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COMPUTATION OF PERIODIC SOLUTION BIFURCATIONS IN
ODES USING BORDERED SYSTEMS*

E. J. DOEDEL', W. GOVAERTS!, AND YU. A. KUZNETSOV#

Abstract. We consider numerical methods for the computation and continuation of the three
generic secondary periodic solution bifurcations in autonomous ODEs, namely the fold, the period-
doubling (or flip) bifurcation, and the torus (or Neimark—Sacker) bifurcation. In the fold and flip
cases we append one scalar equation to the standard periodic BVP that defines the periodic solution;
in the torus case four scalar equations are appended. Evaluation of these scalar equations and their
derivatives requires the solution of linear BVPs, whose sparsity structure (after discretization) is
identical to that of the linearization of the periodic BVP. Therefore the calculations can be done
using existing numerical linear algebra techniques, such as those implemented in the software AUTO
and COLSYS.
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1. Introduction. We consider parameterized ODEs of the form

dx
dt

(1.1) ¥ = f(z,a),
where x € R" is the state variable, where o € R™ represents parameters, and where
f(z,a) € R™ is a (usually nonlinear) smooth function of x and a. Examples of sys-
tems of the form (1.1) are ubiquitous in mathematical models in physics, engineering,
chemistry, economics, finance, etc.

The simplest solutions of (1.1) are the equilibria, that is, solutions of the equation

f(z,a) =0.

An equilibrium (xg, ag) is asymptotically stable if all eigenvalues of the Jacobian ma-
trix f;(zo, ap) have a strictly negative real part; it is unstable if there is at least one
eigenvalue with a strictly positive real part. In generic one-parameter problems; i.e.,
when m = 1, eigenvalues on the imaginary axis appear in two ways: as a simple
zero eigenvalue, or as a conjugate pair +iw, w > 0, of purely imaginary eigenvalues.
The first singularity corresponds generically to a limit point bifurcation, where two
solutions coalesce and annihilate each other under parameter variation. The second
singularity corresponds generically to a Hopf bifurcation, from which a family of pe-
riodic solutions emerges. Early papers on the numerical computation of bifurcations
of equilibria are [16], [22], and [20].
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Periodic solutions are solutions for which z(T) = x(0) for some number T > 0.
The minimal such T is called the period. In generic one-parameter problems, periodic
solutions can bifurcate in several ways that can be characterized by the properties of
the monodromy matriz. The monodromy matrix is the linearized T-shift along orbits
of (1.1), evaluated at the point z(0) on the periodic solution. The eigenvalues of this
matrix are called the Floquet multipliers of the periodic solution [14], [17].

A periodic solution always has a multiplier equal to 1. If this multiplier has ge-
ometric multiplicity 1, then we call the periodic solution regular. The corresponding
eigenvector of the monodromy matrix is the tangent vector to the periodic solu-
tion at the point where the monodromy matrix is computed. If all other multipliers
are strictly inside the unit circle in the complex plane, then the periodic solution is
asymptotically stable. If at least one multiplier has modulus greater than 1, then
the periodic solution is unstable. In all other cases, one should take into account
higher-order derivatives of the T-shift to decide whether or not the periodic orbit is
stable.

Three singularities, determined by the monodromy matrix, can occur along a
one-parameter family (“curve” or “branch”) of periodic solutions, namely (1) a fold
singularity, when the multiplier 1 has algebraic multiplicity equal to or greater than
2; (2) a flip singularity, when there is a multiplier equal to —1; (3) a Neimark—Sacker
singularity, when there is a conjugate pair of complex multipliers with modulus 1.

Under some genericity conditions, each of these singularities implies a certain
bifurcation scenario. These conditions always include some spectral conditions on
the critical multipliers, i.e., multiplicity restrictions and the absence of other critical
multipliers. Furthermore, there are nondegeneracy conditions that can be formulated
in terms of the system at the critical parameter values, and transversality conditions
that are determined by the system’s dependence on the parameter (see [17]). We shall
list all relevant genericity conditions in the following sections.

Generically, the first critical case (fold) corresponds to a point on the periodic
solution family where the curve turns quadratically with respect to the free parameter.
This phenomenon is called a limit point (fold) bifurcation: Two periodic solutions
collide and disappear when the parameter passes the critical value. The second case
(flip) indicates generically a period-doubling of the periodic solution; i.e., there are
nearby periodic solutions of approximately double period. It is also called the flip
bifurcation. Finally, the third case (Neimark—Sacker) corresponds generically to a
bifurcation of an invariant torus, on which the flow contains periodic or quasi-periodic
motions. This phenomenon is often called the Neimark—Sacker bifurcation. There
is some ambiguity in calling a bifurcation by the same name as the corresponding
singularity. However, this is a common practice in the applied literature.

The aim of this paper is to formulate the computation and continuation of the
three generic periodic solution bifurcation curves as minimally extended BVPs to
which standard numerical approximation methods as well as convergence theory ap-
ply. Fully extended BVPs for continuing periodic solution bifurcations have been
implemented in AUTO [6] (see also [7], [15]). The latter approach doubles the number
of function components in the case of the period-doubling and fold bifurcations, and
triples it in the case of the torus bifurcation. Fully extended BVPs also yield a more
complicated Jacobian sparsity structure (after discretization) than that correspond-
ing to the underlying periodic BVP. There are efficient solution techniques for such
sparse linear systems; see, for example, [10]. However, these are not very easy to
implement and they are specific for each bifurcation. By contrast, the minimal BVPs
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presented in this paper for the period-doubling and fold bifurcations have the same
number of function components as the periodic solution problem. In the torus case
the number of BVP function components is only doubled, but the resulting system
is overdetermined. The most important numerical advantage is that only one type of
sparse system needs to be solved, namely the one corresponding to the underlying pe-
riodic BVP. Conceptually, the approach used in this paper is similar to the bordering
technique for equilibrium bifurcations [5], [12], [13], [17].

The paper is organized as follows. Section 2 is devoted to the computation of one-
parameter families of periodic solutions to (1.1). Classical results on the regularity of
BVPs defining families of periodic solutions are proved here for completeness. Sections
3 and 4 present the main results of the paper. Here we construct functionals that
vanish at bifurcation points of periodic solutions and we prove that they are well-
defined and regular. As is usual, only some of the nondegeneracy conditions that
appear in bifurcation analysis are necessary for regularity. Section 5 deals with various
computational issues, including efficient computation of the defining systems and their
derivatives. A numerical example is given in section 6.

2. Computation and continuation of periodic solutions. Numerical con-
tinuation is a technique to compute solution curves to an underdetermined system
of equations. Details can be found, for example, in [1], [3], [12], and [16]. It is a
basic ingredient of the numerical bifurcation algorithms implemented in AUTO [6] and
CONTENT [18]. In this case only one parameter is free, so for practical purposes the
parameter vector reduces to a scalar. In this paper we restrict our discussion to issues
that are specific to the case of periodic orbits.

To compute a periodic solution of period T of (1.1), one first fixes the period by
rescaling time. Then (1.1) becomes

(2'1) x/(t) = Tf(m(t)v a)’
and we look for solutions of period 1, that is,
(2.2) x(0) = z(1).

The period T is one of the unknowns of the problem. In a continuation context, we as-
sume that a solution (zx—1(+), Tk—1, ak—1) is known, and we want to find (x(-), Tk, ),
which we denote by (z(-),T, ). Equations (2.1) and (2.2) together do not fix the so-
lution completely, since any solution can be translated freely in time; that is, if x(¢)
is a solution, then so is x(t + o) for any o. To fix the solution it is necessary to add
a “phase condition.” In AUTO [6] and CONTENT [18] the integral constraint

(2.3) /0 ¥ (T)z)_y (1) dT =0

is used to fix the phase. (We use “*” to denote transpose.)

The periodic solution is now determined by (2.1), (2.2), (2.3), which together
form a BVP with an integral constraint.

In our continuation context, the periodic orbit z(¢) and the scalars T' and « vary
along the solution family. In the setting of Keller’s pseudoarclength continuation
method [16] the continuation equation is

(2.4) /0 (2(7) = 2p—1(7)) Tp—1(7) d7 + (T — Tk,l)Tk,l + (@ — ap_1)dg—1 = As,
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where the derivatives are taken with respect to arclength in the function space, and
should not be confused with the time derivatives in, for example, (2.3).

A widely used method to discretize the above BVP is the method of orthogonal
collocation with piecewise polynomials. It is used in COLSYS [2], as well as in AUTO
and CONTENT. The method is known for its high accuracy [4], and it is particularly
suitable for difficult problems, due to its known optimal mesh adaptation techniques
[21]. The numerical continuation of the discretized equations leads to structured,
sparse linear systems [9]. To describe these systems it is convenient to formulate the
BVP in terms of operators on function spaces.

