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Abstract

The fold-flip bifurcation occurs if a map has a fixed point with multipliers +1 and —1
simultaneously. In this paper the normal form of this singularity is calculated explicitly.
Both local and global bifurcations of the unfolding are analysed by exploring a close re-
lationship between the derived normal form and the truncated amplitude system for the
fold-Hopf bifurcation of ODEs. Two examples are presented, the generalized Hénon map
and an extension of the Lorenz-84 model. In the latter example the first, second and third
order derivatives of the Poincaré map are computed to find the normal form coefficients.

Running title: The fold-flip bifurcation.
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1 Introduction

Consider a family of discrete-time dynamical systems generated by the map
x— F(z,a), (1)

where F': R™ x R™ — R” is sufficiently smooth.

It is well known (see, for example, Arnold [1983] for the general theory and Kuznetsov [1998]
for the derivation of computational formulas reported below) that in generic one-parameter
families (1) only the following three bifurcations of fixed points happen:

1. Fold: The fixed point has a simple eigenvalue A; = 1 and no other eigenvalues are on
the unit circle. The restriction of (1) to a one-dimensional center manifold at the critical
parameter value has the form

£ £+ 308 +0(E), 2)

where a # 0. When the parameter crosses the critical value, two fixed points of (1)
coalesce and disappear. This bifurcation is often called the saddle-node bifurcation. If
Av = Fyv and B(u,v) = F,,[u,v] are evaluated at the critical fixed point, then

a=(¢",B(q.q)), (3)
where Aq = q, ATq* = ¢*, and (¢*,¢q) = 1. Here and in what follows (u,v) = @”v is the
standard scalar product in C" (or R").

2. Flip: The fixed point has a simple eigenvalue A\; = —1 and no other eigenvalues are on

the unit circle. The restriction of (1) to a one-dimensional center manifold at the critical
parameter value can be transformed to the normal form

€1 —£ -+ b6+ O(€Y), @

where b # 0. When the parameter crosses the critical value, a cycle of period 2 bifur-
cates from the fixed point in (1). This phenomenon is often called the period-doubling
bifurcation. If C'(u,v,w) = Fyp.[u,v,w] is evaluated at the critical fixed point, then

b= (p*,C(p,p,p) + 3B(p,(In — A) "' B(p,p))), (5)
where I, is the unit n x n matrix, Ap = —p, ATp* = —p*, and (p*,p) = 1.

3. Neimark-Sacker: The fixed point has simple critical eigenvalues ;2 = e and no other

eigenvalues are on the unit circle. Assume that
€% _ 140, ¢=1,2,3,4 (no strong resonances).

Then, the restriction of (1) to a two-dimensional center manifold at the critical parameter
value can be transformed to the normal form

: 1
e (1 3din?) + Gl ®
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where 7 is a complex variable and d is a complex number. Further assume that
c=Red#0.

Under these assumptions, a unique closed invariant curve around the fixed point appears
in (1) when the parameter crosses the critical value. One has the following expression for
d:

4= 5e (0", C0,,0) + 2B(v, (T — ) Bv,0)) + B, (2% 1, ~ A) B(o,v), (7)

where Av = ¢y, ATv* = e70y* and (v*,v) = 1.

In generic two-parameter families, the above listed codim 1 bifurcations occur when we cross
the corresponding bifurcation curve (defined by the single condition on the eigenvalues) at a
typical point. Moreover, one can choose the eigenvectors so that the normal form coefficients
a,b, and ¢ will be smooth functions along these curves!
in a generic two-parameter family (1), one may encounter a doubly-degenerate singularity
if either (i) extra eigenvalues approach the unit circle, thus changing the dimension of the
center manifold; or (ii) one of the nonequalities on the normal form coefficients mentioned
above becomes an equality. Therefore, the following eleven doubly degenerate (or codim 2)
bifurcation points can be met in generic two-parameter families of maps:

. While tracing a bifurcation curve

Dy : M =1, a=0 (cusp);

Dy : A\ =-1, b=0 (generalized flip);

D3 : Ao =eF% ¢=0 (Chenciner point);
Dy : Ai=MXy=1 (1:1 resonance);

Ds : A =Xy =—1 (1:2 resonance);

Dg : Mag=eFif gy = 2{ (1:3 resonance);
I etito gy = % (1:4 resonance);
Dg : )\1 = 1, )\2 = —1;

Dy A =1, Ayg = eti;

Dy : A =—1X3=ct0,

D11 : )\172 = eii€07 )\3,4 = eiiel.

The cases D1—D7 are well understood and presented in many textbooks (see, for example,
Arnold [1983]; Arrowsmith and Place [1990]; Kuznetsov [1998]). Notice that these seven are
the only possibilities if the map (1) is a Poincaré map associated with a limit cycle in a three-
dimensional autonomous system of ODEs: Then there are just two eigenvalues Ajo of the
linearization of the Poincaré map and their product is always positive due to the Liouville
formula, i.e., A\{A2 > 0. That is why cases Dg—D1; received much less attention. These cases,
however, will appear inevitably in more realistic higher-dimensional models.

This paper is devoted to a detailed analysis of case Dg, that we call the fold-flip bifurcation.
A connection between the corresponding bifurcation of limit cycles and bifurcations of the
truncated amplitude system appearing in the anlysis of the fold-Hopf bifurcation of ODEs was
first indicated in Arnold et al. [1994]. For maps, this bifurcation has been specially treated

IThe coefficient y also has this property.



by Gheiner [1994]. In the present paper we clarify, correct, and extend that analysis. In Sec.
2, we derive the parameter-dependent normal form for a generic fold-flip bifurcation and give
explicit expressions for the critical normal form coefficients in 2- and n-dimensional systems.
In Sec. 3 we complete the analysis of local bifurcations of the normal form and study global
bifurcations by approximating the map by time-shifts along orbits of an auxiliary planar ODE,
present (as completely as possible) bifurcation diagrams of the truncated normal form, including
computer-generated phase portraits), and then discuss effects of the truncation. Section 4 is
devoted to the normal form analysis of the fold-flip bifurcation in two examples: A generalized
Hénon map and the Poincaré map for a 4-dimensional extension of the Lorenz-84 model. The
generalized Hénon map appears in the study of bifurcations of diffeomorphisms with codim
2 homoclinic and heteroclinic tangencies, while the second model describes the atmospheric
circulation and, to our best knowledge, is the first autonomous ODE system appearing in
applications that exhibits the fold-flip bifurcation. For this model, we compute numerically
the partial derivatives of the Poincaré map (see Appendix) and then use them to evaluate the
critical normal form coefficients and, thus, to demonstrate the nondegeneracy of the fold-flip
in this case.



2 Normal Form for the Fold-Flip Bifurcation

2.1 Planar normal form

Proposition 2.1.1 (Critical normal form) Suppose a smooth map Fy : R? — R? has the

form )
c &+ A 223i!_j!gijﬁgg
(&)~ wE ol ®)
b+ Y Z.!—j!hijfiﬁ%
i+5=2,3

and h11 # 0. Then Fy is smoothly equivalent near the origin to the map

1 1 1 1
21+ =a(0)x? + =b(0)22 + =c(0)25 + =d(0)z1 22
<i1>'_> 1 2()1 2()2 6()1 2()12 +O(H$H4), (9)
2 —Z2 + X1T2
where ) 5
a(0) = g0, b(0) = gozh11, ¢(0) = -5 | 930 + 7911h20 ) , (10)
hii 12, 2
3902 (ho2h 2ho1 — 2g11hoo) — g20(3h2, + 2R 1 2
d(0) = 902 (ho2hao + 2ha1 — 2g11h20) — g20(3hgy + 2ho3) 2 gt S gnihos—h2y— 2 hes. (11)
6h11 2 3
Proof:
Step 1 (Quadratic terms) Applying to (8) a polynomial coordinate transformation
1 1
§&1. = 2+ §G2096% + Gz + §G02$%, 12)
12
1 1
o = a2+ §H2ol“% + Hyyzpwo + §H02$§,
we obtain:
1 2 1 2
T — T+ 292071 + (911 +2G11)x1202 + 590275 +--,
1 1
T9 = —To+ §(h20 — 2H30)23 + hiia1me + 5(h02 —2Hp)x3 + -+
where dots stand for higher-order terms. By setting
1 1 1
G = — 5911 Hyy = §h20, Hpp = §h02, (13)

we eliminate as many quadratic terms as possible. The remaining quadratic terms are called
resonant.

