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Abstract
We consider a periodic function p : R — R of minimal period 4 which satisfies a family of
delay differential equations

x'(1) = g(x(r —da(x1)), AE€R, (0.1)
with a continuously differentiable function g : R — R and delay functionals
da : C([-2,0],R) — (0, 2).

The solution segment x; in Eq. (0.1) is given by x,(s) = x(¢ 4+ s). For every A € R the
solutions of Eq. (0.1) defines a semiflow of continuously differentiable solution operators
Sar 1 X0 = x;, t > 0, on a continuously differentiable submanifold XA of the space
Cl([=2,0], R), with codim XA = 1. At A = O the delay is constant, dy(¢) = 1 everywhere,
and the orbit O = {p; : 0 <t < 4} C Xy of the periodic solution is extremely stable in
the sense that the spectrum of the monodromy operator My = DSy 4(po) is op = {0, 1},
with the eigenvalue 1 being simple. For |A| oo there is an increasing contribution of
variable, state-dependent delay to the time lag da (x;) = 1+ --- in Eq. (0.1). We study how
the spectrum oa of Ma = DSa 4(po) changes if |A| grows from 0 to co. A main result is
that at A = 0 an eigenvalue A(A) < 0 of M bifurcates from 0 € o and decreases to —oo
as |A]| /' oco. Moreover we verify the spectral hypotheses for a period doubling bifurcation
from the periodic orbit O at the critical parameter A, where A(A,) = —1.
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1 Introduction

The present paper is a case study of the impact of variable delay on periodic motion. We
consider a periodic solution of an autonomous differential equation with a constant time lag
and ask how stability properties of the periodic solution change when the constant time lag
is replaced by a variable, state-dependent delay—in such a way that the periodic solution is
preserved. Let an odd continuously differentiable function g : R — R be given with

g(§)=1 on (—oo,b] and g'(§) <0 on (=b,b),
for some b € (0, §). We begin with the equation

X () = gx(t = 1) (1.1

which models negative feedback with respect to a stationary state (here given by & = 0),
for a scalar variable and with a constant time lag. Proceeding as in [2, Section XV.1] we
find a periodic solution: Take any continuous function ¢ : [—1,0] — R with ¢(¥) < —b
on [—1,—b] and ¢(t) = t on [—b, 0]. Integrate Eq. (1.1) successively over the intervals
[0,1—=0b],[1 —b,1+b],[1+ b, 2], with the initial condition x(t) = ¢ (¢) on [—1, 0]. This
yields a function p : [—1, 2] — R with

pt) =t on [—=b,1—Db],
t—1

p(z)=1—b—|—f g(s)yds on (1 —b,1+D),
—b

p(t)=2—t on [1+b,2],

which satisfies Eq. (1.1) on [0, 2]. Extension by the symmetry p(t) = —p(t—2)for2 <t <4
and upon that periodic continuation of the restriction p|[0, 4] to a function p : R — R defines
a periodic solution of Eq. (1.1) with the said symmetry and minimal period 4. Equation (1.1)
shows that p is twice continuously differentiable.

Let C = C([-2, 0], R) denote the Banach space of continuous real functions on [—2, 0],
with the norm given by |¢| = max_2<;<¢ |¢(¢)|. Forafunctionx : dom — Randt € R with
[t —2,t] C dom recall the notation x; for the shifted segment [-2,0] 5 s = x(t + ) € R.

By the symmetry, p,(0) + p,(—2) = 0 for all # € R. Therefore the function p solves
every equation of the form

xX'(1) = gx(t — d(pr)))
where the delay functional d : C — R is given by

d(@) =1+ p(¢* ),

with the linear functional ¢* : C 2 ¢ — ¢(0) + ¢(—2) € R and a real function p : R —
(—1, 1) satisfying p(0) = 0. We fix a continuously differentiable function § : R2 > (—-1,1)
with

8(5,0) =0 forall & eR,

(0, A) =0 forall A eR,

016(0, A) = A forall A eR,

e. g.,6(& A) =sin(§ A), or §(§, A) = tanh(§ A), and define dp : C — (0,2) for A e R
by

da(@) =1+38(9%9, A).
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Then da(p;) = 1 forall ¢ € R, and p becomes a solution of the equation

X (1) = gx(t —da(x)), (1.2)

which for A = 0 is Eq. (1.1) with the constant time lag 1 while for A # O there is a
state-dependent contribution to the time lag in the differential equation. Notice that

Dda(p)x = 318(0, A)p*x = Ap*x forall teR, x € C.

The stability properties which we study in the sequel require linearization, which for differen-
tial equations with state-dependent delay is possible in the framework introduced in [4,11]. Let
Cc! = c!([-2, 0], R) denote the Banach space of continuously differentiable real functions
on [—2, 0], with the norm given by |¢|; = |¢|+|¢'|,andlet j : C! — C denote the inclusion
map. For A € R given consider the functional fa : C! — R, fa(¢) = g(@(—da(jd))),
which represents the right hand side of Eq. (1.2). The following proposition verifies the
hypothesis for the results from [4,11] which we need.

Proposition 1.1 Let A € R be given. The maps d = da and f = fa are continuously
differentiable with

Df(@)x = g (P(—=d(jIN{x(=d(jd)) — ¢’ (=d(j$))Dd(j$)jx}

forall ¢ € C'and x € C'. Moreover,
(e) each derivative Df (¢) : C' — R, ¢ € C!, extends to a linear map D, f(¢) : C — R
and the map

C'xC3(p,x) > Def(@)x €R

is continuous.

We prove Proposition 1.1 at the end of this introduction. The extension property (e) in
Proposition 1.1 is a version of the notion of being almost Fréchet differentiable from [7], and
is crucial for the following to hold. For every A € R the non-empty set

Xa={¢eC':¢'(0) = fa())
is a continuously differentiable submanifold of codimension 1 in C', with tangent spaces
TyXa=1{x €C':x'(0) = Dfa(@)x}.

Eachinitial value ¢ € X A continues to aunique maximal solutionx®?9 : [=2,1(A, ¢)) - R
of Eq. (1.2), which means that 0 < #(A, ¢)) < oo, x*? is continuously differentiable,
Eq. (1.2) holds for 0 < ¢ < t(A, ¢), and any other continuously differentiable solution
x:[-2,t,) > R, 0 < t, < oo, of the initial value problem

x'(1) = g(x(t —da(x))) for t>0, x9=¢ € Xa,
is a restriction of x2#. All solution operators

Sari{peXait<t(A, )¢ x?eXa t>0.

are continuously differentiable, and the semiflow on X A given by (¢, ¢) — x,A ¢

uous. For ¢ € Xp and 0 < u < t(A, ¢) the derivative

DSA,L¢(¢) : T¢XA - TSA.u(d’)XA

is contin-
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satisfies
DSau(@)x = v P
with the unique maximal solutions v = v®%:X of the initial value problems

V(1) = Dfa(Sa (@) for 0=t <1(A,¢),
U0:X€T¢XA- (1.3)

Equation (1.3) is called the variational equation along the solution x*®, and the functions
V29X [=2,1(A, ¢)) - Rare continuously differentiable.

The stability properties of p as a solution to Eq. (1.2) which we have in mind are the spectral
properties of the monodromy operator Ma = DS 4(po), that is, of the linearization of the
period map Sa 4 atits fixed point pg. Using Proposition 1.1 and the computation of Dda we
see that the variational equation Eq. (1.3) along p becomes

V(1) = Dfalpov
=g'(pt = D){v@t = 1) = p'(t = DA(@) +v(t = )]} (1.4)

From g’'(p(0 — 1)) = 0 we have Dfa(po) = 0, and it follows that the domain Tp, X A of the
monodromy operator is

Y ={xeC':x'0) =0}

which is independent of the parameter A.

The spectral properties of M refer to its complexification. Instead of the latter we study the
analogue of M A which is given by complex-valued solutions of the variational equation. Let
¢! denote the Banach space analogous to C!' which consists of complex-valued functions,
consider the closed subspace Y = {n € cl ) = 0} analogous to Y, and observe
that for every A € R and n € ) there is a unique continuously differentiable function
V27 [=2, 00) — C with UOA'” = 7 so that v = v™" satisfies Eq. (1.4) for all # > 0, and
that we have v4A "I'e Y. This is easily seen by decomposition into real and imaginary parts.
The linear map

Mp:V3n vy ey

analogous to M is conjugate to the complexification of M by a topological isomorphism,
and more convenient for our purpose .

