
bounded (say, ||y — x||p; < 6) such that F has a Lipschitz constant K, in U(x). Then we
have for all y,z € U(x) and t,s € T the estimate

|f(At.y) _f(Asz)l < Kx”Aty - A.sz”D :Kx”At—sy _Z”D'

Initially setting z = x and s = t we get a bound on ||[F(y)llo: |F(¥)llo < IF()|lo+K,6 =: R,
for all y € U(x). It remains to be shown that the Lipschitz constant of F(y) is bounded for
yeU(x):

[F(y)() =F()S)I =1f (Ay) = FAYI S KAy = Ayl < Kellyllp,Llt —sl.
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Since ||y — x||p; < 6 for y € U(x), choosing
R =max {Ro,K, (|lxlp. +5)}

ensures that ||[F(y)llo; <R. O
Define the maps

O'F(u,v)(t) =2 f(Au,A,v) forueD',veD,
A, v,w)(t) = @(Au, Av, Aw) forue D', ve D!, weD.
The following Lemma A.6, and Lemma A.7 assume that f is EC! smooth in D in the sense
of Definition 2.1.
Lemma A.6 (Differentiability of F)
Let f : D — R" be EC' smooth. Then F, 3'F and A have the following properties.

1. The map (u,v) — 9'F(u,v) is continuous in both arguments (and linear in
its second argument) as a map from D! x D into C°(T;R"). It satisfies for all

x €D! .
F(x+y)—F(x)—0 F(x,
lim |IF(x + y) — F(x) ( y)llo:O' (116)
||y|IED’ . ”.y”D,L
Ylip,L. ™

2. The map A(u,v,w) is continuous in all three arguments (and linear in its
third argument) as a map from D' x D! x D into C°(T;RR"). It satisfies for all
x,y € D!

F(x+y)—F(x)=A(x,y,).

Moreover, A(x,0,y) = 0'F(x,y) for all x € D! and y € D.

Note that in the limit (116) we allow for deviations y € D%,

Proof The continuity of d'F follows from the continuity of 3'f by applying Lemma A.4
to d'f : D! x D — R" instead of f. The linearity of 'F in its second argument follows
from the linearity of 8! f in its second argument.

The limit (116) also follows from the corresponding limit (106): let x € D! and £ > 0
be arbitrary. For every fixed t there exists a 6(t) > 0 such that

lf(Ax +Ay)— f(AX)— alf(Atx’Aty)l <e
lyllp,

(117)

for all y with ||yllp, < &(t). As f and 8'f are continuous in their arguments x € D' and
y € D*!, the inequality also holds for all s in a sufficiently small open neighborhood of t,
U(t). The set of neighborhoods U(t) for all t € T are a cover of the compact set T by open
sets. Choosing a finite subcover from this cover, and labeling the times t,,..., t,,, we can
choose

.....
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such that (117) holds for all uniformly t € T. This proves statement 1 of the lemma.
Concerning statement 2: for the continuity of A we invoke again Lemma A.4, this
time for @ on D' x D! x D. The linearity of A in its third argument follows from the
linearity of d in its third argument. The relations F(x + y)(t) — F(x)(t) = A(x, y, y)(t)
and A(x, 0, y)(t) = 8'F(x, y)(t) in every t € T follow from the corresponding relations for
f and a, as stated in Lemma A.2. O

Lemma A.7 (Differentiability of images of F)
Let f : D — R" be EC' smooth and let k > 0 be some integer. We assume that
F :D — CX(T;R") and 9'F : D' x D — C*(T;RR") are continuous maps. Then F
maps elements of D! into C**}(T;R"), and F is continuous as a map from D' to
Ck+1(T; Rn)

Proof Let x be in D!, thatis, x’ € D. If 'F : D' x D — C*(T;RR") is continuous then
. . 1

A : D' x D! x D — CK(T;R"), which is given by A(u,v,w) = fo O'F(u + sv,w)ds, is
continuous, too. Using statement 2 of Lemma A.6 we have

F(Ahx;— F(x) .y (x, AX — X, ?) , (118)

On the right side |[|A;x — x||; converges to 0 for h — 0. Also,

because x € D!. Since A is continuous in its arguments the right side converges to
A(x,0,x") = d'F(x,x") € C*(T;R") for h — 0. Thus, the limit of the left-hand side in
(118) for h — 0 exists, too, such that F(x) € C¥*}(T;R") and the time derivative (F(x))’
equals 3'F(x,x’). Since (v,w) € D! x D — 9'F(v,w) € CX(T;R") is continuous in (u, v),
the time derivative of F(x), (F(x)) = 8'F(x, x") is also continuous in x if we use the norm
Il -lp,, for the argument and || - ||, for the image. O

Apx —x
h

/

—x'|| -0 forh—0,

D
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