Step 2 (Cubic terms) Assume now that Step 1 is already done, so that (8) has only
resonant quadratic and all cubic terms. Consider a polynomial transformation:

1 1 1 1
&= x4+ EGsox? + §G2196%362 + 501236136% + 6G033€§7

1 1 1 1
62 = x99+ EHgox? + §H21.%'%1'2 + §H121'11'% + 6H031‘%,

(14)



Obviously, it does not change the quadratic terms. After this transformation, we get

1 1 1 1 1
Tl o1+ 592033% + 59025'33 + —g307} + 5(921 +2Go1 )ziTs + 5912331335 +

1
G ~(go3 +2Go3) 73 + - --

6

and
g — —To + hi1r122 + — (hso — 2H30)2% + h21331~"32 + = (h12 — 2H9)x173 + ~ h03l“2 +-

By setting
1 1 1 1
Gor = —5921, Gos = —5903, Hzo = Shso, Hiz = 5hia,
we eliminate four cubic terms. The remaining cubic terms are also called resonant. They are
not altered by (14).
Step 3 (More cubic terms) The coefficients H;;, Gag, and Gz of (12) do not affect the

quadratic terms of (8) but alter its cubic terms. Taking into account (13) while computing the
cubic terms of the transformed map, we obtain

1, 1 5 1 3
T1 $1+§920€'31+§902€'32+6 930+§g11h20 Ty

1
+ <2902H11 — 902G20 + (920 + 2h11)Go2 + 5911h02 + 912 — 9%1) Ty 4

N =

and
1
T2 —T2t hnrize + BY gooH11 + h11Gao — g11hoo + h02h20 + hoy ) 2ty
1
+6 (3902H11 + 3Go2h11 + ho3 + 5h%2> 4

where only the resonant cubic terms are displayed. Thus, we can try to eliminate three altered
terms by selecting H1, Gog, and Ggo. This requires solving the following linear system:

1 2
—=g11tho2 —g12+g
2902 —go2 2h11 + g20 Hyq 2 1

1
g0 h11 0 Gao | = | g11hao — §h02h20 — ho1

3902 O 3h11 Go2 3
—hoz — §h32

Its matrix has zero determinant. However, using the nondegeneracy condition h1; # 0, we can
eliminate the resonant cubic terms in the second component of the normal form. Thus, we set

Hy1=0 (15)
and from the above linear system obtain:
1 1 1
Goz = ( hos + h02> , Gog = — <g11h20 — ho1 — —h02h20> : (16)
hll hi1 2
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Step 4 (Final transformation) Transform now the original map (8) using (12) with the
coefficients (13) defined in Step 1, and (15), (16) defined in Step 3. This results in a map with
resonant quadratic terms, nonresonant cubic terms, and only two remaining resonant cubic
terms in the first component. Transformation (14) from Step 2 allows then to eliminate all
nonresonant cubic terms, while keeping unchanged all remaining quadratic and cubic resonant
terms. Finally, perform the linear scaling

T
Ty = —

hi1

to put the coefficient in front of xiz9 in the second component equal to one. This results in
the expressions (10) and (11) for the critical normal form coefficients. O

Remark 2.1.2 Gheiner [1994] gave the same critical normal form (9), but here we have derived
explicit expressions for the critical normal form coefficients. >

Proposition 2.1.3 (Parameter-dependent normal form) Consider a two-parameter fam-
ily of planar maps

where F : R? x R? — R? is smooth and such that
1. Fy:R? = R2% & Fy(&) = F(£,0) satisfies the assumptions of Proposition 2.1.1;

2. The map T : R? x R? - R? x R x R, defined by

é- F(éaa) _5
< ) =T a)=| det Fe(§,a) +1 (17)
@ Tr Fe (€, o)

is regular at (£, ) = (0,0).

Then F is smoothly equivalent near the origin to a family

1 1 1 1
() [t rmmins el + bz + Gelnar+ dunas ) o
T9 —X9 + T1X2

(15)

where all coefficients are smooth functions of pu and their values at 1 = po = 0 are given by

(10) and (11).
Remark 2.1.4 Map (17) can be substituted by the map
é— F(fv a) - f
( N > = | det(Fe(§, ) + 1)
det(Fe(€,) — )

The regularity of both maps implies the transversality of the map F' to the critical manifold in
the space of 2-jets. >



Proof of Proposition 2.1.3:
Expand F' in £ at £ = 0 for any small ||«|:

§— F(é-? a) - ’Y(Oé) + A(Oz)f + R(§7 Oé),

where v(0) = 0 and R(£,a) = O(||€]|?). The first assumption implies the existence of two
eigenvectors, g(a) and p(a) in R2, such that

Ale)g(a) = M(a)q(a), Ala)p(a) = Az(a)p(a),

where A\1(0) = 1 and A2(0) = —1. Note that, due to the simplicity of the eigenvalues +1
of A(0), A12 depend smoothly on «, and ¢,p can also be chosen such that they are smooth
functions of a. Any ¢ € R? can now be represented for all small ||a|| as

£ =mq(a) + nep(a),

where = (n1,72)7 € R2. One can compute the components of 7 explicitly:

m = <q*(a)7€>v 2 = <p*(a)7€>v
where
AT (@)q" (@) = M (@)q" (), AT (@)p"(a) = Ao (@)p*(a)
and (¢*(@),q(a)) = (p(a)",p(a)) = 1. Since (¢*(a),p(a)) = (p*(a),q(e)) = 0, the map F,
when expressed in the n-coordinates, takes the form
U o1(@) + A(a)m + Si(n, a)
()= (o) e s S ) (19

where
or(@) \ _ ( (¢"(a),¥(a)) Si(n,a) \ _ [ (¢*(a), R(mg(a) + nap(e), @))
( o2(c) ) a ( (P (), (@) >’ ( Sa(n, ) ) B ( (p*(@), R(ma(a) + m2p(a), a)) >
Expanding Sj 2(n, ) further, we can write (19) as

1 .
a1(a) + M(@)m + Y Z.,—j,gij(a)niﬁé

i+7=2,3 "
<$>H e | rodml. (20)
oa(a) + Aa(a)n2 + Z Tj!hzj(a)n’ln%
i+j=2,3

Now we want to put (20) in the form (18) by means of a smooth coordinate transformation
that depends smoothly on the parameters. Consider the following change of variables:

1 1
m = x1 +eo(a) +er(a)ry + §G20(04)$% + Gii(a)xize + §G02(a)m%+
1 1
§G21(a)m%x2 + EGog(a)xg’,
1 , 1 , (21)
Ny = To+ 50(04) + 51(0[)1’1 + §H20(O¢).Z'1 + §H02(O¢).Z'2+

1 1
\ 6[—[30(04)3:‘3 + 5[—[12(04)3:136%,



where all coefficients are as yet unknown smooth functions of « such that ¢;(0) = 9;(0) = 0 for
i = 0,1. Obviously, for &« = 0 (21) reduces to the transformation introduced in Step 4 of the
proof of Proposition 2.1.1 just before the final scaling.

Require now that the Taylor expansion of (20), in the z-coordinates and up to and including
cubic terms, takes the form

)

1 1 1 1
<$1>H () + (14 pa(a))ar + SA(0)a + 5 Ba)as + Cla)ai + 5 D(a)aras

T2 —z9 + E(a)z129

where, £11(0) = p2(0) = 0. After all substitutions, this requirement translates into a system of
algebraic equations:

Q(e0,¢€1, 00,01, pt1, pt2, Goo, G11, Goz, Go1, Gos, Hao, Hoz, Hag, Hi2, A, B,C, D, E) = 0,

where @ : R? — R?0 results from equating the corresponding Taylor coefficients. For the
Jacobi matrix J = D@ of this system evaluated at

we have det(J) = —3072h$; # 0. Therefore, the Implicit Function Theorem guarantees the
local existence and smoothness of the coefficients of the transformation (21) as functions of «.
Moreover, one can show that

mo = Aiar+ Asaz + O(al),
o = - L ([(912(0) By + 245)h11(0) — (ha(0)By + 2B3)gag] o + (22)
11(0)

[(911(0)B2 + 2A4)h11(0) — (ho2(0) B2 + 2B1)ga0] a2) + O(la?),
where A; and B; are defined by the following expansions of the coefficients of (20):

o1(a) = Aty + Azaz + O([lal?), Ai(a) =1+ Agar + Agas + O(||e]|?),

23
oa(a) = Bran + Baas + O(|al?), Aa(a) = —1+ Bsar + Baas + O(Jaf?). %)

The functions g and po can be taken as the unfolding parameters if the determinant of the
Jacobi matrix

o >
A =det | ——— 0.
(3(%,@2) a=0 7
From (22) we have
1
A= T [(AIB2 — A9B1)(g11h11 — g20ho2) + 2(A1 Ay — AsA3)hi1 + 2(AsBs — A1B4)920] .

On the other hand, taking into account (23), we obtain by direct computations:

det <a<?;,Ta>>

= 24,

n:a:(]

9



where T' is the map (17) written in the (7, @)-coordinates, i.e., for the map (20). Thus, if
h11(0) # 0, the regularity of (17) at the origin is equivalent to A # 0.