In the next section we verify that each map Ma, A € R, is continuous and compact.
Consequently the spectrum

opn ={r € C: Ma — rid isnot bijective}

is at most countable, every A € oa \ {0} is an eigenvalue with finite-dimensional eigenspace,
and isolated in op. The eigenvalues & # 0 - which in the context of monodromy operators
are also called Floquet multipliers - can accumulate only at 0 € C. From dim Y = oo we
have 0 € oa. For A € C we abbreviate My — A = Ma — Aid, and (Ma — A)7"(0) =
((Ma —2)")~L(0) for all n € N. For every Floquet multiplier the chain length

n(Z) =min{n € N: (T — 1id)™"(0) = (T — »)~"*D(0)},
and the algebraic multiplicity

m(}) = dim (Ma — 1) 7" ®(0),
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are finite. A Floquet multiplier A is called simple if m (1) = 1. For every A € R the resolvent
set

pa =C\oa

is open, the resolvent map pa 3 A > (Ma — N leL.(, Y is analytic, and each Floquet
multiplier A € oa \ {0} is a pole of the resolvent map whose order is equal to the chain length
n(i), seee. g. [9].

The derivative p!. of the periodic function p. : R 3 ¢t > p(t) € C satisfies Eq. (1.4) for
every A € R. This yields

’ / /
MApc,O = Pc,a = Pc,0s

and p/, , is an eigenvector of the Floquet multiplier 1 € o for every A € R.
The construction of p described above is a first indication that the periodic orbit

O={peC':0<t<4)cCX

is stable and locally attracting in Xo (but not globally attracting, due to the infinite-
dimensional stable manifold of the zero solution [4, Section 3]). One can show that attraction
towards O is extreme: There is a neighbourhood U of O in X so that for every ¢ € U we
have #(0, ¢) = 00, and there exist 75 € [0, 7] and s = 54 € [0, 4) with x,o'¢ = ps++ € O for
all t > 14 [8].

In Proposition 2.4 we obtainog = {0, 1} and Y = Mo) ' (0)®eC Pé,o' These facts reflect the
strong stability properties of the periodic solution p of Eq. (1.1) on the level of linearization
- and tell us that for A # 0, when state-dependent delay is present, the only possible change
in stability properties on the level of linearization is some kind of destabilization.
Propositions 2.5 and 2.6 at the end of Sect. 2 express a kind of continuity of the spectra oa
at A =0.

In Sect. 3 we derive a characteristic equation for the Floquet multipliers and compute resol-
vents (Ma —A) ! for A € Rand A € pa. This is inspired by an approach going back to [10].
Sections 4—6 prepare the search for solutions to the characteristic equation and for results
on multiplicity of Floquet multipliers. Important are the computations in Sect. 6 which bring
the characteristic equation into a tractable form. Corollary 6.5 excludes Floquet multipliers
in (1, oo) for any A € R\ {0}.

Sections 7, 8 contain the main results. Due to a symmetry in the characteristic equation it is
enough to consider parameters A > (. Theorem 7.2 says that at A = 0 a Floquet multiplier
A(A) € oa N (—o00,0) bifurcates from 0 € C and decreases to —o0 as A — 00, with
nonzero speed. This means a loss of stability of the periodic orbit O for A > 0; for A > 0
with A(A) < —1 the orbit O is unstable. Theorem 8.2 guarantees that the Floquet multiplier
1 is simple not only for small A (as in Proposition 2.6) but for all parameters A > 0, and
that the Floquet multiplier A(A) is simple for A = A, with A(A,) = —1.

For parameters A > 0 with o \ {1} contained in the open unit circle the simplicity of
the Floquet multiplier 1 allows to apply a result by Mallet-Paret and Nussbaum [6] which
guarantees that the orbit O is stable and exponentially attracting in X with asymptotic
phase.

In Sect. 9 we describe how Floquet multipliersinoa N(0, 1) arise and behave for A — oo, and
address subcritical bifurcations into pairs of nonreal, complex conjugate Floquet multipliers.
Finally we comment on a period doubling bifurcation from the periodic orbit O at the critical
parameter A = A,, for which Theorems 7.2 and 8.2 provide sufficient hypotheses.

Let us mention that we are not aware of any other example of a period doubling bifurcation
in differential equations with state-dependent delay. Period-doubling bifurcations in families
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of delay differential equations with constant time lags were found by Campbell and LeBlanc
[1].
For another result on Floquet multipliers of periodic solutions of a family of differential
equations with state-dependent delay, in a singular perturbation setting, see [5] by Mallet-
Paret and Nussbaum.
As in the case of periodic solutions of ordinary differential equations the Floquet multipliers
and their multiplicities should be invariants of the orbit O C X, which means that they
should not change if the solution p of Eq. (1.2) is replaced with a translate p(r+-),0 < ¢t < 4.
A proof of this in case of delay differential equations with constant time lags is found in [2,
Chapters XIII-XIV].
One may ask what happens if instead of a non-constant periodic solution of a family of
delay differential equations as above the simpler case of a constant solution of such a family
is considered: Suppose g : R — R is continuously differentiable, and g(§) = 0, so that
c: R >t~ & e R satisfies Eq. (1.1). Replacing the time lag 1 in Eq. (1.1) by any
continuously differentiable delay functional d : C — (0, 2) with 1 = d(co) (= d(c;) for
all # € IR) would neither change the tangent space analogous to Y = T, X o above nor the
variational equation along the solution c, both due to the term ¢’(—d (j¢)) in Proposition 1.1
which is zero for constant ¢ = co. Consequently the introduction of state-dependent delay
with 1 = d(cg) would have no effect on spectral properties of linearized solution operators
along the constant solution c¢. For related facts compare [4, Section 3].
Notation, conventions, preliminaries

Concerning roots recall that for every 1o € C \ {0} there exist an open disk D C C \ {0}
centered at A and an analytic function z : D — C\ {0} with (z(2)* = 1 on D. Obviously,
z(A) # —z(A) on D.
The algebra of 2 x 2-matrices with complex entries is denoted by C2*2 and I = Gj)<j k<2
Forreals s < ¢ and K = R or K = C the Banach space of continuous functions [s, t] — K,
with the norm given by |¢| = max;<, <, |¢(«)], is denoted by C([s, ¢], K), and the Banach
space of continuously differentiable functions [s, 7] — K, with the norm given by |¢|; =
|¢| +|¢'|, is denoted by C!([s, t], K). For s = —2 and ¢ = 0 we use the abbreviations C, C'
incase K=Rand C,C! in case K = C.
Further Banach spaces which occur in the sequel are Ccl([=b, b],C? analogous to
C'([—b, b], C), and the subspaces C§ ([—b, b], C) C C'([—b, b], C)and C}([—b, b], C?) C
C'([—b, b], C?) which are defined by the boundary conditions ¢'(—b) = 0 = ¢'(b). The
vectorspace C([—2, 00), C) is considered without a topology on it.
For Banach spaces B, E over the field K, K = R or K = C, the Banach space of continuous
linear maps 7 : B — E, with |T| = SUP <1 |Th|, is denoted by L (B, E).

Proof of Proposition 1.1. 1. The evaluation map ev : C x [—2,0] — R, ev(¢p, 1) = ¢ (2), is
continuous, and linear in the first argument. The evaluation map ev; : C Iy (=2,0) > R,
evi (¢, t) = ¢(2), is continuously differentiable with the partial derivatives
Dievi(¢p,1)(x,s) = evi(x, 1) = x(t) and Daevi(¢p, t)s = s Daevi(¢p, 1)l =5/ (1),
hence Devi (¢, )(x,s) = x(t) + s¢'(t) for ¢, x in C'. The chain rule applied to
f =goevio(id x (—(d o j))) yields that f is differentiable with

Df(¢)x = Dg(evi(¢, —d(j$)){Dievi(¢, —d(j$))x
+Drevi (¢, —d(jp)D(=d(jp)jx}
=g (@(—=d(ON{x(=d(jp)) — &' (—=d(j$))Dd(j$)jx}
=g (¢, —d(jp))evi(x, —d(jp)) — ev(d', —d(j$))Dd(j$)jx}
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for ¢, x in CL.

