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Abstract: We study nonlinear control systems in the plane,
affine with respect to control. We introduce two sets of feedback
equivariants forming a phase portrait PP and a parameterized phase
portrait PPP of the system. The phase portrait PP consists of an
equilibrium set F, a critical set C' (parameterized, for PPP), an op-
timality index, a canonical foliation and a drift direction. We show
that under weak generic assumptions the phase portraits determine,
locally, the feedback and orbital feedback equivalence class of a sys-
tem. The basic role is played by the critical set C and the critical
vector field on C. We also study local classification problems for
systems and their families.

Keywords: control system, family of control systems, invari-
ants, phase portrait, critical trajectories, feedback equivalence, bi-
furcation.

1. Introduction

The phase portrait of a dynamical system allows to understand the most impor-
tant features of the system. It gives a practical method of analysis of dynamical
systems in the plane. Can a similar notion be defined and used for control
systems?
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For optimal control problems in the plane this was already done in the book
of Pontriagin, Boltianskii, Gamkrelidze and Mishchenko and is still a subject
of intensive research (see Baitmann, 1978a, 1978b; Boscain and Piccoli, 2004;
Bressan and Piccoli, 1998; Sussmann, 1987a, 1987b). In all those works one
draws optimal synthesis or optimal trajectories, subject to specified constraints
on the control and specified objective function. Even if the objective function
is canonical (time), still the optimal portrait (synthesis) depends heavily on the
constraints and can be very complicated (compare Sussmann, 1987a, 1987b;
Bressan and Piccoli, 1998; Boscain and Piccoli, 2004). A qualitative analy-
sis of planar systems with constraints which was partially independent of the
optimality point of view was proposed in Davydov (1998, 1994).

In this paper we consider smooth planar control systems

3 2= f(z) +ug(z), ze€ X CR? ueR,

where z = (z1, 22) is the state, u is the control, X C R? is an open subset,
and f and g are C*°-smooth vector fields on X. There are no specified control
constraints. The aim is to understand the structure of systems ¥ without intro-
ducing a particular optimality problem. Instead, we use the natural feedback
equivalence of systems (which preserves the set of trajectories). Our aim is to
define a phase portrait of a system so that the following holds:

If two systems have the same phase portraits then they are feedback equiva-
lent.

When the above statement holds, knowing the phase portrait allows one
to analyze all feedback invariant properties of the system (like local or global
controllability, stabilizability, time-maximal and time-minimal trajectories etc).
The phase portrait that we propose will consists of the equilibrium set F, the
critical set C' (which is formed, roughly, by time-critical curves), the phase
portrait of g, called the canonical foliation (or the foliation of fast trajectories),
the discriminant set D, the optimality index 7 (indicating if the curve is time-
maximal or time-minimal) and a drift direction.

Our analysis is performed in the domain where g does not vanish and we use
smooth feedback and orbital feedback equivalence. A topological classification of
generic degenerations around points where g vanishes has recently been obtained
by Rupniewski (2005).

The set of equilibria, the set of (time) critical trajectories, and the optimality
index appear in several problems concerning control-affine planar systems. In
constructing the time-optimal synthesis on R? for a system & = f(z)+ug(r) with
constraints |u| < 1, both the equilibria set and the critical set play an important
role, see Baitmann (1978a, 1978b), Boscain and Piccoli, (2004), Bressan and
Piccoli (1998), Sussmann (1987a, 1987b). In this case the set of fast trajectories
is not significant. In studying generic controllability problems and singularities
of the boundary of the reachable set for such systems (Davydov, 1994, 1998)
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the equilibrium set is important, while the other two invariants do not appear.
Instead, the main role is played by two vector fields X, and X_, X1 = f+g
and by two foliations of oriented orbits of these vector fields, called limiting
directions (Davydov, 1994). In that case the problem is reduced to a local
classification of two generic, oriented foliations.

Our aim is somewhat different: using information about specific trajectories
(stationary, time-optimal, fast) encoded in the phase portrait we want to deter-
mine the system and, as a consequence, all its trajectories. It turns out that,
indeed, the phase portrait determines uniquely generic systems (up to orbital
feedback equivalence) and the parameterized phase portrait (we add the canon-
ical parametrization on time-optimal trajectories) determines (up to feedback
or orbital feedback) all systems from even a much bigger class.

The paper is organized as follows. We define feedback and orbital feedback
transformations in Section 2. Then we introduce in Section 3 basic notions of
the paper: phase portrait and parameterized phase portrait. Those notions
lead to main results of the paper: for the phase portrait in Section 5 and for
parameterized phase portrait in Section 6 (for systems) and in Section 7 (for
families). We also recall a classification of generic systems in Section 4 and of
generic families in Section 8, and their bifurcations in Section 9. In Appendix,
we give a result on equivalence of deformations of functions on which our proofs
are based.

2. Feedback and orbital feedback equivalence
Together with ¥, consider another smooth system
Y Z=f(2)+ag(3)

on X C R2. We call ¥ and & feedback equivalent if there is a C°°-smooth
diffeomorphism (¢, %) : X x R — X X R, called feedback transformation, which
is affine with respect to u, i.e., of the form

2=0(2), u=v""(z,0) = a(2) + (=),

and which brings ¥ into X. The resulted transformation of the dynamics is

r: .f: ¢*(f+049), g= ¢*(ﬁg)a

where a and 3 are C*°-smooth functions of z, with 3(z) # 0, and ¢~! stands
for the inverse of 1 with respect to u. Here for any vector field f and a diffeo-
morphism Z = ¢(z) we denote (¢« f)(2) = dé(z) - f(2), with z = ¢~1(2). The
transformation I' will be shortly denoted T' = (¢, a, 5).

