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Abstract. Explicit computational formulas for the coefficients of the periodic normal forms for codimension 2
(codim 2) bifurcations of limit cycles in generic autonomous ODEs are derived. All cases (except
the weak resonances) with no more than three Floquet multipliers on the unit circle are covered.
The resulting formulas are independent of the dimension of the phase space and involve solutions of
certain boundary-value problems on the interval [0, 7], where T is the period of the critical cycle,
as well as multilinear functions from the Taylor expansion of the ODE right-hand side near the
cycle. The formulas allow one to distinguish between various bifurcation scenarios near codim 2
bifurcations of limit cycles. Our formulation makes it possible to use robust numerical boundary-
value algorithms based on orthogonal collocation, rather than shooting techniques, which greatly
expands its applicability. The implementation is described in detail with numerical examples, where
numerous codim 2 bifurcations of limit cycles are analyzed for the first time.
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1. Introduction. Isolated periodic orbits (limit cycles) of smooth differential equations
(1.1) i= f(u,p), ueR", peR™,

play an important role in applications. In generic systems of the form (1.1) depending on one
control parameter (i.e., with m = 1) a hyperbolic limit cycle exists for an open interval of
parameter values p. At a boundary of such an interval, the limit cycle may become nonhyper-
bolic, so that a cycle limit point (saddle-node), or a period-doubling (flip), or a torus (Neimark—
Sacker) bifurcation occurs. In two-parameter generic systems (1.1) (i.e., with m = 2) these
local bifurcations happen at certain curves in the parameter plane. These curves of codi-
mension 1 (codim 1) bifurcations can meet tangentially or intersect transversally at some
codimension 2 (codim 2) points characterized by a double degeneracy of the limit cycle which
play the role of organizing centers for local dynamics, i.e., near the critical cycle and for nearby
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parameter values. In some cases, such codim 2 bifurcations imply the appearance of nearby
“chaotic motions.”

The codim 2 bifurcations of limit cycles in generic systems (1.1) are well understood
with the help of the corresponding Poincaré maps and their normal forms (see, for example,
[24, 2, 4, 3, 29, 20]). However, applications of these results to the analysis of concrete systems
(1.1) are exceptional, since they require accurate higher-order derivatives of the Poincaré map
which are hardly available numerically [42, 22, 23, 32].

We note that there exists software, e.g., CAPD [9] and TIDES [1, 6], that allows us to
compute up to any precision level the solution of an ODE using a Taylor series method in a
variable stepsize—variable order formulation. It can also compute, up to any order, the partial
derivatives of the solution with respect to the initial conditions. When applied to compute
a periodic orbit by a shooting method, this will also provide the derivatives of the Poincaré
map.

Though this is a valuable approach in some individual cases, it is difficult to use in a
continuation context. Also, the shooting method does not have the high-order convergence
properties of the method of approximation by piecewise polynomials with collocation in the
Gauss points that is routinely used in the standard software such as AUTO [17], CONTENT
[31], and MATCONT [15, 14]. Moreover, the number of derivatives of the Poincaré map to
be computed is O(n*) if derivatives up to order k are needed (in several cases k = 5). Even
for moderate values of n this involves a great deal of unnecessary work since in our situation
the normal form itself is known in advance and we need only compute its coefficients. We will
show that this can be done without computing the derivatives of the Poincaré map.

Indeed, recently an alternative numerical method to analyze codim 1 limit cycle bifurca-
tions has been developed and implemented in [30]. It is based on the periodic normalization
proposed in [19, 25, 26] and completely avoids the numerical computation of Poincaré maps
and their derivatives. Instead, the computation of the normal form coeffcients is reduced
to solving certain linear boundary-value problems (BVPs), where only the partial deriva-
tives of the right-hand side (RHS) of (1.1) are used, and evaluating certain integrals. In
our implementation in MATCONT, we discretize these BVPs by orthogonal collocation with
piecewise-polynomial functions. Note that all appearing integrals can also be easily computed
using this discretization.

Analytical studies of bifurcation phenomena and their normal forms are sometimes sup-
ported by numerical computations, e.g., in [37, 8]. In such studies, curves of codim 1 bifur-
cations of limit cycles are computed (often with AUTO [17]), and codim 2 bifurcations are
detected. However, since normal form coeffcients are not computed, the results cannot be
compared to ours.

In the present paper, we apply the approach developed in [30] to codim 2 bifurcations
of limit cycles. We therefore advise the reader to first get acquainted with [30]. It should
be noted that already in [10] normal forms for some codim 2 bifurcations of cycles in (1.1)
were derived, while [25] contains the periodic normal forms for many codim 2 bifurcations of
cycles as well as a general normalization technique applicable at any codimension. However,
in neither of these publications are explicit formulas for the normal form coefficients given
in a form suitable for numerical implementation. The derivation of such formulas is the
primary contribution of this paper. We also report full details of their implementation and
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give numerous numerical examples.

The paper is organized as follows. In section 2 we fix notation, list the periodic normal
forms for codim 2 bifurcations of limit cycles in generic ODEs, and clarify the relationships
between the periodic normal forms and bifurcations of the Poincaré maps. Note that we
exclude the weakly resonant cases since traditionally, weak resonances are not included in
the list of codim 2 bifurcations (see [3, page 48]) but are considered as generic codim 1
Neimark—Sacker bifurcations, where only one invariant torus appears. We follow this tradition.
The birth of this torus is determined by the first Lyapunov coefficient that we do compute.
However, Arnol’d also noticed that it is more natural to describe such bifurcations in two-
parameter families (see pages 43 and 53 in [3]), where phase locking tongues appear.! In
section 3 we derive explicit formulas to compute the critical normal form coefficients for these
bifurcations, which we order by the dimension n. of the cycle center manifold (i.e., the total
number of critical multipliers with |u| = 1 including the trivial multiplier 1). We restrict
our attention to the cases n. = 2 and 3 but do not detect and thus do not compute normal
forms for weak resonances. In this paper we study the resulting eight cases for which n, = 2
or 3. The formulas for the normal form coefficients for these bifurcations are independent
of the dimension of the phase space and involve solutions of certain BVPs on the interval
[0,T], where T is the period of the critical cycle, as well as multilinear functions from the
Taylor expansion of the RHS of (1.1) near the cycle. In section 4 we give the explicit formulas
for all needed functions and coefficients, but rescaled to the interval [0, 1], and discuss their
implementation in MATCONT. In section 5, we focus on four examples which contain all
eight codim 2 bifurcations of limit cycles with two- and three-dimensional center manifolds.
We discuss in detail which type of codim 2 bifurcation occurs in each case and check the
correspondence with the value/sign of the normal form coefficients.

We also provide some supplementary online material. In Appendix A of these supplemen-
tary files, we derive all necessary periodic normal forms based on [25, 26], where suggestions
were made for the derivation in all codim 2 cases, except the fold-flip, but details were missing.
In Appendix B some results on differential-difference operators used in section 4 are formu-
lated. Appendix C contains a list of all needed functions and normal form coefficients in the
considered eight cases. A tutorial is added as Appendix D, which allows the interested reader
to do all the computations that led to the bifurcation diagrams reported in Figures 1 and 3.

2. Periodic normal forms on the center manifold. We write (1.1) at the critical param-
eter values as

(2.1) u = F(u),

and suppose that there is a limit cycle I" corresponding to a periodic solution wug(t) = uo(t+7T),
where T' > 0 is its (minimal) period. Develop F'(ug(t) 4+ v) into the Taylor series
(2.2)

Fluo(t) +v(t) = Fluo(t) + AW(t) + 5Bt v(), o(8)) + 5Ol v(t), o(e), v(t)

+ %D(t; v(t), v(t), v(t),v(t) + %E(t;v(t),v(t),v(t),v(t),v(t)) +O([lv[°),

'The truncated critical normal form for a weak resonance depends on the order ¢ of the resonance, and its
principle part is given by 2 = iwz + Az|z|? + Bz97!, where R(A) determines the first Lyapunov coefficient but
B has very little dynamical meaning (|B| linearly scales the width of the tongue [26]).
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where A(t)v = Fy(uo(t))v, B(t;v1,v2) = Fuyu(uo(t))[vy, va], C(t;v1,v2,v3) = Fuuu(uo(t))[v1, ve,
vg], etc. The multilinear forms A, B, C, D, and E are periodic in ¢ with period T
Consider the initial-value problem for the fundamental matrix solution Y (), namely,

(2.3) % = ALY, Y(0)=1I,,

where I, is the nxn identity matrix. The eigenvalues of the monodromy matrix M = Y (T') are
called (Floquet) multipliers of the limit cycle. The multipliers with || = 1 are called critical.
There is always a “trivial” critical multiplier pu, = 1. We denote the total number of critical
multipliers (counting multiplicity) by n. and assume that the limit cycle is nonhyperbolic,
i.e., n. > 1. In this case, there exists an invariant n.-dimensional critical center manifold
W) C R™ near I'.

It is well known [2, 29] that in generic two-parameter systems such as (1.1) only 11 codim 2
local bifurcations of limit cycles occur. In this paper we consider eight of these cases, namely,
those for which the dimension of the center manifold equals 2 or 3 (excluding the weak
resonances). To describe the normal forms of generic (2.1) on the critical center manifold
We(T) for these codim 2 cases, we parameterize W¢(I') near I" by (7,&), where 7 € [0, kT
for k € {1,2,3,4} is a cyclic coordinate, and ¢ is a real or complex transverse coordinate,
depending on the bifurcation. Note that t represents the time of the dynamical system. It
follows from [25] that it is possible to select the 7- and &-coordinates so that the restriction
of (2.1) to the corresponding critical center manifold W¢(I') with n, = 2 or n, = 3 will have
a periodic normal form. Each normal form can be written as

dr
(2.4 ? =1+p(§) +r(7,9),
& =P+ Rn)

where p and P are polynomials in £ of some degree N without constant terms given in Table
1, while 7 and R are smooth O(]|£||V*1)-functions which are kT-periodic in 7. We stress that
the normal forms from Table 1 are valid for generic systems. In particular, it is assumed that
a multiple critical eigenvalue of the monodromy matrix M (when present) is not semisimple
and that the corresponding Jordan chain has maximal length.

After a time reparameterization, (2.4) can be rewritten as

dr

(2.5) @
& Pe)+ Rire).

where P and R have the same properties as P and R. The equation for ¢ will then become
the nonautonomous system
d§

7 = PO+ RS

with the kT-periodic in ¢ RHS. The kT-shift along orbits of the resulting autonomous trun-
cated system,

(2.6) £=P(¢),
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Table 1
Truncated critical periodic normal forms with two- and three-dimensional center manifold.

| Ne | Label | Critical multipliers | Truncated normal form
B o= 1—E+af®+af?, 7€[0,T],
2 | CPC pu1 =1 (double) § = o feR,
7 o= 1+a&®+aé?, 7€]0,27),
2 PD =1 =-1 : 5
G M1 s W2 £ — 6507 £ c R,
pr =1, poz=e" T o= 1+ailéf +aléf, T€[0,T],
3 CH 27 . N . . 2 4 4
0#2,7=1,23456 | & = iwl+icglf]*+eflé]', w=2, £€C,
7"‘ = 1_51"_055%7 TG[O7T]7
3 | Rl p1 =1 (triple) & = &—&&, L ER,
52 - aff + b€1£27 52 S Ry
7 = 1+al, 7€0,21),
3 | R2 pr=1, pz = —1 (double) | & = & +affle, &ER,
fo = afl +b66, & ER,
o P o= 14+ a1l + a8’ + a2, T €[0,3T],
3 | R3 =1, pos = e*i 3 . ’
S € = W@+l €€C
. Fo= 14+ a1lé]? + aft +a€t, T €]0,4T],
3 | R4 =1, = eti% T - .
M1 H2,3 e f _ Cf|£|2 —|—d£3, £ c (C,
o= 1-&+ @20€] + 0285 + az0€} + a1261€3, T € (0,277,
3 | LPPD | p1 =1 (double), us = —1 & = a20&i + a02€3 + asofl + a1261€3, &1 € R,
& = bui&ife + bl +bosts, & eR,

will approximate the kth iterate of the Poincaré map associated with the limit cycle and
restricted to the center manifold, in appropriate coordinates. Notice that the RHS of (2.6)
has the same terms as the corresponding equation in the Iooss normal form in [25].

This construction can be carried out to parameter-dependent systems. In appropriate
coordinates, a canonical unfolding of (2.6) will approximate the restricted Poincaré map of
the generic two-parameter system (1.1) [25]. In what follows, we refer to the bifurcation
diagrams of the unfoldings given in [29]. The complete overview of all bifurcation diagrams
with phase portraits can be found in the arXiv paper [13].

2.1. Bifurcations with two critical eigenvalues.

2.1.1. Cusp point of cycles (CPC) bifurcation. In this case, (2.6) takes the form
(2.7) §=ct®, E€R,

and the T-shift along its orbits approximates the restricted Poincaré map associated with the
critical limit cycle. The canonical two-parameter unfolding of (2.7) is

€ = P+ Bob + €3,

provided ¢ # 0. Equilibria of these equations correspond to fixed points of the Poincaré maps,
i.e., cycles in (1.1). When two equilibria collide at a limit point bifurcation, a limit point of
cycles (LPC) bifurcation occurs in (1.1). The bifurcation diagram of this equation is shown
in Figure 8.3 in section 8.2 of [29] for the case ¢ < 0. On curves T} and T3, which meet
tangentially at the cusp point, two limit cycles collide and disappear. When detecting a CPC
point, the output given by MATCONT is the normal form coefficient c.
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2.1.2. Generalized period-doubling (GPD) bifurcation. In this case, (2.6) reduces to
(2.8) §=ct’ E€R,

and the 27T -shift along its orbits will approximate the second iterate of the restricted Poincaré
map associated with the critical limit cycle. The canonical two-parameter unfolding of (2.8)
when e # 0 is

£ = Pr€ + ot + €€

The equilibrium & = 0 of this equation corresponds to the fixed point of the Poincaré map,
while symmetric nonzero equilibria of this equation correspond to its 2-cycles. Thus, a pitch-
fork bifurcation in this equation will describe a period-doubling bifurcation of a limit cycle in
(1.1). If e < 0, we obtain the bifurcation diagram reported in Figure 9.3 in [29], in which the
limit point curve of the period-doubled limit cycles T(?) is tangent to the subecritical period-
doubling branch labeled as Fﬁl). If e > 0, we are in the opposite situation. The output given
by MATCONT is the normal form coefficient e.

2.2. Bifurcations with three critical eigenvalues.

2.2.1. Chenciner (CH) bifurcation. In this case, (2.6) becomes
(2.9) € = iwé +i(c — aqw)€|E]? + (e —i(are — adw + aaw))ElE[t,

and the T-shift along its orbits will approximate the restricted Poincaré map associated with
the critical limit cycle. The canonical two-parameter unfolding of (2.9) is locally topologically
equivalent to the normal form for the degenerate Hopf (Bautin) bifurcation

£ = (B1 +iw)é + BatlE? + R(e)€l€]*,

provided $(e) # 0. The trivial equilibrium & = 0 corresponds to the bifurcating cycle in
(1.1), while limit cycles in the (R(£),3(&))-plane correspond to closed invariant curves of
the approximate Poincaré map, i.e., approximate invariant tori in (1.1). Note that actual
invariant sets of (1.1) can be close to tori but have a much more complicated structure. The
Hopf bifurcation will correspond to the Neimark—Sacker bifurcation, while the LPC at which
two limit cycles collide and disappear will be substituted by a complicated bifurcation set
where an “annihilation” of two closed invariant curves occurs. This set, however, is close to
the LPC curve, which therefore will be referred to as the “limit point of tori curve.”

The sign of R(e) determines the bifurcation scenario: R(e) < 0 corresponds with a stable
critical limit cycle and R(e) > 0 with an unstable critical limit cycle. When R(e) < 0 the
outer invariant curve is stable and the limit point of tori curve is tangent to the subcritical
Neimark—Sacker branch, as shown in Figure 9.5 of [29]. When #(e) > 0 the outer invariant
curve is unstable and the limit point of tori curve is tangent to the supercritical Neimark—
Sacker branch. The output given by MATCONT is R(e).

2.2.2. Strong resonance 1:1 (R1) bifurcation. In this case, (2.6) has the form

& = &,
(2:10) { & = at? + b&1&o,
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where it is assumed that ab # 0. The T-shift along orbits of this system will approximate the
restricted Poincaré map associated with the critical limit cycle. The canonical two-parameter
unfolding of (2.10) is given by the Bogdanov normal form

{ éfl = 527
& = B1 + Bo&i + a& + b&1&o,

with bifurcation diagrams depending on the sign of the product ab. Equilibria of this sys-
tem correspond to fixed points of the Poincaré map, i.e., to cycles of (1.1), while its limit
cycles approximate closed invariant curves of the map, i.e., invariant tori of (1.1). The Hopf
bifurcation will thus correspond to the Neimark—Sacker bifurcation. In particular, as shown
in Figure 8.8 of [29], if the two coefficients have different signs, the Neimark—Sacker curve H
is supercritical, while in the other case it is subcritical. The saddle homoclinic bifurcation in
the Bogdanov normal form will correspond to a complicated sequence of bifurcations through
which the torus self-destructs near a homoclinic tangle. The output given by MATCONT is
the product of the coefficients a and b.

2.2.3. Strong resonance 1:2 (R2) bifurcation. If we reparameterize time, (2.6) takes the
form

& = &,
2.11 ,
210 {52 _ ot 4 0636

The 27T-shift along its orbits will approximate the second iterate of the restricted Poincaré
map associated with the critical limit cycle. The canonical two-parameter unfolding of (2.11)
when ab # 0 is

éfl = 527
& = B1&1 + Baba + a&d + bEiEs.

We have four different bifurcation diagrams, determined by the signs of the coefficients. Those
with negative b are reported in Figure 9.9 of [29], where a > 0, and Figure 9.10 of [29], where
a < 0. The other two cases can be obtained by reversing the arrows of the phase portraits
and making a vertical flip both of the state portraits and of the bifurcation diagrams. The
trivial equilibrium £ = 0 corresponds to the fixed point of the restricted Poincaré map, i.e.,
the bifurcating cycle of (1.1), while the nontrivial equilibria are the fixed points of the second
iterate of the Poincaré map and correspond to one doubled cycle in (1.1). Thus, a pitchfork
bifurcation implies the period-doubling bifurcation, and a Hopf bifurcation gives a Neimark—
Sacker bifurcation that generates an invariant torus. More complicated invariant sets and
bifurcations are also possible. The primary Neimark—Sacker curve H() is supercritical (with
negative normal form coefficient) if our coefficient b is negative and subcritical otherwise.
Moreover, if a < 0, a secondary Neimark-Sacker curve H®) is rooted at the 1:2 resonance
point with opposite criticality of the primary one. The output given by MATCONT is (a, b).