2. Proof that the map Df : C! 5 ¢ — Df(¢) € L.(C',R) is continuous. The map
Ev : [-2,0] — L.(C',R) given by Ev(t)x = ev(x,t) is continuous, due to the
estimate

Ix (@) — x| < max_|x" )t —s| < [xlilt — s
—2<u<0

for x € C Uand ¢, s in [<2, O]. Using this, and the fact that differentiation C I ¢ —
¢’ € C is linear and continuous, and the expression for Df (¢) x from Part 1, one easily
completes the proof that the map Df is continuous.

3. Verification of property (e). For ¢ € C! and x e C define D, f(¢) x by the formula for
Df (¢)x but with evi(x, —d(j¢)) replaced by ev(x, —d(j¢) and jx replaced by .
Then the continuity of the map C' x C 3 (¢, x) = D.f(¢)x € R becomes obvious.

O

2 Continuity, Compactness, the Case A = 0

Proposition 2.1 The map R x Y x [0,00) > (A, n,t) > U,A’" e ¢l is continuous.
Proof We only indicate the steps of the proof.

1. Forevery A € R and x € ) the continuous differentiability of vAX  [=2,00) > C
implies that the curve [0, 00) > f > vtA’X e ¢! is continuous.

2. For (A,n) € Rx Yand 0 < ¢ < 1 represent the solution v®-" by the variation-of-
constants formula for ordinary differential equations and show that the map R x ) 5
(A, n) = v®"[0,1] € C([0, 1], C) is continuous. Conclude that the map R x ) >
(A, n) = v21[=2,1] € C([-2, 1], C) is continuous.

3. Show by induction that for every n € Nthe map R x YV 5 (A, n) — vA"’|[—2, n] €
C([—2, n], C) is continuous.

4. Use Eq. (1.4) in order to show that for every n € N alsothe map R x Y 5 (A, n) —
®21][0,n] € C([0,n], C) is continuous. Next, obtain the continuity of the maps
RxY>(A,n)+— W21 |[-2,n] € C([—2, n], C), and deduce that the mapsRx Y >
(A, n) = v21[=2,n] € C'([=2,n],C),n € N, are continuous.

5. Forreals A, A and X, X InYsetv = v2& X and = v™X, and consider 0 < s <7 <
n € N. Then

|ﬁs _Ut|l =< wr _Us|l + |vs _vt|l
<[ —=vI[-2,nll1 + lvs — vel1,

and it becomes obvious how the assertion of Proposition 2.1 follows by means of Parts 1 and
4 of the proof. O

Proposition 2.2 (Compactness) For every bounded set B C R x Y and for every t > 2 the
closure of the set {le"7 1 (A, n) € B} C Cis compact.

Proof We only indicate the steps of the proof. Let a bounded subset B C R x ) be given.

1. For (A, n) € Band 0 <t < 1 represent the solution A1 by the variation-of-constants
formula for ordinary differential equations and show that the set {v2(t) € C: (A, n) €
B,0 <t < 1} is bounded. As B is bounded, it follows that also the set {v2-7(¢) € C :
(A,n) € B, =2 <t < 1} is bounded.
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2. Proceed by induction and obtain that every set (vW27t)eC: (A, n) € B,=2 <t <n),
n € N, is bounded.

3. Letn € N.Use Eq. (1.4) and obtain that the set {(v®") (1) € C: (A, n) € B,0 <t < n},
is bounded. Use the boundedness of B and deduce that the set {(v27) (1) € C: (A, n) €
B, -2 <t < n}, is bounded. It follows that there is a uniform Lipschitz constant for
the functions vA"7|[—2, n], (A, n) € B, and the set of these function is equicontinuous
atevery t € [—2, n]. Use Eq. (1.4) in order to deduce that also the set of all derivatives
@2M][0,n], (A, n) € B, is equicontinuous at every ¢ € [0, n].

4. Let t > 2 be given. Choose an integer n > ¢. It follows that both sets V = {v"" €
Cc':(A,n) € Byand V' = {(v®"), € C: (A,n) € B} are bounded with respect to
the norm on C and equicontinuous at every s € [—2, 0]. Therefore their closures in C are
compact. Now let a sequence (¢;){° in V be given. A subsequence (¢;,){° converges in
C, and a subsequence of the sequence of derivatives ((¢,)’ ){° converges in C. This yields
a subsequence of (¢;)7° which converges in C ! Tt follows that V has compact closure in
cl. o

Notice that the factor g’(p(t — 1)) on the right hand side of Eq. (1.4) is zero on the set

[0,1—b]U[1+b,3—b]U[3 + b, 4] + 4Ny, due to g'(¢) = 0 for |&| > b and |p(s)| > b
on[—1,-b]U[b,2 —b]U[2+ b, 3] + 4Ny.

Corollary 2.3 Each solution v®", A € R and n € Y, is constant on each of the intervals
[0,1—=0b],[1 4+ b,3 —0b],[3+ b, 4], and on their translates by 4Nj.

We turn to the case A = 0, for which do(¢) = 1 everywhere.

Proposition 2.4 (i) MoY = C p,. , and og = {0, 1},
(i) ¥ = My'(0) @ Cpl,

(iii) 0 € C is an eigenvalue with chain length 1, and
(iv) the eigenvalue 1 is simple.

Proof 1. On assertion (i). Let n € Y, set v = v%". By Corollary 2.3 both functions v and
p.. are constant on the interval [1 + b, 2+ b]. Forw = v(1 +b)/p.(1 +b) = —v(1 +b)
we have v(t) = w p.(t) on [1 + b,2 + b]. Notice that for A = 0 Eq. (1.4) reads
V(1) = g'(p(t — 1)v(t — 1). Successively integrating this equation on the intervals
[I+b+4+n,24b+n],neN,weobtain v(t) = w p.(¢) forall r > 1 + b. In particular,
Mon = v4 = wp, , = w p,, hence

Moy € Cply (C Mo). @.1)

Now consider A € op \ {0}. For an eigenvector x € Y \ {0}, x = %Mox eC Pé-,o (see
(2.1)). It follows that x = Moy = A x, and thereby, A = 1.

2. Proofof)y C M(;l(O)—i-Cpé,O.Let neysetv= 01, By assertion (i), Mon = w pé,o
for some w € C. We have

Mo(n —w pl. o) =wp,o— Mowp.g=0
because of Mop;. o = p,. o Hence
n=—wplo)+wp.oe M0 +Cply.
3. Proof of Mal(O) NCp. o =1{0}. For x € Mal 0 NCp.y 0=Moxand x =ap,,

for some a € C, hence 0 = a Mopé’o =a pé’o, a=0,x=0.
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4. Parts 2 and 3 yield assertion (ii).

5. Assertion (ii) implies that 0 € C is an eigenvalue with eigenspace M, 1(0). The chain
length is 1 because for every x € Maz(O) we get Moy € Mal onc pé,o = {0} (with
assertion (i) and Part 3), hence x € M 1(0).

6. Proofof (Mo—1)"1(0) Cp,. - For x € (Mo— 1)~1(0) wehave x = Mgy € C pi,’o,
see assertion (i).

7. Proof of assertion (iv). For every x € (Mg — 1)72(0) we have (Mo — D)y € (Mg —
1)710) c C pl.  (see Part 6). It follows that

x € Mox +Cp.oCCp.qo (withassertion (i))
C (Mo — 1)7'(0).

The next results are about persistence, or continuity, of spectra for small A.

Proposition 2.5 For every € > 0 there exists A¢ > 0 with
(Leopn:A£1}Cc{AeC: A <€}

SJorall A € Rwith |A| < A.

Proof We argue by contradiction. Suppose there exist € > 0 and sequences (A,){° in R
and (A,){° in {A € op : A # 1} with A, — 0 and |A,| > € for all n € Ny. Choose an
eigenvector x, € Y for each eigenvalue A,. Let pr : ) — Y denote the projection along
Cp onto K = M(;l(O). Let n € N. Because of A, # 1 we have x, ¢ Cp] ., hence
¢y = pr x» belongs to K \ {0}, and we may assume |, |1 = 1. As pr Mx,(id — pr)Y C
pr Ma,Cp, o C prCp,,=0wehave

Miln = Ay DT Xn = P¥ Ay Xn = pr Ma, Xu = pr Mpa, pr xn = pr Ma,¢n,

and ¢, is an eigenvector of the eigenvalue A,, of the map K > ¢ — pr M, ¢ € K.

