Journal of Nonlinear Mathematical Physics Volume 12, Supplement 1 (2005), 327-342 Birthday Issue

Dimension Increase and Splitting for
Poincaré-Dulac Normal Forms

Giuseppe GAETA'Y and Sebastian WALCHER?

' Dipartimento di Matematica, Universita di Milano
1-20133 Milano, Italy
E-mail: gaeta@mat.unimi.it

Y Lehrstuhl A fiir Mathematik, RWTH Aachen
D-52056 Aachen, Germany
E-mail: walcher@mathA.rwth-aachen.de

This article is part of the special issue published in honour of Francesco Calogero on the occasion
of his 70th birthday

Abstract

Integration of nonlinear dynamical systems is usually seen as associated to a symmetry
reduction, e.g. via momentum map. In Lax integrable systems, as pointed out by
Kazhdan, Kostant and Sternberg in discussing the Calogero system, one proceeds in
the opposite way, enlarging the nonlinear system to a system of greater dimension. We
discuss how this approach is also fruitful in studying non integrable systems, focusing
on systems in normal form.

1 Introduction. Dimension increase and splitting

Finite dimensional integrable systems have been a rarity for a very long time; up to few
decades ago, they could be easily enumerated: harmonic oscillators, the Kepler system, a
few spinning tops.

Apart from harmonic oscillators — which give linear equations and are the prototype
of integrability — these are integrated by exploiting their symmetries and the associated
integrals of motion to reduce the problem to a lower dimensional one; thus, we have
symmetry reduction.

The situation changed radically in the seventies, when entire classes of new integrable
systems appeared, integrable by the Lax pair construction [14]. Among these a prominent
role — also due to priority — is taken by the Calogero system [3]. In this case, one has an
arbitrary number NN of points on the line, interacting via a certain pair potential; thus the
system is described by a natural hamiltonian H = (1/2) > ,(4;)*+ V(). Calogero showed
that there is an invertible map from R" to GL(N), mapping the vector x to a matrix
L(x), such that the evolution of z(t) results in an evolution of L(t) := L[z(t)] governed by
Lax equations; thus one integrates L(t) and obtains z(t).
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As pointed out by Kazhdan, Kostant and Sternberg [13], this also initiated a new
way of integrating systems (which they studied geometrically): indeed, rather than trying
to reduce the dimension of the system, Calogero passed to consider a system of higher
dimension'. In this note we want to show that this approach is fruitful also beyond the
realm of integrable hamiltonian systems.

The key observation made by Kazhdan, Kostant and Sternberg [13], see also [15, 16],
in the context of Hamiltonian systems is that given a differential equation A in dimension
n, in some cases it may be helpful to increase its dimension: this is in particular the case
when it is possible to describe A as originating from either the symmetry reduction or
the projection to an n-dimensional manifold of a simpler (e.g. linear) equations A* in
dimension n + m.

It was remarked in [10] that this approach does apply also to non-hamiltonian systems,
and in particular to systems in Poincaré-Dulac normal form [1, 5, 20] (a remark to this
effect was already contained in [20]). Essentially, a system in normal form with only a
finite number of resonances can always be mapped to a linear system, and is equivalent
to the latter on a certain invariant manifold. As observed there, such a procedure is
geometrically interesting, but equivalent to a classical technique already known to Dulac
[6], and abscribed by him to Horn and Lyapounov. In more general terms, i.e. outside
the scope of normal forms theory, this corresponds to the situation of a finite dimensional
centralizer for a certain algebra associated to the vector field [11].

In the present note, we show how “dimension increasing” nicely combines with a “split-
ting” (in a sense to be described below) approach [8] in the case of an infinite number of
resonances’; this case cannot be tackled by the Horn-Lyapounov-Dulac approach.

Roughly speaking, the procedure presented in this note combines the two approaches
mentioned above, i.e. describing a nonlinear system as projection of a linear one and
symmetry reduction in the sense described in [8].