2.2.4. Strong resonance 1:3 (R3) bifurcation. In this case, (2.6) takes the form

(2.12) £=bE +ctlef, cecC.
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The 3T -shift along its orbits will approximate the third iterate of the restricted Poincaré map
associated with the critical limit cycle. The canonical two-parameter unfolding of (2.12) when
b # 0 and R(c) #0 is .

€ = (B +iB)¢ + b6 + celef”

Its trivial equilibrium corresponds to the bifurcating limit cycle, while three nontrivial equi-
libria correspond to fixed points of the third iterate of the Poincaré map, i.e., the cycle in (1.1)
with triple period. Moreover, a limit cycle in the (R(§), (§))-plane approximates a closed
invariant curve of the Poincaré map, i.e., an invariant torus in (1.1). The usual remark about
the nature of the approximation is applicable here, but a Hopf bifurcation corresponds to the
Neimark—Sacker one. As can be seen in Figure 9.12 of [29], if R(c) < 0 the Neimark—Sacker
bifurcation at the curve N is supercritical (with negative normal form coefficient), while in

the other case it is subcritical. The output given by MATCONT is (b, R(c)).
2.2.5. Strong resonance 1:4 (R4) bifurcation. Here (2.6) has the form

(2.13) §=cil¢P+d®, ceC.

The 4T-shift along its orbits will approximate the fourth iterate of the restricted Poincaré
map associated with the critical limit cycle. The canonical two-parameter unfolding of (2.13)
when the complex product cd # 0 is

€ = (B1 +iBa)€ + cElef* + dE?,

and its equilibria, cycles, and their bifurcations have the standard interpretations in terms of
the original system (1.1). In particular, nonzero equilibria correspond to the fixed points of
the fourth iterate of the Poincaré map, i.e., one cycle of approximate period-47 in (1.1). The
bifurcation diagram of the unfolding depends on the complex number

c
AT
(see [28, 29] and references therein). Many topologically different bifurcation diagrams can
be found near the 1:4 resonance point. The analysis, if one excludes higher codimension
situations, can be reduced to 22 different cases. First, analyzing the unfolding, one can divide
the A-plane into two big regions: in the semiplane $(A) < 0 the primary Neimark—Sacker
bifurcation is supercritical, and in the semiplane R(A) > 0 it is subcritical. What happens
in the semiplane $(A) > 0 can therefore be obtained by inverting the direction of the vector
fields. We can further reduce the analysis to the third quadrant of the A-plane, since the
12 possible cases are topologically equivalent paired through the transformation & — £. The
different regions are shown in Figure 9.14 of section 9.5.5 in [29], in which some curves are

computed numerically.
The output given by MATCONT is (A, d).

2.2.6. Fold-flip (LPPD) bifurcation. In this final case, (2.6) has the form

(2.14) {fl = a20&7 + a0283 + (aso + az0)&} + (a12 + ap2)6163,

€o = bi1&1&a + (a1 + br1)E7Es + boaés.
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The 27-shift along its orbits will approximate the second iterate of the restricted Poincaré
map associated with the critical limit cycle. If bj; # 0, the canonical unfolding of (2.14) is
provided by

Eo = b11€1&2 + (bay + b11)E2Es + bosés.

Its equilibria and cycles have standard interpretations in terms of the original system (1.1).
In particular, equilibria with & # 0 correspond to a double-period cycle, while their Hopf
bifurcation represents a Neimark—Sacker (torus) bifurcation of this cycle in (1.1). Bifurcations
of limit cycles approximate torus bifurcations. The critical coefficients allow us to determine
which bifurcation scenario takes place. In particular (see [29, 33| for more details), three
additional nondegeneracy conditions are involved:

e if agg # 0 there are two limit cycles which collide and disappear;

e if agy # 0 the double-period limit cycle is born;

e if agebi1 < 0 a nondegenerate torus bifurcation occurs for the period-doubled cycle,

with the Lyapunov coefficient that might differ by a positive factor from

{51 = B1 + Ba&i + a20éi + ages + (azo + as0)é} + (a12 + ap2)&1€3,

Cns = —2agobarage + 6bozady + (—2ag2ba1 — 6aspage + 2a20bo3 — 3ag2a30 — a12a20)b1y
+ b7y (a12 — ap2),

provided Cng # 0.
In Figures 9.25-9.28 of [29] four possible scenarios are reported depending on the sign of
the normal form coefficients. The output given by MATCONT is (b11, ag, ap2, Cns).

3. Computation of critical coefficients. Taking into account previous results, we can
assume that a parameterization of the center manifold W¢(I') has been selected so that the
restriction of (2.1) to this manifold has one of the normal forms given in section 2. We
then apply the so-called homological equation approach [7]: the Taylor expansions of T-, 2T -,
3T-, or 4T-periodic unknown functions involved in these parameterizations can be found by
solving appropriate BVPs on [0, 7] so that (2.1) restricted to W¢(T') has the corresponding
periodic normal form. The coefficients of the normal forms arise from the Fredholm solvability
conditions for the BVPs as integrals of scalar products over [0, 7], involving nonlinear terms
of (2.1) near the periodic solution ug, as well as the critical (generalized) eigenfunctions
and already known expansion terms of the center manifold. A significant improvement with
respect to [30] is that we systematically use (anti)periodicity properties of individual terms in
the Taylor expansions. Note that BVPs for the generalized eigenfunctions are set up under
the same genericity assumptions on the Jordan structure of the monodromy matrix which are
used in the derivation of the corresponding critical normal forms.

The coefficient functions in the Taylor expansion are usually unique up to the addition
of a multiple of a known eigenfunction. This can be fixed by adding an integral condition.
Among other things this leads to the fact that normal form coefficients are not unique, but
implications for the underlying dynamical systems are independent of this. We also remark
that the solvability of all the equations up to the maximal order of the normal form has to be
checked. Finally, we note that the coefficients in the equation for the cyclic variable will be
computed only when needed for the computation of other critical coefficients.
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3.1. Bifurcations with a two-dimensional center manifold.

3.1.1. Cusp point of cycles bifurcation. The two-dimensional critical center manifold
We(T') at the cusp point of cycles (CPC) bifurcation can be parameterized locally by (7, &) as

(3.1) u=ug(7) + &v(r)+ H(1,§), T€[0,T], £€R,

where H satisfies H (T, &) = H(0,£) and has the Taylor expansion
1 1
(3.2) H(r,§) = Sha(r)¢* + 6h3(7)53 +0(¢Y)

with h;(T) = h;(0) for j = 2,3, while the generalized eigenfunction v is defined (as a function
of 7) by

0 —A(T)v — F(ug) =0, 7 € 10,7,
(3.3) o(T) — v(0) =0,
Jo (v, F(ug))dr = 0,

where the dot denotes the derivative with respect to 7 (this notation will be used throughout
this section). The function v exists due to Lemma 2 of [25]. Let ¢* be a nontrivial solution
of the adjoint eigenvalue problem

* + AT (1)p* =0, 7 €[0,T],
(34) {om— e

and the generalized adjoint eigenfunction v* a solution of

. % T * *
(3.5) {v + A (Tt +* =0, T€[0,T],

v*(T) —v*(0) =0,

which is now defined up to the addition of a multiple of ©*. Note that the first equation of
(3.3) implies

T
(3.6) /0 (0", Flug)) dr =0

for ¢* satisfying (3.4). Moreover, due to spectral assumptions at the CPC point, we can also
assume

T
(3.7) /O (0" v)dr = 1.

Notice that this assumption gives us another normalization condition for free, since taking
into account (3.3) and (3.5) we have

T T
(3.8) /O (w*, F(ug))dr = /0 (o 0)dr = 1



732 DE WITTE, DELLA ROSSA, GOVAERTS, AND KUZNETSOV

i.e., we have automatically normalized the eigenfunction of the adjoint problem with respect
to the generalized eigenfunction of the original problem and the generalized eigenfunction of
the adjoint problem with respect to the eigenfunction of the original problem. So ¢* is the
unique solution of the BVP

¢* + AT(1)p* =0, 7 €10,T],
(3.9) 0" (T) — ¢*(0) =0,
fOT (p*,v)dr —1=0.

We still need an integral condition for the adjoint generalized eigenfunction v*. In all cases,
for the computation of an adjoint generalized eigenfunction we will require the inner product
with an original eigenfunction to be zero. Here, the inner product with v is appropriate.
Therefore, we obtain

0* + AT (T)v* + p* =0, 7€ 1[0,T],
(3.10) v*(T) —v*(0) =0,
fOT (v*,v)dr = 0.

Now, we substitute (3.1) into (2.1), using (2.2), the CPC normal form in Table 1, and
(3.2). This gives
. . . 2 . . 1 3 . . 1 ; 1 7 4
U0+€(U—U0)+§ a1Uo—’U+§h2 + & a2u0+a1v—§h2+6h3+cv +O(§)
1
= F(up) + EA(T)v + 5€* (A(m)ha + B(7;v,0))

+ %53 (A(T)hs + 3B(7; he,v) + C(1;0,v,v)) + O(§4).

Collecting the °-terms, we get the identity g = F(ug), since ug is the periodic solution
of (2.1). The ¢!-terms provide another identity, namely, © — 19 = A(7)v, as stated in (3.3).
From collecting the £2-terms we obtain an equation for hs:

(3.11) hy — A(T)hg = B(7;0,0) 4 20 — 2a1 1.

The differential operator dilT — A(7) on the left-hand side is singular in the space of vector-
functions on [0,T] satisfying ha(T") = h2(0), since 4 is in its kernel. Now, we project the
left-hand side of (3.11) on the adjoint null-eigenfunction, i.e., we take the scalar product with
©* pointwise and integrate the result over [0, 7], to obtain

/OT <<p*7 <% _A(T)> h2> dr = _/0T<<% +AT(T)> (p*’h2> g0

due to (3.4). Therefore, the projection of the RHS of (3.11) on ¢* also has to vanish, which
leads to the so-called Fredholm solvability condition:

T T
/ (p*, B(T;v,v) 4+ 20 — 201 9) dT = / (p*, B(1;v,v) 4+ 2A(T)v) dT = 0.
0 0
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Notice that this condition is actually trivially satisfied, due to the fact that we are at the CPC
point, so that the second order normal form coefficient (see [30])

T
b= 5/0 (", B(T;v,v) + 2A(T)v) dr

vanishes. Hence (3.11) is solvable, independent of the value of aj. For any value of oy
we get an equation for hy to be solved in the space of vector-functions on [0, 7] satisfying
ho(T) = h2(0). Notice that if hy satisfies (3.11), ho + eF'(ug) also satisfies (3.11), due to the

fact that F'(ug) = 1g. The orthogonality condition with v* determines the value of & such
that we can define hy as the unique solution of

hy — A(T)hy — B(7;v,0) — 240 — 2F (ug) + 200 F(ug) = 0, 7 € [0, 7],
(3.12) ha(T') — ha(0) = 0,
S (w*, ho) dr = 0.

Collecting the &3-terms we finally obtain an equation in h3 which allows us to determine
the normal form coefficient ¢ of the CPC normal form in Table 1, namely,

hs — A(T)hs = —6agty — 6010 + 3hy — 6cv + 3B(7;he,v) + C(1;0,v,v).
The Fredholm solvability condition implies that

T
/ (¢, —6agtig — 610 + 3hy — 6cv + 3B(7; he,v) + C(T;0v,v,v)) dT = 0.
0

Using this equation together with (3.3), (3.7), and (3.6), we get the expression

T
c= 5 / (p*, =601 A(T)v + 3A(T)h2 + 3B(7;v,v) + 6A(T)v + 3B(7; he,v) + C(1;v,v,v)) dT,
0

where v and ¢* are defined by (3.3) and (3.9), while hy satisfies (3.12).

Finally, let us prove that the choice of a;; does not influence the value of the critical normal
form coefficient ¢. Indeed, two solutions hs corresponding to agl) #* a§2) in (3.12) differ by
héz) — hgl) = —2(a§2) — agl))v, from which it follows that

T
@ - = (af) —aV) /0 (", —2A(r)v — B(r;v,0)) dr = (of! —al?) b = 0,

since b = 0. So, for simplicity, we take oy = 0, which further simplifies the expression for
c. The critical coefficient ¢ in the periodic CPC normal form has thus been computed. The
bifurcation is nondegenerate if ¢ # 0.
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3.1.2. Generalized period-doubling bifurcation. The two-dimensional critical center mani-
fold W¢(I') at the generalized period-doubling (GPD) bifurcation can be parameterized locally

by (7,€) as
(3.13) u=ug(r) +&v(r) + H(1,§), T7€0,2T], £ € R,

where the function H satisfies H(2T,&) = H(0,&). It has the Taylor expansion

(3.14) H(r, &) = %hg(m? + %hg(T)g?’ + 2—14h4(7)§4 + Elohg,(f)gf’ +0(£9),

where h;(2T") = h;(0), while

0—A(t)v=0, 7 €1[0,T],
(3.15) v(T) 4+ v(0) =0,
fOT (v,v)dr —1 =0,

and
v(t+T)=—v(r) for 7 € [0,T].

The function v exists due to Lemma 5 of [25].

The functions h;, i = 2,...,5, can be found by solving appropriate BVPs, assuming that
(2.1) restricted to W¢(I') has the periodic GPD normal form in Table 1. From (3.13) and
(3.14) it follows that h;(7 + T) = h;(7) for i even and h;(7r +T) = —h;(7) for i odd, for
7 € [0,T]. Indeed, since we are at the GPD point u(7,&) = u(t + T, —¢),

S Sh(r)E = 3 Shulr + (1)

and thus

hz(T) = (—1)ihi(7’ +T),
from which the statement follows. This makes it possible to restrict our considerations to the
interval [0, T'] instead of [0, 27].

The coefficients «q, ag, and e arise from the solvability conditions for the BVPs as in-
tegrals of scalar products over the interval [0,7]. Specifically, these scalar products involve
among other things the terms up to the fifth order of (1.1) near the periodic solution ug, the
eigenfunction v, the adjoint eigenfunction p* satisfying

¢ + AT(1)p* =0, 7 €10,T],
(3.16) . ©*(T) = ¢*(0) =0,
Jo (&%, F(ug)) dr —1 =0,
and a similar adjoint eigenfunction v* satisfying
0* + AT (r)* =0, 7 €[0,T),

(3.17) v*(T) +v*(0) =0,
fOT (v*,v)dr —1=0.
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To derive the normal form coefficient, we proceed as in section 3.1.1; namely, we substitute
(3.13) into (2.1) and use the GPD normal form Table 1, (3.14), as well as (2.2).

Collecting the - and &'-terms in the resulting equation gives the trivial identities, namely,
tg = F(ug) and 0 = A(7)v, if we take (3.15) into account.

By collecting the £?-terms, we obtain the equation for hg,

(3.18) hy — A(T)hy = B(7;v,v) — 20y,

which is to be solved in the space of functions satisfying ho(7T") = h2(0). In this space, the
differential operator % — A(7) is singular with null-function 4g. Thus, the following Fredholm
solvability condition has to be satisfied:

T
/ (", B(T;v,v) — 2a17) dr = 0.
0

This leads to the expression

1

T
(3.19) a) = 5/0 (¢*, B(T;v,v)) dr,

where v and ¢* are defined by (3.15) and (3.16), respectively.

With oy defined in this way, let ho be a solution of (3.18) in the space of functions satisfying
ho(0) = ha(T). Notice also here that if hs is a solution of (3.18), then also ho+e1F(ug) satisfies
(3.18), since F(up) is in the kernel of the operator £ — A(7). In order to obtain a unique
solution (without projection on the null-eigenspace) we impose the following orthogonality
condition which determines the value of e1:

T
/ (", ha) dr = 0.
0
Thus hso is the unique solution of the BVP

hy — A(T)hy — B(7;v,v) + 2a1 F(ug) = 0, 7 € [0,T7,
(3.20) ho(T) — h2(0) =0,
fOT(go*, he) dT = 0.

Collecting the £3-terms, we get the equation for hs,
(3.21) hs — A(T)hs = C(1;0,v,v) + 3B(7;v, hy) — 6010,

which is to be solved in the space of functions satisfying h3(7) = —hs(0). In this space the
differential operator % — A(7) has a one-dimensional null-space, spanned by v, and (3.21) is
solvable only if the RHS of this equation lies in the range of that operator. Using (3.15), we
can rewrite the RHS as

C(7;v,v,v) + 3B(1;v, hy) — 6a1 A(T)v.
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Note that the Fredholm solvability condition
T
(3.22) / (v*,C(T;v,v,v) + 3B(T;v, hy) — 61 A(T)v) dT =0
0

is trivially satisfied due to the fact that we are in the GPD point, and so the cubic coefficient
of the normal form (see [30])

T
c= é / (v*,C(130,0,0) +3B(7; 0, ha) — 61 A(7)v) dr
0

vanishes. Since the RHS of (3.21) is in the range space of the operator dilT — A(7), we can
solve the equation in order to find h3 as the unique solution of the BVP

hs — A(T)hs — C(;v,v,v) — 3B(T;v, hg) + 601 A(T)v = 0, 7 € [0,T],
(3.23) hs(T) + hs(0) =0,
fOT(v*, hs) dr = 0.

By collecting the &*-terms, we get the equation for hy,

hy — A(T)hy = D(1;0,v,0,0) + 6C(7;0,0, hy) + 3B(7; ha, hy)
+4B(1;v, hs) — 12a1hy — 24ay1y,

which is to be solved in the space of functions satisfying h4(T) = hy(0). The Fredholm
solvability condition gives us the following expression for as:
1 T

Qo = Y (p*, D(T;v,v,v,v) + 6C(T;v,v, he) + 3B(7; ho, he) + 4B(1; v, h3) — 12a1h2> dr,
0

which by considering (3.18) can be simplified to

1 T
Qg = ﬂ <¢*’D(T;U)U7’U’U) + 6C(T;U)U7h2) + 3B(Ta h2)h2)
0

+4B(7;v,h3) — 1201 (A(7)he + B(T;v,v))) dT + oz%,

where 1 is given by (3.19) and hg, hs, v, and ¢* are the solutions of the BVPs (3.20), (3.23),
(3.15), and (3.16), respectively.
Using this value of as, we can find hy by solving

hy — A(T)hg — D(7;0,0,0,0) — 6C(T;0,v, hy) — 3B(7; hg, hs)
—4B(1;v,h3) + 12a1 (A(T)hg + B(7;v,v) — 2a1 F(ug)) + 24asF(ug) = 0, 7 € [0,T],
h4(T) - h4(0 = 07
fOT<<,0*, hy) dr = 0.