The scaling
- o M
B(p) " By
where E(u) = h11(0) + O(||a|]), gives finally (18). Obviously, the critical coefficients are the
same as in Proposition 2.1.1. Il

I —

2.2 Center Manifold Reduction

We now apply a special version of the center manifold reduction combined with the normaliza-
tion to our map (see Kuznetsov [1999]; Beyn et al. [2002] and references therein for the case of
ordinary differential equations). Consider a two-parameter family of maps F : R" x R? — R",

x— F(z,a), (24)

having at a = 0 a fixed point = 0 with two simple eigenvalues A1 2 = +1 and no other critical
eigenvalues. We can write:

1 1 1
F(z,a) = Az + Aja + §B(x,x) + Bi(z,a) + EC(x,x,a:) + §Cl(x,x,a) +--

where only relevant homogeneous linear, quadratic, and cubic terms are displayed. The mul-
tilinear forms B and C' are defined in Sec. 1, while By(q,3) = Fialg, 3] and Ci(q,p,3) =
Frzalg, p, 0] evaluated at (z,a) = (0,0). The matrix A has the eigenvalues A\j o = £1. Intro-
duce the associated eigenvectors ¢, ¢*, p, p*, such that

Ag=q, Alq¢*=gq*, (¢*,q)=1,
Ap=—p, ATp*=—p*, (p*,p)=1

We want to restrict (24) to its two-dimensional center manifold
r=H(w,p), H:R?>xR?—-R", (25)

depending on two parameters (1, 32). Expand H as

1 . .
_ E : Ji, 72 k1 nk2
H(wv/())) - g ']{? ']{? 'hj1j2k1k2w1 w2 /31 2
. . J1:J2-R1-K2-
J1+je+ki+ka>1

Using the freedom of choosing the w-coordinates on the center manifold, we can assume that
the restriction of (24) to (25),

w G(w,B), G:R*xR*—R% (26)

has been put into the form

1+ (1+ Bo)wy + l(Jbl(ﬁ)w% + %bl(ﬁ)u% + 101 (B)w + lCz(ﬁ)’wlwg

G(w, B) = 2 —_— 2 +O(||w]*)
—ws + e1(B)wyws + 5€3(ﬁ)ﬂ)%wz + 6€4(ﬁ)w§’

10



Furthermore, we assume a dependence
a=K(B)=Kig+0(|8]%),

where K : R? — R? and K is a 2 x 2-matrix.

Remark 2.2.1 Note that we have included all cubic terms which become resonant at @ = 0
in the second component of the normal form (26). In the proof of Proposition 2.1.1 we used
primary and secondary normalization. In the primary normalization we applied a quadratic
change of coordinates to remove nonresonant quadratic terms, and a cubic change for nonreso-
nant cubic terms. The secondary normalization used quadratic terms to remove some resonant
cubic terms, if an additional nondegeneracy condition is satisfied. Sometimes this is called a
hypernormalization. The coefficient d(0) is changed by this secondary normalization. A priori
we do not know if the nondegeneracy condition hi1 # 0 is satisfied. Therefore we compute all
cubic coefficients in the second component of G, and then use formulas (10) and (11) to obtain
the critical coefficients. >

The condition of invariance of the center manifold is the homological equation
F(H(w,B), K(8)) = H(G(w, 3), 5). (27)
Collecting quadratic terms in Eq. (27) we find, for 8 =0,

(A —TIy)h2oo0 = a1(0)q — B(q,q),
(A+Iy)hi100 = e1(0)p — B(p,q), (28)
(A—ILy)hooo = b1(0)g — B(p,p),

while the cubic coefficients are obtained from

(A—1TIy)hso00 = c¢1(0)q + 3a1(0)haogoo — 3B(q, h2oo0) — C(q,4,9),

(A—1TIy)h1200 = ¢2(0)q + b1(0)ho00 — 2e1(0)ho200 — B(q, ho2oo) — 2B(p, h1100) —
C(p,p,q),

(A+1Iy)h2100 = ¢3(0)p + (2e(0) — a(0)) h1100 — 2B(q, h1100 — B(p, h2ooo) — C(q, 4, p),

(A+1In)hozoo = c4(0)p — 3b1(0)h1100 — 3B(p, hozoo) — C(p, p, p).

Since 1 and —1 are simple eigenvalues of A, the Fredholm solvability condition yields the critical
quadratic coefficients

a1(0) = (¢*, B(q, q)), e1(0) = (p*, B(p, q)), b1(0) = (¢, B(p,p)),

and using the bordering technique described in Kuznetsov [1999] we find

— ™Y ((¢*,B(4,9))q — B(a.q)),
+ )™V ((p*, B(q,p))p — B(q,p)),
— )™V ((¢*, B(p,p))a — B(p,p)).

s

haooo = (
hiigo = (

hosoo = (

o

N
<

11



Here h = LNV R denotes the unique solution of the nonsingular bordered linear system:

() (2)=(v)

It is assumed that L has a one-dimensional null-space, so that Lv = LTv* =0, (v*,v) = 1.
It follows from (28) that (¢*, hagoo) = (q*, ho200) = (p*, h1100) = 0. Therefore we can simply
write the expressions for the critical cubic coefficients

c(0) = (¢",C(4,9,9) + 3B(q, h2000)),

c2(0) = (q¢*,C(q,p,p) + B(q, hoo) + 2B(p, h1100)),
3(0) = (p*,C(q,q,p) + B(p, haooo) + 2B(q, h1100)),

(0) {p*,C(p,p,p) + 3B(p, ho200))-

Q

C4

Remark 2.2.2 Note that we do calculate e1(0) in the center manifold reduction. If e;(0) # 0,
we can scale and, using the previous remark, obtain

_ @(0) _ _ al(0)
o(0) = 218 50 = n0)er(0). <(0) = H3.
4(0) = 20) + <b1(0)03(0) —2(26(0) + al(O))C4(O)> .
Then a(0),b(0),c(0) and d(0) are the coefficients for (9). >

For 3 # 0 we obtain from Eq. (27) the coefficients hj, j,k,k, and (K7);;. This tells us how
the center manifold and « depend on ( in linear approximation. The w-independent terms give

(A = I,)[hoo1o hooot]B = ([q 0] — A1 K1) 3.

Here [hoo1o hooo1] should be interpreted as a 2 x n matrix and so on. We take the matrix
product with ¢* and find ¢*A; K7 = (1,0). We happen to have some freedom and can scale K
and take as a solution

1 Y12 > . *
K, = , with (71, =q"A;. 29
1 23 ( - (71,72) = ¢" Ax (29)

Then one can also solve for hggig, hogo1- The equations for the other coefficients are

(A= I,)[h1010 h1oo1] = [2h2000 q] — 2[B(q; hooo) B(q; hooo1)] — Bi(g, K1),
(A+ L) [ho110 hoto1] = [—hi100 O] — 2[B(p, hooo) B(p; hooot)] — B1(p, K1),
(A — In)[h2010 h2oo1] = a(0)[h1010 h1oo1] + 2[a1(0)h2000 P2000] —
2[B(hoo10, hr2000) B(hooot, fr2000)] — Bi(haoo0, K1) + C1(q, g, K1),
(A+ Ip)[hi110 h11o1] = e1(0)[ho110 hoto1] + [e1(0)h1100 — h1100]
—2[B(hoo10, h1100) B(hooot, h1100)] — B1(h1100, K1) — 2C1(q,p, K1),
(A = In)[ho210 ho2o1] = b1(0)[h1010 h1o01] + 2[b1(0)h2ooo 0] —
2[B(hoo10, ho200) B(hooot, ho200)] — B1(ho2o0, K1) — C1(p, p, K1).

—_— —
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3 Analysis of the Normal Form

Discard the O(||z|*)-terms in (18) to obtain the truncated normal form:

1 2 1 2 1 3,1 2
2 —X2 + T1T2
Remark 3.0.3 Note that (30) is invariant under the reflection in the z-axis:
x +— Rz, R:<(1) _2), (31)

for which R? = I,. The phase portraits below will reflect this Z,-symmetry. >

Denote the critical values of the normal form coefficients by

ag = G(O), bo = b(O), Cy = C(O), do = d(O)
In this section, we study local and global bifurcations of the truncated normal form (30), present
its bifurcation diagrams, and then briefly discuss relationships between (30) and (9).

3.1 Local codimension 1 bifurcations

Proposition 3.1.1 The family of maps (30) has the following local codimension 1 bifurcations
in a sufficiently small neighbourhood of (z,u) = (0,0).

1. There is a curve

2
12 H
trod : (T1,22, 1) = <—— +0(13),0, 22 + O(M%)) ;
ag 2@0
on which a nondegenerate fold bifurcation occurs if ag # 0.