A more abstract (and general) treatment is given elsewhere [12]; in the present note
we adopt an approach and notation aimed at applications, and discuss a number of con-
crete applications. We focus on systems in normal form (sect.2) and in particular on the
embedding and splitting of systems with infinitely many resonances (sect.3). Some simple
examples are discussed in sect.4, while sect.5 is devoted to (in general non-hamiltonian)
nonlinearly perturbed oscillators, and sect.6 to bifurcation problems.

2 Equations in normal form; resonances

We consider an ODE in R™ with a fixed point in the origin and expanded around this in
a power series; we write this in the form

L @) = At Y A (1)
k=1

where f is polynomial with fi(ax) = a*T!(z), and we have singled out the linear part
fo(z) = Az. We also write F' for the nonlinear part of f, i.e. f'(z) = Alx? + F'(x).

! Another classical instance of simplification by dimension increase is the trick to linearize the matrix
Riccati equation. See also [4, 18] in this context.
For a different use of the splitting approach in normal forms type problems, see [22].
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As well known, the matrix A can be uniquely decomposed into its semisimple and
nilpotent parts, which commute with each other and hence with A:

A=As+ A, ; [As, An] = 0.
In the following, we will use the following vector fields (9; := 9/0x):

2.1 Resonances

Let us denote by {1, ..., A, } the eigenvalues of A; take a basis {ey, ...,e,} in R" consisting
of generalized eigenvectors of A, i.e. eigenvectors of As: Ase; = Aje;. We will use «
coordinates in this basis, and the multiindex notation

Koo ML
ot = otk

We say that the vector monomial v, o := zte, is resonant with A if

(n-A) == pidi = Ao with g, >0, [u] =) m>1. (2)
=1 =1

The relation (p-\) = A, is said to be a resonance relation related to the eigenvalue A,
and the integer |u| is said to be the order of the resonance. In our context it is useful to
include order one resonances in the definition (albeit the trivial order one resonances given
by Ao = A, are of little interest). Note that here one could as well consider Ay rather
than A.

The space of vectors resonant with (the semisimple part of) A is defined as the linear
span of the vectors v, o defined above.

2.2 Normal forms

We say (see e.g. [1, 5, 20]) that (1) is in Poincaré-Dulac normal form? if its nonlinear part
F(zx) is resonant with A. This implies that

[Xo, Xp] = 0. (3)

It should be mentioned that the presence of a nilpotent part A, in A introduces some
subtleties. If (3) holds, then both X4 and Xz commute with Xy, and therefore

[Xo, Xf] = 0, (4)

i.e. the system has a symmetry described by a semisimple matrix.

As well known, starting from any dynamical system (or vector field) of the form (1), we
can arrive at a dynamical system (or vector field) in Poincaré-Dulac normal form by means
of a sequence (in general, infinite) of near-identity transformations obtained by means of
the Poincaré algorithm; these combine into a near-identity transformation H defined by a
series which is in general only formal.

3The reader should be warned that some different definition is also in use [7].
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Remark 1. We may reformulate the definition of systems in normal form by saying that
f is is normal form if and only if X is in the centralizer of Xg. ®

Remark 2. If the system is required to have some symmetry, say [X¢, Xy] = 0 with (in
an obvious notation) ¢(z) = Bji»xj + G', then [Xf,Xg] = 0 as well, i.e. Xp is in the
centralizers of both X and Xp. More generally, if X; is an element of some Lie algebra
G, then under suitable conditions, see [5], it can be put in joint normal form, i.e. (again
with obvious notations) [X¢, Xp,| =0. ©

2.3 Sporadic resonances and invariance relations

Let us consider again the resonance equation (2). It is clear that if there are non-negative
integers o; (some of them nonzero) such that

n

Z oiNi = 0, (5)

i=1

then we always have infinitely many resonances. The monomial ¢ = x° will be called a
resonant scalar monomial. It is an invariant of Xy, and any multiindex p with p; = ko;+J;q4,
provides a resonance relation (u - \) = A, related to the eigenvalue \,; in other words,
any monomial zhoge = ¢x® is resonant, and so is any vector Visie, a-

Therefore, we say that (5) identifies a invariance relation. The presence of invariance
relations is the only way to have infinitely many resonances in a finite dimensional system
(see [20]).