Proposition 2.2 yields that the elements 1,¢, = pr Ma, s, n € N, belong to a compact
subset of the Banach space K. In particular the moduli |1,| = |X,&,|1 are bounded, and a
subsequence (A,,j);?il convergences to some A € C, |A| > € > 0. Using ¢, = %ﬂpr M, En
and compactness we find a subsequence of the eigenvectors ¢,; which converges to some
¢ € K with [¢|; = 1. Using A,, — 0 and Proposition 2.1 we arrive at 0 = L ¢ = pr My¢,

in contradiction to MoK = 0. O

Proposition 2.6 There exists A1 > 0 so that for all A € R with |A| < Ay the eigenvalue 1
of M is simple.

Proof 1. (Geometric multiplicities) Proof that there exists A, > 0 with dim (M —
D~10) = 1 for |A| < A,. Suppose there is a sequence (A,){° in R converging to
0, with dim(M,, — D~10) > 2 foralln € N. For n € N, choose an eigenvector
xn ¢ C Pé,0~ With K and pr as in the proof of Proposition 2.5, set ¢, = pr x, € K\ {0}.
We may assume |¢,|1 = 1. As in the proof of Proposition 2.5 we get that ¢, is an eigen-
vector of the eigenvalue 1 of the map K > { +— pr M, ¢ € K, and compactness
and continuity arguments yield an element ¢ € K with [¢]; = | and ¢ = pr Mg, in
contradiction to MoK = 0.
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2. Proof that there exists A. € (0, A,) so that for [A| < A, the eigenvalue 1 of M has
chain length 1. Suppose the contrary. Then there are sequences (A,){° converging to 0
and (w,){°in Y with w, € Mp, — 1)_2(0) \(Ma, — 1)~ (0) foralln € N. Using Part 1
we get (M, — Dw, € (Ma, =D 71(0) = C p, gand w, ¢ (Ma, —1)"'(0) = C pl,,
hence p, = pr w, € K \ {0}. We may assume |p,|; = 1. Observe that as in the proof of
Proposition 2.5 we have

(pr Ma, — Dpp = pr Ma, pn — prwy = pr Ma,wy — pr wy,

and consequently (pr Ma, — )pn = pr(Ma, — Dw, € prC Pé,o = 0, or
pr Ma,pn = pn # 0. Now continuity and compactness arguments as in the proof
of Proposition 2.5 yield an element p € K with |p|; = 1 and p = pr Myp, in contra-
diction to MyK = 0.

3. Combining the results of Parts 1 and 2 we get that for |A| < A, the algebraic eigenspace
of the eigenvalue 1 of M 4 is one-dimensional. O

In Sect. 8 we shall see that the algebraic multiplicity of the eigenvalue 1 of M is 1 for all
A € R, and in Sects. 7 and 9 we shall find eigenvalues different from 0 and 1. The proofs of
these results rely on the characteristic equation for eigenvalues which is derived in the next
section, and on the computation of resolvents, also in the next section.

3 The Characteristic Equation and the Resolvents

We begin with the computation of the preimages x € ) of a given element n € (Ma — 1)),
for A € Rand A € C\ {0}. Letv = v®X. Then x = %(v4 — 7). As v is constant on each of
the intervals [0, 1 — b], [1 4+ b, 3 — b], [3 + b, 4] it is determined on [0, 4] by its restrictions
to the intervals [1 — b, 1 4+ b] and [3 — b, 3 4 b]. The following proposition shows that these
restrictions correspond to a solution of a boundary value problem on the interval [—b, b].

Proposition 3.1 Ler A € R, L € C\ {0}, n = (Ma — L), v = v2X. Then the map
u
y= (w> € Co(I=b.b].C%)

given by u(t) = v(t +3) and w(t) = v(t + 1) € C satisfies
V() = g O{AAQ)Y@) 4+ y(=b) + Z(A, k0, 1)} on [—b,b] (3.1
and
y(=b) = B@)yb)+ N, n), (3.2)
with the maps
A:C\{0}> A+ (1 _i) e C?*2,
*
Z:Rx (C\{0}) x Y x [—b, b] > C?
given by

0

Z(A ko 1) = (%(n(m )+ 2

2 f—
r)(t—l))e(c on [—b,0]
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and

Z(A,A,n,o:(é 0

2
,\U(f—l)>€(c on [0, b]

forAe R, e C\{0},ne),

B:C\{0} 31 <?(1)>6(CZX2,

x

N:((C\{O})xya(k,n)H(ﬁ)ecz-
A

Moreover, x = %(v4 — n) with
u(=b) on [-2,—1—1D0]
v4(t) = u(l+1) on [—1—0b,—1+b] (3.3)
u(b) on [—1+4+b,0]

Proof Fromv'(t) =0on [0, 1 —b]U[1+b,3—b]U[3+b, 4] wehave y'(—b) =0 = y'(b),
so that indeed y € Cé([—b, b], C?).Fort € [—b, b],

W) =03+ =g¢g(PC+N){vQ+1)—p'CQ+nAG+1)+ vl + 0]}
= g (pO){u(=b) + Afu(t) + w(®)]}
(v is constanton [1 + b, 3 — b])
= &' (OA®w) +w(0) + g (Hu(=b)

and

w'() =01+ =g (p)v@) — p' A +1) + v = DI
= g'O{v(®) — Alw(®) + x(t — D1}

We have
1 1
xt—1)= X(v(4+t - —nt—-1)= X(u(t) —n@—1))
and in case 1 € [0, b],
v(t) =v(l —b) = w(=b)
while in case t € [—b, 0],
1 1
v(t) = x() = X(v(4+1) —n@) = X(v(4) —n())
1 1
= X(v(4) = n(0) +n(0) —n)) =v(0) + X(U(O) —n())
1 1
=v(l—-b)+ X(W(O) —n@) = w(=b) + X(W(O) —n(1)).

For t € [0, b] we obtain

A
w'(1) =g (1A (—? - w(t)) + g (Hw(=b) + g’(t);n(r -1,
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and for r € [—b, 0] we get

1 A
w'(t) =g (nAa <—¥ - w(t)> + &' Ow(=b) + g’(t)x(n(o) —n() + g’(t)xn(l = D.

It follows that y satisfies Eq. (3.1). Also,
u(—=b) =v(3—->b) =v(l +b) = w(b)

and

1 1 1
w(=b) =v(l —=b) =v(0) = X(UM) —n(0) = X(UG’ +b) —n(0) = X(“(b) —n(0))
which yields Eq. (3.2). Finally, x = 1 (Max — 1) = +(vs — 1) with

u(—=b) on [—-2,—1—b]
vu(t) =3 u(l+1t) on [—1—b,—1+b]
u(b) on [—1+b,0]

[}

Next we characterize the solutions y : [—b, b] — C? of Eq. (3.1) which satisfy the boundary
condition (3.2), by an equation for the initial data ¢ = y(—b). The matrices g’(£)A A(L),
t € [—b, b], commute. It follows that for —b < s < ¢ < b the solutions z : [—b, b] — C2
of the nonautonomous linear ordinary differential equation z'(r) = g’ (1) A A(X)z(¢) satisfy
z(t) = U(t, s)z(s) with

t )
U(t,s) =U(A, A, t,s) = ef‘. g(rAAQ)dr _ e(g(t)—g(s))AA(A) c (C2><2'

Using the variation-of-constants formula we get

t t
y(t) = U(t, —b)c +/ Ul(t,s)g'(s)cds —|—f U, )g' ($)Z(A, X, n,s)ds (3.4)
b b

for —b <t < b. The boundary condition for ¢ = y(—b) becomes

c=BMR)y®b)+N@&, n)

b
= B(A) <U(b, —b) —I—/ U, s)g/(s)lds> c
—b

b
+B(}) / U, s)g' (s)Z(A, X, n,s)ds + N, 1),
b

or equivalently,
b
((1 —BO) (U(b, b+ f U, s)g’(s)lds)))c
b

b
= B(A)/ U(b,s)g' ($)Z(A, A, n,s)ds + N, n). 3.5)
—b

Define
H:R x (C\ {0}) —» C**?

by
b

H(A, L) =1—B() (U(b, —b) +/ U(b, s)g’(s)[ds) e C¥2,
b
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Wecall P : R x (C\ {0}) — C given by
P(A, 1) =detH(A,X)
the characteristic function associated with the operator M.
Proposition 3.2 Forall A e Rand . € C\ {0}, P(A, 1) =0 ifand only if . € oa.