If ¢ is a local diffeomorphism, ¢(zp) = Zp and the above identity holds locally
around Zp, then ¥ and > are called locally feedback equivalent at zy and Zp.
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An orbital feedback transformation Torp = (¢, o, 5, h) contains additionally
a positive valued C'*°-smooth function h on X which changes the time scale of
the system according to

dt

Thus, by definition, I, brings ¥ into & with f = ¢.(hf + hag) and § =
¢«(hBg). We can incorporate the action of h on g by choosing & = ha and
B = h( and the transformation formula becomes

Forb : .f = ¢*(hf + &g)v g = ¢*(Bg)

Throughout the paper we assume that h is positive valued and constant on the
trajectories of g, i.e.,

Lsh =0,
where Ly denotes the directional (Lie) derivative along g

DEFINITION 2.1 Systems ¥ and % are called feedback equivalent (resp. locally
feedback equivalent) if one can be transformed into the other via a global (resp.
local) feedback transformation T'. They are called orbitally feedback equivalent
(resp. locally orbitally feedback equivalent) if one can be transformed into the
other via a global (resp. local) orbital feedback transformation Ty, where h
satisfies Lgh = 0, h > 0.

The feedback equivalence preserves the set of all trajectories of the system
(understood as time-parameterized curves) reparameterizing that set with re-
spect to controls. The orbital feedback equivalence also preserves the set of
all trajectories (also reparameterizing that set with respect to controls) but
changes the time-parameterization of trajectories. Due to the condition on h,
which satisfies Lyh = 0, the orbital feedback equivalence does not change the
basic properties of the system, as we shall see later.

3. Fundamental equivariants and phase portrait

Consider
3 z = f(z) 4+ ug(2), ze€ X CR? ueR,
where z = (21,22). In these coordinates we identify the vector fields f =

f10/0z1 + f20/0z2 and g = g10/0z1 + g20/0z2 with the column vectors f =
(f1,f2)T and g = (g1, 92)T. We introduce the functions
e = det(f,9),

c - det([gaf]ag)a
= Lgc
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Here Lyc = (%igl + %gg denotes the derivative of ¢ along g and [g, f] is the
Lie bracket of g and f, with the i-th component [g, f]; = Zj(gf’f gj — gfz”f fi)-
J J
The four following objects play a crucial role in analyzing planar systems .

We define the sets

E = {zeX:e(z)=0},
C = {zeX:c(z) =0},
D = {ze€X:c(z)=d(z) =0},

called, respectively, the equilibrium set, the critical set and the discriminant set.
Finally, we define the foliation of fast trajectories or the canonical foliation as
the set G of phase curves (unparameterized trajectories) of the vector field g.
Away from stationary points of ¢ (nonstationary points of g will also be called
control-regular points), G consists of regular curves in X.

On the critical set C' we define the optimality index

7(z) = sgn (ed)(z), zeC.

Note that 7 encodes the subset (E U D)NC in C, namely (FUD)NC ={z €
C:7(z) =0}.

Given ¥ and a point z ¢ E, the set of trajectories of g near z (that is, the set
of leaves of the canonical foliation G) can be parameterized by a 1-dimensional
parameter with values in an interval. We define the transversal drift direction of
Y at z, denoted DD(z), as one of the two possible orientations of this interval,
the one given by the vector f(z). The drift direction DD(z) defines an order
on the set of local trajectories of g, in a neighborhood of z. This order shows
that passage between different trajectories of ¢ is possible (in a neighborhood
of z ¢ E) ”in one direction” only, the direction defined by the vector f(z).

DEFINITION 3.1 The phase portrait of ¥ is the 6-tuple PP = (E,C,G, D, 7,DD).

The first three members of the phase portrait are basic, the remaining three
play auxiliary role. What is perhaps surprising is that the critical set C' is the
most powerful invariant (equivariant) in PP.

We interpret the components of PP below. The set E is the set of points
p which can be made equilibrium points, with a suitable feedback control u
so that f(z) = f(z) + u(2)g(z) = 0. The critical set C' consists of points at
which the motion transversal to the trajectories of g admits its critical velo-
city, in particular, locally minimal or locally maximal velocity (we shall explain
this below). Both, E and C are, generically, curves. The set D consists of
those points where the critical set C either degenerates or it is tangent to the
canonical foliation G. Finally, the leaves S, of the canonical foliation G are
exactly those 1-dimensional submanifolds of the state space X, which can be
arbitrarily closely approximated by trajectories of ¥ (with large controls) and,
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moreover, the system can follow them approximately in both directions in S,
with arbitrarily large speed.
The optimality index 7 = sgn (e d) defines three categories of points on C

Co={z€C:71(2)=0}, Cr={z€C:7(2) >0},
C_={ze€C:7(2) <0}

and the partition C' = CoUC UC_ determines 7. Note that Cy = CN(EUD).
We shall see later that Cy and C_ consist of time-maximal and time-minimal
curves, respectively.

The just defined objects are particularly simple for the following prenormal
form ¥,. If g(2) # 0, then there exist local coordinates (z,y) around z such
that ¢ = 9/0y. The system equations become & = fi(z,y), y = fa(x,y) + u.
Applying the feedback transformation u — u — f2(x,y) we obtain the following
proposition, stated here for further reference.

PROPOSITION 3.1 If g(2) # 0, then X is locally feedback equivalent at p to the
prenormal form

S;m“e: j::fl(x,y), Y=u.