2. If bg # 0, there is a curve tg;, : (x1,22, 1) = (0,0,0) on which a nondegenerate flip
bifurcation occurs.

3. If by > 0 and p1 < 0, there is a curve

2 do + 2b
b oni) = (0= + 0 ), SOEZ0 o )

on which a nondegenerate Neimark-Sacker bifurcation of the second iterate of (30) occurs,
provided
a%bo + 3agby + agdy — bocg # 0. (32)
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Proof: The Jacobi matrix of (30) is

1+ p2 + a(p)ar + ge(p)at + 5d(p)as b(p)ws + d(p)z1z: )

A(:E7/‘L) :NI(‘T,/‘L) = < To —]_—|—.CL‘1

Fold bifurcation The map (30) has a fixed point « with multiplier 1 if

N(z,p) = =,
det(A(z,p) — Iz) = 0.
Using the Implicit Function Theorem, we see that this algebraic system has a unique solution

curve tg,q near the origin as described in statement 1. The critical (adjoint) eigenvectors are
q=q" = (1,0)T, while

B(p,q) = ( aop1q1 + bopage + O(u2) > .
P192 + P2q1
With (3) from Sec. 1, we obtain
afold = ag + O(u2),
and if ag # 0 we have a nondegenerate (quadratic) fold when po — 0.
Flip bifurcation. Another look at the Jacobi matrix above shows that along the curve ¢ f;;,

defined in the statement 2, the truncated normal form (30) has a fixed point with multiplier
—1, i.e., this curve satisfies the algebraic system

{ N(z,p) = z,
det(A(x,pn) +I) = 0.

Now we have p = p* = (0,1)7 as (adjoint) eigenvector. Clearly C(p,p,p) = 0 and we compute
the flip coefficient (5) as

* _ 3bo
bpiip = {p",3B(p, (I = )" B(p.p))) =~ = +o(1),
where o(1) is bounded as o — 0. Then, the flip bifurcation is nondegenerate if by # 0.
Neimark-Sacker bifurcation. Considering the second iterate of (30) we solve for its fixed
point with the determinant of the Jacobi matrix equal to one, i.e.,

N(N(HZ,/],),,U,) = T,
det A(N(x, ), p) det A(z,u) —1 = 0.

We find the following exact solution to this system:

d(p) + 2b(p)
b(p)

which implies the expansion for tyg in the statement 3. Evaluating the Jacobian matrix of the
second iterate of (30) on (33), we find

z1 =0, b(u)as+2u =0, pg= M1, (33)

1+ 6pu + 4yt 2b(u)\/%(1+“1)
A= (N(N(.I',/L),/L))x = 21
—2 —m(l‘i‘ﬂl) L+ 2
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For small y; < 0, it has complex eigenvalues e = 1+ duy + 22 £+ /1 (2 + p1) (1 + p1)2.
Therefore, we find that in the case of by > 0, 11 < 0 there is a Neimark-Sacker bifurcation.
We want to know the sign of the first Lyapunov coefficient ¢yg along (33). We take

(8 (o)) o (i 05 )

such that Ag = e g and AT¢* = e=0g*, with e = 1 + 4y + 242 — \/,u1(2 + 1) (1 + p)?.
We should still scale ¢*, since (q*, q) # 1. Next we compute the first Lyapunov coefficient c¢yg
on tyg, using (7) from Sec. 1, where the multilinear forms B and C' correspond to the second
iterate of (30). This gives:

1
ens = 5 (~agbo — 3agbo — agdo + boco) + o()

as pu1 — 0. Therefore, the Neimark-Sacker bifurcation of the period-2 cycle of (30) is nonde-
generate near the origin, if (32) holds. O

Remark 3.1.2 Gheiner [1994] obtained similar results concerning the fold and flip bifurca-
tions, but some of his calculations are puzzling. The Neimark-Sacker bifurcation was proven to
exist, but no attempt was made to analyse it. As we have seen, this bifurcation is nondegener-
ate under the condition (32) on the critical normal form coefficients. Choosing, as a numerical
example, b =c=d = 1 we find a # —2 + /5 as the condition for ¢yg to be nonzero.

3.2 Global bifurcations

As we shall see, the map (30) has two saddle fixed points, which can posses a heteroclinic
structure. To study this global bifurcation phenomenon, we derive a vector field, such that
the unit shift along its orbits approximates (30). Bifurcations of this vector field are easy to
analyse, since it is similar to an amplitude system for the fold-Hopf bifurcation (see Chow et al.
[1994]; Kuznetsov [1998]).

Proposition 3.2.1 (Approximating vector field) In a small neighbourhood of (x,u) =
(0,0), the truncated normal form (30) satisfies

R N(z,p) = @' (z, ) + O(|p|*) + O(||*[| ell) + O(l|[|)- (34)
Here R is the matriz defined by (31), ¢! is the flow generated by the system
i=X(x,p), zeR? veR?

where the vector field X is given by

1 1 1
1+ <—§a0p1 + ,u2> Ty + iaom% + §boﬂ$% + dyz} + doay a3
X(x,p) = 1 ) (35)

SH1T2 — T122 + dzz125 + dyxs
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with

1

3, 1 1 1 1
= — — — = — — 2 — = — — 2 = — .
dq 6 (Co 2a0> , ds 2 (do + 2b0( a0)> , dg 4(@0 ), da 4b0

Proof:
We construct ¢! as the first two components of the flow

swt(a):(“"t(i’“) > 5=<ﬁ>eR4,

generated by a 4-dimensional system with the parameters considered as constant variables:

E=Y(©). (36)

Here

V() = JE+ValE) 4 Ve + o, T = o= (49,

o O o O
o o o o
o O o=
o O O O

where each X}, is an order-k homogeneous function from R* to R? with unknown coefficients.

Define
mee = (M)

and introduce the 4 x 4 block-diagonal matrix

R 0
5= < 0 I ) ’
where R is given in (31). Following Takens [1974], we look for a vector field Y such that
S M(€) = ¢ (&) + O([IEll).
To find the vector field Y explicitly, perform three Picard iterations for (36) as described
in Kuznetsov [1998], Chapter 9. We start with setting ¢} (¢) = e”’¢. Then, clearly, the linear
part of S M (&) coincides with ¢1(€).

Since we know how the result ¢} of the second Picard iteration should look, we set some
coefficients of Y equal to zero immediately:

1 1
Aropixy + Ao poxr + 5142033% + 514025'3%

Biyx122 + Biopi
0
0

Yo

16



Then

t
Lo = et / &/ Yy (67 (€)) dr

0

1 1 1
(Ao + §A20t2)M19€1 + Ag1 ozt + 5142090% + 5142096%

T + tpy 1
e Buusas + (3But’ + Bua ) pirs +0(ulP).
1
po X

Comparing quadratic terms in S M (£) and ¢3(€), we find the coefficients of Y
1 1
Ao = —5a0, Az = a0, Aor =1, Aoz =bo, Bro =3, Bu=-1.

Passing on to the cubic part we remark that we are only interested in cubic terms in z.

Therefore, we put
1 .
E : j
i'j‘AijxﬁmQ
i+j=3 "

1 o
Y3 = Z Z‘!_j!Bijxllx]
i+j=3
0
0
and get

L6 = et /0 e/ [V, (65 (€)) + Ya(5(6))] dr

1 1 1
x1 +tuy + —ao(t2 — 1)371/1,1 + 212 + —aox% + 5[)01‘%

2 2
1 2
= T9 — X1X9 + 5(1 —1 ),ul.%'g +
M1
M2

1 1 1 1 1
<6A30t + ZA%OZL?) .%'? + tAQlI'%%'Q + <§A12t + ZtQAOQ(AQO + 2311) .%'11‘% + 6&4031‘%

1 1 1 1 1
67533036:{’ + <§t321 + ZtQBn(?Bn + A20)> 22xy + tBrox a3 + <6tBO3 - ZtQAOQBH) 5

0
+ O(lul?) + Ol lall)-

Comparing cubic terms in S M (€) and ¢4(€), we find the coefficients of Ys:

3 1
Asp = cp — 561%7 A1 =0, Aip =do + §b0(2 —ap), Az =0,

17



1 3
B3y =0, Bz = 5(ao —2), Bi2 =0, Boz = ;bo.
This gives the vector field (35) from the Proposition. O

To explore relationships between the map (30) and the vector field (35), consider first local
bifurcations of the vector field X. One can check that there are two curves, ¢ to1q @ (21,2, 1) =
(—p2/ag + O(13), 0, 43/ (2a0) + O(u3)) and typ @ (w1,22,1) = (0,0,0), on which equilibria
of (35) have a zero eigenvalue. These are the same expansions as we computed for the map
(30). The center manifold reduction shows that a fold (saddle-node) bifurcation occurs on the
first curve, while a pitchfork bifurcation happens on the second. Next we computed a Hopf
bifurcation curve for (35). We get indeed the same expression

/[ 2 2bg + d
tns : (xl,xg,,ug) = <O, _biol + O(Iujrls/Q)7 % + O(ﬂ%))

as in Proposition 3.1.1.
Next we can classify the critical phase portraits of the vector field (35). In the usual polar
coordinates the vector field at ;1 = 0 becomes

7'7 B r2 (%ao cos? 6 + (%bo -1) sin? 9) +0(r?)
0 )\ —rsind ((1+ 3ap)cos® + Lbysin?0) + O(r?) )

We see that there are invariant lines in the critical normal form if § = 0. This equation is
satisfied if § = 0,7, which is expected due to the invariance of the vector field under the map
(31). Another possibility is that
24+ ag

by
Therefore, we find six different critical portraits, see Figs. 1 and 2.

tan? 0 = —

ap < —2 —2<ap<0 agp >0
bo < 0 \/ M v
apg < —2 —2<ap<0 ag >0

Figure 1: Phase portraits of the approximating vector field X at p = 0.