Proof 1. Let A € Rand A € op \ {0} be given. Choose an eigenvector x € )\ {0} of the
eigenvalue A. Then

0= (Ma—Nx =v4— vy

for v = v X. Observe that Z(A, A,0,¢) = 0 on [—b, b] and N(1,0) = 0. We apply
Proposition 3.1 with n = 0. In terms of the remarks before Proposition 3.2 we obtain

that the map y = (Z)) with the components u : [—b,b] > t — v(3+1) € C

and w : [-b,b] > t = v(l + 1) € Cis given by Eq. (3.4) with ¢ = y(—b) and
Z(A,A,0,s) = 0, and H(A,A)c = 0 (with Z(A,1,0,s) = 0 and N(A,0) = 0).
We have ¢ # 0 since otherwise Eq. (3.4) with Z(A, X,0,s) = 0 and ¢ = 0 yields

0=y= Z} , which means v(#) = O0on [l —b,14+b]U[3 —b,3+b],and as y

is constant on [0, 1 — b], [1 4+ b,3 — b], [3 + b, 4] it follows that v(t) = 0 on [2, 4],
hence x = vy = %v4 = 0, in contradiction to x # 0. Now H(A,X)c = 0 yields
P(A, L) =det H(A, 1) =0.

2. Conversely, assume P(A, 1) = 0 for some A € R, 1 € C\ {0}. Then there exists
c € C?\ {0} with H(A, X)c = 0. The map y : [—b, b] — C? given by Eq. (3.4) with
n = 0, hence Z(A, A,0,s) = 0, satisfies y(—b) = ¢ and, because of H(A, A)c = 0,

y(—=b) = B(L)y(b). Set <Z)) = y. Then u(—b) = w(b) and w(—b) = %u(b). Define
v:[-2,4] - Chby

u(t —3) on [3—b,3+b]
w(—1) on [1—b,140b]

u(—b) =w(b) on [1+b,3—b]

v(t) = { u(b) = Aw(—=b) on [3+b,4]
w(—=b) = Ju(b) on [~1+b,1—0b]
(then,for —1+b <t <0,v(t) = %U(4+f))
1v@d+1) on [-2,—1+b]

In particular, v(t) = %v(4 + t) on [—2, 0], or v4 = Avg. The function v is continuous
and Eq. (1.4) holds on

[0,1—=b)U(1+b,3—b)UB+b,4].
On (3 — b,3 + b) we have

V() =1 =3) = g/ = DAl = 3) + wlt = 3) + g/ = 3u(=b)
=g =3 fe - D= p'e—Dafue) + o -2)]]
=g/ (=pt = Mo =1 = p' = DA[o) + v - 2)]]
= ¢/ (p( = ){o =1 = P = DA[o@) + vt -] ]
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and on (1 — b, 1 + b) we have
V) =w't—-1) =gt - 1A (—%u(r -1 —w( - 1)) +g'(t — Dw(=b)

1
=g (pit—1) {v(z -1 —=p@—-DA |:v(t) + Xu(z — 1)“ .
Observe that
1 1 1
Xu(t — 1) = XU(Z +2) = XU(4+[ _2) = U(t — 2)

It follows that also on (1 — b, 1 4+ b) Eq. (1.4) is satisfied by v. A look at the continuous
coefficient g’(p(t — 1)) whichis zeroat 1 — b, 1 + b, 3 — b, 3 + b yields that v” has limit
zero at each of these points. We infer that v is continuously differentiable and satisfies
Eq. (1.4) on [0, 4]. By v(,(0) = v/(0) = 0, vg € Y, and we have vy = Mavyp, hence
Mavg = va = lvg. For A to be an eigenvalue it remains to show vy # 0. This is a
Z}((:l;)) ) which implies v(¢) # 0 for some ¢ € [0, 4], hence
vg # 0. O

consequence of 0 # ¢ = (

For A € Rand A € pa \ {0} we now compute the resolvent (M a -» iy Letn ey
be given, set x = (Ma —A)~15. Then x = $ (Max —n) = +(vs — ) withv = v24%. Or,
x = L(A, vg, n) with the continuous map

L:(C\{0h)xYxY =Y

givenby L(A, ¢, V) = %((JS — ). Notice thateachmap L(A, -,-) : Y xY — V,0 # 1 € C,
is linear. The argument v4 in L(X, v4, 1) is given by Eq. (3.3) where u is the first component
of the map

y = (Z)) € CY([—b.b],CY)

defined by Eq. (3.4), with ¢ € C? satisfying H (A, A)c = E(A, A, n) where the map
E:Rx (C\{0}) xY— C?

is given by the right hand side of Eq. (3.5). As 0 # A € pa we have 0 # P(A,}X) =
det H(A, A), and obtain ¢ = H(A, 1) LE(A, A, ).

In order to collect the result of the previous discussion in a formula for the resolvents consider
the continuous linear map

V:Cy([—b,b],C) > Y

which is given by the right hand side of Eq. (3.3), the projection

p1: Co([=b,b]. C*) — C;(I~b, b], C)
onto the first component, and the map

S:Rx (C\{0) x Y xC>3 (A, A1) yeChl—b,b],C?
which is given by Eq. (3.4). Each map
S(A, A, ) 1 Y x C* — CJ([—b, b],C?),

for A € Rand 0 # A € C, is linear.
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Corollary3.3 For A€ RandQ # A € pp andn € ),

Ma =07 = L(3,V(piS@A, 2, HA DT E@A, A1) n).

4 Continuity Properties
We collect some results on continuity. For the maps L, V, p; continuity is obvious or easily
seen.
Proposition 4.1 The maps S, H, P, E are continuous.
Proof 1. The first component of the map Z is constant. The second component of Z is given
by
! (Ban, 1) + 2 (m.t—1
—evy(Ban, —ev(n, t —
P n 3 n
with the continuous linear maps

a:C— C([-),0],C), an()=n)—n) on [-b,0],
B:C(U-b,0],C) - C(—b,b],C), Be(r) =¢(t) on [-b,0]
and B¢ (1) = ¢(0) on [0,b],
evy : C([=b,b],C) x [=b,b] — C, evi(x,s) = x(s),
ev:Cx[=2,0] > C, ev(p,s)=¢(s).

2. Onthe map S. As g/, A, and Z are continuous the solutions of the initial value problems
F(0) = g O] AAQI@) + e+ Z(A, 0.1,
r(=b) = ¢ e C%,
depend continuously on
(A, hyn,¢,6,1) € Rx (C\{0}) x Y x C? x C? x [—b, b].
It follows that the map
S:Rx (C\{0) x ¥ x C? x [~b,b] 3 (A, h,n, ¢, 1) > S(A, &, n, 0)(t) € C
is continuous. Using this and the differential equation above we infer that the map

358 : R x (C\ {0}) x Y x C% x [—b, b] — C2,

35S(A, h,m, e, 1) = S(A, A, n,0) @),

is continuous. A compactness argument yields that for both maps S and 958 continuity
is uniform with respect to t € [—b, b], and the continuity of S (with respect to the norm
on C!'([—b, b], C?)) follows.

3. Continuity of H and P. Let ¢; € C? and e; € C? be given by the first and second
column of the unit matrix / € C>*?, respectively. Consider the solutions of the initial
value problems

F(0) = g0 540D + e,
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r(=b) =0,

for j € {1, 2}. Their values at t = b are given by the maps
b
R x (C\{0}) > (A, 1) — / U(A, A, b,s)g (s)ejds € C?, je{1,2).
—b

Due to continuous dependence on parameters both maps are continuous, and it follows
that the matrix-valued map

b
R x (C\{0}) 3 (A, 1) — / U(A, A, b, s)g (s)Ids € C**?
—b

is continuous. Combining this with the continuity of the map B we infer that H : R x
(C\ {0}) — C2*2 is continuous, and that P = det o H is continuous.
4. Continuity of E. Continuous dependence of solutions of the initial value problem

r(0) = g O[AAGI O + Z(A, 0.1,
r(—=b) =0,

on parameters yields that the map
b
R x (C\{0) x Y3 (A, 2, n) / U(A, 4, b, )8 ()Z(A, k.. 5)ds € C
—b

is continuous. Use this and the continuity of B and N in order to complete the proof that
E is continuous. O

Proposition 4.2 The map
{(A k) €eRx (C\{OD) x V:A€pa}d (A, n)—> P(AX)-(Ma—2)""ney

has a continuous extension to R x (C\ {0}) x ).