Any nontrivial resonance (2) such that there is no o with o; < p; (for all i = 1,...,n)
providing an invariance relation, is said to be a sporadic resonance. Sporadic resonances
are always in finite number (if any) in a finite dimensional system [20].

Any invariance relation (5) such that there is no v with v; < o; (and of course v # o)
providing another invariance relation, is said to be an elementary invariance relation.
Every invariance relation is a linear combination (with nonnegative integer coefficients) of
elementary ones. Elementary invariance relations are always in finite number (if any) in
a finite dimensional system [20].

3 Embedding systems with invariance relations in quasi-
linear systems

In this section we will discuss how the procedure described in [10] generalizes, in connection
with a “splitting” of the system described by Y [8], in the presence of invariance relations.

We should preliminarily identify all sporadic resonances (i - A) = A\, and elementary
invariance relations (o - A) = 0. We associate resonant monomials z* and resonant vectors
Vo to the former ones, and invariant monomials 27 to the latter ones.

1 o
y W’ In

m

We then introduce two set of new coordinates: these will be the coordinates w
correspondence with sporadic resonances (as in [10]), and other new coordinates ¢!, ..., ¢
in correspondence with elementary invariance relations.
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We should also assign evolution equations for the w and ¢ coordinates; these will be
given in agreement with (1) itself. That is, the equations for the w will be

dw? ow’ da ,
_ 3] :
and as for the ¢’s we assign
do®  0¢° da? o

We will thus consider the enlarged space W = (z,w,$) = R"™ ™ and in this the
vector field

F W@ d) e b 2w, ¢) ®)

Y = fi(z,w9) " Do

ozt

Note that some ambiguity is present here, in that we can write the coefficients of this
vector field in different ways as a function of the x,w,¢. Indeed, the vector field Y is
uniquely defined only on the manifold identified by 1’ := w’ — 2#® = 0, ¢, — (,(z) = 0.

Lemma 1. The (n + m)-dimensional manifold M C W identified by 1 := w’ — 21 =0
1s tnvariant under the flow of Y.

Proof. Obvious by construction. A

Lemma 2. The functions z* defined in (7) can be written in terms of the ¢ variables
alone, i.e. 92%/9x" = §2%/0w’ = 0.

Proof. Every analytic invariant of X can be represented as a convergent series in the z¢
(see [20]); their evolution is also invariant under the Xy action, hence can also be written
in terms of invariants, hence of the 2% themselves. A

Corollary 1. The evolution of the ¢ variables is described by a (nonlinear) equation in
the ¢ variables only.

Proof. This is merely a restatement of lemma 2 above. Note that the equations for z
and w depend on ¢ and are therefore nonautonomous. A

Proposition 3. The analytic functions f* and h? defined above can be written as linear
in the x and w variables, the coefficients being functions of the ¢ variables.

Proof. Recall each w’ is a monomial w’ = il with (p, ) = A for some s = 1,...,n;

(s)

with reference to this integer s, we add a label to wj, i.e. write w;. By construction and

by the results above, each ™ can be written in the form f™ = a™(¢) -z +> C;C”(gb)w,(gm),
with analytic a,, and ¢}'. So the assertion for the f™ is obvious.

The time derivative of w§s) under the flow of (1) will be wgs) = (awj@ /0z™) f™. There-
()

fore it is sufficient to show that (awg.s) / axm)w,(gm) is zero or a multiple of 2™ or of some w,
with a suitable resonant scalar monomial as a factor. But the above operation just means
to replace one factor " by w,(gm), and the resulting linear combination of the eigenvalues
still yields a resonance relation (2) with As; on the right hand side. See [12] for a different

approach to the proof. A
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Corollary 2. The evolution of the x and w wvariables is described by nonautonomous
linear equations, obtained by inserting the solution ¢ = ¢(t) of the equations for ¢ in the
general equations & = f(x,w,p), w = h(z,w, ).