The invariant curves born from the Neimark-Sacker bifurcation cannot exist everywhere.
They should disappear through global bifurcations. To study these phenomena, we investigate
what happens to the cycles of the approximating vector field X born at the Hopf bifurcation.
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by >0

by <0

(LU>O

Figure 2: Phase portraits of the normal form N at p = 0. Compare with the orbits of the
vector field to see how the orbits jump.

Proposition 3.2.2 If ag,byp > 0 and py < 0 then the vector field (35) has two saddles, which
are always connected by a heteroclinic orbit along the x1-axis. There exists another heteroclinic
orbit for

d0+2b0+co—a0—a3

tJ3M2:L<(a0+2) 2

L )+ ot (37)

ao

Proof:
We first shift the z1-coordinate in (35) with the transformation

$1—>$1—<%+Z—z)

Then we apply a singular rescaling

q
T
xr1 — (5(L‘1, ro — (5(L‘2, dt — det

to obtain

. 1 1
%1 xd <ﬂ1 + §a0x% + §b0m§ + S[dyz$ + d2x1x%])
iy = b (—z120 + 8[Bowy + dsaiws + daad)),

where

&=m+mMW,@=%+wMW

19



The system (38) can be rewritten as

with

1 1
f(x,B) = a3 < br+ 5@@55% * §b0x% ) , glx, B) = a3 < di27 + dow173 ) .

2 3

For § =0 and ¢+ 1 = ay, system (39) is Hamiltonian with

1 2 2
H(CL') _ zg+1 (/31 + 20/0-%'1 i boxz ) . (40)

q+1 2(q¢+3)

We have ag, by # 0 as nondegeneracy conditions, therefore ¢ # —1. Level curves of H for several
values of ag are shown in Fig. 3. Now we treat the term dg in (39) as a small perturbation
of the Hamilton system. We should therefore evaluate the Pontryagin-Melnikov function (see
Guckenheimer and Holmes [1983, 2002])

A(h, B) = d f(an(7),B) Ag(an(r), B) d,

where x5, (7) is a periodic solution of the Hamiltonian system corresponding to a closed regular
level set I'y, = {x : H(xz) = h}, while for ag > 0

+o0

800 = [ Flanlr).5) A glao(r). 5) .
— 00

where z((7) is the nontrivial heteroclinic solution in the critical level set H = 0. Notice that

limy,_,o- A(h,3) = A(0, ), since the integral over the trivial heteroclinic connection equals

zero. Then A(0,3) = 0 defines a linear approximation to a curve on which the heteroclinic

connection “survives” in (39) for small 4 # 0. Our computation is analogous to the one in
Chow et al. [1994].

@B

ag < —2 —2<ay<0 ag >0

Figure 3: Level curves of H for several ag
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Using Green’s formula, we have

A = xg(dlx:f + dgxlx%)darg — xg(ﬁng + dgl‘%.%’z + d4x§)da:1
'y

1
= }{ zd <d1x‘z’ + d2x1x§ +(qg+1) <B2x1 + gdgx‘z’> + (g + 3)d4x1x§> dxo.
Ty

Now we use that along I';, we have dH = a;g (ﬁl + %aom% + %bom%) dzro + xgﬂxldxl = 0 and
continue

1
A = mg <a0ﬁ2$1 + <d1 + §a0d3> x:{’ + (dz + (CLQ + 2)d4)x1x%> dzo

2 1 a
:f% :Cg <£C1 (aoﬁg — %Bl(d2 + (a() + 2)d4)> + :I?:f (dl + §a0d3 — b—S(dQ + (a() + 2)d4)>> dxs
h

2
— —(do + (ag + 2)d4 1‘2$Q+1d.%'1
( 1+2
Ty

2 a a
=I5 (aoﬁ2 - %61(d2 + (ag + 2)d4)> + 13 <d1 + Eod:s - ﬁ(dz + (ag + 2)d4)> .

Here we defined I; 5, = 3€'“h rdxidrg for i =1, 3.
For h = 0 we can evaluate the Pontryagin-Melnikov function as follows. We rewrite our
Hamiltonian system as

bO q+2

. 1 1
r1 = l‘g </31 + 5@033% + 51)033%) = m$2

:i?g = 3?%(—.%15[72).

Here we used that we are on the zero-level set of the Hamiltonian. The initial conditions are

—2(ag +2)1

21(0) =0, x2(0) = —

which are not changed if we reparametrize dr = x, ‘dt. We get the new system

. bO 2

I - 1’2
ag + 2

T2 = —I172,

which we can explicitly solve with x1(7) = ytanh(y7), z2(7) = 22(0) cosh™!(y7), where

=26
v = .
V. ao
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Having these solutions, we evaluate I; o defined above:
Lip = / xgxzidxg
T'o

Sy .

= - / a0z dr
—00

/°° sinh(y7)"!

oo Cosh(yr)itaotl T

= —7'z3(0)(1 + (=)™

In this time-parametrization we used the explicit forms of z1(7) and x2(7). If we now compute
the ratio Q = I3 /11,0, we find

=66
Q o a0(3 + CLQ) ’
Using the expressions for §; and d;, we find that the Melnikov function A(0, 3) has a zero if
K1 do+2by | co—ap—ad
= 2 . 41
He = 3 ((ao+ ) b + 2 +o(p1) (41)

This value of ps asymptotically corresponds to the existence of a nontrivial heteroclinic orbit
for the perturbed system (38). O

Remark 3.2.3 Taking a =b=c=d =1 we find po = 2u;. This value was used numerically
as well in case (1) of the bifurcation diagrams with DSTooLs (Back et al. [1992]).

Remark 3.2.4 We derived the linear approximations to both the Neimark-Sacker bifurcation

curve, see Proposition 3.1.1,
. do + 2bg

bo
and the heteroclinic bifurcation curve, see (41). To analyse their relative position, we compute
the difference between their slopes:
1
aopbg (ao + 3)

12 1 (42)

(—aodo — 3agby — boag + bOCO) .

This shows that the curves coincide in the linear approximation if and only if the Lyapunov
coefficient cyg vanishes. Thus, changing the relative position of the two curves changes the
stability of the closed invariant curve that appears.

Remark 3.2.5 Moreover, for the vector field we have the uniqueness of the limit cycle. This
can be verified as follows. We should evaluate the Pontryagin function on a level curve of the
Hamiltonian with h # 0. Now Q(h) = I /I3 cannot be evaluated explicitly, but one can
prove the monotonicity of @ following Chow et al. [1994]. This implies the uniqueness of the
limit cycle. We include some pictures, where we computed @Q(h) numerically, to illustrate the
monotonicity (see Fig. 4).

22



Q

Q
0.00012
0.008 0.00005
0. 0001 ,

0.00008 / 0.006 0.00004
0.00003
0.00006 .

0.00002
0.00004,

0.0
rd
00002 0.0000L

5 h h
SR IS S U 0 0.020.040.060.08 0.1 0.120.14 410°-320°210° 1100 O

CLO:2

N [—=

a0:—3 ag = —

Figure 4: Ratio Q(h) = I1n/1I3n

3.3 Bifurcation Diagrams

Although we had six cases for Fj, only four bifurcation diagrams will be reported in Figs. 7-14,
because two others differ only at the critical parameter values. We start with the bifurcation
diagrams of the vector field (35), which are similar to the bifurcation diagrams of the truncated
amplitude system for the fold-Hopf bifurcation (see Guckenheimer and Holmes [1983, 2002],
Kuznetsov [1998]). In our study, however, we have to take into account that the Neimark-Sacker
bifurcation can be either sub- or super-critical, depending on the sign of cyg. We included
these sketches to indicate the direction of the orbit in the phase portraits for the map. The
orbits of the map continuously jump from the lower to the upper half plane and back. This is
easily understood from (34), which implies that (9) can be approximated by the composition
of the unit shift along the orbits of X with the reflection R. We go around the origin in
the parameter plane and discuss the phase portraits of the truncated normal form (30). The
fold and flip bifurcation curves are denoted by Fy and Py, respectively. The sub/super-critical
Neimark-Sacker bifurcation curve is indicated by N.S+. For the vector field, J is the heteroclinic
bifurcation curve.

hy
WU(.TI)

g

Figure 5: Heteroclinic tangencies appearing in the lines h; o together with a transversal hete-
roclinic structure between them.
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Remark 3.3.1 We took ¢ = d = 1 to generate the pictures related to the map, unless stated
otherwise. We use a version of DSTooLs (Back et al. [1992]), incorporating the algorithms
from Krauskopf and Osinga [1998a], Krauskopf and Osinga [1998b]. The colors should be
interpreted as follow: Orbits are green, while unstable manifolds of saddles are red and stable
manifolds are blue. Note that, with the above choice of the coefficients, cyg is negative in case
1 and positive in case 2. >