Proof 1. Consider the map H:Rx (C\ {0}) — C2x2 given by

A Hy, —Hp
H(A, L) =
(A, 1) (—H21 Hu)
with the entries Hjy = Hj(A, L) of H(A, ). Forall A € Randall € pa \ {0} we
have P(A, X) #0and H(A, M= mfl(A, A). The continuity of H (Proposition

4.1) yields that H is continuous. Using the continuity of L, V, p1, S, )it , E, P we infer
that the map

Re:Rx (C\{0) xY =Y
given by
Re(A, A, 1) = L(A, V(plS(A,  P(A, M, H(A, WE(A, A, n))), P(A, /\)n)

is continuous.

2. Let A € Rand A € pa \ {0} be given. From Corollary 3.3 in combination with the
equation P(A, M) H(A, M= ﬁ(A, A) and with the linearity of the maps L(, -, -) :
YxY— Yand p1, V,and S(A, A, -, ") : Y x C? — Cé([—b, b], C%), we obtain that
for every n € Y we have
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P(A, L) - (Ma — 27" = Ru(A, A, 7).

5 Analyticity, Order of Zeros and Poles

We begin with the computation of H(A, ) for A € R\ {0} and A € C\ {0, 1}. Then
detA(\) = % — 1 # 0, and A(A) is invertible. We have

b
H(A, L) =1—B(Q) (U(A, A, b, —b) +/ U(A, k,b,s)g’(s)[ds)
—b
with
U(A, A, b, —b) = ¢EO)=8(-bNAAG) _ ,—28A0)
and

b b
/ U(A, A, b, s)g' (s)Ids = / BOI=8ENAAM o/ (Y AW A(L) " s
—b —b

_ 8 B)AAG) (_% [es0240) _ psh2aw)] A(A)_])

1
— Z(e—ZAA()L) _ I)A()\)_l

In order to compute the exponential term e~224(*) observe that the characteristic equation
of A0 isz2 =1— % Any square root z = z(A) of 1 — % is an eigenvalue of A(X) with

associated eigenvector
1
a=a(z) = <ZII>,

and —z is an eigenvalue with associated eigenvector

=1
o)
. Z 0 -1 .
Using A(X) = (a b) 0_z (ab)~" we obtain
0 —2Az

—2A)"
e 2AAM = Z ( p ) A" = (ab) (e 0 ezA(z)) (ab)™". (5.1

!
n=0

It follows that

1 —2Az
H(A,x)=<é ?)—(2 0)[<ab>(g SzAz)(abrl
A
1 e 28z 0 _ 1 0 -
+K|:(ab)<0 e2A1>(ab) —(0 1>:|A(k) j| 5.2)

Corollary 5.1 Eachmap P(A,-) : C\ {0} — C, 0 # A € R, is analytic.
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Proof Let A € R\ {0} be given, and let Ay € C\ {0, 1} be given. Then 1 — /\]—0 # 0. Choose a
square root of 1 — % An application of the Implicit Function Theorem for analytic maps [12,
Corollary 4.23] yields an open disk D C C\ {0, 1} centered at Ao and an analytic function
:D—>Cwithc(W)?:=1- % on D. The preceding calculations with z(1) = ¢(A) show
that the restriction of P(A, ) = det H(A, -) to D is analytic. It follows that the restriction
of P(A,-) to C\ {0, 1} is analytic. As P(A, -) is continuous (Proposition 4.1), A = 1 is a
removable singularity, and P (A, -) is analytic. O

Corollary 5.2 For every A € R\ {0} and for every A € o \ {0} the order j(A) € Nof x as
a pole of the resolvent

pa > Ma— w7 e LV, V)

is majorized by the order o(X) € N of A as a zero of P(A, ).

Proof Let A € R\ {0} and 1 € oa \ {0} be given. Proposition 4.2 yields an € > 0 and a
bound b > 0 with

|P(A, 1) (Ma — )"l < b

for 0 < |u — Al < € and |n|; < e. It follows that P(A, u)(Ma — u)’l e LY, Y)is
bounded by b/e for 0 < |u — A| < €. Use the power series for P(A, -) at © = A and the
Laurent series for the resolvent at # = A in order to obtain

P(A, W)Ma =)~ = (u =20 PIPDL 4+ h(w)

forO < |u—Al <e,withO#LeL.(Y,Y)andh:{ueC:|lu—rl<e}— L,))
analytic. This representation in combination with the previous statement on boundedness
implies o(A) — j(A) > 0. O

6 The Characteristic Function in Terms of Elementary Functions

In this section it is convenient to use the following abbreviations, for 0 # A € R and
A € C\ {0, 1} given: z = z(A) is a square root of 1 — % a = a(z) and b = b(z) are
eigenvectors as in Sect. 5, and

. Sh Ch-1
Ch =cosh(2Az), Sh =sinh(2Az), a=— —
z AZ2

Notice that z ¢ {—1, 0, 1}. As cosh is even and sinh is odd the values Ch, z Sh, Sz—h and «
do not depend on the choice of the square root z.

Proposition 6.1 For0 # A € Rand » € C\ {0, 1},
Sh Sh
20 A0) Ch—7 —% .
Sh Ch+ 3

z
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Proof Let0 # A € Rand A € C\ {0, 1} be given. Recall Eq. (5.1) for e 724 4™ We have

—2Az e 2t e
e 0 I By e ——
((lb) (0 €2AZ>_ (eZZAz ezzAZ>
2 1
o =11 1
(ab)y™' = 2 (_1 ZTI),
-

2 e72Az eZAz 1
2840 _ 21 ( — =\ (! =
—2Az 2Az _ 1
2z € € 1 z—1

and

hence

Proposition 6.2 For0 # A € Rand ) € C\ {0, 1},

—1 (Ch—i’;)+a>

= (Fe gy S

== >R

Proof Recall Eq. (5.2) for H(A, 1). We have

A -1 -1
A = :
ot =50 )
Using this and Proposition 6.1 and z2 = 1 — % = AT_] we get
Sh Sh
N YT p—— (Shh_z_l s )(T] _1>

Sh Sh Sh Sh
1 <1+Z—Ch—A 1+Z—Ch—z>

- Z
2 Sh Ch Sh 1 Sh Sh

1 Ch—1 _ Sh  Ch-1
_ z2 z 22
= Ch—1 _Ch—1 _ Sh
A - rz2 72 b4
and therefore, with Proposition 6.1,

—H(A, %) = BO) [e—zAA(A) i %(672AA(A) B I)A()L)*l] _

Ch—Sh 4 Chol _ Sh  _h | Ch]
_ B()\.) Zz Az Az Z Az _I
= Sh Ch—1 Ch Sh _ Ch=1 _ Sh

Az N z A z2 Az
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U B
=<‘;—1 (c —AZ)+01>
pch—3) -4 —1-¢

Proposition 6.3 For0 # A € Rand ) € C\ {0, 1},

P(A, %)

P(a,4) = A2 —1)

with
p(A, L) =2(1 —cosh(2A 7)) —I— (A — 1)? +2A zsinh(2A 2),
and 72 =1 — %
Proof For) # A e Rand . € C\ {0, 1},
P(A, 1) = det(H(A, 1) = det(—H(A, 1))

(with H(A, 1) € C**?)
o 1 Sh 5
=1l—-———|(ch- —a
A2 A Az
11 1 Sh\?
=1+ (-—=)|--(ch-—=
T (x A2> A( Az)

(1 1 o, .
nowuse a“|— — — ) = —z~ and the definition of «
A 22 A

2 (Sh Ch—1\> 1 Sh\?
1+ == - ——lch-==
A Z AZ2 A Az

1 Ch—1)\? Sh\?
—i4l <Sh_ ) _(Ch_f)
A Az Az
(in the sequel use Ch? — Sh*> = 1)
1 (Ch —1)? Sh ShCh  Sh?
=l+-{-1+———" 2" (Ch—-1)+2 -
+ - + AT AZ( )+ Az A
1 Ch—1)? Sh  Sh?
PR BN )P Y N
N A2 72 Az A2
—1+1 1+25h+ ! , Ch + !
N N A A2 72 A272 0 A2
1 2.2
—1+M22|2—Az +2[AzSh—Ch]]

(now use A2 =A— 1)
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LN e PR ISP SIS PR +2[AzSh—Ch]
A2G.—1) Y

_ 1 {A2 (r = 1)?
A2(L—1) A

+2[Az5h+1—Ch”.

The power series Y 5 25'2’”),1) u"~2 defines an analytic function R : C — C.