Proof. Obvious. A

Remark 3. We will also say that the vector field Y is quasi-linear, meaning by this that
it is linear in the x and w variables. In this way we recover — as a special case — the
situation discussed in [9] as well as the terminology used there. ®

Remark 4. The results obtained here extend and unify those given in [8, 10]; see also [20].
As the ¢ identify group orbits for the group G generated by the Lie algebra, we interpret
b= z(¢) as an equation in orbit space, and the equation for (z,w) as an equation on the
Lie group G. Methods for the solution of the latter are discussed in [21], see also [4]. ®

Remark 5. If no invariance relations are present, hence no ¢ variables are introduced,
then the system describing the time evolution of the x,w variables is linear; this is the
situation studied in [10]. Note that in this case we have exactly the interpretation of
normal forms as projection of a linear system to an invariant manifold, without symmetry
reduction. ®

Remark 6. If there are no sporadic resonances of order greater than one then Proposition
3 yields a linear system for the f?, with functions of the ¢ variables as coefficients. There-
fore, upon solving the reduced equation for the ¢ variables one obtains a non-autonomous
linear system. Moreover, if all eigenvalues are distinct then we have a product system of
one-dimensional equations. ®

Remark 7. Finally, we note that if ¢(¢) converges to some ¢ (this is always the case
if the ¢ space is one-dimensional and |¢(t)| does not escape to infinity), the asymptotic
evolution of the system is governed by a linear autonomous equation for x and w (see [19]
for the behavior of asymptotically autonomous equations). Similarly, if there is a periodic
solution ¢(t) with ¢(t) — ¢(t), the asymptotic evolution of the system is governed by a
linear equation with periodic coefficients for  and w. ®

4 Examples

Example 1. (See [10]). For A = diag(1,k), k € N, the only resonant vector is v = x¥es,

corresponding to a sporadic resonance, and there is no invariance relation. Systems in
normal form correspond to
X =20, + (ky + c2®)9,

with ¢ a real constant. According to our procedure, we define w = z*, and obtain
Y = 20, + (ky + cw)dy + kwoy, ;

the invariant manifold M is given by 1) := w—x* = 0. The solution to the system in W for
initial data (29,0, wo) is 2(t) = zeet, y(t) = yoer + (crhkwo)ted, w(t) = woert; for initial
data on M, i.e. wg = xlg, the solution remains on M and its projection to R? = (z,v) is
a(t) = zoe', y(t) = [yo + (crkzp)t]e™.
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Example 2. Consider the matrix

0 -1 0
A= 1|1 0 0

0 0 1
with eigenvalues (—i,4,1). There is one elementary invariance relation, A\; + Ay = 0, and
no sporadic resonance. The linear centralizer is spanned by A itself and by matrices Dy =
diag(1,1,0) and Dy = diag(0,0,1). The ring of invariants is generated by 72 := 22 + 32
Systems in normal forms are written as

= of
= Br*)z +a(r?)y
£=7(r%)z
where «, 3,7 are arbitrary power series.

Following our procedure, we introduce one further variable ¢ = r?; for this we have
dp/dt = 2(xi + y3) = 2r2a(r?). Hence the system in W = R? is written as

i = alg)z — B(d)y
y = po)r + a(@)y
=79z
o= 2da(9)
Example 3. Consider the matrix
0 -1 0 0
1 0 0 O
A=10 0 1 0
0 0 0 k

(k € N, k > 1) with eigenvalues (—i,+4, 1, k). There is one sporadic resonance, kA3 = A4,
and one elementary invariance relation, A\; + Ao = 0. The linear centralizer is spanned the
matrices D1 = diag(1,1,0,0), Dy = diag(0,0,1,0), D3 = diag(0,0,0, 1) together with