Finally, by collecting the £°-terms, we get the equation for hs,

hs — A(T)hs = E(1;0,0,0,v,0) + 10D(7;0, 0,0, hy ) + 15C (730, ha, ha) + 10C (15 v, v, hs)
+10B(7; hy, h3) 4+ 5B(7;v, hy) — 120000 — 2001 hs — 120ev,
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which has to be solved in the space of functions satisfying h5(T") = —hs(0). Since the operator
% — A(7) has a one-dimensional null-space, we can apply the Fredholm solvability condition
to compute the parameter e in the GPD normal form from Table 1. Using the normalization

of (3.17), (3.23), and (3.22), we get

1 T

e = 150 (v*, E(T;v,v,v,0,v) + 10D(7;v,v,v, hy) + 15C(T; v, ha, ha) + 10C(7;v, v, h3)
0

+ 10B(7; he, h3) + 5B(7;v, hy) — 12002 A(T)v — 2001 A(T)h3) dT.

If this quantity does not vanish, the codim 2 bifurcation is nondegenerate.
3.2. Bifurcations with a three-dimensional center manifold.

3.2.1. Chenciner bifurcation. The three-dimensional critical center manifold W¢(T") at
the Chenciner (CH) bifurcation can be parameterized locally by (7,¢) as

(3.24) u = ug(T) + &v(r) + &o(T) + H(1,£,€), 7€[0,T], € €C,

where the real function H satisfies H(T,&,€) = H(0,¢,€) and has the Taylor expansion

_ 1 .
(3.25) H(r,68) = > il (T + O(l¢%),
i,j=0
2<ij<s
with h;;(T) = hij(0) and h;j; = hj; so that hy; is real, while v and its conjugate ¥ are defined
as

0(1) — A(T)v+iwv =0, 7 € [0,T],
(3.26) o(T) — v(0) = 0,
fOT (v,v)dr —1 =0.

These functions exist due to Lemma 2 of [25].

If we assume that (2.1) restricted to W¢(I") has the CH periodic normal form in Table 1,
as in the previous cases, we can find the functions h;;(7) by solving appropriate BVPs.

First we introduce the two needed adjoint eigenfunctions. The first one, namely, *,
satisfies (3.16), and the second one, namely, v*, satisfies

(1) + AY(T)v* +iwv* =0, 7 € [0,T],
(3.27) v*(T) —v*(0) =0,
fOT (v*,v)dr —1=0.

Note that in [30] the last term in the differential equation for v* has the wrong sign. This error
could have led to wrong values of the cubic normal form coefficient at the torus bifurcation
computed by early versions of MATCONT.

As usual, we substitute (3.24) into (2.1), use the CH normal form from Table 1, (3.25),
as well as (2.2), and collect the corresponding terms in order to find the needed normal form
coefficients.
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The &-independent and the linear terms give rise to the usual identities
tup = F(ug), v—A(T)v+iwv=0, v— A(T)v—iwv=0.
Collecting the coefficients of the £2- or £2-terms leads to the equation
hoo — A(T)hao + 2iwhsy = B(T;v,v)

or its complex-conjugate. This equation has a unique solution hyg satistying hag(T) = hao(0),
since due to the spectral assumptions e**7 is not a multiplier of the critical cycle. Thus, hog
can be found by solving

{ ilgo — A(T)hg() + 2iwhgg — B(T; 1),’[)) =0, 7€ [O,T],
hao(T) — hao(0) = 0.

By collecting the £€-terms we obtain an equation for hq;, namely,
h11 — A(7)h11 = B(73v, ) — entio,

which is to be solved in the space of the functions satisfying h11(7") = hi11(0). In this space
the operator % — A(7) has a range space with codim 1. As before, the null-eigenfunction of
the adjoint operator —-% — AT(r) is ¢*, given by (3.16), and thus because of the Fredholm
solvability condition, we can easily obtain the needed value for a;,

T
a1 = [ (" Blrsv,o)r
0
With «ay defined in this way, let hi; be the unique solution of the BVP

illl — A(T)hll — B(T;’U,@) +ajug =0, 7€ [O,T],
ha1(T) — s (0) = 0,
fOT ((,0*,h11>d7' =0.

The coefficient of the third order term in the CH normal form from Table 1 is purely
Imaginary since the first Lyapunov coefficient vanishes at a CH point. We are now ready to
compute this coefficient. In fact, if we collect the £2¢-terms, we obtain

7121 — A(T)hgl + iwhoy = C(T; 1),1),17) + 2B(T;’U, h11) + B(T; v, hgo) — 2tcv — 2010,

which is to be solved in the space of functions satisfying hai(7T") = h21(0). In this space the

operator d%— — A(7) 4 iw is singular, since e7" is a multiplier of the critical cycle. So we can

impose the usual Fredholm solvability condition taking (3.27) into account:
T
(3.28) / (v*,C(T;v,v,0) + 2B(7;v, h11) + B(71; 9, hag) — 2icv — 2aq0)dr = 0.
0
This allows us to find the value of the coefficient ¢ of the CH normal form from Table 1,

T
c=—3 / (v*,C(1;v,v,0) + 2B(7;v, h11) + B(7; 0, hag) — 201 A(T)v)dT + aqw,
0
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and, with ¢ defined in this way, we can find hs; as the unique solution of the BVP

7121 — A(T)h21 + iwho1 — C(T; v,, 17) — QB(T; v, hll)
—B(7;0, hag) + 2icv + 204 (A(T)v —iwv) =0, 7 € [0,T],

ha1(T') — ho1(0) = 0,
f(;T (’U*,h21>d7' =0.

(3.29)

Collecting the £3-terms gives us an equation for hsg,
hso — A(T)hsg + 3iwhsy = C(7;v,v,v) + 3B(7;v, hag),

which has a unique solution hsg satisfying hso(T") = hsp(0), since 3T is not a multiplier of
the critical cycle by the spectral assumptions. Thus, hgg is the unique solution of the BVP

{ ilgo — A(T)hgo + 3iwhsg — C(T; 1),1),1)) — 3B(T; v, hgo) =0, 7€ [O,T],
hgo(T) — hgo(O) =0.

By collecting the £3¢-terms we obtain an equation for hsq,

hsy — A(7)hg1 + 2iwhs; = D(1;v,v,v,0) + 3C(7;v,v,h11) + 3C(7; 0,0, hag) + 3B(7; h11, hao)
+3B(7;v, ha1) + B(7;0, hag) — Gichag — 3a1hao,

which has a unique solution hsz; satisfying hs;(T) = hs1(0), since e?“T is not a multiplier of

the critical cycle by the spectral assumptions. Thus, hg; is the unique solution of the BVP

ilgl — A(T)hgl + 2iwhg — D(T; U,V,0, ’U) — 3C(T; U,, hll)
—3C(T; v, 0, hgo) — 3B(7’; h11, hgo) — 3B(T;’L), h21)

—B(T;T), hgo) + 6ichyg + 31 (A(T)hgo — 2iwhog + B(T; U,U)) =0, 7€ [O,T],
h31(T) — h31(0) =0

Taking the |¢[*-terms into account gives an equation for haog,

has — A(T)hg2 = D(;0,v,0,9) + C(750,v, ho) + 4C(750,9, h11) + C(7; 9,7, hao)
+ 2B(7; h11, h11) + 2B(7;v, h1a) + B(7; ho2, heo) + 2B(7; 0, ha1)
— 4a1iz11 — 40&2210,

which is to be solved in the space of functions satisfying hao(T") = h22(0). In this space the
operator dilT — A(7) has a range space with codim 1 which is orthogonal to ¢*. So one Fredholm
solvability condition is involved, allowing us to compute the value of the coefficient as of our
normal form as follows:

1 T
Qg = Z / <S0*7 D(T7 v,v,0, T)) + C(T7 v,, h02) + 40(7—7 v, U, hll) + C(T7 v,0, h20)
0
+ 2B(7; h11, h11) + 2B(7; v, h12) + B(7; hoa, hao) + 2B(7; 0, ha )

— 4oy (A(T)h11 + B(1;0,0)))dr + 3.
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Using this value for o, we can find hoo as the unique solution of the BVP

hag — A(T)hag — D(1;v,v,0,0) — C(T;0,0, ho) — 4C(7;v,0, h11)
— C( ;0,0 hgo) — QB(T hllyhll) — QB(T v hlg) B(T hog,hgo)
—2B(1;0, ha1) + 401 (A(T)h11 + B(T;v,9) — a1 F(up)) + dagF(u , T €1[0,T],

0)=0
h22( ) — ha2(0) =0,
fO (p h22>d O

Finally, by collecting the £3¢2-terms we get an equation for hss,

hso — A(7)hsa + iwhsy = E(1;0,v,v,0,0) + D(T;0,0,0, hoz) + 6D(7;v,0,0, h11)
+3D(7;v,0,0, hog) + 6C(7;v, h11, h11) + 3C (150, v, hi2) + 3C (73 v, hoz, hao)
+ GC(T; v, hi1, hgo) + GC(T; v, v, h21) + C(T; 0,0, hgo) + 3B(T; hia, hgo) + GB(T; hi1, hgl)
+ 3B(T; v, h22) + B(T; ho2, hgo) + QB(T; v, hgl) — 12ev — 6icho — 12a90 — Galilgl,
which, since the operator is singular, allows us, using the first equation of (3.26) as well as the

first and the last equations of (3.29), to compute the critical coefficient e of the CH normal
form by imposing the Fredholm solvability condition:

e= % OT<’U*,E(T;’U,U,’U,Z7,’L_)) + D(7;v,v,v,hp2) + 6D(7;v,v,0, h11)
+ 3D(7’ v, 0,0, hog) + 6C(7;v, hi1, h11) + 3C(T;v,v, h12)
3C(7;v, hoa, hao) + 6C(7; 0, hi1, heg) + 6C(T;v,0, ho1) + C(T; 0,0, hsp)
+ 3B(7’ hi2,hoo) + 6B(7; h11, ho1) + 3B(T; v, hag) + B(7; hoz, hao)
+ 2B(7;0,h31) — 122 A(T)v — 601 (A(T)hoy + 2B(7;v, h11) + C(7;0,0,0)
+ B(7;0, hog) — 201 Av))dT + iwag + icay — Ziw.

We define the second Lyapunov coefficient as

| L5(0) = R(e). |

If this coefficient does not vanish, the codim 2 point is nondegenerate.

It can be checked that the equations for hyg, hsg, and hyy are uniquely solvable. Since we
are in a complex eigenvalue case, v is determined up to a factor v, for which 7y = 1. Then
v*, hog, hot, h3o, ha1 are replaced by yv*, ¥2hag, Yho1, 7v>hso, 7v2hs1, respectively, but aq, oo, ¢,
and e are not affected by this factor.

3.2.2. Strong resonance 1:1 bifurcation. The three-dimensional critical center manifold
We(T') at the R1 bifurcation can be parameterized locally by (7,&) as

(3.30) u=ug(r) + &101(7) + Eaua(r) + H(7,€), T€[0,T], €= (&1,6) € R?,
where H satisfies H (T, &) = H(0,£) and has the Taylor expansion

(3.31) H(r,§&) = %h20(7)§% + h11(7)6162 + %%2(7)53 +O(lI€1®).
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Here the functions hgg, hi11, and hgy are T-periodic in 7, while v1 and vy are the generalized
eigenfunctions associated with the trivial multiplier and defined as the unique solutions of the
BVPs
U] — A(T)vl - F(UO) =0, 7€ [OvT]’
(3.32) vl(T) - v1(0) =0,
fO 1)1, dT =0

and

Uy — A(T)va +v1 =0, 7€ [O,T],
(3.33) V9 (T) — vg(O) =0,

fo vy, F(ug))dr =0,
respectively. The functions v; and vg exist and are different due to Lemma 2 of [25]. Following

our approach to find the value of the normal form constants, we define ¢* as a solution of the
adjoint eigenfunction problem (3.4), v} as a solution of

{ o * (1) + AT (T)vr — ¢* =0, T €[0,T],
UT(T) - UT(O) = 0)

and v; as a solution of

{ U (1) + AT (T)vs +vf =0, 7 €[0,T],
v5(T) — v3(0) = 0.

The above definitions immediately imply that

T T T
(3.34) /0 (0" Flug))dr = /0 (0" v1)dr = /0 (Fug), vl)dr = 0.

Due to the spectral assumptions at the R1 point we are free to assume that

T
(3.35) /0 (", va)dr = 1.

Appending this condition to the eigenproblem, we can find the eigenfunction ¢* as the unique
solution of the BVP

o* + AT(1)p* =0, T €10,T],
(3.36) e*(T) — ¢*(0) =0,
fOT (p*,va)dT — 1 =0.

As already mentioned in the CPC case, we will choose adjoint generalized eigenfunctions
orthogonal to an original eigenfunction. Therefore, v} and v; are obtained as the solution of

it 4+ AT ()l —¢* =0, 7€ [0,T),
(3.37) vi(T) —v7(0) =0,
ST (i, vg)dr =0
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and

U (1) + AT (T)vs +vf =0, T € [0,T],
(3.38) v3(T) — v3(0) =0,
fOT (v3,v9)dT =0,

respectively. Notice that, as in the CPC case, we have normalized in (3.35) the adjoint
eigenfunction with the last generalized eigenfunction, which gives us in addition

T T
/0 (vf, 1) dr — /0 (0}, Fluo))dr = 1.

As usual, to derive the value of the normal form coefficients we substitute (3.30) into
(2.1), we use (2.2) as well as the R1 normal form in Table 1 and (3.31), and we get differential
equations at every degree of £. Note that in fact the solvability of all the equations up to the
maximal order of the normal form has to be checked. We will pay extra attention to it in this
section.

By collecting the ¢%-terms we get the identity g = F(ug). The linear terms provide two
other identities, namely,

v —A(T)vi — F(up) =0  and 9 — Avy + v1 = 0;

cf. (3.32) and (3.33).
By collecting the &2-terms we find an equation for hgg, namely,

(3.39) hoo — A(T)hao = —2avig + 201 + B(7;v1,v1) — 2avs,

which is to be solved in the space of periodic functions on [0, 7]. In this space, the differential
operator - — A(7) is singular with a range orthogonal to ¢*. Using (3.34), (3.35), and (3.32),
we obtain from the corresponding Fredholm solvability condition the following value for a:

1 T
(3.40) a=3 | "\ 24000 + B(rivn,en)dr.
0

Notice that in the RHS of (3.39) we have no freedom which could change the value of the
coefficient a. This confirms the theoretically proved fact that the ¢3-term of the R1 normal
form from Table 1 is resonant. Notice, moreover, that parameter « is undetermined, which
gives us two degrees of freedom for hgy. In fact, if hgy is a solution of (3.39), then also
hao = hao + by F (uo) + €3v1 is a solution, due to the fact that F(ug) spans the null-space of
the operator d%— — A(7) and that we can tune « as desired:

d}N‘LQO ~ N dh20 II d?)l . dhgo Il -
(3.41) ar A(T)hgo = A(T)hao + €35 g A(T)Ul = A(T)hg() + e5pUo-

By collecting the & &s-terms we find an equation for hq1,

(3.42) 7111 — A(T)hll = B(T; V1, 1)2) 4+ V9 — hog — bug + v,
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which is to be solved in the space of T-periodic functions. As in the previous case, taking
(3.35) into account, as well as (3.33) and (3.34), the corresponding solvability condition implies

T T
b= / <<p*, B(T; 1)1,1)2) + A(T)Ug>d7’ — / <<,0*, h20>d7'.
0 0

Using (3.37), (3.39), (3.34), and (3.32), we can rewrite this expression as

T T
(3.43) b= / (%, B(T;01,v2) + A(T)ve)dr + / (v],2Av1 + B(7;v1,v1))dT,
0 0

thus obtaining a formula for b which involves only the original and adjoint eigenfunctions.

Notice that the freedom that we have in hyy cannot be used to change the value of coef-
ficient b (and so the & &>-term of the R1 normal form in Table 1 is resonant). Indeed, hyg is
defined up to a multiple of F'(ug) and vy, but both vectors are orthogonal to ¢*; see the first two
orthogonality conditions in (3.34). However the presence of hgy in the RHS gives us three de-
grees of freedom for hyi1. In fact, if hj; is a solution of (3.42), hi1 = hi1 +E{1F(u0)—€£0v1 +E£{]vg
is also a solution.

Collecting the £3-terms gives us an equation for hog,

iZOQ — A(T)h02 = B(T, ’U2,U2) — 2h11,

which is to be solved in the space of T-periodic functions. This equation should be solvable,
so the RHS should lie in the range of the operator % — A(7):

T
/ <<,0*,B(T, 1)2,’[)2) — 2h11>d7’ =0.
0

This condition can be satisfied by tuning hq;. In fact, 6% is not yet determined, so hi; can
have a projection on ve. Due to (3.35), vy does not lie in the range of the dilT — A(T1) operator,
and therefore we can require that

1

T T
/ (@*7h11>d7— = 5 / (@*73(7-7 '027'02)>d7—’
0 0

This last solvability condition determines 4} uniquely, and since 4! determines the value
of a (see (3.39) and (3.41)), a is now also uniquely determined. So the center manifold
expansion has now become unique. Note that in fact the value of « is not needed since it
can be shown that it does not affect the bifurcation scenario. Note also that in order to
compute the necessary coefficients a and b by (3.40) and (3.43), the second order expansion
of the center manifold is not needed. Indeed, we have rewritten the formulas of the normal
form coeflicients in terms of the original and adjoint eigenfunctions. Since hgog and hq1 are not
needed, we do not write down their defining BV Ps.
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3.2.3. Strong resonance 1:2 bifurcation. The three-dimensional critical center manifold
We(T) at the R2 bifurcation can be parameterized locally by (7,&) as

(3.44) u=uo(7) + &101(7) + bava(7) + H(7,€), 7€[0,2T], £ = (&1,%) € R,
where H satisfies H(2T,&) = H(0,&) and has the Taylor expansion
3
1 .
(3.45) Hr& = Y, rhu(mes + okl
2<iis

where all functions h;; are 2T-periodic, the eigenfunction corresponding to eigenvalue —1 is
given by

01— A(T)vy =0, 7€ [0,T],
(3.46) v (T) + v1(0) = 0,
f(;T (1)1,1)1>d7’ —1= 0,

and the generalized eigenfunction is given by

U9 — A(T)vg +v1 =0, 7 € [0,T],
(3.47) s (T) + v(0) = 0,
fOT (vg,v1)dT =0,

with
vi(T+T) := —vi(7) and va(T + T) := —va(7) for 7 € [0, 7.