Denote by C*([a, b], R™) the space of k times continuously differentiable functions
defined on [a, b] and with values in R™. Let D be the differentiation operator acting
from C*([a, b], R™) to C°([a,b], R™). Any n x n matrix M (t) smoothly depending on
t € [a, b] defines an operator from C!([a, b], R™) into itself by the matrix multiplication
(Mw)(t) = M(t)y(t). The Dirac evaluation operator at the point ¢ is denoted 6;.

For a given ¢ € C°([0,1],R™) we denote by Ints the linear functional from
C°(]0,1],R™) into R defined by

Tnty(v) = (6, v) = /0 6" (Fyo(r) dr.

Suppose we want to compute a periodic solution of (1.1); i.e., we want to solve
the system (2.1), (2.2), (2.3), and (2.4) for (z(¢), T, @) by a Newton-like method. The
Fréchet derivative operator corresponding to this problem has the form

D—sz(x(t),a) 7f((L'(t),Ot) 7Tfa($(t)va)

8o — 6 0 0
(2:5) Int, .. 0 0
0 ,
Ints, () T Qp_1

The discrete version of these linear operators is a square matrix that has a large
matrix corresponding to D — T f,(z(t), ) in the upper left corner, bordered on the
right by two extra columns and at the bottom by n + 2 extra rows. The big matrix
in the upper left corner is a block band matrix. Systems of this form are solved in
AUTO by a specially adapted elimination algorithm that computes the multipliers as
a by-product [9].

Consider the fundamental variational equation

(2.6) X' —Tfe(x(t),a)X =0
and the adjoint equation
(2.7) X' +Tfi(x(t),a)X =0.

Denote by ®(t) the fundamental matrix solution of (2.6), for which ®(0) = I, where
I = I,,« is the n-dimensional identity matrix. Then ®(1) is the monodromy matrix
of the periodic solution. The eigenvalues of ®(1) are the Floquet multipliers, and
there is always at least one multiplier that is equal to 1. A corresponding eigenvector
is 2/(0). For a regular periodic solution the multiplier 1 has geometric multiplicity 1.
Similarly, denote by ¥(¢) the fundamental matrix solution to (2.7) for which ¥(0) = I.
One has W¥(t) = [(®(¢))71]".
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If v(t) is a vector solution to (2.6) with initial values v(0) = vy and w(t) is a
vector solution to (2.7) with initial values w(0) = wop, then the inner product satisfies
w*(t)v(t) = wvo; i.e., it is independent of time ¢.

The left and right eigenvectors of the monodromy matrix ®(1) for a geometri-
cally simple eigenvalue 1 will be denoted pg, qo, respectively. It is easily seen that
po (respectively, qo) is also the right (respectively, left) eigenvector of ¥(1) for the
eigenvalue 1. Furthermore, qq is a scalar multiple of 2(0).

We now state some basic facts about the linear operator (2.5) when linearized
about a regular periodic solution (z(t), T, «).

PRrROPOSITION 1. If (x(¢),T,«) is a regular periodic solution of (2.1), then the
operator

D —Tf.(x(t),a)

(2.8) 5

. ¢Y([o,1],R™) — C°([0,1],R™) x R"

has a one-dimensional kernel spanned by ®qqg. Its range has codimension 1; if ( €
C°([0,1],R™), r € R"™, then ((,7)* is in the range if and only if (¥pg,C) = pir. In
particular, if r =0, then ((,0)* is in the range if and only if (¥py, () = 0.

Proof. First, let v(t) be in the kernel of (2.8). Then v must have the form
v(t) = ®(t)vg for a vector vy. Since 0 = (61 — dp)v = v(1) — v(0) = (®(1) — vy, we
infer that vy must be a right eigenvector of ®(1) for the eigenvalue 1.

Next, let ¢ € C°([0,1],R"), r € R", be given. If ({,r)* is in the range of (2.8),
then there must exist a v € C1([0, 1], R™) for which

V' (t) = Tfe(z(t),a)v(t) = C(t).
The general solution of this linear differential equation is
t
o) =0 [w+ [ v (et ar].
0

where vg = v(0) is an initial vector. Also, we must have v(1) — v(0) = r, that is,

(®(1) — Hvo + <I>(1)/O U*(r)¢(T) dT = .

Such a vector vy can be found if and only if

i (20 [ () dr 1) =0,

that is, if

1
pS/O U*(1)((7) dr —pir =0,

from which the second result follows. O
COROLLARY 1. If (z(¢),T,«) is a regular periodic solution of (2.1), then the
operator

D —Tf.(z(t),a)
(2.9) 81 — b . CY([0,1,R™) — C°([0,1],R") x R" x R
Int¢
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is one-to-one if and only if (¢, Pqo) # 0.
ProposSITION 2. If (x(t), T, ) is a regular periodic solution of (2.1), then the
operator

D+ Tfx(x(t),a)

: ¢Y(0,1],R™) — ¢°([0,1],R™) x R"
81 — 8o

has a one-dimensional kernel spanned by Wpgy. Its range has codimension 1; if ( €
C°([0,1],R™), r € R™, then (¢,r)* is in the range if and only if (®qo,¢) = qir. In
particular, if r = 0, then (¢,0)* is in the range if and only if (Pqo, ) = 0.

Proof. The proof is similar to the proof of Proposition 1. O

COROLLARY 2. If (z(t),T,«) is a regular periodic solution of (2.1), then the
operator

D+ Tfx(x(t),a)
(2.10) 81 — by . CY[0,1],R™) — C°([0,1],R") x R" x R

is one-to-one if and only if (v, ¥Upg) # 0.
PROPOSITION 3. Let (z(t),T,«) be a regular periodic solution of (2.1), and let
b0,v0 € C°([0,1],R™) be such that {¢g, Pqo) # 0, (o, Upg) # 0. Then the operator

D —=Tfo(x(t),a) o
61 — 6 0
Int¢0 0

: CY([0,1,R") xR — C°([0,1],R") x R" x R

is one-to-one and onto.
Proof. To prove that the operator is one-to-one, suppose that

D *sz(x(t)aa) 7/10 v 0
ST () (6

Int¢0 0 0

for v € C1([0,1],R"), G € R.. In particular, it follows that

D—’zls’ofgi(a(csft),a) }U _ ( —C;% )

Since (g, Upg) # 0, it follows from the last statement in Proposition 1 that G = 0.
By Corollary 1 and the assumption that (¢o, Pgo) # 0, it follows that v = 0 as well.
To prove that the operator is onto we consider the equation

(2.11) 81 — 6o o )=1r

D-Tf(a(t)a) o ( y ) ¢
0
Int% 0

S

where ¢ € C°([0,1],R"),r € R", s € R. In particular, the first two equations can be
written

wy [P ()

By Proposition 1 this equation is solvable for v, say, v = v, if

<\ij07 C - G¢0> = péﬂ
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that is, if we choose

<\I]p07 <> - pg’l"
(Ypo,1bo)

where, by assumption, the denominator does not vanish. Now

G=G,

v(t) = vp(t) + c@(t)go

is also a solution of (2.12) for any constant c¢. The third equation in (2.11) can now
be written as

{A%mmm+@WMM=&

By the assumption that (¢g, Pgo) # 0 it follows that the third equation is satisfied if
we take
1
5=l 5(r)uy(r)dr
Jy #6(T)®(T)ao dr

PROPOSITION 4. Let (z(t),T, ) be a reqular periodic solution of (2.1), and let
®0,%0 € C([0,1], R™) be such that (¢, Pqo) # 0, (v, Upo) # 0. Then the operator

D+Tfi(x(t),e) o
81 — b 0 : CY([0,1,R") xR — C°[0,1],R") x R" xR
Intdjo 0

is one-to-one and onto.
Proof. The proof is similar to the proof of Proposition 3. O

3. Test functionals for bifurcations of periodic solutions. For the fold and
Hopf singularities of equilibria, several test functions, and corresponding minimally
extended defining systems, are discussed in [12] and incorporated in CONTENT [11]. To
obtain similar systems for the case of periodic orbits, we define simple singularities of
periodic solutions, specifically the limit point, the period-doubling bifurcation, and the
torus bifurcation, and we then construct functionals that vanish at these singularities.

3.1. A test functional for the fold bifurcation. Let (x(t),T,«) define a
periodic solution of (1.1); i.e., it satisfies (2.1), (2.2), and (2.3). We say that the
solution has a simple fold singularity if the monodromy matrix ®(1) has an eigenvalue
+1 with algebraic multiplicity 2 and geometric multiplicity 1, while there are no other
critical multipliers.®

Let pp and gy denote the corresponding left and right eigenvectors, which satisfy

(®(1) = I)qo = 0, (¥(1) = I)po = 0,

with
PoPo = qoqo0 = 1.