For the system X, the condition Lsh = 0 means that h is a function of the
variable z, only. We also have f = (f1,0)7, g = (0,1)T, [g, f] = (0f1/0y,0)T,
and
_oh %
oy’ ooy

e:fla c

Thus
of1

E:{f1:0}7 C:{a_yzo}a D:{

9% f1

and the canonical foliation is given by
G ={Sa}acr, where S, ={x = a = const}.

Finally,

2
7(x,y) = sgn (f%—yé) (2, 9), (z,y) € C.

The velocity @ = fi1(z,y) can be identified with the velocity transversal to
the leaves of G. This means that C consists of the points where the motion
transversal to the trajectories of g admits its critical velocity. This interpretation
is the starting point for an approach to the feedback classification problem
based on its relations with the time-optimal control problem (see Bonnard, 1991,
Jakubezyk, 1998). If 92 f1 /9y*(z,y) # 0 then the curve C = {9 f1/0y(z,y) = 0}
has, locally, a parametrization y = ¢(x). The velocity ¢ = f1(z,y) of z is locally
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minimal or locally maximal, as a function of y, when (z,y) lies on the critical
curve C' = {y = ¢(x)}. Maximality or minimality depends on the sign of
02 f1/0y? and, actually, the curve y = o(z) is time-minimal if 7(x,y) < 0 and
time-maximal if 7(x,y) > 0. This shows that:

Cy consists of locally time-mazimal and C_ of locally time-minimal trajec-
tories of X.

We have shown this for a system ¥,,.. The same holds for a general system
> since C and 7 are invariant, by the proposition below.

PROPOSITION 3.2 If ¥ and ¥ are feedback equivalent, under the feedback trans-
formation T = (¢, a, B8), then

E:¢(E)a é:¢(C), D:¢(D)v g~:¢(g)a and T:%Od) on C.

The same holds if ¥ and & are orbitally feedback equivalent. In particular, the
phase portrait does not change under the transformation Ty, = (id, o, 8, h) and
it is transformed by ¢, when Ty = (6, v, B, h).

The above property of E, C, G and of the ideals (e), (c) is called equivariance
or, by abuse of language, invariance. Thus E, C, G are said to be equivariant
or, by abuse of language, invariant with respect to feedback equivalence.

_ Note that from the invariance of C' and 7 we also get Cy = ¢(Cy) and
C_=¢(C-).
Recall that the Lie bracket has two basic properties:

[0+ f, Pxg] = ¢:1f, gl
[afbgl=ablf g +aLlsbg—0bLyaf,
where ¢ is a diffeomorphism, f, g are vector fields, and a, b are smooth functions.

Using the second property we see that if f = hf + ag and g = (g, then the
condition Lgyh = 0 implies

7,91 = hBIf, gl + ¢y,
where ¢ = hL;(8) + aLy(8) — BLg(c).

Proof of Proposition 3.2. Recall that the sets E, C, D are defined as zeros of
the functions e = det (f,g), ¢ =det([g, f],g), d = Lgc. Replacing f and g by
the equivalent pair f = hf + ga, § = (g gives [f, §] = hB[f, g] mod g and thus
changes e, ¢, and d for

é¢=hBe, é=hf%, d=hd+cBLy(hG?),

respectively. Thus, the ideals I(e), I(c), and I(c,d) generated, respectively,
by e, ¢, and by ¢ and d, do not change under the orbital feedback trans-
formation Ty = (id,a,B,h). It follows from the property of Lie bracket
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[0:1g, 671 f] = 7 ]g, f] that under the transformation oy = (¢, @, 3, h), the
ideals are transformed by the coordinate change ¢. Thus E, C and D (being
the zero level sets of e, ¢, and of ¢ and d) are also transformed by the coordinate
change ¢ and so they satisfy the relations stated in the proposition. Finally,
under 'y = (id, v, 8, h) we have on C' = C:

7 = sgn (éd) = sgn (h?B*ed) = sgn (ed) = sgnr
and the transformation 'y, = (¢, v, B, h) gives 7 =T o ¢ on C. ]

The phase portrait determines basic qualitative properties of the system, like
controllability and stabilizability, and will be used for defining bifurcations in
Section 9. We will show in Section 5 that the phase portrait determines locally
the system up to orbital equivalence. Analogous results for feedback equivalence
and for families of systems will be given in the consecutive sections.

4. Feedback classification of generic systems

In order to set the stage for further considerations we recall generic local clas-
sification results (Jakubczyk and Respondek, 1990).

For functions hi, ho we denote their Jacobian j(hi, ho) = det (Oh;/0z;). We
introduce the following conditions at a point p € X

(GS1) (e,¢,j(e,¢))(p) # (0,0,0)
(GS2) (¢,d, j(c,d))(p) # (0,0,0)

Below, by * we denote arbitrary nonzero numbers.

THEOREM 4.1 A smooth system %, at any point p at which g(p) # 0 and (GS1),
(GS2) hold, is locally feedback equivalent to one of the following systems at
0 € R%:

(0) =y+1, y=wv, iff (e,c)=(xx%) atp;

(E) =y, g=wv, iff (e,c)=1(0,%) atp;

(C)F i=9y241, gy=wv, iff (e,c,d)=(x0x%) atp;
(EC)y & =1y%+ A, g=wv, iff (e,c j(e,c))=1(0,0,%) at p;
(CG)a =y +ay+alz), y=v, iff (ec,d, jlc,d))=(%0,0x%) atp,

where A # 0 and a(0) # 0. The same holds for orbital feedback equivalence, with
the last two normal forms replaced, respectively, by

(EC)jE t=9y>+zx, Y=
(CO*r =y’ +ay+1, = .
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The phase portraits of the canonical systems are illustrated in Figs. 1,2.
Vertical lines represent the canonical foliation and arrows indicate the drift
direction.