The functions v; and vy exist due to Lemma 5 of [25]. The functions h;; of (3.45) can be found
by solving appropriate BVPs, assuming that (2.1) restricted to W¢(I") has the R2 normal form
from Table 1. As in the GPD case, we first deduce periodicity properties of these functions
hij. Similarly to the GPD case, we here have u(,&1,&) = u(t + T, =&, —&2). This implies
that

i,J

> o (nEe = 3 b+ TH-1 el
0.
and thus
hij (1) = (=1 hyj(r + T),
from which follows that h;;(7 4+ T') = h;;(7) for i + j even and h;;(7 + T) = —h;j(7) for i + j
odd, for 7 € [0, T]. Taking these (anti)periodicity properties into account, we can reduce our
analysis to the interval [0,T] instead of [0, 27].

The coefficients «, a, and b arise from the solvability conditions for the BVPs as integrals
of scalar products over the interval [0,7]. Specifically, those scalar products involve among
other things the quadratic and cubic terms of (2.2) near the periodic solution ug. The adjoint
eigenfunction ¢* associated to the trivial multiplier is the T-periodic solution of (3.16). The
adjoint eigenfunction v] is the unique solution of the problem

(1) + AT(T)of =0, 7 €[0,T],
(3.48) vi(T) +v7(0) =0,
fOT (v}, v9)dT —1=0.
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Note that we can indeed require this normalization since vy is the last generalized eigenfunction
of the original problem and therefore not orthogonal to all the eigenfunctions of the adjoint
problem. We further define the generalized adjoint eigenfunction v3 as the unique solution of

03(1) + AT (T)v3 —vi =0, 7 €10,T),
(3.49) v3(T) + v3(0) =0,
S (s, va)dr = 0,

since, as above, v} is not orthogonal to vy. Moreover, we have

T T
/ (v3,v1)dT = / (v],va)dT =1
0 0

and

T T
(3.50) /0 (v, v1)dr :/0 (! v1)dr = 0.

To derive the normal form coeflicients, we proceed as in the previous sections, namely, we
substitute (3.44) into (2.1), and use (2.2) as well as the R2 normal form from Table 1 and
(3.45).

By collecting the £°-terms we get the trivial identity 119 = F(ug). The linear terms provide
two other identities, namely, 01 = A(7)v1 and vy + 02 = A(T)va, in correspondence with (3.46)
and (3.47).

Collecting the £3-terms gives an equation for hog,

hoa — A(T)ho2 = B(7;v2,v2) — 2h11,

which is to be solved in the space of functions satisfying hga(7") = ho2(0). In this space, the
differential operator % — A(7) is singular and its null-space is spanned by . The Fredholm
solvability condition gives a normalization condition for function hi1, namely,

1

T T
|ty ar =5 [0 Bl )
0 0

By collecting the £&o-terms we obtain the differential equation for hqq,
hi1 — A(T)hiy = B(r3v1, v2) — hao,

which must be solved in the space of functions satisfying h11(7") = h11(0). The Fredholm
solvability condition gives in this case a normalization condition for hsg, i.e.,

T T
(3.51) /()(cp*,h20> dT:/O (" B(rs01,09)) dr.

By collecting the &2-terms we find an equation for hagg,

(3.52) ilgo — A(T)hg() = B(T; V1, ’Ul) — 2a1l0,
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which is to be solved in the space of functions satisfying hog(7T") = hoo(0). In this space, the
differential operator % — A(7) is singular and its null-space is spanned by . The Fredholm
solvability condition leads to the expression

T
(3.53) a= 5/ (¢*, B(1;v1,v1)) dr,
0
where vy is defined in (3.46).

With « defined in this way we have to find a normalization condition which makes the
solution of (3.52) unique. Indeed, if hgg is a solution of (3.52) with hoo(T") = hoo(0), then
hao = hao + 1t is also a solution, since 1y spans the kernel of the operator dLlT — A(7) in
the space of T-periodic functions. The projection along the space generated by g is fixed by

solvability condition (3.51). So hgg can be found as the unique solution of the BVP

hQO — A(T)hQO — B(T; vl,vl) + ZOZF(U()) =0, 7€ [O,T],
(3.54) hon(T) — hao(0) = 07T
fO ((p*, h20> dr = fO ((p*, B(T;’Ul,vg)> dr.

In line with the previous observations, we can define hy; as the unique solution of the
BVP

iln - A(T)hu — B(T; Ul,UQ) 4+ hoy =0, 7€ [O,T],
hi1(T) — h11(0) = 0,
ST (e* han) dr =3 [T (o*, B(r;v2,09)) dr,
with hgo defined in (3.54).
By collecting the &-terms we get an equation for hgp,

(3.55) ilgo — A(T)hgo = C(T; V1, V1, ’Ul) + 3B(T; V1, h20) — bavy — 6,

which again must be solved in the space of functions satisfying hso(7') = —hsp(0). Taking the
integral condition of (3.48) into account, we obtain

T
a = 6/ (v],C(T;v1,v1,v1) + 3B(T;v1, hag) — 6A(T)v1) dr,
0

where « is defined by (3.53), hgo is the solution of (3.54), and v; and v} are defined in (3.46)
and (3.47), respectively. As remarked before, it is important to note that if hsg is a solution
of (3.55) with hgo(T) = —hs0(0), then hso = hso + elov1 is also a solution, since v; spans the
null-space of the operator % — A(7).

Collecting the £2&s-terms we get the equation for hoy,
(3.56)

h21 — A(T)hgl = —hgo — 2[)1)2 — 2a9 — 201 + C(T;’Ul,’ul,vg) + B(T; hgo,?)g) + QB(T; hll,vl),

which is to be solved in the space of functions satisfying ho1(T) = —h2;(0). The solvability of
this equation implies that

T
/ (v], —hso — 2bvg — 2a0y — 2av; + C(1;v1,v1, v2) + B(T; hao, v2) + 2B(7; hi1,v1))dT = 0.
0
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Notice that the £2¢a-term in the R2 normal form from Table 1 is resonant: in fact, we cannot
use the freedom on hgzg to make the normal form parameter b zero since

T T T
/ (%, o) = / (v hso + elgvr)dr = / (%, hao)dr.
0 0 0
Using the normalization from (3.48) and (3.50) gives us the following expression for b:

T 1 T
b= 5/ (v], —20A(T)v2+C (T35 v1, V1, v2)+B(T; h2o,v2)+2B(T;h11,v1)>d7—§/ (v], hao)dr.
0 0

However, there is no need to explicitly compute the cubic expansion of the center manifold
since the last term of this sum can be rewritten so that the formula for b takes the form

T
b= 3 / (v}, —20tA(T)vg + C(T;01,v1,v2) + B(T; hag,v2) + 2B(7; h11,v1))dT
0

2

1 (T
+—/ (v3, C(T5v1,v1,v1) + 3B(7;v1, hay) — 6acAvy )dT,
0

where hgg is defined in (3.54) and « calculated in (3.53). Notice that, since hgy appears on the
RHS of (3.56), we have two degrees of freedom on hsyy. In fact, if hoy is a solution of (3.56),
then hoy = ho1 + 851’01 + E§0v2 is also a solution since

dilgl o dhoy I dvy o dha1 T
ir A(T)hgl = i A(T)hgl + €39 < e A(T)’UQ) = A(T)h21 €39V1-

By collecting the & &3-terms we get the equation for hja,
hiz — A(T)h1z = C(1,v1,v2,v2) + B(7,v1, hoa) + 2B(7,v2, h11) — 2hy,

which is to be solved in the space of functions satisfying hi2(7") = —hi12(0). The Fredholm
solvability condition implies that

T
/ <UT7 C(T7 '017'027'02) + B(T7 V1, hOZ) + 2B(7—, V2, hll) — 2h21>d7' = 0.
0

As mentioned before, hy; has a component in the direction of vy, which is not orthogonal to
the adjoint eigenfunction v}, so it is possible to impose

1

T T
/ (’L)T,h21>d7': 5/ <’UT,C(7—,'U1,'U2,U2)+B(T,'U1,h02)+2B(7’,U2,h11)>d7’.
0 0

This condition defines €§0 uniquely; the freedom of €, gives us as usual another freedom on

his in the direction of vs.
Finally, collecting the £3-terms gives

hog — A(T)hos = C(T,v9,v2,v9) + 3B(v2, hoa) — 3hi2,
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which is to be solved in the space of functions satisfying ho3(7") = —ho3(0). The Fredholm
solvability condition is

T
/ (’UT, C(T, UQ,UQ,UQ) + 3B(’U2, hog) — 3h12>d7’ = 0,
0

which can be satisfied imposing

T T

* 1 *

/ <1)1,h12>d7' = g / <1)1,C(T, UQ,UQ,UQ) + 3B(’Ug,h02)>d7’.
0 0

This last condition determines the value of €4;, and thus the third order center manifold
expansion is uniquely determined. However, since this third order expansion of the center
manifold is not needed for the computation of the critical coefficients, we do not write down
those conditions explicitly.

3.2.4. Strong resonance 1:3 bifurcation. The three-dimensional critical center manifold
W¢(T') at the R3 bifurcation can be parameterized locally by (7,¢) as

u=ug(r) + &u(r) + &0(r) + H(7,£,§), 7€[0,3T], £ €C,

where the real function H satisfies H(3T,¢,&) = H(0,&,€) and has the Taylor expansion

3

_ 1 .
H(1,&,€) = ”Z Z.!—j!hij<7)s%f+0<|5|4),
2§Z%]+:joss

with h;;(3T) = h;;(0) and h;; = Bji so that hy; is real. The eigenfunction v is defined as the
unique solution of the BVP

o(t) — A(t)v =0, 7 €10,7T],
(3.57) o(T) — €5 v(0) = 0,
fOT (v,v)dT —1=0

and is extended on the interval [0,37] using the equivariance property of the normal form,
i.e.,
v(r+T):= ei%ﬂv(T) and v(T +27T) := ei%v(T) for 7 € [0,T7.

The definition of the conjugate eigenfunction v follows immediately. These functions exist due
to Lemma 2 of [25].

As usual the functions h;; can be found by solving appropriate BVPs, assuming that
(2.1) restricted to W€(I') has the periodic R3 normal form from Table 1. Also here we
can deduce a property for the functions h;;. The definition of v(7) in [0,37] states that
u(t,€,€) = u(r + T, e 27/3¢ 27/3€). Therefore,

1 - 1 ; . _
Z thl(T)ékfl — thl(T + T)(6—227r/3)k€k(6127r/3)l€l7
k1l Bl T
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and thus ' '
hkl(T) — hkl(T + T)(e—127r/3)k(6127r/3)l

for 7 € [0, T]. This, for example, implies that hyy is T-periodic. These periodicity properties
allow us to concentrate only on the interval [0, 7.

The adjoint eigenfunction ¢* corresponding to the trivial multiplier is the unique 7-
periodic solution of BVP (3.16). The adjoint eigenfunction v* satisfies

()+AT Jo* =0, Te[ocr]

(T
(3.58) v (T) —e'5v*(0) =
fo <v*,v T—1= 0.

Similarly, we obtain v*.
After the standard substitutions in (2.1), the constant and linear terms give us as usual

ﬂoZF(uO), ’[)—A(T)’U:O, é—A(T)’DZO.
From the ¢2- or £2-terms we obtain the equation (or its complex-conjugate)
ilgo — A(T)hg() = B(T; v, ’U) — 2617,

which is to be solved in the space of functions satisfying hog (7)) = 5 h20(0). In this space
the operator d%— — A(7) has a range space with codim 1 which is orthogonal to 7*. So only
one Fredholm solvability condition is involved, from which we obtain

T
(3.59) po 1 /O (w*, B(r: 5, ))dr

Using this value for b, we can find hog as the unique solution of the BVP

hoo — A(T)hgo — B(7;v,v) +2b6 = 0, 7 € [0,T],
-47r
(3.60) hgo( ) —e ThQ()( ) =0,
fO h20 dr = 0.

By collecting the ££-terms, we obtain an equation for hq1,
h11 — A(7)h11 = B(73v, ) — eqtio,

which is to be solved in the space of functions satisfying hi1(T") = h11(0). The Fredholm
solvability condition implies

T
(3.61) ap = / (¢*, B(r;0,0))dr.
0
With «q defined in this way, let hA1; be the unique solution of the BVP

iln — A(T)hn — B(T;’U,Z_J) +ajug=0, T € [O,T],
(3.62) h11(T) — h11(0) = 0,
fOT ((p*,h11>d7' = 0.
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Finally, collecting the £2£-terms gives an equation for haq,
ilgl - A(T)h21 = C(T; v,v, ’D) + 2B(T; v, h11) + B(T; 17, hgo) — 2cv — 26}102 — 20411),

which is to be solved in the space of the functions satisfying hoi(T) = ei%whgl(O). The
Fredholm solvability condition implies that parameter ¢ of the R3 normal form in Table 1 is
determined by

T
c= 5/ (w*,C(1;v,v,0) + 2B(7;v,h11) + B(7; 9, hao) — 2a1 Av)dr,
0

where «; is defined by (3.61), and v, hj1, and hgg are the unique solutions of the BVPs (3.57),
(3.62), and (3.60).
By collecting the &3-terms we obtain

ilgo — A(T)hgo = C(T; v, 0, ’U) + 3B(7’; v, h20) — 65}111 — bagtg,

which is to be solved in the space of the functions satisfying hso(7") = hso(0). Therefore,

T
o9 :/ (", C(1;v,0,v) + 3B(7;v, hog))drT.
0

Note that as in the CH case v is not uniquely determined. Indeed, when v is a solution
of (3.57) and v € C with 4y = 1, then ~v is also a solution. Then the adjoint function is
given by ~vv*, and b and hyy are replaced by 73b and ~y2hog, respectively. The normal form
coefficient ¢ remains the same. However, the normal form coefficient b is multiplied by 3.
This does not affect the bifurcation analysis since it must hold only that this normal form
coefficient is nonzero, and obviously ~ # 0. Moreover, the analysis around the bifurcation
point is independent from the sign of b.

3.2.5. Strong resonance 1:4 bifurcation. The three-dimensional critical center manifold
We(T') at the R4 bifurcation can be parameterized locally by (7,&) as

u=ug(r) +&u(r) + &0(r) + H(7,£,§), 7€[0,4T], £ €C,

where the real function H satisfies H(47,¢,&) = H(0,&,€) and has the Taylor expansion

_ 1 .
H(1,6,8) = 'Z @hijms’ew(w),
2<Z;']+:jo<3

with h;;(4T) = h;;(0) and hyj = }_Lji so that h;; is real, while v is defined by

v—A(t)v=0, 7 €[0,T],
(3.63) v(T) — €2v(0) = 0,
fOT (v,v)dT —1 =0,
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extended on [0,47] using the equivariance property of the normal form, i.e.,

for 7 € [0, 7.

The definition of the conjugate v follows from this. These functions exist due to Lemma 2
of [25]. As usual the functions h;; can be found by solving appropriate BVPs, assuming that
(2.1) restricted to W€¢(I") has the periodic R4 normal form from Table 1. Similar to the R3
case, it holds that

hia(7) = (7 + T) (e ™/2)F (e/2)!

for 7 € [0, 7).
The adjoint eigenfunction ¢* is defined by the T-periodic solution of (3.16), and v* satisfies
(1) + AT(T)v* =0, 7 € [0,T],
(3.64) v*(T) — e2v*(0) = 0,
fOT (v*,v)dr —1=0.

Similarly, we obtain o*.
The constant and the linear terms give the identities 4y = F(ug), © — A(r) = 0, and
v — A(T)v = 0. From the £2- or £2-terms the following equation (or its complex-conjugate)
follows:
ilgo — A(T)hg() = B(T; v, 1)).

Notice that this equation is nonsingular in the space of functions satisfying hoo(1') = —hao(0).
So hgg is given as the unique solution of the BVP

(3.65) { hao — A(T)hgo — B(73v,0) =0, 7 € [0,T7,

hQO(T) + hQO(O) = 0.
By collecting the £€-terms we obtain an equation for hqy,
h11 — A(7)h11 = B(73v, ) — ontio,

which is to be solved in the space of functions satisfying hi1(T) = h11(0). The Fredholm
solvability condition gives exactly the same value of oy as in (3.61). With this value of a,
hi1 is the unique solution of BVP (3.62).

The ££2-terms give an equation for hia,

his — A(T)hyy = C(750,0,7) + B(1;0, ho) + 2B(7;0, h1) — 260 — 2000,

which is to be solved in the space of functions satisfying hi12(T") = —ih12(0). The Fredholm
solvability condition implies

1 (T
¢ = 5 / (v*,C(1;0,0,0) + B(1;v, ho2) + 2B(7;0, h11) — 200 A(7)0)drT,
0
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where o7 is defined in (3.61), and v, hij, and hge are the unique solutions of the BVPs
(3.63), (3.62), and the complex-conjugate of (3.65). Taking the complex-conjugate gives us
the critical coefficient ¢ in the R4 normal form from Table 1.

Finally, by collecting the £3-terms we obtain an equation for hgs,

hos — A(T)hos = C(739,0,0) + 3B(73;0, hoz) — 6dv,

which is to be solved in the space of the functions satisfying ho3(T") = iho3(0). The nontrivial
Fredholm solvability condition gives the value of the critical coefficient d in the R4 normal
form, namely,

1 T
d= 5 / (v*,C(1;0,0,0) + 3B(1; 0, hg2))dr.
0
So we finally obtain the value of
4=°
|d|’

which can be used to determine the bifurcation scenario at the R4 resonance.

Also, in this case v is not uniquely determined, since for every v € C with 'y = 1, yv is
a solution. Then the adjoint eigenfunction is given by yv*, and hgg is replaced by 72hog. The
normal form coefficient ¢ remains the same, but instead of d we get 5*d. However, this again
does not influence the bifurcation analysis since the study is determined by the above-defined
A for which we need only |d|.

3.2.6. Fold-flip bifurcation. The three-dimensional critical center manifold W¢(T") at the
LPPD bifurcation can be parameterized locally by (7, &) as

u=ug(7) + &1 (1) + &ua(r) + H(1,€), 7€[0,2T], £ = (&1,6) € R?,

where H satisfies H(2T,&) = H(0,&) and has the Taylor expansion

3
1 o
Hr& = Y, ghu(res + Okl
50
2g2ij+j§3
while the eigenfunctions v; and vy are given by

v — A(T)’Ul — F(UO) =0, 7€ [O,T],
(3.66) v1(T) — v1(0) = 0,
ST (i, F(ug))ydr =0

and

’[)2 — A(T)’UQ = 0, T E [O,T],
(3.67) vo(T) + v2(0) = 0,
fOT (vg,vo)dT — 1 =0,

with
vi(T+T) :=wv1(7) and va(T + T) := —vo(7) for 7 € [0,T].