0.16

-0.16
-0.25 -0.85 0.15 -0.5 -0.33

Figure 6: Heteroclinic structures in (30) near the left fixed point for a = b = d = 1,¢ =
0.5, 41 = —0.2 and pe = —0.35345880 (a); po = —0.35347 (b); pue = —0.35349058 (c).

e Case 1: In region 1 orbits merely jump to the right. Crossing F'y implies the appearance
of two fixed points on the horizontal axis. In 2 one of these fixed points is totally unstable,
while the other is a saddle. While crossing curve P, from 2 to 3, the unstable fixed point
becomes a saddle and an unstable period-2 cycle appears. If cyg > 0, an unstable
invariant curve “around” the period-2 cycles appears via the Neimark-Sacker bifurcation
on NS, when we go from 3 to 44. The invariant curve disappears through a series
of bifurcations associated with the heteroclinic bifurcations near J., if we come to 5.
The presence of the J-curve for the vector field implies for the map the existence of
two curves, along which homoclinic tangencies occur (see sketches in Fig. 5). Between
these two curves, a heteroclinic structure is present. Figure 6 shows invariant curve
configurations computed with DSTooLs. If c¢yg < 0, a stable closed invariant curve
emerges in 4- through a series of bifurcations associated with the heteroclinic structure.
This stable invariant curve exists until we cross NS_, where the stable period-2 cycle
becomes attracting in 5. Next we cross P_ and the period two orbit disappears, leaving
us with a stable fixed point and a saddle in 6. These two collide if we return back to 1.

e Case 2: Fix a phase domain near the origin. Now we start with the two fixed points,
one stable and one unstable on the axis in region 1. Then, crossing the flip curve P,
to 2, one fixed point exhibits a period doubling and a period two cycle appears. The
fixed points on the horizontal axis collide at the curve F'; which separates region 2 from
region 3, where a stable period two cycle exists. If ¢yg > 0, then an unstable invariant
curve appears when we cross the Neimark-Sacker bifurcation curve NS. This invariant
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curve grows, until it blows up and disappears from the selected fixed phase domain at
some curve By. Actually, the invariant curve can lose its smoothness and disappear
before touching the boundary of the domain. If cyg < 0, then we first encounter the
“boundary bifurcation” curve B_, where a big stable invariant curve appears in our fixed
phase domain. The transition from 4- to 5 destroys the curve via the Neimark-Sacker
bifurcation . Finally, crossing of the fold curve F_ produces two fixed points in 6 and
through the flip bifurcation on P_ the period-two cycle disappears again as we go back
to 1.

e Case 3: We start with a period-two saddle cycle in 1. Entering 2 through the fold curve
F creates two fixed points on the horizontal axis, a saddle and a repelling one. Then,
while crossing the flip curve Py to 3, the period two cycle is destroyed and we get two
saddles on the zi-axis. Passing P_ one saddle becomes stable and a period two orbit in
4 is created. Finally, the fixed points on the horizontal axis collide on F_ and we are in
region 1 again.

e Case 4. Starting in region 1 we have, as in case 3, a period-two saddle cycle, but also
a stable and an unstable fixed point on the x-axis. The unstable one becomes a saddle
when we enter 2 through the P, curve. Then nothing special appears except for a
“saddle-like flow” in region 3, after the saddle and the stable point collided on F;. Going
from 3 to 4 we get a saddle and an unstable point through the fold bifurcation on the
curve F_. We are back in 1, when the flip bifurcation creates the period-two cycle on
P_.

The diagrams give a rather detailed description of the bifurcations of the truncated normal
form (30). However, this description remains incomplete due to the presence of closed invariant
curves and heteroclinic tangencies. Indeed, the rotation number on the closed invariant curve
can change infinitely many times from rational to irrational and, moreover, the invariant curve
can lose smoothness and disappear. Near a heteroclinic tangency, infinite series of bifurcations
happen, including cascades of flips and folds (see Gavrilov and Shil'nikov [1972], Gavrilov and
Shil'nikov [1973], Gonchenko et al. [1996]).

3.4 Effect of higher order terms

Adding higher order terms to the truncated normal form (30), i.e., restoring (9), complicates
the bifurcation picture further.

Using the Implicit Function Theorem, one can prove that for ||u|| sufficiently small, the
map (9) has the same bifurcations of fixed points and period-2 cycles as (30). More precisely,
Proposition 3.1.1 is valid also for the full normal form (9) with arbitrary higher order terms.
Therefore, we know what to expect locally. In particular, in cases 1 and 2 closed invariant
curves appear. Moreover, the unit shift along the orbits of the vector field (35) composed with
the reflection approximates (9) as good as (30). This implies that (9) also has two bifurcation
curves along which heteroclinic tangencies occur. Between these curves, a heteroclinic structure
is present. Higher order terms in (9) do affect these curves, but they both remain tangent to
the curve (37) from Proposition 3.2.2.
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Figure 7: Vector field : Case 1. ag > 0,b9 > 0

Figure 8: Map : Case 1. ag > 0,b9 > 0
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Figure 10: Map : Case 2. ag < 0,bg > 0
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Figure 11: Vector field : Case 3. ag > 0,09 <0

**** % %;g % \g

Figure 12: Map : Case 3. ag > 0,y < 0
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Figure 13: Vector field : Case 4. ag < 0,09 <0

Figure 14: Map : Case 4. ag < 0,b9 <0
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As mentioned by Gheiner [1994], there are more differences between the phase portraits
of (30) and a generic (9), which are related to other heteroclinic tangencies. Indeed, in the
truncated normal form (9) the xj-axis is always invariant. Therefore, in cases 1 and 3 we
have the heteroclinic connections between the saddles located on the horizontal axis. However
generically, the higher order terms in (9) break the reflectional symmetry and the heteroclinic
connection along the xi-axis is lost. This allows for heteroclinic structures caused by inter-
sections of the invariant manifolds of the saddles near the horizontal axis. These intersections
can be either transversal (as in Fig. 15) or tangential. Therefore, in the first three cases, the
bifurcation diagrams of (30) and a generic (9) are not locally topologically equivalent.

Figure 15: A transversal heteroclinic structure near the horizontal axis.

Gheiner [1994] claims that in case 3 an additional heteroclinic structure may appear: The
unstable manifold of the period-2 cycle could intersect tangentially the stable manifold of a
saddle fixed point on the xi-axis. This is impossible. Indeed, if such an intersection happens,
the stable manifold of the saddle on the xi-axis must oscillate between two branches of the
unstable manifold of the period-2 saddle cycle, crossing a small neighbourhood of the other
fixed point on the x1-axis which is repelling.

In case 4, Gheiner [1994] gives strong indications that (9) is locally topologically equivalent
to (30), where the cubic terms can be omitted.
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4 Examples

In this section we present two examples of the fold-flip bifurcation. We compute the normal
form coefficients and show that the behaviour predicted by the normal form is correct.

4.1 A note on the generalized Hénon map

Consider the generalized Hénon map

x y
<y>H<a—ﬁx—y2+Rwy+Sy3>' (43)

Setting R = .S = 0 one obtains the standard Hénon map. We will consider o and 3 as control
parameters and R and S as constants. This map appears as a rescaled first return map in
the study of at least two global bifurcations of maps related to codim 2 homoclinic tangencies,
when:

(1) a diffeomorphism in R? has a neutral saddle with a quadratic homoclinic tangency (see
Gonchenko and Gonchenko [2000] and Gonchenko [2002]);

(2) a diffeomorphism in R3 has a saddle with a generalized homoclinic tangency (i.e., the
unstable manifold of the saddle has a quadratic tangency to its stable manifold but
is nontransversal to leaves of the strong stable foliation in the stable manifold at the
homoclinic points) (see Gonchenko et al. [2001]).

In these studies, codim 2 local bifurcations of fixed points of (43) play an important role,
since they allow to predict bifurcations of closed invariant curves. Bifurcations of (43) are well
understood for § > 0, where the standard Hénon map preserves orientation. In this parameter
region, strong resonance points have been found. Much less is known about bifurcations of (43)
when G < 0. We show below that the map has a fold-flip point in this parameter region and
compute its normal form.

For @ = 0 the map has the fixed point (z,y) = (0,0). The Jacobi matrix of (43) at this

point is
0 1
A_<_ﬂ 0).

Thus, if 8 = —1, we have two multipliers +1 and —1. So we have found a fold-flip codim 2
point for all values of R and S.

First we analyse (43) without the cubic term, i.e., set S = 0. It is easy to verify that fixed
points of this map can bifurcate at the following curves:

(6+1)?