The proof of the first part is given in Jakubczyk and Respondek (1990). The
second part (orbital equivalence) can be deduced from the first one. The above
Theorem gives a local classification of generic systems (i.e., satisfying (GS1)
and (GS2) at any p € X). Arbitrary analytic, control-affine systems were also
classified (Jakubczyk and Respondek, 1991, see also Respondek, 1998).

Above, the constant A € R is invariant, namely, it is the eigenvalue of the
uncontrollable mode of the linear approximation of X at p. The smooth function
a(z) has the following interesting invariance property: two systems of the form
(CG.), given by y® + 2y + a(z) and y* + 2y + a(z), respectively, are equivalent
if and only if

a(z) =a(x) for x<0.

We interpret the numerical invariant A and the functional invariant a(z) in
terms of critical trajectories in Section 6 (compare Jakubczyk and Respondek,
1990, and Zhitomirskii, 1985).

REMARK 4.1 If we drop the condition (GS1), then a smooth system %, under
the condition (GS2) only (which remains generic), is locally feedback equivalent,

around any control-reqular point, to one of the following systems at 0 € R2:
(0), (E), (C)F, (CG)a (with an arbitrary a(x)), or

(EC), t=9y%+a(x), y=v, iff  (e,c,d) =(0,0,%) atp

(with a(0) = 0). If there exists a positive integer k such that a®(0) # 0,
then by applying an additional feedback transformation we can normalize a(x)
as a(z) = +2* + Az 71 where A € R (or as a(z) = £2* in the case of orbital
feedback).

i

==
Q
Il
=
S|
Il
=

Figure 1. Normal form (O), normal form (E), normal form (C)*
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Figure 2. Normal form (EC)y, A > 0, normal form (CG)*, a(0) >0

5. Phase portrait and orbital feedback equivalence

In this section we will show that locally the phase portrait PP determines
generic systems up to orbital feedback equivalence. We will use the genericity
conditions (GS1), (GS2) (Section 4). Theorem 4.1 and Proposition 3.2 imply
the following result:

THEOREM 5.1 The following conditions are equivalent for two smooth systems
Y and ¥ satisfying (GS1) and (GS2) around points p, p such that g(p) # 0,
9(p) # 0.
(i) The systems ¥ and Y are locally orbitally feedback equivalent at p and p,
respectively.
(ii) There exists a local diffeomorphism ¢, such that ¢(p) = p, transforming
the phase portrait PP of ¥ into the phase portrait PP of .
(iii) There exists a local homeomorphism ¢, such that ¢(p) = p, transforming

the phase portrait PP of ¥ into the phase portrait PP of 3.

Proof. (1)=(ii) Assume ¥ and X be orbitally feedback equivalent via T'p.p =
(¢, 3, h). Then, by Proposition 3.2, the diffeomorphism ¢ maps E into E, C
into C, 7 into 7, G into G. Tt is clear that ¢ maps DD into DD.

Obviously, (ii)=-(iii) and in the remaining part of the proof we will show
that (iii)=(i). Consider two systems ¥ and ¥ and suppose that their respective
phase portraits PP and PP are equivalent via a homeomorphism. Without loss
of generality, we can assume that ¥ and %, satisfying (GS1) and (GS2), are
represented by two of the normal forms (O), (E), (C)*, (EC)*, (CG)* listed
in Theorem 4.1. Thus it is enough to compare, case by case, all pairs of the
list in order to exclude the possibility that they are represented by two different
normal forms. This exercise is done below, for completeness.

1st case. ¥ is given by (O) so E = () and C' = ) while X is given by one
of the remaining normal forms but for all of them either ¥ or C' is nonempty.
Hence a homeomorphism ¢ conjugating the phase portraits PP of ¥ and PP
of ¥ cannot exist.
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2nd case. ¥ is given by (E) so F is nonempty and the only other normal forms
with a nonempty E are (EC)*. We have, however, C = {) for (E) but C # 0 for
(EC)* thus contradicting the existence of a conjugating homeomorphism.

3rd case. Y is given by (C)T or by (C)~, so C # @ and E = (. The only
other normal form with an empty E and a nonempty C is (CG)*. For (C)*, we
have C' = C4 (and C_ = ) so there does not exit a homeomorphism ¢ which
would conjugate it with (C)~ (for which, C = C_ and C; = 0). To prove that
3 cannot be of the form (CG)F, either, notice that for the latter each leaf of
G intersects the curve C either twice or not at all (and only one leaf intersects
C just one time) while for (C*) and (C™) each leaf of G intersects C one time.
Thus a homeomorphism conjugating phase portraits cannot exist.

4th case. ¥ is given by (EC)* or by (EC)~, which are the only forms such
that both C and E are nonempty. In both cases E = {y* £z = 0} is a parabola
and C' = {y = 0} is a line. They intersect at 0 € R?. The critical line C has
a distinguished part C* the points of which lie "between the arms of E” (the
points in C' that are intersected by those trajectories of g which also intersect
E). On the C* the drift directions DD(z), represented by f(z), point toward 0,
in the case (EC)~, and away of 0 in the case (EC)*. Thus (EC)" and (EC)~
cannot be equivalent.