CODIM 2 PERIODIC NORMALIZATION 753

The functions v, and vy exist because of Lemmas 2 and 5 of [25]. The functions h;; can be
found by solving appropriate BVPs, assuming that (2.1) restricted to W¢(T") has the periodic
LPPD normal form in Table 1. Moreover, similarly as before, u(7,&1,&2) = u(t + T, &1, —&2)
such that

hij(1) = (1) hyj(r + T)
for 7 € [0,T]. As before, we will reduce all computations to the interval [0, 7.
To compute the coefficients of the normal form, we need the generalized eigenfunction v,

the eigenfunction vq, and the adjoint eigenfunctions ¢*, v}, and v3, defined as solution of the
following BVPs:

ok

+ AT(r)p* =0, 7 €[0,T7,
(3.68) " (T) — ¢*(0) =0,

(3.69) v’f&T) —07(0) =0,
fo (vf,v1)dr =0,

and

5+ AT(r)v3 =0, 7 €10,7),
(3.70) v (T) + v3(0) = 0,
fOT (v5,va)dT —1 = 0.

Note that the integral conditions can be satisfied due to the spectral assumptions at the LPPD
point. The following orthogonality conditions hold automatically:

/OT (", F(ug))dr = /OT (", va)dr = /oT (v}, v9)dr
= /OT (vy,v1)dT = /OT (v}, F(ug))dr = 0.

Since we have normalized the adjoint eigenfunction associated to multiplier 1 with the last
generalized eigenfunction, we also have

T
/ (W, F(ug))dr = 1.
0

As usual, to derive the normal form coefficients we substitute the above expansions into
(2.1) and compare term by term. By collecting the constant and linear terms we get the
identities 1y = F'(up), 01 = A(7)v1 + F(up), and 09 = A(7)vs.

By collecting the &2-terms we find an equation for hag,

(3.71) ilgo - A(T)hg() = B(T; 1, ’Ul) — 2a00v1 — 2o + 201,
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which is to be solved in the space of functions satisfying hoo(T) = hoo(0). In this space,
the differential operator % — A(7) is singular and its null-space is spanned by tg. The

corresponding Fredholm solvability condition implies

1

T
asy = 5/ (%, B(T;v1,v1) + 2A(7)v1) dr.
0

With ago tuned in this way (3.71) is solvable for any value of parameter agy. As in the
cusp of cycles case, we are free to choose parameter asg as we want, and we take agy = 0.
This choice will not influence our final conclusion about possible bifurcation scenarios.

In order to make the solution of (3.71) unique, we have to fix the projection on the null-
space of the operator, more specifically in the direction of F(ug). Therefore, we impose the
orthogonality condition with the adjoint generalized eigenfunction v] and obtain hgg as the
unique solution of the BVP

hQO — A(T)h20 — B(T; U1, ’Ul) + 2a90v1 + 20&20F(U0) — 2A(7’)U1 — ZF(U()) =0, Te [0, T],
hgogT) — hao(0) =0,
fO (UT,h20>dT =0.

By collecting the £1&s-terms we obtain a singular equation for hqyq,
hi1 — A(T)h11 = B(r;v1,v2) — biiva + b2,

which is to be solved in the space of the functions that satisfy hi1(T) = —h11(0). The Fredholm
solvability condition gives, using (3.67) and (3.70),

T
by = / (w3, B(riv1,v) + A(r)v) dr.
0

With b1; defined in this way, we can compute hy; as the unique solution of the BVP

illl — A(T)hll — B(T;’Ul,vg) + 6111)2 — A(T)Ug = 0, T € [O,T],
hi1(T) + h11(0) = 0,
S (w3, haa)dr = 0.

Collecting the £§—terms gives a singular equation for hgo,
(3.72) hoz — A(7)hoz = B(7;v,v2) — 2a02v1 — 200210,

where solvability gives in the standard manner

1

T
agy = 5/ (p*, B(T;v9,v2)) d.
0

So (3.72) is solvable for any value of the parameter . For simplicity, we take agy = 0.
Notice that also here, the solution of (3.72) is orthogonal to the adjoint eigenfunction ¢*.
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Since we have to fix the projection in the direction of eigenfunction g, we define hgo as the
unique solution of

hog — A(T)hog — B(T; V9, UQ) + 2ag0v1 + 20&02F(U0) =0, 7€ [0, T],
oo () — hia(0) =0,
fO <UT,h02>dT =0.

Applying the Fredholm solvability conditions to the singular equations for h;; with i +j =
3, we obtain

asy = é /OT<<,0*,C’(T; v1,01,v1) + 3B(T; hao, v1) — 6azohao
+ 3(A(T)hao + B(T;v1,v1)) + 6(1 — o) A(T)v1) dT — ago,
b1 = % /OT<U;,C(T; v1,v1,02) + B(7; hog,ve) + 2B(T; h11,v1) — 2a20h11
—2by1h11 + 2(A(T)h11 + B(T;v1,v2)) + 2(1 — i) A(T)ve) dT — b1,
alp = % /OT<<,0*,C'(T; v1,v2,v2) + B(T; ho2,v1) + 2B(7; h11,v2) — 2b11ho2
— 2ag2h20 + A(T)hoa + B(T;v2,v2) — 2002 A(T)v1) dT — agz,
bos = é /OT@;, C(7;v2,v2,v2) + 3B(7; ho2,v2) — 6ag2hi1 — 6 A(T)v2) dT.

4. Implementation issues. Numerical implementation of the formulas derived in section 3
requires the evaluation of integrals of scalar functions over [0, T'] and the solution of nonsingular
linear BVPs with integral constraints. Such tasks can be carried out as in the standard
continuation software such as AUTO [17], CONTENT [31], and MATCONT [14]. In these
software packages, periodic solutions to (1.1) are computed with the method of orthogonal
collocation with piecewise polynomials applied to properly formulated BVPs.

The standard BVP for the periodic solutions is formulated on the unit interval [0, 1], so
that the period T becomes a parameter, and it involves an integral phase condition,

(1) = Tf(xz(r),a) =0, 7 €[0,1],
(4.1) x(O) —:17( ) =0,
fo ) dr =0,

where £ is a previously calculated perlodlc solution to a nearby problem, rescaled to [0, 1].
In the orthogonal collocation method [5], problem (4.1) is replaced by the following dis-
cretization:

m m
Z ;i j(Cig) — Tf Z zi5ij(Gik)y o | =0,
=0 =0
(4.2) 9,0 — TN—-1,m = 0,
N-

3

i (i j, &)+ onolzno, Eno) = 0.

\ =0

<.
Il
o
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The points x; ; form the approximation of z(7) with m + 1 equidistant mesh points
Ti‘:Ti—Fi(Ti_;_l—Ti) 7=0,1,...,m
5J m ) ) Ly ) )

in each of the N intervals [, 7j41], where 0 =19 < 73 < -+ <7y = 1.

The ¢; ;()’s are the Lagrange basis polynomials, while the points (;; (j = 1,...,m) are
Gauss points [12], i.e., the roots of the Legendre polynomial of degree m, all relative to the
interval [7;, Ti+1]-

With this choice of collocation points (; j, the approximation error at the mesh points has
order of accuracy m+1, ||z(7; ;) — i 5] = O(h™+1), where h = max;—12. N{ti}, ti = Ti—Ti—1,
while for the coarse mesh points 7; the error has order of accuracy 2m, ||z(7;) — ;|| = O(h*™)
(“superconvergence”).

The integration weight o;; of 7;; is given by wji1ti4q for 0 < ¢ < N —1 and 0 <
j < m. For i = 0,...,N — 2, the integration weight of 7, (Tim = Tit1,0) is given by
Oim = Wm+1ti+1 + witi42, and the integration weights of 79 and 7x are given by wit; and
W41t N, respectively. In the above expressions, w;; is the Lagrange quadrature coefficient.

4.1. Discretization symbols. It is convenient to discretize all computed functions using
the same mesh as in (4.2). For a given vector function n € C([0,1],R™) we consider three
different discretizations:

® 1y € ROm+Dn the vector of the function values at the mesh points;

e nc € RN™" the vector of the function values at the collocation points;

o Ny = [2%] € RV™™ x R™, where ny, is the vector of the function values at the
collocation points multiplied by the Gauss—Legendre weights and the lengths of the
corresponding mesh intervals, and nw, = n(0).

Formally, we also introduce the structured sparse matrix Loy s that converts a vector 7,y
of function values at the mesh points into a vector n¢ of its values at the collocation points,
namely, nc¢ = Loxmna. This matrix is never formed explicitly; its entries are the £; (¢ x)-
coefficients in (4.2). We also need a matrix Acx s such that Acxann = (A(t)n(t))c. Again
this matrix need not be formed explicitly. On the other hand, we do need the matrix (D —
TA(t))cxar explicitly; it is defined by (D —TA(t))cxmmn = (7(t) — TA(t)n(t))c. Finally, let
the tensors Boxarxa and Coxarxarx v be defined by Bosarx v = (B(tn1(t), m2(t)))c
and

Coxmxmxmmmmemnzm = (C(Em(t),n2(t),n3(t))c

for all n; € C([0,1],R™). (These tensors are not formed explicitly.)

Let f(t),g(t) € C°([0,1],R) be two scalar functions. Then the integral fol f(t)dt is repre-
sented by SN ! Yo wilfo)igtivr = SVE > i1 (fwn)ig, where (fc)ij = f(Giy) and wj is
the Gauss—Legendre quadrature coefficient. The integral fol f(t)g(t)dt is approximated with
Gauss—Legendre by fg/l go =~ f{,l;/lL(gX Mm9nm, where equality holds if g(t) is a piecewise poly-
nomial of degree m or less on the given mesh. For vector functions f(t), g(t) € C°([0, 1], R"),
the integral f01< f(t),g(t)) dt is formally approximated by the same expression: fvalgc ~
fgfl Lesargar, where again we have equality if g(t) is a piecewise polynomial of degree m or
less on the given mesh. Concerning the accuracy of the quadrature formulas, we first note
that accuracy is not an important issue for the phase integral in (4.1), as this equation selects
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only a specific solution from the continuum of solutions obtained by phase shifts. Similarly,
the discretization of the normalization integrals does not affect the inherent accuracy, in-
cluding superconvergence at the main mesh points 7; of the solution of the discretized BVP.
Discretization of integrals, as specified above, follows the standard Gauss quadrature error,
which has order of accuracy 2m if, as mentioned before, the function g(t) is a piecewise poly-
nomial of degree m or less on the given mesh and if f(¢) is sufficiently smooth (in a piecewise
sense). Otherwise, still assuming sufficient piecewise smoothness, the order of accuracy of the
numerical integrals is m + 1 if m is odd, and m + 2 if m is even. In particular, for the often
used choice m = 4, the integrals would then have order of accuracy 6.

In section 3 we derived the coefficients of the critical normal forms in Table 1 and the func-
tions needed for their computation using the coordinate 7 € [0, T]. Regarding the implementa-
tion, in all cases we will rescale to the interval [0, 1]. Therefore, define u;(t) = uo(Tt) = ug(7)
for t € [0, 1], where up was defined in section 2. In general, vector-functions with the rescaled
argument will have an extra lower index 1. Note that the multilinear forms A, B, C, D, and
E are computed by means of the MATLAB symbolic toolbox.

4.2. Cusp of cycles bifurcation. The linear BVPs (3.3), (3.4), and (3.5) defining the gen-
eralized eigenfunction, the adjoint eigenfunction, and the generalized adjoint eigenfunctions,
respectively, are to be replaced by the rescaled problems

(1) ~ A (1)~ TR (1) =0, 1€ [0,1],
(4.3) v1(1) —v1(0) =0,
Jo (oa(8). F(un (£)))dt =0,
with v(7) = vy (7/T),
Pi(t) + TAT(t)pi(t) = 0, t € [0,1],

(4.4) 901(1) 1(0) =0,

Jo (i), v (8))dt — 1 =0,
where ¢* (1) = ¢i(7/T)/T, and

5 () + TAY (t)vi(t) + Tei(t) _0 t € [0,1],
U1( )—UT(O)
fo v (t (t))dt = O

with v*(7) = v{(7/T)/T. We then still need hy;(t), which is the unique solution of the
rescaled BVP (3.12), i.e

hoa(t) — TA(t)ho1(t) — TB(t;v1(t), v1(t))
2T A(t)vy(t) — 2T F(u1(t)) = 0, t € [0, 1],
ho 1( ) — h2,1(0) =0,
fO 1)1 h21 )> dtZO,

where ha(7) = he1(7/T), to compute the normal form coefficient ¢ via

(4.5)

1
(16) =g /0 (4 (), BA(0)ha (1) + 3B(t; w1 (1), w1 (1))
+ GA(t)’Ul (t) + 3B(t; h271 (t), U1 (t)) + C(t; (%1} (t), (%1} (t), (%1} (t))> dt.
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We now give the matrix approximations. We compute v1y; by solving the discretization
of (4.3), i.e.,

(D=TAD)esxn ] 1, Tfo
(4.7) 8o — 81 [ ;’f ] = | Ow1 |,
gaflLCXM 0 0

where a; equals zero since the M x M upper left part of the big matrix is singular, g(t) =
F(u1(t)), and p is obtained by solving the system

(D — TA(L‘))CXM ,
(4.8) [Pt as] do — 01 =0 1],
T2 0

where r1 and ry are any vectors which make the big matrix in (4.8) nonsingular. Here, as = 0
and p is then the left null-vector of [(D _T;ﬁtgl)CXM |5 in (4.7) the normalized p is used. This
technique guarantees that we always deal with nonsingular systems.

We will compute @7y, instead of ¢7,, since ¢]y,, can be calculated by a system very
similar to (4.7). Formally, the computation of ¢y, is based on Proposition B.1 from the

supplementary files, i.e., since ¢ € Ker(¢2), with ¢o defined in Proposition B.1. We need

( *)T (D _TA(t))CXM

=0.
$1)w 50 _ 51
Therefore, ¢y, can be obtained by solving
(D —TA(t)oxm )
(4.9) (e ] do — 01 = [Oarx1 1],

qt 0
where a equals zero and ¢ is the normalized right null-vector of [(D_j(;?ftgl)c“” ] We then
approximate I = fol (p1(t),v1(t))dt by I = (gp’{)a/l Leosmvin. @y is then rescaled to ensure
that Il =1.
It is more efficient to compute v}y, instead of v],,, since v] will be used only to compute
integrals of the form fol (vi(t),¢(t))dt. From Proposition B.3 we can conclude that

(il ] o2 D=V L [8])

for all appropriate functions h, such that v} can be obtained by solving

(D — TA(L‘))CXM V10
[(Uf)a/ a] 40 _'1‘51 Onx1 = [T(@T)aﬁLCxM 0] )
q 0

where a equals zero and p is defined in (4.8).
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Next, (hg,1)nm is found by solving the discretization of (4.5), namely,

(D —TA(t))oxm b R
dp — 01 b [ 2’a1M ] = | Opx1 |,
(Uf)rtl;vlLCxM 0 0

with R = TBoxyrxmvinmvin + 2T Aoxymviv + 2T g0, a = 0, and p defined above.
Finally, (4.6) is approximated by

c= 6(@’{)5{/1 (BAcxarhom + 3Box Mx MUIMUIM

+ 6Acxmvin + 3Boxmxmheimvinm + Cox M x Mx MUIMUIMUIM )-

Note that since we have a CPC bifurcation, the quadratic coefficient of the £-equation in
the corresponding normal form has to be equal to zero. MATCONT makes an extra check
whether this coefficient [30], determined by

1 *
b= 5(901)5/1 (BoxMxMUiMUIM + 2AC><MU1M)7

is indeed small enough.

4.3. GPD bifurcation. The linear BVPs (3.15), (3.16), and (3.17) defining the eigenfunc-
tion associated to multiplier —1 and the adjoint eigenfunctions become the following rescaled
problems:

’[)1(t) — TA(t)Ul (t) =0,te [0, 1],
(4.10) ( ) +v1(0) =0,
fO ’U1 >dt —1= 0,

where v(1) = vy (7/T)/VT,

P1(t) + TAT()pi(t) = 0, ¢ € [0,1],
(4.11) ©1(1) — ¢7(0) =0,
S @16, Fui(t))) dt — 1 =0,

with ¢* (1) = ¢i(7/T)/T, and
5 (t) + TAT(t)i(t) = 0, t € [0,1],
(4.12) ( ) +01(0) =0,
fo vi(t (t))dt —1 =0,

with v*(7) = v} (7/T)/VT.

Let hg 1 (t) be the unique solution of the rescaled version of BVP (3.20), i.e.,

il2,1(t) — TA(t)hg,l(t) — TB(t; ’Ul(t), ’Ul(t)) + 20&171TF(U1(t)) = 0, t e [0, 1],
ha 1( ) — h21(0) =0,
fo ©1(t), h21(t)) dt =0,
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with ho(7) = ho1(7/T)/T, and hs1(t) be the unique solution of the rescaled version of BVP
(3.23), i.e

hs1(t) — TA#)hs1(t) — TC(t;v1(t), v1(t), v1(t))
—3TB(t;v1(t), ho,1(t)) + 611 TA(t)vi(t) =0, t € [0,1],
hs, 1( ) + h3,.1(0) =0,
fO ’Ul h31 ) dtZO,

with h3(7) = h31(7/T)/(VTT), where now

1,
a1 =5 [ (60, Bl (0. 0(0) db
0
and ay,1 = Tog.
The coefficient hy41(t) is obtained as the unique solution of the rescaled BVP

( ha1(t) — TAE)ha1(t) — TD(t;v1(t), v1(t), v1(t),v
—6TC(t;v1(t), vi(t), ha1(t)) — 3T B(t; ho1(t), he 1(
— 4TB(t; vl(t),hg,l(t)) + 120[1,1T( ( )hg 1( ) + B(t vl( ) 1)1(
— 204171F(u1( ))) + 240 1TF(U1( )
ha1(1) = hy (0
Jo (@i (0), han (1)) d

with hy(7) = ha1(7/T)/T?, and where

1 1
a1 = g7 [ (IOl 01(0) 00 (0)01(8) + 6C(E 01 (8), w1 (8) B (1)
+ 3B(t; hg,l(t), h271(t)) + 4B(t; U1 (t), hg,l(t)) — 120&1,1(14(15)]1271(25)
+ B(to1(t), 01(1))) dt + af 4,
with Qo1 = T2a2.
Finally, we can write the critical coefficient as
1
= o7z / (W (1), E(t 01 (8), 01 (£), 01 (8), 01 (£), 01 (£)) + 10D 01 (£), 01 (£), 01 (), hoy ()
0
+ 15C(t; (%1} (t), h271 (t), h271 (t)) + 10C(t; (%1} (t), V1 (t), h371 (t)) + 1OB(t; h271 (t), h371 (t))
+ 5B(t; U1 (t), h471(t)) — 120&271A(t)1)1 (t) — 20(1171A(t)h371(t)> dt.
We now come to the implementation details in MATCONT. We compute v1s by solving
(D= TA(t) e . 01
(50+51 P1 |: LM :| = Onx1 ’

(4.13) a
qat 0 ! 1

with p; and ¢ the normalized solutions of

(D-TAW)exar 1, 0cs
50‘|‘51 ! |: ! :| = 0n><1
T;F 0
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and
(D—TA®))oxm .
[pT  as] do + 01 = [Opx1 1],
T;F 0

where r; and ro are random vectors. Every a; equals zero. vy is then uniquely determined by
the normalization >N ;! >0 oi{(vinm)igs (vim)ij) = 1, where o is the Lagrange quadrature
coefficient.