0 =1 0 0 00 0 0
1 0 00 00 0 0
Mi=14g o 0o ™M=y 49 ¢
0 0 0 0 00 k 0

Systems in normal forms are written as

1 = a(r?)zy — B(r?)z

To = (7’2)$1 + a(r?)xs

g = y(r?)ws

1 = 0(r2)es +0(2)a
where 72 := 22 + 42 and «, 3,7, 7,0 are arbitrary power series.
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Following our procedure we introduce ¢ = 72, for which do/dt = 2(xi+y5) = 2r2a(r?),
and w = 2% for which dw/dt = kx5 ‘i3 = ky(r?)zk. Hence the system in W = R® is

written as
i = a(d)z1 — B(P)x2
By = B(d)r1 + ap)wo
i3 = y(P)z3
W = ky(d)w
¢ = 2¢a(9)

5 Perturbed oscillators

Example 4. Perturbation of oscillators in 1:1 resonance. Consider the matrix

0 -1 0 O

1 0 0 O
4= 0 0 0 —-11]°7°

0 0 1 0

which we also write in block form as

J 0 0 -1
A_<O J>,WhereJ—<1 O)’

with eigenvalues (—i,4i,—i,7). There are no sporadic resonances of order greater than
one, and four elementary invariance relations:

MFX=0, 34+M=0, M+XM=0, Ma+XA3=0;

all other resonances can be described in terms of these. We stress that the equations
describing these invariance relations are linearly dependent; however they should be con-
sidered, according to our definition, as different elementary ones. Corresponding to this,
the associated invariant quantities will not be functionally independent (obviously, we
cannot have more than three independent invariants for a flow in R?).

The linear centralizer of A is an eight-dimensional algebra, spanned by the following
matrices (in two by two block notation):

I 0 0 0 0 I 0 J
J 0 0 0 0 I 0 J
s=(00) =m0 5) m=(4 o) 5= (5 0)

Note here we have cho_sen a basis with B; = Bi+ , S = —SZ.+ .
The linear system & = A describes two oscillators in 1:1 resonance; the normal form
will correspond to a perturbation of these, generically breaking the exchange symmetry

among the two oscillators. Systems in normal form are compactly written as

T a =6 v - x
gyl _ |8 a n v (1
z W —v o -7 z
w v u T O w



Dimension Increase and Splitting 335

where «, 3, ..., 7 are arbitrary power series in the elementary invariants
_ .2 2 _ .2 2 _ _ .
p1=2"+y", pa=2"+w", g3=x2F+yYyw, ¢s =W — Y2 ;

note that ¢, = (£, B,€), with (.,.) the scalar product. We abbreviate the above evolution
equation as

§ = K(¢)¢.

The evolution equations for the ¢, as required by our procedure, are simply (only the
selfadjoint matrices defined in (9) appear)

bo = (& (BoaK + KTB,)E) .

Example 5. Perturbation of oscillators in 1 : k£ resonance. Consider the matrix

0 -1 0 O
1 0 0 0
4= 0 0 0 -k
0 0 k£ O

(with £ € N, k > 1) with eigenvalues (—i,+i, —ik,ik). This is put in diagonal form
passing to variables

§1= (21 —ix2)/2 , Lo = (1 +1iw2)/2 , {3 = (23 —i74)/2 , &4 = (w3 +1i74)/2 ,

which we use in intermediate computations below. We also write £ = Az, x = A~1¢, with

1 =5 0 0 1 1 0 0
11 10 0| .4 |i —=io0o o0
A_§ 0 0 1 —i AT = 0 0 1 1
0 0 1 3 0 0 i —i

There are four sporadic resonances:
EMi=X3, kda=X, s+ (E—Dda=X1, M+ (k—1DA\ =)\
Moreover, there are four elementary invariance relations:
AM4+X=0,+XM=0, kF\i+XM=0, EAa+2A3=0.