5th case. ¥ is given by (CG)™ or by (CG)~ and hence E = () while C # ().
The only other normal forms with an empty F and nonempty C' are (C)*, which
were excluded in case 3, so we can assume that ¥ is given by (CG)* and > by
(CG)~. In these two cases the critical curve is the parabola C = {z + 3y? = 0}.
However, the two phase portraits can not be equivalent since the drift direction
at 0 € R? points ”inward the parabola C”, in the case (CG)~, and outward the
parabola C, in the case (CG)T. Here, ”inside of C” is defined as the set of those
points z which lie inside segments of trajectories of g meeting C. ]

6. Parameterized phase portraits

If we use feedback equivalence, instead of orbital feedback equivalence, the phase
portraits do not distinguish all locally nonequivalent generic systems. This fol-
lows from Theorem 4.1 and the remarks which follow it. Namely, all systems in
the normal form (CG),, with a(0) > 0, are locally orbitally feedback equivalent
(and have equivalent phase portraits), while they are not locally feedback equi-
valent if a(x) # a(z), z < 0. We shall add an additional ingredient to the phase
portrait (a critical vector field on C'\ D) so that, for generic systems, the new
portrait distinguishes nonequivalent systems under local feedback equivalence.

Consider the subset C™*9 = C'\ D of C. Since L4c # 0 at all points of C"*9,
this set is a submanifold (curve) transversal to the trajectories of g (the leaves of
G). The connected components C; of C™°9 are regular curves transversal to G.
Thus, there exists a unique control u; = u;(z), defined on C; and C*°-smooth
on Cj, such that the vector field f{™(z) = f(z) + u;j(2)g(2) is tangent to C;.
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In this way we obtain a vector field " on C"*9 which will be called critical
vector field of 3.

Recall that the optimality index 7 = sgn (ed) defines three categories of
points on C: Cop = {7 = 0}, Cy = {7 > 0}, C_ = {7 < 0}. Here Cy =
CN(EUD) while Cy and C_ consist of locally time-maximal and time-minimal
curves, respectively. The curves C; and C_ are canonically parameterized by
ferit as time-maximal and time-minimal trajectories of ¥, since f¢* is nonzero
on C; UC_. On the other hand, f¢"* vanishes on C"*9 N E.

DEFINITION 6.1 We define the parameterized phase portrait of % as the collec-
tion PPP = (E,C,G, D, , f* DD), where f is the critical vector field on
C\D.

EXAMPLE 6.1 To illustrate the notion of critical vector field, we consider the
normal form (EC)y in Theorem 4.1, where & : & = y?> + Az, § = v. We have
filz,y) = y*+ Xz and hence E = {y?> +\x =0}, C = {y = 0} and the foliation
G, giwven by {x = const}, is transversal to C at its every point, that is D = ().
We have the critical vector field on C':

- 0
crit
= r—.
/ e
The function d = 2 and thus 7(z,y) = sgn (2(y* + Ax)) = sgn \x for (x,y) €
C = {y = 0}. Assume X\ > 0. Then the critical vector field parameterizes
Cy ={y =0,z >0} as the time-mazimal trajectory, and C_ = {y =0, = < 0}
as the time-minimizing trajectory. For A < 0 the situation is opposite.

DEFINITION 6.2 We say that the parameterized phase portraits PPP of ¥ and
PPP of ¥ are locally equivalent at p and p if there exits a local diffeomorphism
¢: X — X, such that ¢(p) = p, which transforms PPP into PPP. Similarly,

PPP and PPP are called locally orbitally equivalent at p and p if there exist a
local diffeomorphism ¢ : X — X, ¢(p) = p, and a positive valued function h on
C\ D (having a smooth extension to a neighborhood of p such that Lyh = 0)

which transform PPP into PPP.

Above the elements FE, C, D, G and 7 are transformed by (¢, k) according
to the formulas in Proposition 3.2. The critical vector field is transformed via
the formula ¢, (h frit) = feret,

Let gradc := (88701, 8‘9702). We impose the following conditions on the system
3.

(AS1)  gradc(p) # 0 at each point p € C.
(AS2) D is nowhere dense in C.

Note that the condition (GS2) from Section 4 implies (AS1) and (AS2).
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THEOREM 6.1 Let ¥ and ¥ satisfy the conditions (AS1) and (AS2) around
points p and p such that g(p) # 0, g(p) # 0, respectively. Then ¥ and X are
locally feedback equivalent (resp., locally orbitally feedback equivalent) at p and

P if and only if their parameterized phase portraits PPP and PPP are locally
equivalent (resp., locally orbitally equivalent) at p and p.

Proof. Assume that ¥ and ¥ are locally feedback equivalent via T' = (¢, a, B)
(resp. locally orbitally feedback equivalent via I’ = (¢, a, 8, h)). From Proposi-
tion 3.2 it follows that feedback equivalent or orbital feedback equivalent systems
have equivalent E, C, G, D, 7, and DD. Recall that the critical vector field
¢ on C'\ D is defined in a unique invariant way and thus it is mapped into
ferit on C'\ D via ¢, (resp. via ¢, and h).

Now we will show that local equivalence of parameterized phase portraits
implies local feedback equivalence of systems. We will consider the case of orbital
feedback equivalence at the end of the proof. Consider two systems ¥ and by
and assume that they both satisfy (AS1), (AS2) and that their parameterized

phase portraits PPP and PPP are locally equivalent via a diffeomorphism ¢.