Equation (4.9) is used for the computation of 7]y, We approximate I = fol (p3(t), Fui(t)))dt
by I; = (gp“{)a/l gc and normalize ¢y, to ensure that I; = 1.

The discretization of (4.12) can be computed with the same matrix as in (4.13) (see the
antiperiodic version of Proposition B.1 in the supplementary files),

(D =TA(t)cxm .
(i) a do + 01 = [Opx1 1],
at 0
where a = 0. We approximate I = fol (Vi (t),v1(t))dt by Iy = (v’{);fVchXleM. vy Is

rescaled to ensure that I; = 1.
This then makes it possible to compute the expression for o 1, namely,

1 *
(4.14) apl = 5(901);1/;/1BC><M><MU1MU1M-
Now, ha1(t), hs31(t), and hg1(t) are found by solving the systems

(D =TA(t))oxm » [ h 1ar } TBoxmxmvimviv — 201117 g9c
0

((Pik)a/lLCxM 0
(D — TA(t))CXM n hs 1t R
do + 61 [ 6;2 } = [Opx1|
(WDw, Loxa 0 0
with
R =TCeoxpmxmxmvimvinving + 3T Boxymxmvivhe, v — 6a11T Acxmvinm,
and
(D —=TA(®)oxm b R
e R Rl B [
(D)W Loxm 0 3 0
with

R = TDcx s xmxmmvimvinvimving + 6T Coxnrx mx mvimvinhe,1m
+ 3T Bosxmxarheinrheiv + 4T Bosovsx mvineha, v
— 1200 1T (Acxmheim + Boxmxmvivviv — 2a1,19c) — 2421 T g0
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and

1
Qo1 = g(sf{)?vl (DexmxMxMx MUIMOUIMUIMUIM + 6Ccx M x Mx MU1MUIM P2, 1M
(4.15) + 3Boxmxmhainvrhe v + ABoxvixmvivhs i — 12a01 (Acxarhe, v
+ BoxmxMUiMUIM)) + 04%,1-

Here, ¢ is the normalized right null-vector and p the normalized left null-vector of the M x M
matrix corresponding with the T-periodic boundary condition, as before. In what follows, p,
q, p1, and g1 will denote the previously defined null-vectors.

Now, we have all ingredients for the computation of the normal form coefficient

1 T
5072 (V1 )1, (O M M M x M x MULM V1M V1M V1M VLM

(4.16) +10Dcxmxmxmx MMV MVIM P2 10 + 15Cox mx v mvinhe iaho i
' +10Cex mxmxmvimvimha,im + 10Boxmxarhaimha v
+ 5Boxmxmvinthaim — 12002 1 Acx mvine — 200 1 Acsarhs ).

e =

Note that since we are in the GPD case, the cubic coefficient of the £-equation in the
corresponding normal form has to vanish. MATCONT makes an extra check whether this
coefficient, computed as explained in [30] via
1
- 3T
is indeed small enough.

4.4. CH bifurcation. The linear BVPs (3.26) and (3.27) defining the eigenfunction asso-

ciated to the complex multiplier and the adjoint eigenfunctions are substituted by the rescaled
problems

T
c (1), (Coxmxmvinvinving + 3Boxamrxmvinhe v — 611 Acxmvin),

01(t) — TA(t)v1(t) +wT vy (t) =0, t €]0,1],
(4.17) v1(1) —v1(0) =0,
Jy o), ()dt —1=0,
with v(7) = v (r/T)/VT, (4.11), and
05 (t) + TAT(t)vi(t) +iwTvi(t) =0, t € [0,1],
) vi(1) —v7(0) =0,
Jo (i), vi(t))dt —1 =0,
where v*(7) = vi(1/T)/VT.
The second order coefficients of the center manifold are now defined by the corresponding
rescaled problems

(4.18) { hoo,1 () — TA(t)hao 1 (t) + 2iwThao 1 (t) — TB(t;v1(t),v1(t)) = 0, t € [0,1],

h20,1(1) — h20,1(0) = 0,
where hoo(7) = hoo1(7/T)/T, and

ilu,l(t) — TA(t)hlLl(t) — TB(t; ’Ul(t), ’L_)l(t)) + Oél,lTF(ul (t)) =0,te [0, 1],
hi1,1(1) — h11,1(0) =0,
Jo @i(8), hapa(t))dt = 0,
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with h11(7') = h1171(7'/T)/T, where

1
o1 = [ (i, Blo 0. m0)at

with Q] = Tog.
Now, we can compute
A
1
€1 = —5/ (Vi (t), C(t;vi(t),v1(t),v1(t)) +2B(t;vi(t), hira(t)) + B(t; v1(t), hoo1(t))
0
— 2@1,1A(t)’[)1(t)>dt + aq 1w,

with ¢; = T'c. With ¢; defined in this way, h21,1 can be computed as the solution of
il2171(t) — TA(t)thl(t) + inh2171(t) — TC(t; U1 (t), U1 (t), U1 (t)
—2TB(t; Ul(t), h11,1(t)) — TB(t; h2071( ) v ( )) + 2’iClTU1(t

+ 200 1 T(A(t)v1(t) — iwvy (t)
ha1,1(1) — ha1,1(0

fO ’Ul t h211( )>d

, t€]0,1],

)
)
)=0
) =0,
t=0

)

where ho1 () = ho11(7/T)/(VTT).
Next, the rescaling of the BVP for hgo(7) gives

}‘13071(t) — TA(t)h3071(t) + 3inh30,1(t)
~TCO(t:wn (), o1 (8), w1 (1) — 3TB(t 01 (1), hao,a (1)) = 0, ¢ € [0,1],
h30,1(1) — h30,1(0) =

with h30(7’) = h3071(T/T)/(\/TT).

Now, we come to the fourth order terms where the rescaled hs; ;(t) is the solution of
(4.19)

h3171(t) - TA(t)hgl,l(t) + 2inh31 1( ) TD(t 1)1( ) 1( ) ( ) )

= 3TC(t;v1(t), v1(t), hia () — 3TC(t; v1(8), 01.(2), hooa (1)

- 3TB(t; h11,1(t),h2071(t)) - 3TB(t ’Ul( ) h21,1( )) TB(t ’Ul( ) hgo t)

+ GZ‘ClThgo,l(t) + 304171T(A(t)h2071(t) — 2iwhag 1( )+ B(t;v1(t), v1(t))

h31,1(1) — h31,1(0

where h31 (1) = h31.1(7/T)/T?, and the rescaled hag1(t) of

ho21(t) — TA(t)haz1 (t) — TD(t;v1(t), v (t), 01 (t),
— TC(t;’Ul(t),’Ul(t),h0271(t)) 4TC(t ’Ul( ) ( )
—TC(t;v1(t), v1(t), hoo,1(t)) — 2T B(t; ha1,1(t),

);

(t

Wt
a(
1(
1(t

)
)
)
) € 0,1,
)

v1(t)
11 1(t)
11,1(t)
— 2TB(t; 1 (t), h1271( )) TB(t h02 1( 20, 1(t)

— QTB(t;’Dl(t), ho1 1( )) + 4oy 1T( )hll 1(t

+ B(t;v1(t),01(t)) — a1,1F'(ui(t))) + da 1 TF(us ()
hao 1( ) haa 1

)
)
)
)
)
) =

(0) =
\ Jo (0t (8), haz (t))dt =
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where hos (1) = hoo1(7/T)/T?, and

1
a1 = i/o (p1(t), D(t;v1(t), v1(t), 01(t),01(¢)) + C(t;v1(t), v1(t), ho,1(t))
+4C(t;v1(t), 01(t), hi1,1(t)) + C(t; 01(t), 01(t), hao,1 (1))
+2B(t; h11,1(t), h11,1(t)) + 2B(t;v1(t), haz1(t)) + B(t; hoa,1(t), hao1(t))
+ 2B(t; 01 (t), hor1 (1)) — dar 1 (A(t)ha1,1 (t) + B(t; 01(t), 01(2))))dt + oy,

with Qg1 = T2a2.
At last, the critical coefficient e is determined by

121:,72/ (i (), E(t;v1(t), v1(t), v1(t), 01(¢), 01(t)) + D(t;01(2), v1(t), v1(t), ho2,1(t))

e =

+ 6D(t;v1(t), v1(t),v1(t), h11,1(t)) + 3D (t;v1(t), v1(t), 01(t), hoo1 (1))
+6C (t;v1(t), h11,1(t), h11,1(t)) + 3C(t; v1(t), v1(t), hi2,1(t))

+ 3C (t; v1(t), ho2,1(t), hao,1(t)) + 6C(t; 01(t), hi1,1(t), hoo,1 (%))

+ 6C (t;v1(t), v1(t), ha11(t)) + C(t;01(t), 01(t), hao,(t))

-+ 3B(t h1271(t) h20 1( )) + GB(t; hll’l(t), h21,1(t)) + 3B(t; m (t), h2271(t))

+ B(t h02 1(t) hgo 1( )) + ZB(t; ’L_)l(t), h31,1(t)) — 120&2,114(25)’01 (t)

— 6o 1 (A(t)ha1,1 (F) + 2B(t;v1(t), hara (1)) + C(t'vl( ),vi(t), 171(15))
(t), v1(t)

+ B(t h20 1 t), U1 ) — 20&1,114(25) ( ))>dt + Qg 1’L + aq, 1’L Oé% 1’L

T2 T2 T2
We now compute the vector approximations for the previously defined functions. We
compute viys by solving the discretization of (4.17)

(D —TA(t) +iwTL)cxm Ocx1
S5n— & D2 [ U1,1M ] —| o
001 a nx1 |
a3 0 1

with @ = 0, and where g is the normalized right null-vector of the complex matrix K =
[(D _TA(?O”L_Z;TL)CXM ] and po the normalized right null-vector of K™. This vector is then

rescaled to ensure that Zﬁ\;_ol >0 oil(vin)igs (vim)ig) = 1.
90’1‘7W1 is computed as in section 4.3. For the computation of v] we apply Proposition B.2
from the supplementary files, which makes it possible to compute v] by solving

(D —TA(t) +iwTL)cxm
(WD a] 80— P2l = Joaa 1]
g 0
We then approximate I = fol (Vi (t),v1(t))dt by I = (vf)%lLCXleM and rescale v}y, so that
L =1
The second order terms are approximated by

(D —TA(t) + 2iwTL)oxpm :| L . |: T Beo s MxMUIMUIM
20,1M —
(50 — 51 0n><1
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and
(D =TA(t))oxm » . TBeoxmxmvimbiv — a11Tgc
50 — 51 |: ’ :| = 0n><1 ,
(SDT)E%LCXM 0 ¢ 0

with aq,1 computed as
T _
a1,1 = (97) i, BoxMxMV10M010 -
An approximation to the rescaled normal form coefficient ¢; is given by
i

*\H =
¢ = _5(7)1)1/[/1(CCxMxMvalelM’UlM + 2BoxmxmVimbin v

+ BoxmxmUiarhoo v — 200 1 Acx mvin) + a1w,
where in MATCONT an extra check is done to ensure that this coefficient is indeed purely
imaginary.

Next, we determine the third order coefficients of the center manifold expansion, namely,

(D — TA(t) + iWTL)CXM R

50— 8 D2 |:h21,1M:|_ 0
0 1 a = nx1

)

where

R =TCoxmxmxmvimVimOinm + 2T Bosmxmvivhiiinm + TBos s 20,1001
—2iciTLox i — 200 1T (Acxmviv — iwLoxavin)
and a = 0, and

(D — TA(t) + 3iwTL)cxns R
h3o,1m =
do — 01 0

with R = T'Coxmxmxmvimvivvim + 3T Boxavxmvinhoo,im -
The approximation to (4.19) is given by

(D —TA(t) + 2iwTL)exm R
h3i,1m =
oo — 01 0

nx1

nx1
with
R =TDcxmxmxmmxmvimvimvim0iym + 3T Coxnvxmx Mvimvivhin,im
+ 3T CoxmxmxmVimMOivhoo v + 3T Boxvxmrhiinheo, v
+ 3T Bexmxmvinhet,iv +TBoxmxmVivhso i — 6iciT Loxarhoo, v
— 301 1T (Acxmhoo1m — 2iwLoxarhao,1m + Box mx MVimMViM)
while

L, T -

Qg1 = Z(‘Pl)Wl(DCxMxMxMvalelelelM + Coxmxmxmvinvvinhoz i
+4Cox mxmx V1MV h11,1m + Cox s mx U1 mO1arhoo 10
+2Boxmxmhitivhi i + 2Box v xmvivhiz, v + Boxarx amrhoz, v heo, 1
+ 2BoxmxmUiarhor iv — 4o 1 (Acxarhi i + Boxmx mviming)) + a%,y
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The last fourth order term needed is given by

with

(D - TA(t))CxM h R
dp — 01 b [ 22(;1M ] = | Opx1 |,
(eDwLoxm 0 0

R =TDcxmxmxmxmVimvim0im0im + TCox mxmxmV1vvimho2,1m

+ AT CosmxmxmvimUivhiiam + TCox mx mx MU hao 1

+ 2T Besmrxmhiiivehinine + 2T Box v s mvinvhiz v + TBoxavrxavrhoz, v hoo, i

+ 2T BoxmxmUimhor, v — 41 1 T(Acxmrhin,iv + Boxmx mvimOim
—a1gc) — 4az1Tgc

and a = 0. Now, we have all the information needed to compute the fifth order coefficient of
the normal form, namely,

12T2( )Wl (EC><MXMXMXMXleleleleleM

+ Do mx Mx Mx MUIMUIMUIMho2, 10 4 6D v s M x Mx V1MV M U1 Rt ,1m
+ 3DoxmxMxMxMUIMO1M UM 20,10 + 6CoxMxmxmvivhi b v

+ 3CoxmxMx VMV M2 0 + 3Cox M v x V1M Ro2,1 0 P20,1 0

+ 6Cox mxmx MU hirmhoo v + 6Ccx vx mx V1 O1arhar 1

+ CoxMxMxMULMU1MI30,10 + 3Boxvx iz, 1 hoo,1m

+ 6B xmxmhitinvhor v + 3Boxarx mviahez v

+ Boscmxmrhoz,inhso inr + 2BoxarxmUinrhaiiv — 12001 Acx mvim

— 6011 (Acxarhoiim + 2Boxmxmvivhin v + CC><M><M><MU1MU1M1_)1M
LW

2
+a1 1ZT2 al,l'lﬁ.

+ Boxmxmhoo 1m01m — 200 1 Acx mvinvg)) + a2 1ZT2

4.5. Strong resonance 1:1 bifurcation. In addition to the rescaled generalized eigenfunc-
tion vy 1 defined by (4.3), the second rescaled generalized eigenfunction associated to multiplier
1 can be found by solving

2'1271(25) — TA(t)'UQJ( ) + T 1(t)
v21(1) —v2,1(0) =
Jo (w21(8), Fur (1)) dt

0, t €[0,1],
0,
0

)

with 1)2(7') = ’Ugyl(T/T).
The adjoint eigenfunction ¢ is determined by the first two equations of (4.4) and the
normalization condition

1
/0 (@1 (t),v21(t))dt — 1 = 0.
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We also need the first rescaled generalized adjoint eigenfunction that is given by

with vi(7) = v} (7/T)/T. Now, we have all the information needed to compute the two
critical coefficients, namely,

1
(4.20) a=g /0 (p1(t),2A()v11(t) + Bt v11(t), v1,1(1)))dt

and

1
b= /0 (@1 (0), Bt vna (), 021 () + Alt)vma ()t

1
+/0 <Uf7l(t),2A(t)U171(t) +B(t;vl,l(t),vl,l(t)»dt.

The implementation in MATCONT is straightforward and relies on earlier explained tech-
niques, so we will omit further details.

4.6. Strong resonance 1:2 bifurcation. The rescaled eigenfunction associated to multi-
plier —1 is given by (4.10), and the rescaled generalized eigenfunction is the solution of

1')271(t) — TA(t)11271(t) + T’U171(t) =0, te [0, 1],
Ug,l(l) + U271(0) =0,
Jo (v21(), 011 (8))dt =0,

where vo(7) = v2.1(7/T)/VT.
The rescaled adjoint eigenfunctions are determined by (4.11), (4.12) but with normaliza-
tion condition fol (V1 1(t),v2,1(¢))dt =1 and

Og,l(t) + TAT(t)U§,1(t) - TUT,I(t) = 07 te [07 1]7
) v31(1) +v3,(0) =0,
Jo (v2,1(t),v51(t)) dt =0,

where v3(7) = 1);71(T/T)/ﬁ.
With a7 defined as

1
o = % /0 (G (8), Bl w1 (8), 01 () dt,

with a; = T, let hgo 1(t) be the unique solution of the rescaled BVP

iLQO,l(t) — TA(t)h2071(t) — TB(t; 'Ul,l(t), U171(t)) + 2041TF(U1 (t)) =0,te [0, 1],
(4.21) hao,1(1) = h2o,1(0) =0,
fol (7(t), hoo1(t)) dt — f01<90’{ (t), B(v1,1(t),v2,1(¢))) dt =0,
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where hoo(7) = hoo1(7/T)/T.
With hiq,1(t) being the rescaling of the function hiq(7), the solution of

il1171(t) — TA(t)hll,l(t) — TB(t; 1)171(t),’l)271(t)) + Thg(),l(t) = 0, t e [0, 1],
hi1,1(1) — h11,1(0) = 0,
Jo (1), huna () dt = 5 fo (01 (1), Bluza(t), w21 (1)) dt = 0,

where hi1(7) = h11,1(7/T)/T, we are able to obtain the two normal form coefficients by the

expressions
(4.22)

1
a =1 /0 (01 1(8), C(t;01,1(8), 01,1 (1), 01,1 (1)) + 3B(t; 01,1 (1), hao1 (1)) — 6ar A(t)vr,i (1)) dt,

with a; = Ta, and

1
b= % [ 140 200 40022 (1) + Cltvaa(8), 1,2 (), 024(8)
+ B(t; h20,1(t), ’L)g,l(t)) + 2B(t; h11,1(t), ’L)Ll(t))>dt
1
+ % 0 (’U;’l(t), C(t; 1)171(t), 1)171(t), 1)171(t)) + 3B(t; 1)171(t), h2071(t)) - 6041A(t)’l)171(t)>dt.