LA geometrically double eigenvalue +1 corresponds to a higher degeneracy. Recall that by
definition a regular periodic solution has a geometrically simple multiplier +1.
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At a simple fold, where the multiplier 1 has algebraic multiplicity 2, we also have
generalized eigenvectors p; and ¢ satisfying

(@(1) = g1 = qo, (U(1) = I)p1 = po,

where ¢; and p; can be chosen so that

419 = pipo = 0.

Note that in the multiplicity-2 case we also have pfgo = pi(¥(1) — I)*qo =

PRrROPOSITION 5. If (x(¢),T,«) is a regular periodic solution f( 1), then the
operator

D —Tf.(x(t),) — fz(t), )
(3.1) 61— do 0
Intf(x(.)_’a) 0

from CL([0,1],R™) x R into C°([0,1],R") x R™ x R. is one-to-one if the multiplier 1
has algebraic multiplicity 1. If the multiplier 1 has algebraic multiplicity 2, i.e., at a
simple fold, then the operator has a one-dimensional kernel, spanned by the vector

(3.2) ( 71) ) e c'([0,1],R") x R,

where v(t) = Z+®(t)(caqo — (q1 — tqo)), where cy is determined by the condition that
1
i [ @ @0leaan (0~ 7a0)] dr =0,
0

and where ¢y is determined by the condition that x'(0) = coqo.
Proof. Consider the homogeneous equations

D*sz(x(t)va) 7f(l’(t),04) v 0
(3.3) 81 — 8 0 ( g ) —[ o
Intf(z(i))a) 0 0

From the first equation in (3.3) we have

o) = D) [vo+5/ot U () f(2(7), ) dr] — ) [vo+§/ot U ()2 (7) dT}
= B(t) [v0+§/0t U (1)®(7) dr x'(O)} = (1) [vo + 5£2/(0)]

where we used the facts that U*(7)®(7) = I and z'(t) = ®(¢)2'(0). Above, vg = v(0)
is an initial vector. By the second equation in (3.3) we have

0=wv(l) —v(0) = (®(1) — vy + ;:c'(O),

that is,
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Now (®(1) — I)2’(0) = 0, so that z'(0) = coqo, for some ¢y € R, ¢ # 0. Thus we
must solve

(34 (B(1) ~ oo = ~co o,

where ¢o spans the kernel of ®(1) — I.
If the multiplier 1 has algebraic multiplicity 1, then we must have S = 0, vy = ¢1qo,
and hence v(t) = ¢1®(t)go. By the third equation in (3.3)

! * 1 ! % _ 1 ! / *
0 :/0 f (x(r), a)v(r) dr = T/o 2 (r)u(r) dr = T/o [(I)(T)CL' (O)] c1®(7)qo dr
or

coc1 4 (/01 Q" (7)D(7) dr) q0 =0,

from which it follows that ¢; = 0. Thus v(¢) = 0. It follows that the operator (3.1) is
one-to-one.

At a simple fold the multiplier 1 has algebraic multiplicity 2. In this case (3.4) is
also solvable if S is nonzero, namely

S
Vo = _COTQI + c2qo,

where ¢y € R is arbitrary. The third equation in (3.3) then implies
1
0 = / ™ (T)v(T) dr
0

1
/O 2 (r)®(7)[vo + S2a'(0)] dr

1
= / 2 (1)®(7)[—coSq1 + c2q0 + SFcoqo] dT
0

/0 [@(7)2’ (0)]*®(7)[—coSaq1 + caqo + SFcoqo] dr

1

ot | (7)0(7) —coar + a0 + o] o
0

from which it follows that

o wSq Jy ¥ (M) — el dr
2 — .
T g [i ®*(r)®(7) dr qo

PROPOSITION 6. Let (x(t), T, ) be a regular periodic solution of (2.1) and con-
sider the operator

D —Tf,(z(t),a) — f(z(t),a)
(3.5) M, = 61 — 6p 0
Intf(gc(.),a) 0

from C1([0,1],R") x R into C°([0, 1], R™) x R™ x R. If the multiplier 1 has algebraic
multiplicity 1, then My is onto. If it has algebraic multiplicity 2, i.e., at a simple fold,



410 E. J. DOEDEL, W. GOVAERTS, AND YU. A. KUZNETSOV

then the range of My has codimension 1 and the vector

Upo
(3.6) —po | €C%0,1],R") x R" xR
0

is complementary to the range space.
Proof. Consider a vector (&,n,w)* in C°([0,1],R") x R™ x R. This vector is in
the range of M; if and only if there exist (v, S)* in C1([0,1],R") x R such that

3
(3.7) "

The first equation in (3.7) implies that

The second equation in (3.7) then implies

n = (1) = v(0) = (1) = I)v(0) + ‘19(1)/0 UH(r)(E(7) + Sf(x(r), ) dr.

Now

| v orsemanr =1 [ v @ ar = [ v @t i = D

So

(3.8) n=(®(1) - Iv(0) + %qa + <I>(1)/O U*(1)é(T) dr.

If 1 is an algebraically simple eigenvalue of ®(1), then ¢o is not in the range of
(®(1) — I). For given & and 7, (3.8) can be solved for v(0) and S. Moreover, the
solution is unique up to the addition of a scalar multiple of ¢g to v(0). Since

1 1
/ (! (7)) (7)o dr = o / (B(r)0)* @ (7)o dr # 0,
0 0

the scalar is determined uniquely by the third equation in (3.7).
If 1 is an algebraically double eigenvalue of ®(1), i.e., at a fold point, then (3.8)
is solvable if and only if

1
pin =10 / W (r)e(r) dr.

If so, the third equation in (3.7) again determines the solution uniquely. d
PROPOSITION 7. If (x(t),T, ) is a regular periodic solution of (2.1), then the
operator

D+Tf;(w(t),a) —f(:r(t),a)
(3.9) 51 — & 0
Intf(z(),a) 0
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from C([0,1],R") x R — C°([0,1],R") x R™ x R is one-to-one if the multiplier 1

has algebraic multiplicity 1. If the multiplier 1 has algebraic multiplicity 2, i.e., at a

simple fold, then the operator has a one-dimensional kernel, spanned by (¥*py,0)* €
c*([0,1],R™) x R.

Proof. Consider the homogeneous equations

DA T (e(t).0)  —fta)] , 0

(3.10) 61— do 0 ( R ) =( 0

It (o). 0

From the first equation in (3.10) we have

w(t) = V(t) {wo + % /Ot O* (1)’ (1) dT:| ,

where wp = w(0) is an initial vector. The second equation in (3.10) implies

0= w(1) = w(0) = (¥(1) = Dy + 79(1) [ & (7)a'(r) dr

or

R

(T(1) — Dwo = —f\II(l)/O O*(1)®(7) dr 2'(0).

Given R, this equation is solvable for wy if

—RqS\IJ(l)/O &*(17)®(7) dr 2'(0) = 0,

that is, recalling that z’(0) = coqo, co # 0, and ¢ ¥ (1) = ¢ if

1
C()ng/ (I)*(T)(I)(T) d’T qo = 0
0

It follows that R = 0, independently of the algebraic multiplicity of the eigenvalue 1.
Thus w(t) = ¥(t)wg, where (U(1) — Iwy = 0, so that wy = czpg for some c5 € R.
From the third equation in (3.10) it follows that

O:/O w* ()2’ (1) dr :/0 [e3®(T)pol*®(T)2'(0) dT

1
= ¢y C3 pg/ U*(7)®(7) d7 g0 = co €3 PSGo-
0

If the multiplier 1 has algebraic multiplicity 1, then p§go # 0. In this case c3 = 0 and
hence w(t) = 0; that is, the operator (3.9) is one-to-one.

If the multiplier 1 has algebraic multiplicity 2, then pjgo = 0, and we can choose
c3 # 0. In this case wg # 0; hence w(t) # 0. It follows that the operator (3.9) has a
one-dimensional kernel. ]

PROPOSITION 8. If (x(t),T, ) is a regular periodic solution of (2.1), then the
operator

D+Tf;‘(m(t),a) —f(m(t),a)
(3.11) M, = 81 — 6o 0
It (a(),a) 0



412 E. J. DOEDEL, W. GOVAERTS, AND YU. A. KUZNETSOV

from C*([0,1],R™) x R — C°([0,1],R®) x R™ x R is onto if the multiplier 1 has
algebraic multiplicity 1. If the multiplier 1 has algebraic multiplicity 2, i.e., at a simple
fold, then the range has codimension 1, and the vector (0,0,1)* € C°([0, 1], R") x R™ x
R is complementary to the range space.

Proof. Consider a vector (&,n,w)* in C°([0,1],R™) x R™ x R. This vector is in
the range of My if and only if there exist (w, R)* in C*([0,1],R"™) x R such that

3
w

(3.12) Mz( R ) =
The first equation in (3.12) implies that

w(t) = U(t) [w(O) —|—/O O (7)(&(7) + Reo®(7)qop) dr| .