All other resonances can be described in terms of these.
Systems in normal forms are written as

&1 =&+ 018576
€2 = anly + D281
{3 = agls + D&t

€1 = auy + 9485,

(10)

where «y,1; are arbitrary power series in the invariants of the linear flow.
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Following our procedure, we introduce variables

k k k-1 k-1
wr =&, wa=8& ,w3=§& &, ws=& &,

related to sporadic resonances. We also introduce variables related to elementary invari-
ance relations, given by

o1 =88, ¢ =881, b3 =66, du=E5¢s .

We must then introduce evolution equations for the w and ¢ variables according to our
procedure, i.e. according to (6) and (7) above. As for the w, we get

Wy = kaqwy + 916571

Uy = kagwy + 9205 1Ey

w3 = [as + (k — Doaglws + [(k — )02 2po + 9304 &
g = [og + (k — Doglwy + [(k — 1)0105 do + Vag) ') .

Let us now consider the equations for the ¢; we easily get

$1 = (a1 + az)d1 +V2¢3 + J1¢a
G2 = (a3 + )2 + V33 + Vagy (1)
¢3 = (ka1 + au)ps + k¢~ do + Dag}
1 = (kaz + az)ds + Koy ' d2 + Va0t -
Summarizing, all systems of the form (10) — i.e. in normal form with respect to the
linear part 5 = A — are written as the autonomous system (11) for the ¢ variables, plus

a linear nonautonomous system, which introducing the notation n = (£; w) can be written
as

= Mn
where M = M (¢) is a matrix which we write as M = D + L, where
D = diag(a1, a2, a3, aq; kar, kaz, az + (k — 1)ag, g + (K — 1)aq)

and L is an off-diagonal sparse matrix with nonzero terms

Liz =01, Log =02, L3s =03, Lyg =04 ; Lsz = 1", Lgg = 901,
Loy = [(k — 1)9205 29 + 93051, Lo = [(k — 1)1 2o + 9405 71] .

Example 6. Perturbation of two oscillators with no resonance. Consider the
matrix

0 -1 0 O
1 0 0 O
4= 0 0 0 -—m
0 O 0

with eigenvalues (—i, +i, —7i, 7).
Now there are no sporadic resonances of order greater than one, and two elementary
invariance relations:

AMF+A=0, A3+X4=0.
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Note that now we have only two invariants, r? = 2% + 23 and r3 = 23 + 23: this is easily
understood as we have irrational flow on the two-torus T2 C R*. The centralizer of A
corresponds to matrices

a —=b 0 0
b a 0 O
M= 0 0 ¢ —d
0 0 d ¢
Thus systems in normal form will be written as
x'l « —ﬂ 0 0 T1
L9 _ 6 o 0 0 T
T3 - 0 0 ~v —q T3
Ty 0o 0 n ~ T4

with a, 3,7, being power series in r?,r3.

Following our procedure we introduce variables ¢, = 2% + 2% and ¢3 = x% + 22, whose
evolution is given by

$1 = 2a¢y, P2 = 27¢2 .

Example 7. Perturbation of oscillators in 1:1:1 resonance. Consider the six-
dimensional matrix written in block form as

wd 0 0 0 —1
A = 0 wJ 0 where J = (1 0> .
0 0 wJ

Passing to coordinates (&;,n;) = (p; + iq;j, pj — iq;), this reads
A = diag(iw, —iw, iw, —iw, iw, —iw) .

The eigenvalues are A\, = (—1)¥iw, hence there is no sporadic resonance of order greater
than one* and nine invariance relations:

AMF+FX=0 X3+ =0 As5+2=0
MFAFM=0 M+X2=0 A3+X=0
M+A3=0 +A5=0 M+A5=0

The invariants corresponding to these are of course
1 =8&m, P2 =&, @3 = &1,

Pa=&1m2, ¢5 =813, P6 = Eas,s
o7 = &Eam1, @s = E3m2, P9 = E3ma.

Going back to the original coordinates, expressions for these are recovered from (no sum
on repeated indices)

&mi = 05 +4) 3 &me = ok + Gar) + i(apk — piar)

“Note these are present in the case of 1: k : £ resonance (with integers k, £ > 1).
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and is thus more convenient to pass to a different basis for invariant functions, i.e.