Proposition 6.4 For0 # A € R, . € C\{0, 1}, andu = 4A? (1 — 1), we have 4A> —u # 0
and

p(A L) = + u’R(u).

u
4(4A% —u)

Proof Let0 # A € R, » € C\ {0, 1}, and u = 4A% (1 — 1). Then 4A2 —u = %2> £ 0,
With a square root z of 1 — % and w = 2A z we have u = w? and

2
p(A, L) — AT(A — 1)2 = 2(1 — cosh(w)) + w sinh(w)
0 w2n o0 w2n+]
:2<1 _XO:(Zn)!)+w20:(2n+l)!
2w GKmw? N2 — D w?
- _Z 2n)! +Z 2n)! Z 2n)!

20— 1)w2" 2(n — Du"
= ZZ: ) XZ: @) =u“R(u).

From A u =4 A%(L — 1) we get

4 A2
A= —r——,
4N —y
hence
A2 udA?— @4 A%—u) u?
—()\—1) _f(k—l)—f = .
4A2 -y 4(4A2 — u)

m}

Notice that for 0 # A € Rand 1 € (1, 00) we have u = 4A% (1 — 1) > 0,4A% —u > 0,
and R(u) > 0.

Corollary 6.5 For every A € R\ {0} there are no eigenvalues of Ma in (1, 00).

7 Bifurcation of a Negative Floquet Multiplier

Consider the function

0 :R*>> (A, u) — 44A* —w)R(u) + 1 € R.
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For0# A e Rand 0 # u € R with 4A? # u we have
u>
4(4A2 —u)

With Proposition 6.4 in mind we first look for zeros of the functions Q(A,-) : R — R.
Obviously,

Q(A,u) =0 if and only if +u’R(u) = 0.

Q(A,u) >0 for O <u< 4A?,
and
3 0(A, u) = —4R(u) +44A% — )R (1) <0 for 4A% <u < co.
Because of Q(A, u) = Q(—A, u) we restrict attention to A > 0.

Proposition 7.1 (i) For every A > 0 there exists exactly one zero u € (4A%, o) of the
function Q(A, ) : R — R
(ii) The function U : (0, 00) — R given by Q(A,U(A)) = 0 and 4N < U(A) is analytic.
(iii) 0 <U'(A) < 8 A forall A > 0.
(iv) limasoU(A) = u, > 0 satisfies u R(uy) = 5.

(v) We have
UA UA
1< (&) forall A >0 and lim ( )=1.
4A2 A—00 4A2
Proof 1. On (i). Existence follows by continuity from limu\4Az O(A,u) = 1 and
lim,_ » Q(A, u) = —oo. Uniqueness is due to d, Q(A, u) < 0 for 4A? <y < oco.

2. Analyticity. The map Q is analytic. Let Ag > 0, ug = U(Ag) € (4A2, 00). Then
Q(Ao, up) = 0 and 3, Q(Ag, up) # 0. By the Implicit Function Theorem for analytic
maps [12, Corollary 4.23], there are open neighbourhoods N of Ag and V of ugp with
4A%2 <uonN x V,and an analytic function U:N — V with ﬁ(Ao) = ug and

{(A,u) e N xV:OA,u)=0}={(A,UA): A e N}

Using this and Part (i) we get U(A) = ﬁ(A) on N, and the analyticity of ¢/ follows.
3. On (iii). Differentiation of Q(A,U(A)) = 0 yields

010(A, UA))  32ARUA))
S HOA UML) T 50(AUD))
Using the definition of Q we infer

U'A) = >0 forall A>O0.

0=BA—-U(A)RU)) + (4 A> —UA)R UA)U' (A) forall A > 0.

The terms R(U(A)), R'(U(A)), U'(A) are positive while 4 A2 — U(A) < 0. It follows
that 8 A —U'(A) > 0.

4. On (iv). Boundedness from below and monotonicity according to Part (iii) yield the
existence of lima\oU(A) = uy > 4 A2, Passing to the limit in 0 = Q(A,U(A)) =
4(4 A2 —U(A)RWU(A)) + 1 gives u R(uy) = 1.

5. On (v). The inequality holds by the definition of ¢{. In order to find the limit observe that
the equation 0 = Q(A,U(A)) yields

O—I—M(A)—i— ! forall A >0
o 4A%2 16 A2ZR(U(A)) ’
with R@U(A)) > R(0) > 0. o
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Theorem 7.2 Each operator Ma, A > 0, has exactly one eigenvalue A = Ap in (—00, 0).
The function A : (0, 00) — (—00, 0) given by A(A) = A is analytic, with A'(A) < 0 for
all A > 0 and

lim A(A) =0 and lim A(A) = —o0.
AN0 A—o00

Proof 1. (Uniqueness) Suppose A < 0 is a eigenvalue of M for some A > 0. Apply

Propositions 3.2, 6.3, and 6.4. It follows that u = 4 A2 (1 — %) satisfies u > 4 A2 and
0= p(A,r) = wRu) + ﬁ, hence Q(A, u) = 0, and thereby u = U(A). We
obtain % =4 A2 —U(A),or

4 A2
A —
4A2 —UN)

2. The last equation defines an analytic function A : (0,00) > A > A € (—00,0).
We show that given A > 0 the value A = A(A) is an eigenvalue of M, : Indeed,

u = U(A) satisfies u = U(A) = 4 A% — 485 — 4 A2 (1 — L. Using Proposition 6.4

— AD)
and 0 = Q(A,U(A)) = Q(A, u) we obtain
2
— 2 u _ _
0= WPRW) + g omg s = P(A.3) = p(A, AA))

which means A(A) € o (Ma), according to Propositions 6.3 and 3.2.
3. The relation lima\,0 A(A) = 0 follows from Proposition 7.1 (iv) in combination with
the definition of A. Proposition 7.1 (v) yields lima .« A(A) = —o0. Using

8AM4 AT —UA)) —4A2B A —U(A))
(4 A2 —U(A))?

A(A) =

in combination with 4 AZ —/(A) < 0and 8 A —U/(A) > 0 (Proposition 7.1 (iii)) we
obtain A’(A) < 0 forall A > 0. O

8 Simplicity

Theorem 8.1 (Geometric multiplicity) For every A > 0 and all ). € oa \ {0},
dim (Ma —2)71(0) = 1.

Proof 1. Let A > 0be given. We show dim {c € C? : H(A, M)c =0} = 1for0 # A € oa.
For all » € C\ {0, 1} the sum of the diagonal entries of the matrix H(A, A) is 2,
see Proposition 6.2. By continuity (Proposition 4.1) this holds also for A = 1. For
0 #xreC,weget HA,A) # 0 € C>*2, and H(A,A)c # 0 for some ¢ € C?,
hence dim{c € C*> : H(A,A)c = 0} < 1. For 0 # A € oa, Proposition 3.2 gives
0= P(A,A) =det H(A, 1), which yields 0 < dim {c € C2: H(A, e =0).

2. LetA € oa\{0} be given. Part 1 of the proof of Proposition 3.2 shows that the composition
L, = L3 o Ly o L of the linear maps

Li:(Ma—=2"10) 3 x > v2% € C([-2, 00), C),

w( +3)> € C([—b, b], C2),

Ly :C([-2,0),C)>w > (w(.+])
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Ly: C([=b,b).C) 3 (§> ~ (ié:l[j))) e

satisfies H(A, M) L,x = O forall x € (Ma —1)~1(0), and L, x # 0in case x # 0.
Therefore L, defines an injective linear map from (Ma — A)~H0) into {¢ € C? :
H(A, AM)c = 0}, which yields 0 < dim (Ma — A)~1(0) < dim{c € C?: H(A, M)c =
0} =1. O

We turn to algebraic multiplicities. Notice that due to Theorem 7.2 there exists exactly one
parameter A, > 0 so that A = —1 is an eigenvalue of the operator M. The algebraic
multiplicity of eigenvalues on the unit circle is of interest for bifurcation from the periodic
orbit O.

Theorem 8.2 The eigenvalue —1 of M, is simple, and 1 is a simple eigenvalue of M for
all A > 0.

In the next section we shall argue that for certain A > 0 also non-simple eigenvalues are
present, in the interval (0, 1).

Proof of Theorem 8.2.