For the implementation details we will just highlight the differences from the previous
cases. Formula (4.13) gives us the value of v; ; in the mesh points. However, since vy ; is used
in the integral condition for vy 1, we have to transfer this vector to the collocation points and
multiply it with the Gauss—Legendre weights and the lengths of the corresponding intervals
to obtain (v 1)w,. The computation of vy is then straightforward.

Using the antiperiodic version of Proposition B.3, we approximate the adjoint generalized
eigenfunction by solving

(D—TA@))cxm  v210
(31w a do -;51 Onx1 | = [T} 1)y, Loxm 0]
4 0

Now, hag 1 is found by discretizing (4.21), i.e.,

(D —TA())oxm L TBoxmxmviimviim — 2011ge
So— & p [ 20,1M } _ 0
0o — 01 . nx1
(1), Loxm 0 (1), BoxMxmviimv2,1m

4.7. Strong resonance 1:3 bigurcation. The BVPs for the rescaled eigenfunction and its
adjoint belonging to eigenvalue '3 are determined by

o1 (t) — TA(t)vi(t) =0, t € [0,1],
(4.23) v1(1) — eiz?ﬂvl(O) =0,
Jo (i (t), v (t))dt — 1 =0,
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with v(7) = v (r/T)/V/T, and

i (t) + TAT(t)vi(t) =0, t € [0,1],
v’{(l) — e'%ﬂv’f(O) =0,
fo (Vi(t),v1(t))dt —1 =0,

where v*(7) = v}(7/T)/VT. The adjoint eigenfunction corresponding to the trivial multiplier
is given by (4.11).

These eigenfunctions already make it possible to compute the rescaled normal form coef-
ficients

1
(4:24) ons = [ (0. Bl (®)at

where a1 = T'aq, and

1
=g [ 0B 0.0 @)

with b1 = \/Tb
The rescaled second order functions in the center manifold expansion are solutions of
il2071(t) — TA(t)h2071(t) — TB(’Ul (t), U1 (t)) + 42(_)1T2_11 (t) =0,te [0, T],
hgo,i(l) — elThgo,l(O) = 0,
Jo (@5 (t), hao1 (t))dt = 0,
with hgo(T) = h2071(T/T)/T, and

}.Lu,l(t) — TA(t)hu,l — TB(’Ul(t),’L_)l(t)) + o 1TF(U1( )) = 0 te [0 1]
(4.25) h11 1( ) = h111(0) =
Jo (@5(t), hapa (1))dt =

with hy1(7) = hi1,1(7/T)/T. This all results then in

1 1
o= o [ EO.C0.00,5:0) + 2810, b )

+B(171 (t), h2071(t)) — 204171A’l)1 (t)>dt.
We now come to the implementation details in MATCONT. We again highlight only the

differences from the implementation details given in the previous sections. Eigenfunction v1,
determined by (4.23), is computed by

(D —TAQ))cxm Ocx1
42 b3 ViM _
dog—e 30 [ ] = Onx1
H a
q3 0 1

We normalize vips by requiring Zﬁigl Z?:o oi((vim)ij, (vinm)ij) = 1, where o; is the La-
D—-TA(t
grange quadrature coefficient. ¢s is the normalized right null-vector of K = [( 5 fi);ng;M ],
0—e 1

and ps is the normalized right null-vector of KH.
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To compute the adjoint eigenfunction v}, we apply Proposition B.1 from the supplementary
files but with boundary condition ¢(0) — e_i%r{ (1) and obtain

(D — TA(t))CXM
(4.26) (W) a] Jo—e 58 | =[oma 1]

vy is rescaled such that (vi‘)l‘,{vlLCXleM =1.
By first computing the complex conjugate of hog 1 we can use the same matrix as in (4.26),
except for the last line which represents the integral condition, to get

(D —TA(t))oxm T TBoxmxmimOiv — 2b1Tvic
o D3 hoo,101
50 —e "3 51 |: a :| 0n><1
(D Loxa 0 0

4.8. Strong resonance 1:4 bifurcation. The rescaled eigenfunction and the adjoint eigen-
function corresponding to multiplier e'Z are given by the solution of

’[)1(t) — TA(t)Ul (t) =0,te [0, 1],
v1(1) — e'2v1(0) = 0,
Jo (1), vr(B)dt —1=0,

with v(7) = v1(r/T)/V/T, and

i (t) + TAT(t)vi(t) =0, t € [0,1],
) %

where v* (1) = vi(1/T)/V/T, respectively. We also need the functions % (¢) and hy1 1 (¢) defined
by (4.11) and (4.25) and the value of o given by (4.24).
The other second order coefficient of the center manifold is determined by

{ il2071(t) — TA(t)h2071(t) — TB(’Ul(t),’Ul (t)) = 0, t e [0, 1],
h20,1(1) + hoo,1(0) =0,

with hgo(T) = h2071(T/T)/T.
The critical normal form coefficients are then given by

and
1
d = L/O (Wi(t),C (01 (), 01 (t), 01 () + 3B(01(t), hog,1(t)))dt.

The code is very similar to that of the strong resonance 1:3 case.
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4.9. Fold-flip bifurcation. The rescaled generalized eigenfunction v ; associated to mul-
tiplier 1 is the solution of (4.3), and the eigenfunction vy (t) associated to multiplier —1 is
defined by (4.10). Equation (4.4) determines the adjoint eigenfunction ¢3(t) corresponding
to the trivial solution, and the generalized adjoint eigenfunction vj ; (t) is given by (4.2). The
last adjoint eigenfunction v3 ,(t) is found by solving (4.12).

The coefficients in front of the &3-terms in the corresponding normal form are given by

1

1
! /0 (@1(t), Blona (1), 011 (5) + 24(t)on 1 (1) dt

a0 = 2

and apg = 0.
The second order coefficients of the center manifold expansion are defined by the rescaled
BVPs

il2071(t) — TA(t)h2071(t) — TB(’Ul 1( ) (%1} 1(t))
+ 2@20T'U1’1(t) + 2@20TF(U1 (t)) - ZTA(t)ULl( ) - 2TF(u1( )) 0, te [0, 1],
h20,1(1) — hoo,1(0) =0,
Jo (W5 1(t), hao 1 (£))dt = 0,
with hgo(T) = h2071(T/T),
ilu,l(t) — TA(t)hu,l(t) — TB(ULl(t), ’U2,1( )) + TanQ 1(t)
— TA( )’UQ 1(t) 0, t e [0, 1],
hi1,1(1) + h11,1(0) = 0,
Jo (W51 (1), har 1 (£))dt = 0,
with h11(7') = h1171(7'/T)/\/T, and
hog,l(t) — TA(t)h0271(t) — TB('UQ’l(t), U271(t)) + 2(10271T’U1,1(t)
+ 20402 1TF(U1 (t)) = 0 [0, 1],
h021( ) — ho2,1(0) =0,
Jor (i1 (t), hoo,1 ())dt =0,

with hOQ(T) = h0271(T/T)/T, where

1
b”:/o (v3.1(1), B(v1,1(8), va,1 (1)) + A(E)va,1 (1)) dt,

1

1
1 /0 (95 (8), Bz (1), v2,1 (1)) dt,

ap2,1 = 5

with ap2,1 = Tags and age = 0.
The rescaling of the last four normal form coefficients of interest gives

1
aso = %/0 (1(t), C(v1,1(t),v1,1(t),v1,1(t)) + 3B(hoo,1,v1,1(t)) — 6azhoo,1(t)
+ 3(A(t)h2071(t) + B(ULl(t), 1)171(t))) + 6(1 — ago)A(t)le(t» dt — as,
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1
bo1 = %/0 (v2,1(t), C(o1,1(t), v1,1(t),v2,1(£) + B(hoo,1(t), v2,1(¢)) + 2B (h11,1(t), v1,1 (%))

— 2&20h1171(t) — 2[)11h1171(t) + 2(A(t)h1171(t) + B(ULl(t), 1)271(t)))
+ 2(1 — ago)A(t)vg71(t)> dt — 1)11,

1
a2 = %/0 (£1(1), C(v1,1(t), v2,1(t), v2,1(t)) + Blhoz,1(t), v1,1(t))
+ 23(h1171(t), 1)271(t)) — 2b11h0271(t) — 2&0271}120,1@) + A(t)h()z:[(t)

Q,
+ Bluza (D), v (1) — 20020 A(t)ora () de — 2

and

I
boz = 6—T/ (v3,1 (1), C(v2,1(t), v2,1(t), v2,1(£)) + 3B (ho2,1(t), v2,1(¢)) — 6ao2,111,1(t)
0
- 6a0271A(t)1)271(t)> dt.
For the computation of the needed functions and coefficients of interest, we refer the reader
to the previous sections.

5. Examples. All computations in this section are performed with MATCONT [14]. In
particular, the bordering methods from [18, 21] are used to continue the codim 1 bifurcations
of limit cycles in two parameters. The algorithms described above for computing the normal
form coefficients are implemented in the current version of MATCONT.

5.1. Periodic predator-prey model. Our first model is a periodically forced predator-prey
system, studied in [34] using shooting techniques, and described by the differential equations

:i:zr(l—%):n—p(:n,t)y,

y = ep(x,t)y — dy,

(5.1)

where x and y are the numbers of individuals, respectively, of prey and predator populations
or suitable measures of density or biomass. The parameters present in (5.1) are the intrinsic
growth rate r, the carrying capacity K, the efficiency e, and the death rate d of the predator.
The function p(z,t) is the predator functional response, for which the Holling type IT is chosen,
with constant attack rate a and half saturation b(t) that varies periodically with period one

(year), i.e.,
ax

t) = b(t) = bo(1 27t)).
pt) = g b = (L + ccos(2m))
Instead of system (5.1), we consider the extended autonomous system
. x azy
(1 )
. 74( K)° bo(1+eu) +x
j=e—Y g
(5.2) v= bo(1+cu) +z 4

0 =u—2mv — (u? + v?)u,
(0 = 27mu 4+ v — (u? + v?)v,
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where the last two equations have a stable limit cycle with u(t) = cos(27t + ¢) and a phase
shift ¢ depending on the initial conditions.

With fixed r = 27, K = e =1, a = 47, and d = 2w, we perform a bifurcation analysis
with respect to the remaining parameters (e, bg) obtaining the bifurcation diagram reported
in Figure 1. Since the system is periodically forced, no equilibria are present. The blue curves,
with labels LPC2(1) and LPC2(2), are limit point of cycle bifurcation curves of the second
iterate, the magenta curves are Neimark—Sacker bifurcations (of the first or of the second
iterate, respectively labeled with NS1 and NS2), and the green curves are period-doubling
bifurcations, dotted when subcritical and a solid line when supercritical (with notation PD1,
PD2, PD4, and PDS).

We have chosen this system as the first example since it allows us to check if the compu-
tation of the normal form coefficients «; is correct. Indeed, in a periodically forced system
the return time is independent of the distance from the limit cycle, so that the first equation
in all periodic normal forms should be 7 = 1. For the cases GPD and CH, as well as for the
strong resonance cases R2, R3, and R4, this would imply that all ¢; in the normal forms listed
in Table 1 must vanish. For the remaining CPC, R1, and LPPD (and even LPC) cases, the
normal forms derived for bifurcations of generic ODEs and given in Table 1 cannot be applied
verbatim, because periodically forced systems are not generic due to the above-mentioned
property of the return time, which results in a special Jordan structure of their monodromy

0.45 —

PD1 PD8

GPD

04 —
PD2

0.35 —

NS1 R2

PD4

bo

031~ LPC2(1)

0.25
LPC2(2)

GPD
02—

NS2 =
R1R4..‘R3 R2

Figure 1. Bifurcation diagram of limit cycles in system (5.2). In blue are the limit points of cycle bifurca-
tions, in green period doubling bifurcations, and in magenta Neimark—Sacker bifurcations. Solid/dotted curves
correspond to supercritical /subcritical bifurcations.
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matrix. Let us illustrate this phenomenon. Consider a continuation of a period-doubled limit
cycle in (5.2), and suppose that its LPC bifurcation is detected. For each point of the contin-
uation, we compute the singular values of the monodromy matrix minus the identity matrix.
The two smallest singular values are shown in Figure 2. There is always one singular value
equal to zero, but also the second one vanishes when approaching the LPC point. This means
that instead of a Jordan block of length two (as is expected at the LPC point in generic ODEs
[25]), we have in fact two Jordan blocks of length one. Therefore, we cannot apply the general
theory derived for generic LPC points. A similar situation is encountered when the original
limit cycle undergoes an LPC bifurcation. Something analogous happens in the CPC, R1, and
LPPD cases for the periodically forced systems, which therefore should be treated separately.
Normal forms for periodically forced ODEs were studied in [19].

LPC

025 b

02 b

0.15F b

0.1 b

0.05 i

I
0 500 1000 1500

Figure 2. The two smallest singular values.

As can be seen in Figure 1, R1 points are detected in the periodically forced system.
Due to the above remark, we will not attempt any normal form analysis of these points. We
will analyze in detail other detected codim 2 points, reporting the normal form coefficients
computed as explained in section 4.

5.1.1. The two GPD points. In Figure 1 the LPC2 curves are tangent to the PD1 curve
in two different GPD points. In the first one, with parameter values (g,bp) = (0.319,0.412),
the LPC curve is tangent to the subcritical period-doubling curve (type presented in Figure
9.3 of [29]), while in the second one, for (g,by) = (1.093,0.218), the LPC2 curve is tangent to
the supercritical part of the PD1 bifurcation curve.

Performing the computation of the GPD normal form coefficients at the first point, we
obtain the following:

e For the first equation of the GPD normal form the two coefficients oy and as, up to a
scaling term 7' and T2 computed through the formula (4.14) and (4.15), are zero, up
to the accuracy of the computation.
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e The normal form coefficient of the second equation, computed through formula (4.16),
equals e = —58.287.
Notice that these results are in agreement with what we expected. Indeed, since we are in the
case presented in Figure 9.3 of [29], the normal form coefficient e is negative.
From the computation of the GPD normal form coefficients at the second critical point
we obtain the following:
e For the first equation of the GPD normal form the two coefficients equal zero up to
the accuracy of the computation.
e The value of the normal form coefficient of the second equation is e = 41.544.
Also in this case the obtained results are in agreement with the theory.

5.1.2. The 1:2 resonance points. We divide the 1:2 resonance points present in this
model into two groups, namely, the R2 point at (g,by) = (0.337,0.340) and the cascade of
resonance points in the right lower part of the graph.

The isolated R2 point forms the intersection of the NS1 curve, the supercritical Neimark—
Sacker curve of a limit cycle with period approximately equal to 1, and PD1. The situation is
thus the one depicted in Figure 8.8 of [29]. Performing the normal form coefficient computation
we obtain the following:

e In the first equation of the R2 normal form « = 0.

e In the last equation of the R2 normal form we have (a,b) = (3.401, —12.907).
Note that the obtained results are in accordance with the theory. Indeed, the absence of a
secondary Neimark—Sacker curve implies that ¢ > 0, and the supercriticality of the Neimark—
Sacker curve implies that b < 0.

In the lower right part of the bifurcation diagram a resonance cascade is present, which
accumulates on the sequence of period-doubling curves. A zoom of this part is shown in Figure
3. Each resonance point of this cascade is a point of the type represented in Figure 9.10 of [29]
(so with a < 0 and the sign of b dependent on the criticality of the incoming Neimark—Sacker
curve). Notice that the criticality of the NS curves changes at the R2 point (as depicted in
Figure 9.10 of [29]).

As a first general result we observe that, in the first equation of the R2 normal form
coefficient, a = 0 for all points (as expected since the system is periodically forced). We remark
that for the normal form coefficients in the £-equations of the normal forms, a computation
to high accuracy is needed to get unambiguous results. The results are as follows.

On PD2. In the R2 point (g,by) = (0.744,0.184). To the left of the R2 point the PD2
curve is supercritical, and to the right it is subcritical. The NS2 curve incoming in the R2
point is subcritical, while the NS4 curve outgoing at the R2 point is supercritical. We are
thus in the time reversed situation of Figure 9.10 of [29]. So we expect that b > 0 (subcritical
incoming Neimark—Sacker curve) and a < 0 (there is an outgoing secondary Neimark—Sacker
curve). The computed critical coefficients at the R2 point are (a,b) = (—65.767,16.267).

On PD4. In the R2 point (e,by) = (0.743,0.186). To the left of the R2 point the PD4
curve is supercritical, and to the right it is subcritical. The NS4 curve incoming in the R2
point is supercritical, while the NS8 curve outgoing at the R2 point is subcritical. We are
therefore in the situation depicted in Figure 9.10 of [29]. We expect that b < 0 (supercritical
incoming Neimark—Sacker curve) and a < 0 (there is an outgoing secondary Neimark—Sacker



776 DE WITTE, DELLA ROSSA, GOVAERTS, AND KUZNETSOV

019
PD8 .
R2 e
i PD4
R2{R3
0.185 R4
NS4
T e BDs
" R2
S o018t

"R3

0.175

0.17 1 1 1 J
06 0.65 07 0.75 08

Figure 3. The resonance cascade in system (5.2). In blue are the limit points of cycle bifurcations, in green
period doubling bifurcations, and in magenta Neimark—Sacker bifurcations. Solid/dotted curves correspond to
supercritical /subcritical bifurcations.

curve). The computed coefficients at the R2 point are (a,b) = (—269.368, —18.151).

On PDS8. In the R2 point (g,by) = (0.744,0.186). To the left of the R2 point the PDS8
curve is supercritical, and to the right it is subcritical. The NS8 curve incoming in the R2
point is subcritical; we are thus in the time reversed situation of Figure 9.10 of [29]. Thus, we
expect that b > 0 (subcritical incoming Neimark—Sacker curve) and a < 0 (there is an outgoing
secondary Neimark—Sacker curve, since the cascade continues). The computed coefficients of
the R2 point are (a,b) = (—921.701,16.581).

All the obtained results are in agreement with the theory.