The second equation in (3.12) then implies

1
n=w(l) —w(0) = (¥(1) = Hw(0) + ‘P(l)/o (1) (§(7) + Reo®(7)qo)dr

We thus obtain the equation

(1) — Hw(0) =n — RCO\IJ(l)/O O (7)®(7)q0 d7 — \I/(l)/0 O*(T)&(T) dr.

This equation is solvable for w(0) if and only if

1 1
qyn = Reogd / " (T)®(T)qo dT + ¢ / O*(1)&(T)dr.
0 0

The latter equation is solvable uniquely for R, so the previous one is solvable for w(0)
and defines it up to the addition of a scalar multiple of py.

Now suppose that (w, R)* solve the first two equations in (3.12), where w(0) =
wg + rpo and r is arbitrary. The third equation in (3.12) then requires

coqgy (wo + Tpo) = w + two integral terms which are linear in £(¢) and R.

If the eigenvalue 1 of ®(1) has algebraic multiplicity 1, then this equation has a unique
solution in r and thus M is one-to-one and onto. If the eigenvalue has algebraic
multiplicity 2, then the range of My has codimension at most 1. If we set £(t) = 0,
n = 0, w = 1, then necessarily R = 0, w = 0 as well, and thus the third equation
in (3.12) cannot be solved. So the range of My has codimension 1, and (0,0,1)* is a
vector complementary to the range. O

PROPOSITION 9. Let (x(t), T, «) be a reqular periodic solution of (2.1) that has a
simple fold singularity; i.e., ®(1) has eigenvalue 1 with algebraic multiplicity 2. Then
there exist vo1,wo1, V11, W11 € CO([O7 ].],Rn), wo2,v12 € R™, wps, vo2, V13, w12 € R
such that

Dinm(x(t)va) 7f(17(t),04) Wo1
_ 01 — 6o 0 Wo2
Ny = Intf(m(-),a) 0 wWo3

Intvm Vo2 0
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and
D+ Tfr(x(t), @) — flz(-),a) v
Ny = 01— do 0 V12
Int ¢ (z(),q) 0 U13
Intwu w12 0

from C([0,1],R") x R" x R to C°([0, 1], R") x R" x R x R are one-to-one and onto.
For any such choice of the bordering elements we define v,w € C*([0,1],R") and
S,G,H,R € R by the equations

v 0
(3.13) Ml s|=1]"Y
a 0
1

and
w 0
(3.14) S I I
1% 0
-1

Then in a neighborhood of (z(t),T,a), G = 0 if and only if H = 0. Moreover, this
happens if and only if the reqular periodic solution has a simple fold singularity.

Proof. We choose
< vo1 () ) _ ( v(t) )
Vo2 1 ’

where v is given in the statement of Proposition 5. Further we set

wor () U*(t)po
wo2 = 0
wWo3 0

By Propositions 5 and 6, N; is one-to-one and onto. We further set

()= (7).

’Ull(t) 0
V12 = 0
V13 1

By Propositions 7 and 8, N5 is one-to-one and onto. The last statement in the
proposition is proved by standard arguments. 0

3.2. A test functional for the period-doubling bifurcation. By definition,
at a simple flip singularity there is an algebraically simple Floquet multiplier equal
to —1 and no other multipliers with unit modulus, except for an algebraically simple
multiplier +1. The left and right eigenvectors of the monodromy matrix ®(1) for the
eigenvalue —1 will be denoted by p2 and ¢, respectively. They are also the right and
left eigenvector, respectively, of U(1) for the eigenvalue —1.
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PrOPOSITION 10. If (z(t), T, «) corresponds to a simple flip singularity, then the
operator

D —Tf.(x(t),a)

. 1 n 0 n n
o €U0, 1,R") = C°([0, 1, R") x R

has a one-dimensional kernel spanned by ®gs. Its range has codimension 1; if ¢ €
Co([0,1],R™), » € R™, then ((,7)* is in the range if and only if (¥ps, () = —pir. In
particular, if r =0, then ((,0)* is in the range if and only if (¥py, () = 0.

Proof. The proof is similar to the proof of Proposition 1. 0

COROLLARY 3. If (z(t),T,«) corresponds to a simple flip singularity, then the
operator

D —Tf.(z(t),a)
(3.15) 8o + 61 . CY([0,1,R™) — C°([0,1],R") x R" xR
Int¢

is one-to-one if and only if (¢, Pga) # 0.
ProposITION 11. If (z(t), T, o) corresponds to a simple flip singularity, then the
operator

D+ Tf;(x(t),a)

. 1 n 0 n n
(5()+51 . C([O’l]’R) - C([O,l],R)XR

has a one-dimensional kernel spanned by VUps. Its range has codimension 1; if ( €
C°([0,1],R™), » € R™, then (¢,7)* is in the range if and only if (Pqo, ) = —q3r. In
particular, if r = 0, then ({,0)* is in the range if and only if (Pga, ) = 0.

Proof. The proof is similar to the proof of Proposition 2. 0

COROLLARY 4. If (z(t),T,«a) corresponds to a simple flip singularity, then the
operator

D +Tfi(x(t), )
(3.16) 8o + 61 . CY([0,1,R™) — C°([0,1],R") x R" xR
Intd,

is one-to-one if and only if (¥, ¥py) # 0.
PROPOSITION 12. Let (x(t), T, ) correspond to a simple flip singularity, and let
¢0,%0 € CU([0,1], R™) be such that {¢g, Pga) # 0, (v, Ups) # 0. Then the operator

D_Tfm(m(t)va) 1/)0
6o + 61 0
Int¢,0 0

: CY([0,1,R") xR — C°[0,1],R") x R" x R

is one-to-one and onto.

Proof. The proof is similar to the proof of Proposition 3. 0

PROPOSITION 13. Let (x(t), T, ) correspond to a simple flip singularity, and let
®0,%0 € CU([0,1], R™) be such that (¢, Pga) # 0, (v, Ups) # 0. Then the operator

D+Tf;‘(x(t),a) ¢0
bp + 01 0
Intwo 0

: CY([0,1,R") xR — C°[0,1],R") x R" x R

is one-to-one and onto.
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Proof. The proof is similar to the proof of Proposition 4. O

PROPOSITION 14. Let (z(t),T,«) be a periodic solution close to a simple flip
singularity, and let ¢o,%o € C°([0,1],R™) be such that (¢g, Pga) # 0, (Yo, Ups) #
0, so that the operators Mz and M, (defined below) from C([0,1],R™) x R into
C°(0,1],R™) x R™ x R are both one-to-one and onto. Let v,w € C1([0,1],R"),G,
H € R be defined by the equations

o

, D-Tf(a(t)a) o
(3.17) M3( o ) = 6§+61 ’ (
nt¢0

QA<
N———
I

o o = o O

. DATRE®.0) b ],
H H
Intwo 0 -1
Then G = H. Furthermore, G = 0 if and only if the periodic solution corresponds to
a simple flip singularity. If so, then v(0) is the right eigenvector of the monodromy
matriz for the eigenvalue —1.
Proof. Multiplying the first equation in (3.17) on the left with w*(¢), integrating
over the interval [0, 1], and using the last equation in (3.18) we obtain

1 1
/ w*v' (1) dr — T/ w*(7) fo(z(7), )v(T) dT — G = 0.
0 0

Integrating the first term by parts, using the second equations in (3.17) and (3.18),
we obtain

1 1
—/ v ()W (1) dr — T/ 0™ (1) fo(z(7), )w(T) dT — G = 0.
0 0
Using the first equation in (3.18) we get

_<U7 (_H¢0)> -G =0.

Using the third equation in (3.17) we obtain G = H. The other statements in the
proposition are now obvious. 0

3.3. A test functional for the torus bifurcation. We say that a periodic
solution has a simple Neimark—Sacker singularity if the monodromy matrix ®(1) has
a conjugate pair of simple complex multipliers with modulus 1 (i.e., e 0 < 0 < )
and no other multipliers with unit modulus, except an algebraically simple eigenvalue
+1. Furthermore, let p1,ps € R™ (respectively, ¢1,q2 € R"™) be such that p; +
ipo (respectively, q1 + ig2) is a left (respectively, right) complex eigenvector of the
monodromy matrix ®(1). Thus

(p1 +ip2) " ®(1) = € (p1 + ip2) ",
(1) (g1 + ig2) = € (q1 + iga),
U(1)(p1 + ip2) = € (p1 + ipa),

(g1 +ig2) "W (1) = (g1 +ig2) ",
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In this section it is convenient to extend the definition of z(t), ®(¢), and ¥(t) to
the interval [0, 2] by periodicity with period 1 and to redefine

Inty(v) = (o,v) = /0 @* (T)v(T) dr.

We start with the following result.