AR — 1)}’ tiip = {(a’ﬁ) ra= %(B+1)2(3_R)},

told = {(04,5) =

Note that these two parabolas have a common point: The fold-flip point («, 5) = (0, —1). They
coincide if R = 2, i.e., the flip bifurcation is degenerate for R = 2.
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If we consider the second iterate of (43) with S = 0, a curve can be found, where a period-2
cycle has two multipliers with unit product:

(B+1)(5+R2—(1+R))}
R? ’

th:{m,ﬁ) a=

To exclude neutral saddles, we should check that the multipliers are indeed complex for some
values of «, 8 and R. Simple analysis shows that the Neimark-Sacker bifurcation occurs only
if R # 0 and R > —1. This means that depending on whether R < —1 or R > —1 we have
either the “difficult” or the “easy” case, respectively. For the difficult case we have a distinction
between R > 1 and R < 1, since the fold and flip curve change position in the parameter plane
when crossing R = 1. We sketch in Fig. 16 the bifurcation curves in the («, )-plane for three
typical values of R. We recognize Figs. 16(a),(b) as cases 1 and 2 from Sec. 3.3, respectively,

(@ (b) (©)
Figure 16: The (o, §)-plane: (a) case 1; (b) case 2; (c) case 3/4 . The thick/dashed line is the
fold/flip curve. The dotted one is the Neimark-Sacker curve.

and Fig. 16(c) as case 3 or 4.
We now compute the critical normal form coefficients using the formulas obtained in Sec.

2.2. The eigenvectors are
« (1 oo 1
q=2q —<1>,p—2p —(_1>,

while the multilinear functions are given by

0 0
B _ = .

For the quadratic coefficients we find
al(O) = —(1 — R), 61(0) = —1, bl(O) = —(R+ 1),

1 1
haooo = 5(1 - R) ( 1 ) y hi1oo = —

DN~
7N
—_ =
N——
>

(]

]

[en]

o

Il

DO | —
—
+

=

~—
7N
I =
—
N———
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then we get

((0)= 20— R), e2(0) = —5(1+ R), e5(0) =~ (1~ R, es(0) = S(1+ )2

The normalized coefficients of (9) are therefore

a(0) = (1= R), (0) = (1 + R), e(0) = 5(1 - R), d(0) = —3 (5 + 3R)

(see Remark 2.2.2). We see that, indeed, depending on R the following cases occur:

alb
R< -1 4+ | - | case 3
—1<R<1|+4+ |+ |casel
R>1 - | 4+ | case 2

For cases 1 and 2 we calculate the leading term of the Lyapunov coefficient
cns = R*(1 — R),

so that the closed invariant curves appearing via the Neimark-Sacker bifurcation will be unstable
in case 1 and stable in case 2.

The bifurcation structure does not change much locally, if S # 0. For («, 5) = (0, —1), we
have the same critical fixed point and the same eigenvectors for the center manifold computa-
tions. The critical values for a(0) and b(0) remain unchanged, therefore we can distinguish the
same cases 1,2 and 3, depending on R. The coefficients ¢;(0) are different, namely:

e (0) = ;(1 _R) 43S, e(0) = —%(1 + R) 435,
e3(0) = _%(1 _R)2 438, cy(0) = 2(1 +R)? 4 3S.
i From these expressions we obtain the normalized critical cubic coefficients:
(0) = S(1— R) 43S, d(0) = —(5+3R) + 5(3 +4R).
The Lyapunov coefficient also gets an extra term:
ens = R*(1— R) + 2RS(1 4+ 2R).

Now, while we still have case 1 for —1 < R < 1, the closed invariant curve might be stable or
unstable depending on a combination of R and S. Similarly, for case 2 where R > 1, the closed
invariant curve need not be stable. We excluded R = 0 as exceptional. For («, 5, R) = (0,—1,0)
we actually have a codim 3 singularity, since the Lyapunov coefficient is then equal to zero.

We present in Fig. 17 some phase portraits to show the behaviour of (43) close to the
fold-flip point for several values of R and S:
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Figure 17: Selected phase portraits of (43).

4.2 The extended Lorenz Model

As an example of the fold-flip bifurcation in ODEs we study an extension of a model formulated
by Lorenz [1984]. A bifurcation analysis of this model was presented by Shil’'nikov et al. [1995]
and van Veen [2002]. In the latter paper it was shown, that the Lorenz-84 model approximates
the dynamics of a low-order Galerkin truncation of an atmospheric flow model. The atmospheric
model describes synoptic dynamics, i.e., dynamics on a time scale of about a week and a length
scale of about ten thousand kilometers. The synoptic atmospheric dynamics over the North
Atlantic ocean is dominated by the jet stream, a westerly circulation, and baroclinic waves,
which transport heat and momentum northward. In the Lorenz-84 model the intensity of the
jet stream is given by X and the sine and cosine coefficients of a baroclinic wave are given by Y
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Y = —5.6335141581943.10~2 F = 1.7620532879639 X =1+ 10!
7 = 4.1293337647981.102 T = 2.80597685.10~% Xy =—-1+10"?
U = .31352886978279 A3 = —0.43054026152942

Table 1: The critical fixed point of the Poincaré map associated to (44) with the parameter
values and the multipliers.

and Z. The dynamical equations for these variables are the first three equations in the system

X = —Y?2-272—-aX +aF —U?
Y = XY -8XZ-Y+G

Z = BXY+XZ—-Z

U = —U+UX+T

(44)

The damping time scale of the baroclinic wave is about one week and is scaled to unity. As
a = 1/4 the jet stream is damped more slowly. We extend the Lorenz-84 model by adding the
fourth equation in the spirit of Palmer [1995], who studied the influence on the jet stream and
the baroclinic waves of external parameters such as the sea surface temperature. Note, that U
interacts nonlinearly with the jet stream and that the Lyapunov function L = X2+Y?2+ 224 U?
is conserved in the absence of linear damping and constant forcing. In the following we will fix

B=1,~v=0987, §=1.04, G =0.2.

It is known from van Veen [2002], that the basic cycle of the Lorenz-84 model, which is
created via a Hopf bifurcation of the trivial equilibrium and represents a traveling baroclinic
wave, undergoes a period doubling cascade at certain values of the parameter F'. By construc-
tion, solutions of the Lorenz-84 model are also solutions of the extended model for U =T = 0.
At a period doubling bifurcation of the Lorenz-84 model a small perturbation of the extended
model can yield a cycle with Floquet multipliers +1 and —1.

We study the Poincaré map in the plane X = 1.05 at the fold-flip point. In Table 1 the
numerical values are listed. Figure 18 shows the bifurcation diagram obtained in a neighbour-
hood of the codimension 2 point. In the top left corner there is a generalized Hopf point GH
at which a Hopf bifurcation and a fold bifurcation of a cycle meet (see, for example, Kuznetsov
[1998], chapter 8.3). Along the fold line the cycle has one multiplier +1 and two multipliers
within the unit circle. One of them crosses —1 at the codimension 2 fold-flip point A. From the
picture and its scale we deduce that a(0),5(0) > 0. Secondly we expect that a(0) is small, since
the fold and flip curves are very close. To compute the multilinear functions, we integrated
the variational equations described in Appendix A numerically using a Runge-Kutta-Felbergh
scheme of 7-8 order. Then we implemented the formulas for the Poincaré map and its deriva-
tives in MAPLE and applied the formulas of Sec. 2.2 for the center manifold reduction. This
gives

a(0) = 0.002047, b(0) = 4.4010, ¢(0) = —3.2264, d(0) = 552.051.

These values are in agreement with what we deduced from Fig. 18. For these coefficients
the Lyapunov coefficient has the value cyg = —15.3567, which indicates that there is a stable
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5
1.75 1.755 1.76 1.765 177
F

Figure 18: Bifurcation diagram near the codimension two point: Hopf (black), period-doubling
(red), fold of periodic orbits (blue), torus bifurcation (darker blue). Obtained using AUTO97
Doedel et al. [1997].

invariant curve in the center manifold. A configuration of the stable invariant circles of the
Poincaré map, obtained by forward integration, is shown in Fig. 19. A double torus around the
period-2 cycle corresponds to the invariant circles of the second iterate of the Poincaré map.
Also shown are the intersection points of the unstable cycle that bifurcates on the torus line
TR. The period of this cycle is close to that of the motion along the stable torus. The other
period of stable solutions on the torus is much longer and in fact goes to infinity at the fold-flip
point A. Away from TR the torus breaks up and a strange attractor is created in a thin tube
around the original invariant circle as shown in Fig. 20.

With a(0),5(0) > 0 we expect the torus to become heteroclinic as can be seen from the
unfolding in Fig. 7. However, if we calculate the linear approximation of the heteroclinic
bifurcation line J_ from proposition 3.2.2, it turns out to lie extremely close to the period
doubling line PD in Fig. 18. Hence, we cannot find heteroclinic tangencies numerically. In the
Poincaré section of Fig. 19, corresponding to phase portrait 4— in Fig. 8, we do see that the
torus is squeezed and looks like the heteroclinic surface that exists on J_.

Summarising, the stable solutions around the codimension 2 point A are

e an equilibrium which represents a steady jet stream without wave activity,

e period 1 and 2 cycles which represent traveling baroclinic waves, and are also present in
the Lorenz-84 model itself,
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e a stable torus, which represents a traveling baroclinic wave with an amplitude that is
slowly modulated or

e a strange attractor, which represents a traveling baroclinic wave with an amplitude that
is modulated irregularly.

The modulation of the amplitude of the traveling wave is due to interaction with the added
mode, U.