It is easy to see that if p € C and p & C, then ¥ and ¥ are locally feed-
back linearizable and thus locally feedback equivalent to one of the first two
canonical forms in Theorem 4.1 (depending on whether or not p and p are in
the equilibrium set E and E, respectively). We have ¢(E) = E and thus ¥ and
3 are locally feedback equivalent. We can restrict further considerations to the
case where p € C and p € C. o

Local equivalence of the portraits PPP and PPP means that there exists
a local diffeomorphism ¢ which igt_a\rﬁﬁes the points p with p and makes the
local phase portraits PPP and PPP coincide. Let us transform X by the
diffeomorphism ¢. After applying ¢ to ¥ we have p = p and g(p) # 0 # g(p) and
the vector fields g and § define the same canonical foliations G = G. Thus, we
can apply another diffeomorphism, the same diffeomorphism to both systems,
which rectifies g and g so that g = ¢20/0y, § = §20/9y. Now the feedback
transformations u — (g2) ! (u— f2) applied to ¥ and @ — (g2) ~*(u— f2) applied
to 2 (not changing the phase portraits) bring the systems into the pre-normal
forms

Epv"e: jt:fl(xvy)a Y =1u,

Spre: d=flzy), §=u
respectively, whose phase portraits PPP and 7/3—7\7_7; coincide.
We will prove that equality of the portraits PPP and PPP implies that the

functions

FO(:%U}) = f1(x,y), Fl(va) = f1($;y)7

with the identification x = w, satisfy the assumptions of Theorem 10.1 in Ap-
pendix. The local feedback equivalence of ¥ and ¥ will follow from this theorem.
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We use notations from Appendix. Denote E = E(Xp.), C = C(Zpre), and
D = D(3,.) and, similarly, £ = E(Xpre), C = C(Zpre), and D = D(Dpye).
For .. we have:

E={(z.y): filz.y) = 0}, c={<x,y>:%—§<x,y>=0}.

df1 % f1

D ={(z,y): a—y(x,y) =0, 092 (z,y) = 0}

and analogously for f)pre. Thus E = Z(f1) is the set of zeros of f1, C = C(f1)
is the critical set of f1, and D = D(f;) is the discriminant. The conditions
(AS1),(AS2) yield the conditions (Al) and (A2) in Appendix, for F(y,w) =
fl(way) and F(yaw):fl(way)' ~

Since the parameterized phase portraits are equal, we have C' = C' and the
assumption (i) in Theorem 10.1 is satisfied. The assumption (ii) is satisfied,
too. Namely, we also have D = D, C\ D = C \ D and fei* = ferit. Each
connected component C; of C'\ D is of the form C; = C; = {y — y;(x) = 0},
where y; is a smooth function. The equality of critical vector fields means that
fi(z,y;(x)) = fi(z,y;(x)) on C;. Tt follows that the critical values for f; and
f1 coincide on C'\ D. Since D is nowhere dense in C, fi(z, y(z)) and f)(z, y(x))
coincide everywhere on C. This means that the assumption (ii) in Theorem
10.1 is satisfied.

The assumption (iii) is also satisfied. Let us first assume that £ N C is
nowhere dense in C, for ¥ and 3. In this case the set C; U C_ is dense in C.
On this set the optimality index 7 is nonzero. The fact that on €, UC_ we have
7 = 7 means that sgn (f10%f1/0%y) = sgn (f10%f1/0%y). Since ferit = ferit £
0, we have that f; and f1 coincide on the critical curves. Thus sgn 0%f1 /0%y
and sgn 92 f1 /9%y are the same on C'\ (EU D) = C'\ (EU D). This means that
s1=s20n CLUC_ = C\ (DUE). By continuity and nowhere density of ENC
in C we get s1 =s30on CL UC_ =C\ D =C\D. Thus (iii) is satisfied.

Assume now that £ N C has a nonempty interior in C. Consider a point
z€ ENC\ D. We claim that the drift direction DD determines sgn 9% f1 /0%y
at such point. Namely, since z € ENC and z ¢ D, we have f1(z) = 0 and
(Lg(c))(2) # 0. Thus the transversal drift direction is the same on both sides
of the curve C, when we traverse it along a trajectory of g passing through z.
If this drift direction points in the direction of growing x then 9%f;/0%y(z) is
positive and s1(z) = 1. If the drift direction on both sides of C' points in the
direction of decreasing x, we have s1(z) = —1. The same happens for the second
system. We have established that s; = sz at all points in C'\ D = C \ D. Thus
(iii) is satisfied in this case, too.

Now we can apply Theorem 10.1. We can find a local diffeomorphism (Z, ) =
(x,v(z,y)) such that fi(x,y) = fi (z,v¢(z,y)). This diffeomorphism, completed
with a suitable feedback, transforms ¥ into ¥ and shows their local feedback
equivalence.
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The proof of the case of orbital equivalence is the same except for the begin-
ning: we rescale the system ¥ by dt/dr = h(z), where Lyh = 0, and then the
parameterized phase portraits of the rescaled system and of 3 are equivalent by
a diffeomorphism so we can apply the already proved part of the theorem. ®

Note that the drift direction DD is used in the above proof only in the case
when E'N C has a nonempty interior in C. This proves the following

COROLLARY 6.1 Theorem 6.1 holds with the drift direction DD removed from
PPP, if we additionally assume that E N C is nowhere dense in C'.

Clearly, ENC is nowhere dense in C for all systems satisfying (GS1)-(GS2)
but actually even for all systems satisfying (GS2) only (except for those equiva-
lent to & = y? +a(z), ¥ = v, with a vanishing on a set with nonempty interior).

In the above proof, equality of the equilibrium sets £ and E was used only
in the case p ¢ C. The equivalence was established in the cases p ¢ C and
p ¢ C without using the equilibrium set (the set F N C was used but it can be
recovered as the set of points where £ vanishes). This implies the following
”surprising”

COROLLARY 6.2 If p € C and p € C, then Theorem 6.1 remains true after
withdrawing the equilibrium set from the parameterized phase portrait.