PROPOSITION 15.  Let (x(t),T,«) define a periodic solution; i.e., it satisfies
(2.1), (2.2), and (2.3). Let (z(t),T,a) correspond to a simple Neimark—Sacker singu-
larity with multipliers e*%, 0 < < . Let k = cosf and consider the operator

(3.19) [ D(S;_:Fg:g@g‘) ] . ¢4([0,2,R") — €°([0,2],R") x R".

Then we have the following:

(i) The operator (3.19) has a two-dimensional kernel spanned by ®(t)q1 and
®(t)qs-

(ii) The operator (3.19) has a range with codim 2. The vectors

( s )( o ) €C’(0,2,R") x R"

span a two-dimensional subspace that is complementary to the range of (3.19).
Proof. Let v be in the kernel of (3.19). Then v must have the form v(t) = ®(t)vg
with vg € R™. We further have

0= (80 — 2k61 + 82)v = v(0) — 2rv(1) + v(2) = (B(1) — 1) (B(1) — e~ T)vy.
We infer that it is necessary and sufficient that vy is in the span of g1, ¢s.
As a first step in the proof of (ii) we consider ¢ € C%([0,2],R"), r € R", and we

give a necessary and sufficient condition in order that (¢, r)* be in the range of (3.19).
First, there must exist a v € C1([0,2], R™) for which

v'(t) = Tfa(x(t), a)u(t) = ().
The general solution of this linear differential equation is
t
v(t) = ®(t) [UO —|—/ U*(7)¢(T) dT:| ,
0

where vg = v(0) is an initial vector. Also, we must have v(0) — 2kv(1) + v(2) = r,
that is,

1 2
(@(1)—e“’l)(cb(l)—e*i"l)vo—zl-@(l)/ T*(7)¢(T) dT—|—<I’(1)2/ U*(7)¢(T)dT = 7.
0 0
This is an equation for vy which is solvable if and only if
1 2
—QHpH@(l)/ U*(1)¢(T) dTerH@(l)z/ U*(1)¢(T) dr = pHr
0 0

or, equivalently,

—25619/ pHU* ()¢ (7) dr + €2 / pHU*(1)¢(7) dr = pHr.
0 0
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If we define the linear functional L by setting

(3.20)  L(C) = —2nei? / PO (2)C(7) dr + ¢ / P (7)C(7) dr,

0 0

then we infer that ({,r)* is in the range of (3.19) if and only if L(¢) = pr.
As a second step in the proof of (ii) we compute L(¥p;) and L(¥p3). We have

1 2
L(¥p;) = —2cos Gew/ pH (1)U (7)py dr + ezw/ pU* (1) U(7)py dr
0 0

1 1
= ¢"%(—2 cos f+cos O+i sin 9)/ P ()W (7)py dT—|—€2w/ P (147)U(147)p; dr.
0 0

Now we note that
U(1+7)py = U(r)¥(1)ps = ¥(7)(cos Op; — sinOpy)
and
PO (L4 7) = [U()T)p]" = [ (r)p] " = e~ pHuH(r).

Hence
o 1
L(¥p;) =isin 06’9/ p?U* (1)U (7)p dr = (—sinf + i cos 0) Siﬂ@/ 1@ (7)p||? dr.
0 0
By a similar argument we find that
1
L(Upy) = (cosf + isinb) Siﬂ@/ | (7)p||*dr.
0

As a third step in the proof of (ii) we show that the range of (3.19) has codimension
2 by proving that every (£,7)* can be written in a unique way as

3:21) ()= ) ()=o),

with (€o,70)* in the range of (3.19) and o, 8 € R.
Obviously &y = &, and 7o has to satisfy the conditions

pro = L(€), ro =7 —apy — Bps.
These conditions imply
( pipL Pipe ) ( a ) _ ( pir — Re [L(¢)] ) .
P5p1 p3p2 B p5r + Im [L(¢)]
This nonsingular linear system defines «, 3 in a unique way. Next, ry is defined by

the requirement ro = r — ap; — s, and with this choice we have pfrq = L(€).
As the fourth and last step to prove (ii) we will show that

() (%),
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and we will also span a two-dimensional space complementary to the range of (3.19).
To this end we decompose

(5 )= ) e () o)
()= ) v )+ ()

in the decomposition of (3.21). Then a1, 81, @, 2 are defined by the matrix equation

(p’{pl pip2 ) ( ar as > _ ( —Re [L(¥p1)] —Re [L(¥py)] )
Psp1 Dhp2 Bi Bo Im [L(¥py)]  Tm [L(¥po)] -

The proof of (ii) is complete if we show that

a1 Q9
B Be
is a nonsingular matrix or, equivalently, that

( —Re [L(¥p1)] —Re [L(Tpy)] >
Im [L(¥py)]  Tm [L(Tpy)]

is nonsingular. By the second step this matrix is equal to

sinf —cosf . ! 2
(3.22) < 030 sind ) sm&/o || (r)p||*dr.
Since sinf # 0 in (3.22) the proof is complete. 0

PROPOSITION 16. Let (z(t),T,«) define a periodic solution; that is, it satis-
fies (2.1), (2.2), and (2.3). Let (x(t),T,a) correspond to a simple Neimark—Sacker
singularity with multipliers e¥, 0 < § < 7. Set k = cosf and consider the operator

D+Tf;(1’(t),0&) . 1 n 0 n n
(3.23) { S0 — 2mdy 4 6 : C'([0,2[,R") — C°(]0,2],R™) x R™.
Then we have the following:

(i) The operator (3.23) has a two-dimensional kernel spanned by V(t)p; and
U (t)po-

(ii) The operator (3.23) has a range of codimension 2. The vectors

( K3 )( i ) €C°((0.2],R") x R"

span a two-dimensional subspace that is complementary to the range of (3.23).
Proof. The proof is similar to the proof of the preceding proposition. ]
COROLLARY 5. Let (z(t), T, ) correspond to a simple Neimark-Sacker singular-

ity of a periodic solution. If k = cosf, then the operators

D —Tfy(z(t),a) ¥p1 VYps
60 N 2H61 + 52 0 0 . 1 n 2 0 n n 2
Intq>(4)ql 0 0 : C ([O,QLR )XR — C ([072}7R )XR <R
Inta (g, 0 0
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and

D+TfH(x(t),a) Pg Dgo
50 — 2/4361 + 62 0 0
Inty(.)p, 0 0
Int\p(.)m 0 0

. CY([0,2], R")xR2 — €°([0,2], R") x R" x R2

are both one-to-one and onto.

Proof. The proof is standard. ]

PROPOSITION 17. Let (x(t), T, @) be close to a simple Neimark-Sacker singularity
of periodic solutions and k close to the value cos 6 at the singular point. Furthermore,
let (vo,11) span a space sufficiently close to the span of (Vp1, Ups), and let (¢o, P1)
span a space sufficiently close to (Pq1, Pqa), so that the operators

D =Tfu(x(t),a) o 1
My = | Pom2mbitla 00 g o] RY)XR? — €0([0,2], R") xR xR?
Int¢0 0 0

Inty, 0 0

and

D+Tfi(x(t), ) o 1
60 — 2/%(‘51 + 52 0 0
Int,, 0 0

Inty, 0 0

Mg = : CH([0,2],R")xR?* — ¢Y(]0,2],R")xR"xR?

are both one-to-one and onto. Let vi,ve, w1, we € C([0,2],R"),G,H € R**? be
defined by the equations

0 0
(% (%) 0 0
(324) M5 Gll G12 = 1 0 9
G G
21 22 0 1
0 0
w1 w2 0 0
(325) M6 H11 H21 = 1 0
His Hi 0 —1

If (x(t),T, «) is a periodic solution, then G = 0 if and only if H = 0. Moreover, this
happens if and only if (x(t), T, a) corresponds to a simple Neimark—Sacker singularity
of periodic solutions with the multipliers e*%®, where k = cos(6).

Proof. The proof is standard. ]

4. Regularity of the defining systems. In this section we prove that, under
natural nondegeneracy and transversality conditions, the test functionals constructed
in the previous section are regular (with respect to the arclength parameter along the
periodic solution family). This implies regularity of defining systems consisting of the
periodic BVP (2.1), (2.2), (2.3), and the condition for the corresponding functional
to vanish, for the two-parameter continuation of the bifurcation.
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4.1. Regularity at a fold bifurcation. To prove the regularity of the test
functional G for the simple fold singularity in Proposition 9, we proceed as in the case
of the fold singularity of equilibria [12], [3].