¢1 = @ P +at) , ¢2:= b2 = (p2+q2)A ¢3 b3 = b3 = D3+ a3) ;

¢4 = (P4 + ¢7)/2 = (pp2 + 1q2) (? — ¢7)/( i) = (q1p2 — P1q2) ;
b6 = (¢5 + ¢9)/2 = (p1p3 + q1q3) = (¢5 — ¢9)/(22) (q1p3 — P143) ;
s == (d6 + 08)/2 = (p2ps + @203) = (b6 — #8)/(2i) = (q2ps — p2a3) -

The centralizer C'(A) of A in Mat(6, R) is an algebra spanned by eighteen matrices;
these are written in 2 x 2 block form as

Cii Ci2 Ci3
Coy Coy (O3
C31 C32 C33

where the Cj; are two-dimensional matrices written as (c;; and (;; real constants)
Cz‘j = OéijI + ﬁz‘jJ

It is easy to extract from these a basis made of nine selfadjoint matrices By = B,j and
nine antiselfadjoint ones Sy = —S,;". With x = (p1, ¢1, 2, ¢2,P3,43), and (.,.) the standard
scalar product in RS these can be chosen so that ¢, = (x, ByX).

In this compact notation the 1 : 1 : 1 resonant three-dimensional oscillator is described
by x = Ax. We write the normal form of evolution equations for perturbation of this as

X = K(6)x
ba = (x, (BoK + K1 By)x)

with K an arbitrary matrix in C(A).

6 Bifurcations

Example 8. Hopf bifurcation. Consider the matrix

o 0 %)
4= (wo 0 >

with eigenvalues Ay = —iwg, A2 = iwp. There is no sporadic resonance, and one elementary
invariance relation, A\; + Ao = 0, with associated invariant ¢ = 22 + y?. The most general
system in normal form is therefore & = a(¢)x — B(@)y, ¥ = B(d)x + a(¢)y. According to
our procedure, the evolution equation for the new coordinate ¢ will be ¢ = 20a(p). As
the linear part of the system is given by A, we must require o(0) = 0, 5(0) = wp.

In applications, one is interested in the case where the system does also depend on an
external (“control”) parameter y, which usually does not evolve in time®, the linear part
being given by A at the critical value. In this case the normal form and the ¢ evolution
equation read

y = Bomr + ald,uy
¢ = 20a(¢,p)

A different framework is provided by dynamic bifurcations [2, 17].
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In the standard model of Hopf bifurcation, a(¢, ) = u — cp, and we write S(¢, u) =
wo + b(¢, u) with b(0,0) = 0. This corresponds to the normal form

& = px — woy — b(x* +y%, p)y — c(z® + y*)x
U = wor + py + b(x? + v wa — c(x® + yH)z
which in our approach reads

T = px — woy — b(p, w)y — c(d)x
Y = wox + py + b(p, ) — c(p)x

Note that the space of invariants is one-dimensional (with the additional constraint ¢ > 0);
thus, either ¢(t) is unbounded for ¢ > 0, or it approaches one of the zeroes of the function
a(p, i), say ¢o. In this case, the system reduces asymptotically to a linear one:

(i) B (mbo(%,m —wo—g(%,ﬂ)) (5) '

The standard analysis of Hopf bifurcation is readily recovered in this way.

Note that we can also look at Hopf bifurcation in a slightly different way, i.e. include
the p variable from the beginning. In this case the matrix A is given by

0 -1
A=11
0

o o o

0
0

with eigenvalues (—i,4,0) and invariance relations A\; + Ay = 0 and A3 = 0; the associated
invariants are ¢ and u. The linear centralizer of A is spanned by matrices

a —=b 0
M=|b a O
0 0 ¢

and correspondingly the normal form will be

y = B(¢, p)z + o, n)y
fr="y(¢, 1)

The equation for ¢ is just the one given above, and we are led to the same system;
interpreting p as an external control parameter forces v(¢,u) = 0 (if not, there is a
feedback of the system on the control parameter).