1. Weshow 9, P(A,, —1) # 0.Forevery eigenvalue & € C\ {0, 1} of Ma, A > 0, Proposi-
tion 3.2 yields P(A, ) = 0. Using Proposition 6.3 we get p(A, 1) = 0. Differentiation
of the formula in Proposition 6.3 shows that for every A > 0 and for every eigenvalue
A€ C\ {0, 1} of Ma, 32 P(A, L) = 0if and only if 3, p(A, A) = 0. With the analytic

function g : (0, 00) X (—00,0) 3 (A, A) — 2A,/1 — % € (0, 00),

A2
p(A, L) = 2(1 — cosh(g(A, A))) + T(X — 1)2 + g(A, M)sinh(g(A, 1))
forall A > 0 and A < 0, hence

Hp(A, 1) = hg(A, x)[ — 2sinh(g(A, 1)) + sinh(g(A, 1)) + g(A, A)cosh(g(A, A))]

+i—22[2(x — DA —(h— 1)2]

1
— Bg(A, 1) [g(A, A)cosh(g(A, 1)) — sinh(g(A, A))] 1A (1 _ p>
for these A and A. In particular,
0 p(Ay, —1) = 028(Ax, —DI[g(Ax, —1D)cosh(g(As, —1)) — sinh(g(As, —1))] > 0
since g(Ay, —1) > 0 and

thg(An = 2 2 o
, — = — >

and 23:1}1](&)) < x forall x > 0.

2. Proof of 92 P(A,1) > Oforall A > 0. Let A > O be given. By 1 € oa, P(A,1) =0,
see Proposition 3.2. Using this and Proposition 6.3 we get

P(A, A . A, A
BP(A 1) = fim DAM gy PAK
1#—>1 A —1 1#£1—>1 A2(A — 1)2
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Proposition 6.4 shows that with u =4 A2 (1 — 1), or, A — 1 = %, we have

p(A, L) 16 A2 p(A,2)  16A2 1
2 2= T2 2 T T2 2 + R(u)
AZ(L—1) A u A 4(4 A2 —u)

1647 * +R[4A°(1 !
A2 16 A2 A
for all A € C\ {0, 1}. It follows that

o p(A L) 2
RPA. D= lm oo 1~ 164

RO 0.

xr HRO) >

3. From Corollary 5.2 in combination with the result of Part 1 we obtain that the order of
the pole of the resolvent pa, — L.(Y,)) at A = —1 is 1. Therefore the chain length
of the eigenvalue A = —1 of M, is 1, and Theorem 8.1 gives simplicity. The proof of
simplicity of the eigenvalue 1 of M for every A > 0 is analogous. O

9 About Further Eigenvalues and Period Doubling

We discuss real eigenvalues of the operators Ma, A > 0, in the remaining interval (0, 1),
address the existence of non-real eigenvalues, and sketch finally how to deduce from The-
orems 7.2 and 8.2 that a period doubling bifurcation from the periodic orbit O occurs at
A = A,.

By Propositions 3.2 and 6.3 the eigenvalues A € (0, 1) of the operators Ma, A > O,
are given by the zeros of the functions p(A,-) in (0,1). For A € (0,1) we may write

JU=L=i/l—twith /I —1>0.Settingv =24/~ 1 >0 we get

4
P(A, %) = 2(1 — cosh(iv)) + i vsinh(iv) + m ©.1)
4
. v
= 2(1 — COS(U)) — v Sln(U) + m (92)

Asthemap T : (0, 00) x (0, 1) — (0, 00) x (0, 00) given by T (A, A) = (A, v) is bijective
we now look for A > 0 and v > 0 so that the maps « : [0,00) — R, a(v) = 2(1 —
cos(v)) — v sin(v), and B : (0, 00) x [0,00) — [0, 00), B(A,v) = m, satisfy
a(v) = —B(A, v). We have «(0) = 0 and 8(A,0) = 0 for all A > 0, and each function
B(A, ), A > 0, is strictly increasing. For the next remarks compare Fig. 1 below.

The zeros of « form a strictly increasing sequence (z;)g°. For A > 0 sufficiently small
the function —B(A, ) is strictly below « on (0, 00). If A increases it moves towards the
horizontal axis, and there is a first A; > 0 so that the functions « and —B(A1, -) touch, at a
zero vy of & + B(A1, -) which is situated in the interval (z1, z2). If A increases beyond A
the zero v; bifurcates into a pair of simple real zeros vi—(A) < vi4+(A) of @ + B(A, -) in
(z1, 22), with

v1—(A) — z1 and vi+(A) > z2 as A — oo.

In each interval (z2,,, z2n+1), n € Ny, the function « is positive, and there are no zeros of
any function @ + B(A, ), A > 0. In the intervals (z2,+1, 22n+2), € N, the creation and
asymptotic behaviour of zeros of « + (A, ), A > 0, is as in (21, z2), with the associated
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A=0.05 A=12
40 40

2 /\/\/23 ~./\_/

20 N /B 0, 5 W 25_/ 30
-40 -40

A=1 A=16
40 40

2 /\/\/\/23 ~_\_[

20 5 0/ 2§\/ 30 L, 5 1N% zé\/ 30
-40 -40

=9 A=21
40 40

2 N [ = ~_/\_/
20 Vﬁn\\/ zé\/ 30, 5 1W 30
-40 -40

Fig. 1 Intersections of « and B(A, -) for A increasing

critical parameters A, strictly increasing. Using the transformation 7 we obtain that for each

A > 0the zeros of p(A, -)in (0, 1) are givenas A = ﬁ, with the zeros v of « + B(A, )
in (0, 00), and we arrive at the following description of the zeroset of p in (0, oo0) x (0, 1):
For every n € N there exists a zero 1, € (0, 1) of p(A,, -) which bifurcates for A > A,
into a pair of simple zeros A,+(A) < X,—(A) in (0, 1), and both %, (A) and A,—(A) tend
tolas A — oo.Forn e Nand A, < Aand2 < j <nwehavel; (A) <Xi;_14+(A).
Continuity arguments now show that for every n € N the order of the zero A, of p(A,, -) is
2. For A < A, close to A, the double zero A, bifurcates into a complex conjugate pair of
simple zeros v, (A) # vpe(A) of p(A, -). - Recall from Proposition 2.5 that for A N\ 0 all
eigenvalues A # 1 of M uniformly tend to 0 € C.

We turn to period doubling which is a bifurcation from the periodic orbit O at A = A, in the
sense that every neighbourhood of (A, po, 8) in R x C! x R contains triples (A, ¢a, @A)
such that ¢o # po is the initial value of a periodic solution of Eq. (1.2) with minimal period
WA .

The initial data ¢ arise as fixed points of the first iterates of Poincaré maps Pa for A close
to A,. In the sequel we describe the situation. Recall that the periodic solution p : R — R
is twice continuously differentiable. This implies that the curve R 3 ¢ +— p, € Clis
continuously differentiable. Its tangent vector at r = 0is p, € ¥ C C !, which does not
belong to the closed hyperplane H = {¢ € C! : ¢(0) = 0} since p’(0) = 1. We have

Y = NH)®Rp,.
For every parameter A € R sufficiently small neighbourhoods Na of pg in XA N H are
continuusly differentiable submanifolds of X 4, all with the same tangent space Y N'H at pg.
There exist a neighbourhood U of po in XA and a continuously differentiable return time
map
TA ZUA —> (0, OO)

with ta (pg) = 4 and

Xoylp €M
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for every ¢ € Ua, with the solution x*? of Eq. (1.2). The segment po becomes a fixed point
of the Poincaré map

PA:Z/IAHH9¢|—>xTAA’(q;)eXAﬂH.

The simplicity of the eigenvalue 1 of M (Theorem 8.2) yields that the spectrum of the
derivative DPaA(po) : Y N"H — Y N'His o \ {1}. For the first iterate

P2 {p €Un NH:Pa(p) €Up} — Xa NH
of P the spectrum of its derivative at the fixed point py is the set
(A2eC:1#£xe0a).

Theorems 7.2 and 8.2 guarantee that at A = A, the positive eigenvalue (A(A))2 of DPi (po)
crosses the unit circle with positive velocity and algebraic multiplicity 1. This yields a change
of the fixed point index, and bifurcation of fixed points ¢ 7# po of the iterates Pi follows.
For the maps P the points ¢a # po have period 2, and they determine periodic solutions
of Eq. (1.2) with periods wa close to 8, due to continuity of the map (A, ¢) > ta(¢). The
periods wa are minimal since otherwise one obtains a contradiction to the fact that py is the
only fixed point of Px in a certain neighbourhood, for A close to A..

Notice that a complete proof along the lines above must take care of the fact that the Poincaré
maps P are defined on domains in different manifolds, each one containing the fixed point

Po-
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