The computation of periodic orbits is based on the equation

(4.1) F(X,a) =0,

where X = (z(-),T) € C(]0,1],R) x R, and F(X) € C°([0,1],R) x R™ x R is given
by

2'(t) = Tf(x(t), )

(1) — (0)

/0 () () dr

(see (2.1), (2.2), and (2.3)). The Fréchet derivative Fx (X, «) of this operator (with
Zk—1 substituted by = upon differentiation) is M; as defined in (3.1). By Proposi-
tions 5 and 6, if the periodic orbit has a simple fold singularity, then Fx is singular.
Moreover, the left and right singular vectors are then

F(X)=

Upg
—Po
0

(1)

given in (3.2) and (3.6), respectively. By definition, a simple fold point is nondegen-
erate if

and

*

(4.2 qjgﬂ rec(3) (1) %0

Let « be a scalar parameter in (1.1). A nondegenerate fold point is called regular if
[Fx F,] is onto at the singularity. This is the usual transversality condition for the
limit point bifurcation, which can be equivalently expressed as

*

Upg
(4.3) —Po F, #0.
0

Let s denote arclength along the family of periodic orbits. We think of X and « as
functions of s so that (4.1) is an identity in s. By (3.13) this also defines G as a
function of s. Suppose that a fold singularity occurs at s = s9. We will prove that
Gs(so) # 0 near a regular fold point, i.e., a simple fold singularity where both (4.2)
and (4.3) hold.

Taking derivatives of (3.13) with respect to s we find

Vg v
(44) ]\[1 Ss _ (FXXX3+FXaaS) < S )
Gy 0
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(5)

is a right singular vector of Fx. Furthermore, at the fold singularity a; = 0. Since
Fx X + F,as = 0 it follows that X, is also a right singular vector of F'x. Now by
(4.4) we have Gs(sg) # 0 if and only if

e (1) (1)

is not in the range of Mj; under our assumptions this is equivalent to (4.2).

In this expression

4.2. Regularity at a period-doubling bifurcation. We have seen that lo-
cally, near a simple flip singularity, the system consisting of (2.1), (2.2), (2.3), and
G = 0 (where G is given by (3.17)) defines the set of simple flips in (x(-), T, )-space
if the conditions (¢, Pga) # 0, (Yo, ¥p2) # 0 hold. We will now prove that this is
a regular system if an appropriate transversality condition for the period-doubling
bifurcation holds.

Let s denote arclength along the family of periodic orbits so that (x(s)(t), T(s),
a(s)) is a solution of (2.1), (2.2), and (2.3) for all s near the bifurcation value sg. The
simplicity of the flip singularity implies that —1 is the algebraically simple eigenvalue
of ®(s9)(1) so that it can be continued smoothly, together with its left and right
eigenvectors, for nearby values of s. Specifically, we denote by A(s) an eigenvalue of
®(s)(1), with left and right eigenvectors p(s), ¢(s), that is,

®(s)(1)q(s) = A(s)a(s),  p*(s)®(s)(1) = A(s)p™(s),

ws YO = AR, a6 = A ()0 ()
’ p(s0) = p2, q(s0) = q2,

)\(80) =—1.

The simplicity condition implies that
p(s)q(s) #0

for all s sufficiently close to sg. By standard arguments, (4.5) implies
(4.6) P (s)a(s)As(s) = p*(s)Ps(s)(1)g(s).

To get an explicit formula for ®,(sp)(1) we start from the observation that
(D = T(s)fz(2(s5), (s)))® = 0.
Taking derivatives, and using somewhat simplied notation, we obtain
(D =Tfe)®s = (T'f2)s®.
Multiplying on the right by an arbitrary vector £ € R", we have
(D =T fe) 08 = (T'fz)s PE.

This is a linear differential equation for ®4;¢ with solution

D5(s)(1)E = (s)(t) {CJr/O U () (T)(T f)s(8) (1) @(8) ()€ dr
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for some ¢ € R™. For ¢t = 0 this reduces to

D4(5)(0)€ = 2(s)(0)C.
Since ®(s)(0) = I, 4(s)(0) = 0, this implies that ¢ = 0, so that

(4.7) @5(s) (1) = @(8)(15)/0 U () (T)(T fz)s(8) (1) @(8)()E dr

for all £ € R™. From (4.6) we get

(4.8)  p(s)a(s)As(s) =/\(8)p*($)/0 UH(T)(Tfa)s(s)(T)@(s)(T)q(s) dr.

The natural transversality condition for the period-doubling bifurcation is As(sg) # 0.
We now show that this is equivalent to G4(sg) # 0, thus establishing regularity.
PROPOSITION 18. The conditions As(so) # 0 and Gs(so) # 0 are equivalent near
a simple flip singularity.
Proof. The equations (3.17) are to be considered as identities in s; by taking
derivatives we obtain

(49) (D - Tffl?)vs = (Tfm)s?) - wOGsa
(4.10) (60 + 01)vs = 0,
Inty v, = 0.

The solution of (3.17) at s = s¢ is given by G(so) = 0, v(s0)(t) = ®(s0)(t)g2. Now,
at s = so (4.9) is a linear differential equation for v,(so)(t) with solution

vs(s0)(t) = ®(s0) () [C +/O U (50)(T)((T f2)s(s0) (T)v(50)(T) — Y0 Gis(s0)) dr

for some vector ¢ € R™. Using (4.10) we find
1
0= (I+@(80)(1))C+¢(50)(1)/0 U (50) (T)((T )5 (50) (T) @ (50)(T) g2 — Y0 Gis(s0)) d.
This equation in ¢ has a solution if and only if
P*(So)‘P(So)(l)/O U (50)(T) (T f2) s (50)(7) @ (50)(T)q2 — Y0 Gs(50)) dT =0,
that is,
pS/O U (50)(7)(T'fz)s (s0)(T)@(50)(T)q2 dT = (o, Up2)Gis(s0)-

By (4.8) this implies

—(p5q2)As(s0) = (to, Up2)Gs(s0).

Since plqo and (g, Upy) are nonzero, this completes the proof. 1]
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4.3. Regularity at a torus bifurcation. Again, let s denote arclength along
the family of periodic orbits so that (x(s)(t),T(s),a(s)) is a solution of (2.1), (2.2),
and (2.3) for all s near the critical value sy corresponding to a simple Neimark—Sacker
singularity. Thus ®(so)(1) has algebraically simple eigenvalues e**. Let A(s) =
A1 (8)+ira(s), p(s) = p1(s)+ipa(s), ¢(s) = ¢1(s) +igz2(s) be the smooth continuations
of the critical multiplier ¢ and the corresponding left and right eigenvectors. The
natural transversality condition for the torus bifurcation is the requirement that A(s)
crosses the unit circle in the complex plane at nonzero velocity, i.e.,

(411) )\1(80))\15(80) + )\2(80))\25(80) # 0.

PROPOSITION 19. The system consisting of (2.1), (2.2), (2.3), and the conditions

Gll = 07
G12 = 07
(4.12) Cor = 0.
Ga2 = 0,

where the Gy are defined in Proposition 17, together form a regular defining sys-
tem for periodic solutions having a simple Neimark—Sacker singularity if the natural
transversality condition (4.11) is satisfied.

Proof. To prove that the system (2.1), (2.2), (2.3), (4.12) is a regular defining
system (i.e., has full linear rank), we consider the implicit solution (z(s)(¢),T(s), a(s))
of (2.1), (2.2), (2.3). So G11,G12,G21, G2 are functions of s, x only, and we have to
prove that

Glls Glln
Gias Giag
Ga1s Gaix
G223 G22K)

has rank 2. Assume that c1,cs € R are such that
(413) ClGijs + CQG’Z'J‘,.Q =0, (Z,] =1, 2)

We start by noting that p (s)q(s) # 0 in a neighborhood of s = sy. By standard
arguments

(414) (pHQ))\s :pH(Es(]-)(L

where for simplicity of notation we have suppressed the dependence on s. To get an
expression for ®4(1) we start from the identity

(D-Tf,)®=0.
Taking derivatives with respect to s and multiplying with any vector ¢ € R™ we find
(D =T fe)®¢ = (Tfz)sPC.

The solution of this linear differential equation in ®( is

D.((t) = D(s)(t) [5 +/O U (s)(T)(T'f2)s(s)(T)@(s)(T)C dT|
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where £ is determined by the initial conditions. Since for ¢ = 0 we have ®(0) =
I,9,(0) =0, it follows that £ = 0. Choosing ¢ = ¢ we obtain from (4.14) that

(4.15) (r"a)As = APH/O V() ()T fa)s (s)(T)(s)(7)g dr.
From (3.24) we infer that

(Tf:b)svl (Tfa:)sv2

V1s V2s 0 0
(4.16) Ms | Gi1s Gras )
a a 0 0
21s 22s 0 0
v v 0 0
1k 2K
(4.17) Ms | G Giow | = 2010(1) 21;20(1)
G21/1 G22/{ 0 0

Combining (4.13), (4.16), and (4.17) we obtain

C1 (Tfa:)s'Ul C1 (Tfar)s'UQ

C1U1s + C2U1s  C1U2s + C2U2p 2¢ov1(1) 2c2v2(1)

M; 0 0 =
0 0

Hence

Cl(Tfm)svl Cl(sz)sUZ
262’1)1(1) ’ 2621)2(1)
are both in the range of (3.19). As an essential step in the proof of Proposition 15 it
was shown that this implies

a1l L((Tf)sv1) = 2¢2p™ 01 (1),

ClL((fo)sW) = ZCZPHUZ(I)a

where the linear operator L is defined in (3.20). Since vy, v are in the kernel of (3.19)
we have

v1(7) = ®(7)v1(0), v2(7) = P(7)v=2(0).
Combining the last four formulae we find
(4.18) aL((Tf.)s®q) = 202pH‘1>(1)q = 202€i6(qu).