Example 9. Hamiltonian Hopf bifurcation. Consider the matrix

o —w 0 0

A |w w 0 0 _ (,u[—i—wJ 0 )
0O 0 —u —w 0 —ul +wd
0 0 w  —p
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with eigenvalues \y = —p—iw, Ay = —pu+iw, A3 = p—iw, Ay = p+iw. We assume w # 0
(so it could be rescaled to w = 1) and u # 0; the case u = 0 corresponds to example 4. In
applications, one considers the case where u is an external control parameter and studies
the changes as this is varied; u = 0 is a critical value.

The matrix A is diagonalized, for all u, passing to variables &' as in example 5 above.
The evolution & = Ax preserves the symplectic structure £ = da' A dz? + dz? A da?.

It is easy to check, for generic u, that there is no sporadic resonance and that there
are two elementary invariance relations, given by A1 + Ay = 0 and Ao + A3 = 0. The
corresponding invariants will be ¢; = &4, vy = €2€3; they are complex conjugate,
and correspond to real invariants ¢; = xix3 + xeox4 and ¢o = z1x4 — xox3. These are
also written for later reference as ¢, = (1/2)(§, By§), with B, obvious four-dimensional
symmetric matrices.

The linear centralizer of A (for p # 0) is given by matrices written in block form, with
ay and O real constants, as

B arl + B J 0
M= < 0 042]+ﬁ2<]> ’

Correspondingly, systems in normal form will be given by
T = Mx

where now ay, Gr will be functions of the invariants ¢1,¢2. Note that such systems in
general do not preserve the symplectic form k, unless s = —a; and B2 = (1. The
evolution of the ¢ is given by ¢, = (1/2) (x, (M T B, 4+ ByM)z).

It is convenient to write the system in terms of the two-dimensional vectors n; =
(z',22), o = (2%,2%) and ¢ = (¢1,¢2). Moreover, we single out the linear part in
the functions o and By, writing ax(¢) = (=1 1y 4+ a(¢), Bu(d) = w + br(¢) with
ax(0) = b (0) = 0; the smooth functions are ay, by are arbitrary apart from this constraint,
and can also depend on the parameters p and w.

The system is hence described in our approach by the following equations:

m= (ul+wl)m + [a1(¢) -1 — bi(®)-J]Im ,
= (—pl+wl)n + [az(¢) -1 — b2(®) - JIn2 ,
o= [(a1(¢) + az(e)) - I + (b2(¢) —b1(9)) - J]| ¢ .

If ak, by are such that the system is hamiltonian, the ¢ are always strictly invariant,
and we are reduced to a linear system on each level set of ¢; if the ag, by are such that
the system is not hamiltonian but the (two-dimensional) equation for the ¢ satisfies the
condition for the existence of a limit cycle, as is often the case in bifurcation problems,
then remark 7 applies.

Let us look more closely to the perturbation of the case p = 0; as recalled above, the
analysis of this case can be recovered from example 4. More precisely, we can rescale time
so that w = 1, and allow the arbitrary functions appearing in the analysis of example 4 to
also depend on the parameter p.

Alternatively, we can proceed as at the end of the previous example, and include the p
variable from the beginning. With a 2 ® 2 & 1 block notation, we have now

pl +wJ 0 0
A = 0 —ul+wd 0
0 0 0
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with linear centralizer

ard + BJ 0 0
M = 0 asl + BoJ 0
0 0 c

In the normal form, going back to the original time parametrization, we have

m= (pl+wl)m + lai(o,p) I — Bu(d,p) - J]m ,

= (—pl+wl)n + [eo(é,p) -1 — Ba(d,pn) - Jln2

Qb = [(al(qsuu) =+ (12(@, :U’)) I+ (B2(¢HUJ) - B1(¢,M)) : J] ¢ s
fr="y(o,p) .

Again, interpreting p as an external control parameter requires (¢, u) = 0.
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