The above theorem applies, for instance, to the class of systems satisfying at
p € X the conditions: e =0, c =0, d # 0, j(e,c) = 0 but there exists an integer
k such that (L¥e)(p) # 0, where V = [g, [g, f]]. Tt follows that any such system
is orbitally feedback equivalent to the form & = y? + ¥, § = v and, moreover,
any two such forms are orbitally equivalent if and only if their parameterized
phase portraits PPP coincide. In particular, the systems & = y? + 22, § = v
and £ = y% + 2%, ¥ = v are not orbitally feedback equivalent because their

critical vector fields :cQB% and x48% on C = {y = 0} are not equivalent via a

diffeomorphism and smooth time-rescaling. The phase portraits PP and PP
of the systems coincide because they define the same drift directions DD. So,
indeed, the phase portrait PP contains less information than the parameterized
phase portrait PPP.

EXAMPLE 6.2 Consider the normal form (CG). on R? of the classification The-
orem 4.1, given by @ = y> + xy + a(z), ¥ = v and assume a(x) > 0. We have
C = {3y? + x = 0} and the foliation G, given by {x = const}, is transversal to
C at its every point, except for (0,0) € R?, thus D = {(0,0)}. Since d = 6y, the
two components of C (transversal to G) are thus Cy = {3y* + x = 0, y > 0}
and C_ = {3y* +x =0, y < 0}. On Cy and C_ we have the critical vector
fields given by the same formula:

8= +ay +al@) (5= — —5-)
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Factoring R? through the foliation G, given by {x = const}, yields a one-
dimensional manifold X (which can be identified with R equipped with the co-
ordinate x). We denote by Xt the subset ofX consisting of those leaves of
G whose intersection with C is nonempty and transversal. On X = {x < 0}
we have two critical vector fields, obtained by plugging y = +(—x/3)Y/% in f§
and projecting on = (we denote k = 2-373/2):

Ferg 9 ferg 9
¢ = (a(z) + k(—x)3/2)%, and [ = (a(z) — k(—x)3/2)%.
7. Phase portraits and families of systems
Consider a 1-parameter family of systems on X C R?
S 2= f(56) + gz, 1)

where u € R and € € I, an open interval. Here f(z,€) = fe(z) and g(z, €) = ge(2)
are families of vector fields on X, parameterized by € and C°°-smooth with
respect to (z,€).

Consider a C* local invertible transformations X x R x I — X x R x I of
the form

Z = ¢(z€) = de(2)
. @ = P(zu,€) = Ye(z,u)
€ = nle),

where ¥(z, -, €) is affine with respect to u, i.e.,
u=10"tz,1€) = alz,e) + Bz, ),

with a(z,€) = a.(z) and 3(z,€) = B.(z) smooth with respect to (z,€) and 1
standing for the inverse of v with respect to u. Invertibility of T/ at (2o, €o)
means that d¢e,(zo) is of rank 2 and ((zg,€) # 0, n’(e9) # 0 (obviously, this
invertibility is global with respect to u).

DEFINITION 7.1 We call two 1-parameter families of systems X7 and »/ locally
feedback equivalent (or, simply, equivalent) at (zo, €0) and (2o, €0) if there exists
a local, invertible at (zo,e€o), C®-transformation T = (¢,1,n) : X xR x I —

XxRxT transforming 21 into X7, that is,
f~€ = Pex(fe + ege), Ge = Pex(Bege),

and such that (¢,1)(z0,€0) = (%0,¢0). Similarly, the families ¥/ and Y/ are
called locally orbitally feedback equivalent (or orbitally equivalent) at (2o, €o)
and (Zo,€0) if there exists a local, invertible at (29, ¢q), C>-transformation T'f
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and a positive valued function h = h(z,€) = he(z) satisfying Ly he = 0, which
gives

f~€ = ¢e*(h6fe + aege), Je = Qex (/8696)7

where € = n(e). Above, ¢, = (¢c)x stands, for any e € I, for the tangent map
of Ge.

The parameterized phase portrait PPP for the family 3/ can be defined as
the family of parameterized phase portraits PPP. of the systems

Ye ¢ z= fe(z) + ge(z)ua

with € € 1.

We make this definition more precise. Define the functions e, ¢, and d for
the family £/ by the same formulas as for a single system ¥ in Section 3. Now
they are functions of (z,€) € X x I. With the help of these functions we define
E={e=0},C={c=0},and D = {d = 0}. These are subsets of X x I.
The corresponding subsets of X given by a fixed value of € are denoted F,, C,
and D.. These are the corresponding equilibrium, critical and discriminant sets
defined by the system ¥.. The optimality index 7 = sgn (ed) is defined on C
and 7.(z) = 7(z, €) is well defined for z € C..

The canonical foliation G, is defined as the canonical foliation of the system
Y. The collection of the foliations G, € € I, is, by definition, the canonical
foliation of the family ¥/ and is denoted by G. It is well defined away of points
(z,€) such that g(z,e) = 0. Alternatively, we can understand G as the foliation
in X x I, with each leaf contained in a surface ¢ = const. In the same way
we define the drift direction DD for ¥/ as the collection of the drift directions
DD, of the systems Y. It is immediate to observe that Proposition 3.2 holds
for families ¥/ (with & = n(e)).

Finally, we recall that each system X, has a well defined critical vector field
ferit on the curve (the set of curves) C \ D, and the collection of critical vector
fields £, e € I, defines a critical vector field f"* on C'\ D.