Now,

L((Tf.)s®q) = —2nei9/0 pHU* (1) (T £,)s®(7)q d¢+e2i9/0 pH U (7)(Tf,)s®(7)q dr

1
— ¢ (cos 0 + i sin 6 — 2cose)/ PTU () (T 1) B(7)q dr
0

1
+ eQie/ pH\I/*(l + 7)(Tfr)s®(1+ 7)q dr.
0



PERIODIC SOLUTION BIFURCATIONS 425

Also,
P (L4 7) = (P +7)p)" = (U(n)¥(L)p)T =pT e ()W (r) = e pM U ()
and
D(147)qg=d(1)®(1)q = “d(7)q.

Hence
1
L((Tf.)s®q) = eiQQiSinH/ pH\I’*(T)(TfI)S(I)(T)q dr.
0

By (4.15) this implies
L((Tf.)s®q) = 2isin0(p™ q)\s.
Using (4.18) we further obtain
2icy sin O(pq) s = 2c2¢¥ (pflq).
Dividing by 2(p¢q) we obtain
(—sinfAas +isinON5)c1 = (cos @ + isin)co.

Taking real and imaginary parts of this complex equality we find

—sinfhys —cosl ctc\ _ (0O
sinf\;s —sinf co )\ 0 )
The determinant of the 2 x 2 matrix in this expression is equal to

sin @(cos @15 + sinGAas) = sin (A1 A5 + Aadas).

By (4.11) and sinf # 0 this implies that ¢; = ¢o = 0, which completes the
proof. ]

5. Computational issues. In this section we discuss computational issues re-
lated to the implementation of our defining systems, namely the computation of
the derivatives of the test functionals with respect to the unknowns of the system,
z(t), a, T, as well as the problem of adapting the defining systems along the bifurcation
branch. We also explicitly show the BVPs that must be solved.

5.1. Fold bifurcation. Proposition 9 implies that locally, near a simple fold
singularity of periodic solutions, the system consisting of (2.1), (2.2), (2.3), and

G=0

defines the set of simple folds in (z(-), T, a)-space; here G is defined by (3.13). Under
natural nondegeneracy and transversality conditions, the regularity of this system was
proved in section 4.1.

We need the derivatives of G with respect to the unknowns of the system, i.e.,
with respect to x(-), o, T
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Denoting by z any component of « or T we infer from (3.13) that

[T fa(x(t), a]zv(;L [f(z(), )]

G. *Int[f%c),a)]zv

Uz

Numerically we solve a discretized version of this equation, say

v ([T fo(x(t), oo + [f(2(t), @)]=S)a

0
5.1 NE| S, | =
( ) 1 GZ _(Int[f(‘co(')’o‘)]zv)d

where N{ is the discretized version of Ny, i.e., a large square matrix with a structure
that can be efficiently factorized, for example, as in AUTO [9].

Note that a large number of linear systems having the same structured matrix
N{ must be solved. Moreover, all right-hand sides are known before the factorization.
Thus the solution can be done in a single factorization process, without storing the
factors.

(NH)T has a block structure that is very similar to N{. If an efficient solution
strategy for (N{)7 is also developed, then it is possible to avoid solving (5.1) for all
relevant z. Instead, a single system with (N{)T is to be solved. In transposed form
it is given by

(5.2) (wi, w}, w3, wa)N{ = (0,0,1).
Combining (5.1) and (5.2) we find
Gz = wi([Tfe(x(t), alzv + [f(2(t), @)]5)a — wa(Ints(o(),a)). V)a-
Notice that (3.13) is equivalent to the system

V'(t) = Tfe(x(t),a)v(t) — Sf(x(t), ) + Guwer(t) = 0,
v(1) —v(0) + Gwgz = 0,

(5.3) /0 v (1) f(z(7), ) dT + Gwos = 0,

1
/ ’l}*(T)’UOl(T) dr + S’UOQ = ].,
0

while (3.14) can be explicitly written as

w'(t) + Tf3(x(t), )w(t) — Rf(x(t),a) + Hon(t) = 0,

w(l) —w(0) + Hvi2 = 0,

(5.4) A w (1) f(z(7),a) dT + Hvys = 0,
/0 w*(T)wi1(7) d7 + Rwis = —1.

Discretizations of these systems, for example by orthogonal collocation, result in lin-
earized Newton systems having the same sparsity as the linear systems arising from
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(2.5). They can therefore be solved using the same numerical linear algebra algo-
rithms.

In practice we need to adapt the auxiliary variables (i.e., wo1, woz2, Wos3, Vo1, Vo2, V11,
V12,013, w11, and wiz) along a computed branch of fold bifurcations of periodic or-
bits. For the bordering rows in N7 and N, the natural choice is to take the kernel
vectors of M7 and M, respectively, at a previously computed solution point. These
kernel vectors are obtained as a by-product of solving (5.3) and (5.4). For the column
bordering of N7 we need a vector that is not in the range of M;. By Proposition 6, a
possible choice is

wo1 Upg
Wo2 = 0 )
Wo3 0

which by Proposition 7 can be derived from the solution of (5.4). Finally, a bordering
column for Ny is given in Proposition 8:

V11 0
V12 = 0
V13 1

Therefore, problems (5.3) and (5.4) actually take the following simplified forms:

v'(t) = Tfa(x(t), a)u(t) — Sf(x(t),a) + Guwo (t) = 0,
v(l) —v(0) = 0,

/v*(T)f(x(T),a) dr = 0,
0

1
/O'U*(’T)’U()l(’r) dr+8 =1

and

/Ow*(T)f(x(T),a) dr+H = 0,

/Olw*(T)wu(T) dr = -1

5.2. Period-doubling. By Proposition 14, simple flips are determined by (2.1),
(2.2), (2.3), and the condition G = 0, where G is given by (3.17), assuming the
conditions {(¢g, Pga) # 0, (¢, ¥ps) # 0 hold. To solve such systems numerically,
we need the derivatives of G with respect to the unknowns of the system, i.e., with
respect to z(t),a,T. These can be approximated by finite differences, using (3.17).
As in the fold case, they can be obtained exactly by solving an “adjoint problem” to
(3.17). In this case the adjoint problem is (3.18).

PROPOSITION 20. Let z denote a component of the problem parameter vector «,
or let z denote the period T, on both of which the quantity G in (3.17) depends. Let v
and w be obtained from (3.17) and (3.18), respectively. Then the derivative of G with
respect to z can be written as

G, = —/0 w* (1) [T fo(x(7), )] 0(T) dr,
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while the linear part of the variation of G with respect to v — x + 0x is given by
1
6G = —/ W(T)T fro(2(7), @))v(7)(62)(T) dT.
0

Proof. By differentiating (3.17) we obtain

(5.5)

M, ( gzz ) _ [wa(x(é),a)}zy

Multiplying the first equation in (5.5) from the left with w*, integrating over the
interval [0, 1], and using the third equation in (3.18) we get

1 1
/ w*(T)v;(T) dT—/ w*(7)T fo(x(7), @)v, (1) dT — G,
0 0
_ /0 w* ([T fo(a(r), a)]sv(r) dr.

Integrating the first term in this expression by parts, and using the second equations
in (3.18) and (5.5), we obtain

—/ vi(r)w' (1) dr —/ vy ()T fr(z(7), )w(r) dr — G,
0 0
1

= /o w ([T fo(x(7),a)]0(7) dr.

Using the first equation in (3.18) we get
1 1
7/ V(1) (=¢o(T)H) dT — G, = / w* ([T fo(x(1),a)]0(7) dr.
0 0

By the last equation in (5.5) the first part of the proposition follows.
The linear parts of the variations of G and v under variation of x satisfy

T fro(z(t),a)v b
M, ( bv ) — 0
oG 0
Similar to the derivation above, this implies the second part of the proposition. 0

Notice that (3.17) is equivalent to the system
V'(t) = Tfe(z(t), @)v(t) + Gipo(t) = 0,

(5.6) 1U(O) + (1) = 0,
| et ar -1
while (3.18) can be explicitly written as
w' () + T3 (x(t), a)w(t) + Heo(t) 0,
(5.7) 1w(0) w(1) = 0
g(Tw(r) dr = -1

0
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Discretizations of these systems, for example by orthogonal collocation, result in lin-
earized Newton systems having the same sparsity as the linear systems arising from
(2.5). They can therefore be solved using the same numerical linear algebra algo-
rithms.