5.1.3. The 1:3 resonance points. There are two 1:3 resonance points, one on NS2 and
the other on NS4, as can be seen in Figure 3. These two points behave in a different way. The
Neimark—Sacker curve corresponding to the first point at (¢,by) = (0.709,0.179) is subcritical,
so we expect $(c) to be positive. The Neimark—Sacker curve of the second point at (g,by) =
(0.743,0.185) is supercritical, and so £(c) should be negative. To check whether we are in a
nondegenerate case, we also have to take b into account; however, the sign of b is not relevant.

e For the first R3 point we have that (b, R(c)) = (4.557 — 4.4574,9.155).
e For the second R3 point we have that (b, R(c)) = (0.405 4 12.1437, —8.820).
These results are in accordance with the theory.

5.1.4. The 1:4 resonance points. There are two 1:4 resonance points, one on NS2 and
the other on NS4, as can be seen in Figure 3. These two points behave in the same way as
the 1:3 resonance bifurcation points. The Neimark—Sacker curve corresponding to the first
point at (g,by) = (0.675,0.177) is subcritical, and so here we expect $(A) to be positive. The
Neimark—Sacker curve of the second point at (e,bg) = (0.743,0.185) is supercritical, and so
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R(A) should be negative. Moreover, since those points are part of a resonance cascade, we
should not have limit point bifurcations of nontrivial equilibria, so we are in region I of Figure
9.14 of [29]. In order to ensure that we are not in a degenerate case, we also need to check
that d # 0.
e For the first R4 point we have that (¢,d) = (11.624 — 84.897i,65.072 + 92.2544), and
so A =0.103 — 0.752i.
e For the second R4 point we have that (¢,d) = (—8.580—414.721¢, —416.641 —489.172i),
and so A = —0.01335 — 0.645s.
The results are in accordance with the theory. For both bifurcation points the value of A
belongs to region I of Figure 9.14 in [29].

5.2. The Steinmetz—Larter model. The following model of the peroxidase-oxidase reac-
tion was studied by Steinmetz and Larter [41] and is used as the test-example in [30, 21]:

A= —kiABX — k3ABY + k7 — k_7 A,

B = —kABX — k3ABY + kg,

X = kyABX — 2k9 X2 + 2k3 ABY — kaX + kg,
Y = —ksABY + 2ko X2 — ks,

(5.3)

where A, B, X,Y are state variables and ki, ko, k3, k4, k5, ke, k7, kg, and k_7 are parameters.
We fix the parameters as follows.

Par. | Value Par. | Value | Par. | Value Par. | Value
k1 0.1631021 | ko 1250 | k3 0.046875 | k4 20
ks 1.104 ke 0.001 | k_7 | 0.1175

We perform a bifurcation analysis in the remaining parameter space (k7,kg). A few curves
are reported in Figure 4.

5.2.1. The 1:1 resonance points. The two 1:1 resonance points behave differently, since
in one R1 point the Neimark—Sacker curve rooted at the bifurcation point is supercritical,
while in the other one it is subcritical.

e For the R1 point in (k7,ks) = (1.180,0.724), the two coefficients of the last equation
of the R1 normal form are equal to (a,b) = (—3.654 1073,0.735). Their product
ab = —2.686 1072 is negative, which corresponds to the fact that the Neimark-Sacker
curve rooted at the R1 point is supercritical.

e For the R1 point in (k7, ks) = (1.858,0.930), the two coefficients of the last equation
of the R1 normal form are equal to (a,b) = (—6.643 1072, ~2.157). Their product
ab = 0.143 is positive, and indeed the Neimark—Sacker curve rooted at the R1 point
is subcritical.

So we can conclude that the results are in accordance with the theory.

5.2.2. The CH points. In Figure 4 we see a CH point at (k7,ks) = (1.757,0.913). The
normal form coefficient at that bifurcation point equals $(e) = 1.392 and is hence positive. In
order to verify that the normal form computation is correct, one might use tori continuation
techniques [38, 27, 11, 16, 35, 39]. However, these techniques are not stable near critical cases
like the one we have. In order to validate our result we therefore rely on simulations.
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Figure 4. Bifurcation diagram of limit cycles in model (5.3). In blue are the limit points of cycle bifurca-
tions and in magenta Neimark-Sacker bifurcations. Solid/dotted curves correspond to supercritical/subcritical
bifurcations.

The obtained result is shown in Figure 5. The indicated regions correspond with the
regions as denoted in [29]. The magenta curve between regions 2 and 3 is the supercritical
Neimark—Sacker curve, and the red curve between regions 1 and 2 is the subcritical Neimark—
Sacker curve. For each point of the grid, we have started time integration from a point close to
the original limit cycle (a 1% perturbation) until an attractor was found. The 1-norm of the
X-coordinate of an orbit with time length 1000 along the attractor is shown in the colormap.
In region 2 this attractor is the original limit cycle, and in region 3 it is the inner torus
arisen through the supercritical Neimark—Sacker curve. In region 1 the original limit cycle is
unstable, and so the trajectory which starts nearby converges to another attractor. Between
regions 1 and 3 and regions 1 and 2 a catastrophic bifurcation happens, i.e., a drastic change
of the attractor, identified from the change of color which varies from blue to red. Right above
the CH point, the catastrophic bifurcation is the subcritical Neimark—Sacker curve, while left
below it is the limit point of tori (T}) curve. Figure 5 shows that we obtain the scenario which
corresponds to a positive second Lyapunov coefficient.

5.3. The Lorenz-84 system. This model, taken from [36], is a meteorological model
proposed by Lorenz in 1984 in order to describe the atmospheric circulation. The equations
of the model are

& =—y?— 2% —ax + aF,
(5.4) y=uzy—brz—y+G,

Z=bxry+xz— 2,
where (a,b, F,G) are parameters. We fix a = 0.25 and b = 4. This model, as found in
[40, 43], has most of the analyzed codim 2 bifurcations of limit cycles. We report in Figure 6 a
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Figure 5. Simulations on a parameter grid (black points) of system (5.3). The magenta solid/dotted line is
the supercritical/subcritical Neimark-Sacker curve. The color represents the value of the mazimum of the first
coordinate of the attractor reached through simulation from a point close to the limit cycle.

bifurcation diagram recomputed and extended with MATCONT in which the bifurcations of
equilibria (LP stands for limit point and H for Andronov—Hopf) are thicker and the limit cycle
bifurcations are thin. In particular, the blue curve is an LPC bifurcation curve, the green
curves are period-doubling (PD) bifurcation curves, and the magenta curves are Neimark—
Sacker (NS) curves. The codim 2 points are marked with a red dot, and, as can be seen in
the figure, almost all cases, except for the CH bifurcation and the fold-flip bifurcation, are
present in this model. In the remainder of this section we will investigate the normal form
coefficients of each bifurcation.

5.3.1. The swallow-tail bifurcation. The first degeneracy we want to analyze is the van-
ishing of the coefficient ¢ in the CPC normal form. This bifurcation, named the swallow-tail
bifurcation, is in our case characterized by the collision and disappearance of two cusp points
of limit cycles. In order to get this codimension three (codim 3) bifurcation we analyze part
of the blue curve in Figure 6 for different parameter values of b. The result is shown in Figure
7. Part of the LPC branch is plotted in the (G, F)-plane for different values of parameter
b € [2.91,2.95] (from blue to red). In the table we can see the behavior of the critical normal
form coefficient ¢, where it exists (the colors correspond to those from the bifurcation dia-
gram). Notice how the behavior of this codim 3 bifurcation is captured by a smooth vanishing
of the normal form coefficient.
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Figure 6. Bifurcation diagram of model (5.4). The thicker curves are bifurcation curves of equilibria; the
thin curves are bifurcation curves of limit cycles and invariant tori (in blue the limit points of cycle curves,
in green period doubling curves, and in magenta Neimark-Sacker curves). Solid/dotted curves correspond to
supercritical /subcritical bifurcations.

5.3.2. The degenerate GPD bifurcation. On the green curve PD2(2) of Figure 6 there
are two GPD points. Computing the normal form coefficient in the first GPD point, with
parameter values (G, F) = (0.900,11.145), gives e = —1.318 1073 < 0. Therefore, there is
an LPC bifurcation curve that starts rightward tangent to the subcritical part of the period-
doubling manifold. In the second case, namely, for (G, F) = (1.124,14.129), e = 2.895 1073 >
0, and so the LPC curve starts rightward tangent to the supercritical part of the PD curve.
These conclusions are clarified in Figure 8; in the upper panels the Poincaré maps of the
limit cycles involved in the bifurcation are sketched. On the LPC4(2) curve the limit cycles
sketched in blue and red collide and disappear, while on the LPC4(1) curve the two involved
limit cycles are sketched in red and green.



CODIM 2 PERIODIC NORMALIZATION 781

12.82

128 -
12.78 -
12.76 -

12.74
£3

1272 P

127

12.68 -

12.66 -

12.64 1 1 1 1 1 ! 1 1
0.394 0.396 0.398 04 a 0.402 0.404 0.406 0.408

b | (G,F)l | C1 | (G,F)z | C2
2.95 | (0.406176,12.76893) | 16.4570 | (0.40445,12.79664) | -8.83567

291

Figure 7. Different limit points of cycle bifurcation curves in the (G, F)-plane for different values of the
third parameter b. The parameter values are reported in the table.

5.3.3. The 1:1 resonance points. Two R1 points are located on the LPC curve. Those
two points should have different products of normal form coefficients. In fact, in the first one,
where (G, F') = (0.522,10.718), the Neimark—Sacker curve rooted at the bifurcation point is
supercritical (i.e., the situation depicted in Figure 8.8 of [29]), while in the second one, where
(G, F) = (2.220,9.811), the Neimark—Sacker curve is subcritical.

e For the first R1 point (a,b) = (2.577,—1.266), so the product ab = —3.262 is negative.
e For the second R1 point (a,b) = (—9.887,—2.005), so the product ab = 19.819 is
positive.
These results are in accordance with the theory.

5.3.4. The 1:2 resonance points. At the R2 point at (G,F) = (1.593,6.106) shown
in Figure 6, the incoming Neimark—Sacker curve NS is subcritical (therefore, we must have
b > 0), while the outgoing curve NS2 (which exists and thus a < 0) is supercritical; i.e., we are
in the time reversed case of Figure 9.10 of [29]. The coefficients computed at the 1:2 resonance
point are (a,b) = (—0.633,0.179), in accordance with the theory.

At the R1 point located at (G, F') = (2.220,9.811) starts a resonance 1:2 cascade, as shown
in Figure 9. On the cascade we find many resonance points which we will analyze in what
follows. In particular, since the R2 points belong to a cascade, they are of the type presented
in Figure 9.10 of [29] (so a < 0), with at each step a change of criticality of the incoming
Neimark—Sacker curve. The Neimark—Sacker curve born at the R1 point is subcritical, so for
the first R2 point we expect that b > 0, while for the second one b < 0.
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Figure 8. Two generalized period-doubling points with different normal form coefficients on the period-
doubling bifurcation curve PD2(2) of Figure 6.

e For the first R2 point at (G, F') = (2.298,9.916) we have that (a,b) = (—1.316,0.111).
e For the second R2 point at (G,F) = (2.298,9.920) we have that (a,b) = (—2.623,
—5.641 1072).
Results are in accordance with the theory.

5.3.5. The 1:3 resonance points. There are several 1:3 resonance points at which we can
have a closer look. There is one R3 point located on the NS curve and two R3 points are
detected on the NS2 curve. The R3 bifurcation corresponding to the first iterate happens at
(G, F) = (1.624,4.628), with a positive normal form coefficient of the Neimark—Sacker bifur-
cation. The R3 points corresponding to the second iterate are at (G, F') = (1.235,7.072) and
(G, F) = (0.739,8.989), where the Neimark—Sacker bifurcation is in both cases supercritical,
so we are in the situation depicted in Figure 9.12 of [29].

e For the R3 point at (G, F') = (1.624,4.628) we have that (b, R(c)) = (0.191 — 0.546¢,
6.186 1072).
e For the R3 point at (G,F) = (1.235,7.072) we have that (b,R(c)) = (—0.446 —
0.190i, —3.612 1072).
e For the R3 point at (G,F) = (0.7394,8.989) we have that (b,R(c)) = (—0.129 +
1.681 10723, —1.951 1072).
All these results are in accordance with the theory.

There are also R3 points on the cascade, shown in Figure 9. The first one corresponds

with a subcritical Neimark—Sacker curve, while the second one corresponds with a supercritical
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Figure 9. Zoom on the resonance 1 : 2 cascade that starts at the right R1 point in Figure 6. In blue are the
limit points of cycle bifurcation curves, in green the period-doubling curves, and in violet the Neimark—Sacker
curves. Solid/dotted curves correspond to supercritical/subcritical curves.

Neimark-Sacker curve.
e For the first R3 point, at (G, F') = (2.279,9.889) we have that (b, R(c)) = (—2.958 —
0.3601,0.738).
e For the second R3 point, at (G, F) = (2.297,9.919) we have that (b, R(c)) = (2.745 +
3.539i, —0.385).
Also in this case all results are in accordance with the theory.

5.3.6. The 1:4 resonance points. There are five 1:4 resonance points at which we will
have a closer look. One is located on the NS curve, two others are on the NS2 curve, and the
last two lie on the resonance cascade (see Figure 9).

e For the R4 point at (G,F) = (1.647,3.376) we have that (c,d) = (5.0045 1072 —
7.459 10727,0.110 + 0.5347), and so A = 9.179 1072 — 0.137; (subcritical Neimark-—
Sacker curve, case I).

e For the R4 point at (G,F) = (0.595,9.777) we have that (c,d) = (—1.513 1072 —
0.135¢, —2.665 1072 —4.112 10724), and so A = —0.308—2.753i (supercritical Neimark—
Sacker curve, case VIII).

e For the R4 point at (G, F) = (1.390,6.620) we have that (c,d) = (—4.172 1072 —
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0.992i, —0.428 — 1.0827), and so A = —3.584 — 0.852i (supercritical Neimark—Sacker

curve, case I).
For the first and the last points no further bifurcation analysis is possible to confirm the
correctness of the results since the curves rooted at the bifurcation point are global bifurcations
of limit cycles. Instead, it is possible to continue all local bifurcations of limit cycles rooted
at the second R4 point, obtaining the result shown in Figure 10. The curve T is shown in
the bifurcation diagram of the R4 point, given in [29]. These diagrams are also presented in
[13]. Curve T corresponds to the fold bifurcation of the 47-periodic cycle, which happens in
the “big” cycle. For curve T°", the fold bifurcation happens in the “big” cycle. Note that we
have not made the distinction between regions VII and VIII.

9.81
9.8
9.79
9.78
9.77

R 976
9.75
9.74
9.73
9.72

9.71

L L L L L L L
0.594 0.595 0.596 0.597 0.598 0.599 0.6 0.601
G

Figure 10. Bifurcation diagram at the R4 point at (G, F) = (0.595,9.777). In blue are the limit points of
cycle bifurcation curves and in violet the Neimark-Sacker curves. Solid/dotted curves correspond to supercrit-
ical/subcritical curves.

The first R4 point of the resonance cascade lies on a subcritical Neimark—Sacker curve,
while the second one lies on a supercritical Neimark—Sacker curve. Moreover, since they are
part of a cascade, we expect them to be of type I.

e For the first R4 point at (G, F) = (2.298,9.916) we have that (c,d) = (5.185 1072 —
1.763i,—2.014 + 0.4557), and so A = 2.510 1072 — 0.854i.
e For the first R4 point at (G, F) = (2.298,9.919) we have that (c,d) = (—2.821 1072 —
6.815i, —10.845 + 2.1464), and so A = —2.550 10~3 — 0.6164.
Also in this case the results are in accordance with the theory.

5.4. The extended Lorenz-84 system. As done in [33], it is possible to extend the Lorenz-
84 system (5.4) by adding a fourth variable which takes the influence on the jet stream and the
baroclinic waves of external parameters like the temperature of the sea surface into account.
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The resulting system is

&= —y? — 2% —ax + aF — yu?,

) =xy — brz — G,

(5.5) y Ty —brz —y+
z=bry+xz— 2,

U = —d6u + yur + K.
We use the parameter values mentioned in [33], i.e.,
a=025b=1G=026=1.04,v=0.987F =1.75, K = 0.0003.

Time integrating this system from the origin leads to the detection of a stable limit cycle.
In a continuation with K as free system parameter the limit cycle undergoes a supercritical
period-doubling bifurcation. Now, we can perform a two-parameter continuation in (F, K)
and obtain the bifurcation diagram reported in Figure 11 (cf. [33]).

5.4.1. The fold-flip point. As can be seen in Figure 11, a fold-flip point is detected for
(F,K) = (1.762,2.806 10~%). Since there is a Neimark—Sacker curve of the period-doubled
limit cycle rooted at the bifurcation point and the NS2 curve and the LPC curve lie on
different sides of the PD curve, we are in the situation represented in Figure 9.25 of [29];
i.e., we have asgb;1 < 0 and agebi1 < 0. Moreover, since the NS2 curve is supercritical,
Cpng should be negative. Numerically, we obtain that b1y = 562.222, aoy = —0.576, age =
—1.784107°, Cyg = —1.076 107. Hence, these results are in agreement with the theory. They
also agree with [33], where the LPPD bifurcation was analyzed by computing the normal form

4 3(10_4

NS2

1.75 1.76 1.77
F

Figure 11. Bifurcation diagram of limit cycles in model (5.5). The blue curve is a limit point of the cycle
curve, the green one is a period-doubling curve (solid/dotted parts correspond to supercritical/subcritical parts),
and the magenta curve is a supercritical Neimark-Sacker bifurcation curve of the period-doubled limit cycle.
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coefficients for the critical Poincaré map, using the numerical integration of the variational
equations to compute the multilinear forms in the Taylor expansion of this map.

6. Discussion. In this paper, we have applied the approach from [30] to codim 2 bifur-
cations of limit cycles in generic autonomous ODE systems (1.1). This approach is based on
the periodic normalization by Iooss [25]; see also [26].

Although in [10, 25] periodic normal forms for some codim 2 bifurcations of limit cycles
were presented, neither of these publications treated all 11 codim 2 local bifurcations of
limit cycles. We derived the normal forms for eight cases when the center manifold is either
two- or three-dimensional. Moreover, we have provided the explicit formulas for the normal
form coefficients. These formulas are directly suitable for numerical implementation using
orthogonal collocation. They perfectly fit into the continuation context, where limit cycles and
their bifurcations are computed using the BVP approach, without numerical approximation
of Poincaré maps. Full details of the implementation of the developed method in MATCONT
were given, together with several numerical examples.

The three remaining codim 2 cases with four- and five-dimensional center manifolds, i.e.,
fold-NS (LPNS), period doubling-NS (PDNS), and double NS (NSNS) bifurcations, will be
treated in a separate paper.
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