0.36 i e

Figure 19: The invariant circles of the second iterate of the Poincaré map to the right of T R.
The crosses indicate the intersection points of the unstable cycle which bifurcates on T'R.
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0.32

0.28 -

Figure 20: After the destruction of the torus a strange attractor is created. Also shown are the
intersection points of the saddle type cycle. The integration was started near the saddle type
orbit.
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5 Discussion

In this paper we have contributed to the analysis of a codim 2 bifurcation occurring in generic
two-parameter families of maps, namely the fold-flip bifurcation. We have applied our results
to two examples: A generalized Hénon map and an extended Lorenz-84 ODE. Note that this
bifurcation has been also found recently in another extended Lorenz-84 model by Broer et al.
[2001]. In that case a periodic forcing is added and the period map is considered.

There are open numerical problems appearing while applying the theory of codim 2 bi-
furcations of fixed points to limit cycles in multi-dimensional ODEs. The approach based on
numerical integration of the higher-order variational equations, that we have applied in Sec.
4.2, has obvious limitations. Although it works well for low-dimensional and non-stiff ODEs, a
more robust approach to study codim 2 bifurcations of limit cycles has to be developed. Such
an approach might combine the center manifold reduction near the cycle with a periodic nor-
malization of the ODE on the center manifold. For first theoretical advances in this direction,
see Tooss [1988] and Chow and Wang [1986].

Finally, let us note that the bifurcation behaviour of the generalized Hénon map (43) is far
from being completely understood. Although the complete bifurcation diagram is likely to be
never constructed, its essential global features can be analyzed using existing analytical and
numerical tools. In particular, it would be interesting to investigate how the known bifurcation
structures, existing for 4 > 0, match those emanating from the fold-flip point existing in the
half-plane 8 < 0.
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A Poincaré Maps and Their Derivatives

In this appendix we derive a method to compute numerically the derivatives of a Poincaré
map up to and including third order. Let f(x) be a smooth vector field in R"”. We take a
local cross-section ¥ C R™ with dimension n — 1. The hypersurface > does not need to be a
coordinate plane, but should be chosen transversal to the flow of f. This is satisfied if for the
normal ny(z) for x € ¥ we have (f(z),nxn(x)) # 0. Let Ly be a m-periodic orbit through ¥
and U C X a subset which contains an intersection point xg of Ly N X. If Ly intersects X in
multiple points we shrink U until we have one point of intersection, i.e., z¢. The Poincaré map

P :U — X is defined for x € U by
P(z) = ¢(t(z), ),

where ¢(x) is the arrival time after which the orbit intersects ¥ for the first time again, and
o(t, x) is the solution to
&= f(x), z € R",

with the initial condition ¢(0,2) = = (see Fig. 21). Note that ¢ is as smooth as f. The
arrival time 7 depends on x but t(z¢) = 79. The Floquet multipliers of L( can be calculated as
the eigenvalues of the monodromy matrix W. This matrix always has a trivial eigenvalue
1. With the Liouville Theorem one can prove that the product of the multipliers is always

positive.

Figure 21: The geometry of the Poincaré map

We proceed with a method to derive the Poincaré map and its derivatives numerically. We
closely follow the presentation of Simé [1989], but we extend it to the third order derivatives.
We can write for a displacement x + h € R"

o 8¢(tax) 182¢(t,l‘) 2
o(t, x4+ h) = o(t,z) + e h+§ 92 h* +
We assume that (r + h) € X, or, more precisely, %h = (Dyo(t,x))(h), %fﬁ =
(D2¢(t,z))(h,h) etcetera. The multilinear functions % satisfy the variational equations,

42



which we find by successive differentiation of ¢(t, ) = f(é(t,z)). Since f and ¢ are C” we can
change the order of the derivatives and find

LIUD) _p p(g(t, ) 22D

2 X X 2 2 X
SO v sotean (2AED) 4 Dot ) THE,

3 X X 3 2 X X 3 X
] e B R R R T e

The initial conditions are given by

0¢(t, )

ox

3
_0  ang 202

=0.
0 oz3

t=0

Po(t, x)
= In, a2
=0 oz

An analytic solution to the variational equations can only be obtained in exceptional cases, but
numerically we can integrate these equations and we will show how to use them to compute the
derivatives of the Poincaré map. Normally one considers a cross-section ¥ and the Poincaré
map is just the return map to 3. This is the case when one looks at periodic orbits, which
account for fixed points of the Poincaré map. However, we will set up the structure of the
Poincaré map for a flow from a cross-section ¥ to a cross-section Yo to distinguish between
the initial and the final cross-section. In this way the notation is clearer, but in the end we will
set X1 = Xy. The sections are defined by equations ¢;(x) = 0 and g2(z) = 0 respectively and
we assume both sections to be transversal to the flow.

Let x1 € 31 be the initial point and define P : ¥1 — ¥y by P(z1) = 29 = ¢(t(x1, 1)), such
that go(¢(t(z1),21)) = 0. Here t(z1) is the travel time and it depends, of course, on the initial
point. We compute the first derivative of P by differentiation with respect to =

g_xpl = f(q;Q)ﬁ + %(t(xl),xl). (45)

8.%'1 8.%'1

Remark A.0.1 We add a word of caution. We should make a distinction between the variables
of the ODE in R” and the variables of the Poincaré map in ¥ ~ R™?™!. The derivatives above
are formal w.r.t. z; € R”, but the LHS of (45) has the domain ;. Therefore the RHS has to
be restricted to 1. Now, if we take X1 = Y9 to be given by setting the n-th coordinate equal
to a constant, then the derivatives of the Poincaré map will contain a block of zeros, namely for
the n-th component. This result follows easily from (46) and (49) for the linear and quadratic
part and can be extended for higher orders. In this way we can take the variables {z1,...,2,}
of f in R™ as variables for the Poincaré map, excluding the n-th.

The first variational equation provides the matrix aa—fl . The derivative aa—mtl is still unknown.

We obtain it by differentiating the relation g (¢(t(z1),z1)) =0



or
ot 1 oo}
—=— Dgo——.
Dz (Vga(x2), f(z2)) 7" 0z
Note that the transversality condition implies that the denominator is nonzero. Now we suppose

that 7 and X4 are just coordinate planes, i.e., g1 and g9 are given by taking, for instance the last
coordinate equal to a constant. We write a;; = 5> 260 (t(a:l) 1). Then we have % = — i

1 fn(22)
and the elements of the (n — 1) x (n — 1) matrix a—xl(ml) are given by

el — .. y 46
(81‘1)23 % fn(l‘g)an] ( )
The restriction to the first n — 1 components is given by taking 1 <4, <n — 1.
We continue with the second derivative. We differentiate another time and we find
%P Ot \2 a¢ at 82 a%s
g =D (5-) +2p .
Note that the first variational equation is used here to simplify the derivatives. As before 227‘5
1

is obtained from the second variational equation and g—;g by differentiating g((b(t(arl), xl)) once
1
more

D2a(a2) (Fa2) g+ 22 )" + Dgalen) [DF ) (02) () (47)
+2Df(:c2)§—zaa—; + fla 322 + giff] (48)
or more compactly (using (45) and (47))
D2gs(a2) (g—if + DgQ(mQ)g%) —0.

For notational clarity we drop from now on the subscript 1 in x;. All derivatives are now
with respect to (the components x; of) x or to t. Returning to the specific case of a return
map we introduce the notation b;;, = %,fi = fi(x2) and f;; = D;fj(x2). Making these
substitutions also for the time derivatives, we obtain

O*P,; iy ) 2
axjamk = bijk :]}: njk + — f Z <fsz - ; fsn) (%anjank — QgkQnj — asjank)- (49)

As before we have 1 < ,j,k <n— 1.
Finally we calculate the third derivative as well. Differentiating one more time, we find

‘2371; = D2f(ea) (7o) (2) 487 (a0 22 (2) 4 3(22) 22)

9¢
oz
+Df(ﬂf2)2(f(1’2)<g—) 3(%( x) )+f 22) 5 + 58
8D (w2) ( (w2) B 5% + G2 5ok + e )
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More explicitly in coordinates we have

ZDfm [0t 00 O L 06 Ot OtT 0009, 01
8m]8mkaxl e T O Oy Oy Oy O Oy O Oy, O

at ot ot  0¢. Ot Ot~
Dy f; D _ =
" rszl oJila2)Drfi(2) (fr Oxj Oy, Oy - dxj Oxy, Oxy >

(50)
ot 0 T 0¢, 0%t T 9¢s Ot*
D -
Z sfi(wo (fs $2)aw Dz R0 + Ox; D0, Da, 0y, D >
%t P,
+ fi L
31‘j31‘k31‘l 31‘j31‘k31‘l

Here the * means that the term with 7, k,[ cyclically permuted should be included as well

The above expression is then invariant under changing the order of the differentiation, if f is
smooth. The third order derivative of the time can be found from

orP\? 2P OP PP
D3go(z2) <%> +3Dg3(x2) = —

0z? Ox + DgQ(m)ﬁ =0
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