The natural choice for starting values of ¢, 1o is

Go(t) = @(t)gz,  to(t) = U (t)po.

In a continuation context, it is necessary to regularly update ¢g and v¥y. Specif-
ically, v obtained from (3.17) can be used to update ¢, and w obtained from (3.18)
can be used to update vy. Indeed, after convergence to a period-doubling bifurcation,
v spans the kernel of

(7).

and, similarly, w spans the kernel of

(P30

5.3. Torus bifurcation. We have proved in Proposition 17 that the matrix
equation G = 0 can be used to continue numerically curves of periodic solutions
having Neimark—Sacker singularities, in particular, torus bifurcation points. Some
issues require further attention.

First of all, we mention that the BVP for G is defined on the interval [0, 2] and
that 3-point boundary conditions are involved (at t =0, 1, and 2).

To solve the system (2.1), (2.2), (2.3), (4.12) efficiently by a Newton-like method,
one needs the derivatives G;j., where z is T' or a component of a. From (3.24) we
infer that

U1z V22 [sz (SU(t)7 OZ]Z’Ul [Tf:c (x(t)v a)}z'UQ

0
Ms | Gz G2 | = 0

0
0
Gle G22z 0 0

One also needs the derivatives with respect to k; for this we find

v v 0 0
1k 2K
201(1) 2v9(1
Ms | Gux Giaw | = v10( ) Uzo( )
Gaoi1x  Gaog 0 0

Numerically we solve the discretized versions of these equations, say

[Tfm(x(t)7a]zvl [Tfm(x(t)aa)]zv2

V1z V2z 0 0
(5.8) M| G Gia. 0 0
Ga1z Gaas 0 0

One also needs the derivatives with respect to k; for this we find

0 0

U1k V2g
(5.9) M| Gux Gras | = 21)10(1) 2v20(1) ;
Gaoi1x  Gaog

0 0
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where M¢ is the discretized version of Ms, i.e., a large square matrix of the same
structure as that factored efficiently in AuTO.

We again note that a large number of linear systems with the same structured
matrix Mg has to be solved. All right-hand sides are known when the factorization
is done. Thus the solution of all systems can be done during a single factorization
process of Mg without storing the factors.

(M2)* has a block structure that is very similar to that of M¢. If an efficient
solution strategy for (Mg)* is also developed, then it is possible to avoid solving (5.8)
for all relevant z and (5.9). Instead, a single system with (Mg)* is to be solved. In
transposed form it is given by

1% 2%
w* wit G Gz a_(0 0 10
(510) ( w%* w%* G21 GQQ )M5 o < 0 0 0 1 ’

Combining (5.8) and (5.10) we find

( Gz Gios > _ < w%*[fo(x(t),a)]Zvl w%*[wa(Z‘(t),Oé)}zUQ )
Gar: Gao: w3 [T fo(x(t), )ovr w3 [T fu(@(t), @)]sva

if z is T or one of the components of x, «. For k we find

Giin Giaw \ _ [ 2wPvi(1) 2w oes(1)
Gorn Goow )\ 203 vi(1) 2w3vs(1) )°

Next notice that (3.24) is equivalent to the system

v] = T fo(x(t), 0)vi + Grivho + G211 = 0,
vy — Tfe(z(t), @)va + Giato + Gaotpr = 0,
v1(0) — 2601 (1) + v1(2) 0,
v2(0) — 2Kkva (1) + v2(2) = 0,
2
/ po(m)vi(r) dr = 1,
(5.11) 9,
| o) ar _
2
/ do(m)vi (1) dr = 0,
0
2
/ @ (T)va (1) dr = 1,
0
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while (3.25) can be explicitly written as

w1+Tf (x(t), )wy + Hi1¢o + Ha1¢p1 = 0,
wy + T fr(x(t), a)ws + Hiz¢o + Hozpr = 0,
w1 (0) — 2kwq (1) + w1 (2) = 0,
U)Q(O) — 2kwa (1) + w2 (2) = 0
2
Yo(Mwi(r) dr = -1,
(5.12) o,
i (Mwa(r) dr = 0,
0
2
Yo (T)wi(r) dr = 0,
0
2
Y] (T)we(T) dr = -1

0

Discretizations of these systems, for example by orthogonal collocation, result in lin-
earized Newton systems having the same sparsity as the linear systems arising from
(2.5). They can therefore be solved using the same numerical linear algebra algo-
rithms.

In a continuation context, the vector-functions ¢g, ¢1, 1o, 11 should be updated.
This can be done by solving both (5.11) and (5.12). Indeed, vy, v2 span the two-
dimensional space in which ¢g, ®; should be chosen and wj,ws similarly span the
space in which g, should be chosen (some orthogonalization and scaling may be
appropriate).

Finally, recall that we compute the Neimark—Sacker points by using essentially an
overdetermined system. This necessitates some changes in the elimination strategy
when solving the linear systems.

6. Numerical example. In this section we illustrate our new techniques on a
test example, a simple feedback control system of Lur’e type:

:.Cl = T2,
(61) 9.52 = I3,
i3 = —owy— frg—x1 42,

where « and § are positive parameters. It is well known (see, for example [17, sec-
tion 5.4]) that the equilibrium x; = z3 = 23 = 0 of (6.1) has a supercritical Hopf
bifurcation at

1

/6) )

generating a stable periodic solution that exists for o < . This periodic solution
has a supercritical period-doubling bifurcation at a; =~ 0.630302.

The discretized continuation problem (2.1), (2.2), and (2.3) for the periodic solu-
tion has been programmed in the MATLAB Continuation Toolbox [19]. The method
of orthogonal collocation with piecewise polynomials is used, similar to the one im-
plemented in AUTO. It is characterized by the number NTST of mesh points and the
number NCOL of collocation points. At each computed point on the solution curve, a

discrete version of (5.6) is set up and solved. This gives a value of the test function
G to detect a flip singularity. A constant bordering function g is used, while the

Qo =
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(07

Fic. 1. Test function G(a) and pi(a) +1 for g =1.

151

F1a. 2. Solutions v(t) at different a-values for 8 = 1.

computed approximation to v is used to update the bordering function ¢g. Figures 1

and 2 are produced with NTST=10 and NCOL=4.

Figure 1 shows the behavior of G as a function of « for § = 1. For this value
of B, Hopf bifurcation occurs at ap = 1. In the same figure, the function p; + 1 is
plotted, where p; is a nontrivial Floquet multiplier of the periodic solution for which
u1(a1) = —1. The multipliers are computed via a specially adapted elimination
algorithm from AUTO. As can be seen, G vanishes together with p; + 1. Moreover,
close examination of numerical data gives the above bifurcation value oy with seven

correct decimal places.
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Fia. 3. Cycle and period-doubling branches.

Figure 2 shows a family of computed profiles v(t) along the solution curve. The
dashed solution corresponds to the bifurcation parameter value «;. Finally, Figure 3
shows the two-parameter continuation of the period-doubling bifurcation curve, which
corresponds to a close curve. The continuation is started at one of the PD points in
the one-parameter path of periodic solutions discussed above.

We now briefly address the important issue of comparing our new method for
continuing period-doubling bifurcations to the algorithm based on a fully extended
system, i.e., (2.1), (2.2), and (2.3), augmented by

V(t) = Tfe(z(t),a)v(t) = 0,
v(0) +v(1) = 0,

/0 g (elr) dr

as implemented in AUTO. The corresponding discretized system is nearly twice the
size as the discretized minimally extended system composed of (2.1), (2.2), (2.3), and
G =0, where G is to be computed from (5.6). However, for the minimally extended
system one has to solve the extra BVP (5.7) in order to calculate the Jacobian matrix
of the discretized bordered system. For comparison, both methods were implemented
in a similar fashion, using the standard sparse matrix solver in the Continuation
Toolbox [19], and tested using different choices for the number of mesh points and
the number of collocation points. Table 1 shows the execution times required by
the two methods for computing the same number (300) of solution points along the
period-doubling curve shown in Figure 3. Computations were done on a 350 Mhz PC.

Clearly the bordered system of this paper is faster, and its advantage widens as
the number of mesh points and the number of collocation points increases. In the
computations we used an adaptive step length, and the bordered system actually
resulted in larger steps than the fully extended system. Details of the implementation
and more extensive comparisons will be reported elsewhere.

|
-
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TABLE 1
NTST | NCOL | Minimally extended system | Fully extended system
10 4 101,8 s 1223 s
10 5 134,9 s 159,4 s
20 4 269,9 s 358,6 s
20 5 3719 s 558,2 s
30 4 529,8 s 808,0 s
30 5 751,0 s 1260,3 s
40 4 886,0 s 1528,8 s
40 5 1376,8 s 2528,6 s
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