Now we see that the parameterized phase portrait PPP=(E,C,G, T, DD, f ")
of the family 3/ is well defined and consists of analogous objects as in the case
of a single system.

DEFINITION 7.2 We say that two phase portraits PPP of X7 and PPP of B/
are locally equivalent (respectively, locally orbitally equivalent) at po = (20, €o)
and po = (Z0,€0) if there is a local diffeomorphism (¢,m) : X x I — X xT
(resp. a diffeomorphism (¢,m) and a time rescaling h on C'\ D), such that
(20, €0) = 20, n(€g) = €o, which transforms PPP into 57\75 Here ) is assumed
to be a function of € € I, only, and h is positive valued on C\ D, having smooth,
positive extension to a neighborhood of (zo, €o) such that Lyh = 0.
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In this definition, the transformation (¢, n), as well as (4,7, h), transform
the elements of PPP according to the formulas

E:¢(E)a é:¢(c)v D:d)(D)a G:(j)(g), T:%O(Qf’,ﬂ)
The critical vector field is transformed via
Do T = JE (resp. pen(hJE) = ),

with € = n(e).

Note that the feedback transformation T/ = (¢, «, 8) (resp. I' = (¢, a, 3, )
transforms the elements of PPP exactly via the above formulas (this is Propo-
sition 3.2 generalized to the case of families), that is, PPP does not change if
we reparameterize the control via u = o + [v.

Denote Gradc = (aa—zcl, aa—zz, %) We impose the following conditions on %/:

(AF1)  Gradc(p) # 0 at each point p = (z,€) € C.
(AF2) D is nowhere dense in C.

Notice that the condition (GF2), stated in Section 8, implies (AF1) and
(AF2).

THEOREM 7.1 Suppose 7 and xf fulfil the conditions (AF1), (AF2) at points
po = (20,€0) and po = (20, €0), respectively, and g(po) # 0, g(po) # 0. Then
they are locally feedback equivalent (resp., locally orbitally feedback equivalent)

at po and pg if and only if their parameterized phase portraits PPP and PPP
are locally equivalent (resp., locally orbitally equivalent) at po and po.

Proof. The proof follows the same line as that of Theorem 6.1. As we have
mentioned, Proposition 3.2 holds for families, which proves necessity.

In order to prove sufficiency, consider two families ¥/ and ¥/ with equivalent
phase portraits. Analogously as in the proof of Theorem 6.1, we can bring them
to the prenormal forms

E[ere : T = fl(xvyae)v Y =u,
Efpre: "t:fl(xayve)a y:U,

respectively, whose phase portraits PPP and 57\35 coincide. The case when C'
and C are empty is easy since in this case 8f; /0y # 0 and the systems can be
linearized to the normal form & = y+1 or & = y, depending if the equilibrium set
E is empty or not. Therefore, we can assume that (zo,€9) € C and (2o, &) € C.

We have to prove that equality of the portraits PPP and PPP implies that
the functions

Fo(va) = fl(xvya€)7 Fl(va) = fl(xvya€)7
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with the identification (x,€) = w, satisfy the assumptions of Theorem 10.1,
Appendix. Clearly, C = C(fy) is the critical set of f; and D = D(f;) is the
discriminant. We see that the conditions (AF1), (AF2) imply (Al), (A2), for
the functions Fy = f; and F; = fl.

The remaining part of the proof follows exactly the same line as that of The-

orem 6.1. Namely, it can be verified that equality of the parameterized phase
portraits of ¥f . and %/, implies that the assumptions (i), (i) and (iii) of

Theorem 10.1 are satisfied. We leave this verification to the reader. Apply-
ing Theorem 10.1 we see that there exists a function § = 9 (z,y,€) such that

fi(z,y,e) = fl(x,w(x,y,e),e). This gives a transformation of X/ _ into X/,

pre
and establishes local feedback equivalence of X, and %7, (after applying a
suitable feedback). The case of orbital equivalence is analogous. [ |

8. Orbital classification of families

In this section we will present a simplified version of a local classification theorem
for generic families of systems ¥/, obtained by the authors in Jakubczyk and
Respondek (2005).

For three functions h; = h;(z1, 22, 23), © = 1,2, 3, we denote

j(hl,hz)—det{ah’} , J(hl,hg,hg)—det{ahi} .
0z; ij=1,2 0z; i,j=1,2,3

We will identify z3 = e. For h = h(z1, 22, €) we denote grad h = (0h/0z1, 0h/0z2)
and Grad h = (0h/dz1,0h/dza, Oh/e).

1

Put ¢ = ¢, ¢! = ¢ and, inductively, ¢! = L,c'. Define dpoq = d —
(c®/7c*)et. We will use the following conditions at p = (z,€):

(GF1) J(e,c) = (e,c,j(e,c),J(ec jlec)) # (0,0,0,0)
(GF2) J(e,d) == (c,d,j(e,d), J(c,d,j(c,d))) # (0,0,0,0)
( ) (e,c,d,grade) # (0,0,0,0)
( ) (¢,d, Lyd, grad dpmoq) # (0,0,0,0).

Note that (GF1) and (GF2) can be viewed as a generalization of (GS1)-(GS2)
to the case of families. Below, by * we will denote arbitrary nonzero numbers.

THEOREM 8.1 Consider a family X/ satisfying (GF1)-(GF4) at p = (20, €0)
such that g(zo,€0) # 0. Then X7 is orbitally feedback equivalent to one of the
following canonical forms at 0 € R? and € = 0. (Below the second equation is
always § = v. In the rightmost column we list the conditions, satisfied at p,
which characterize the equivalence class.)
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(0) zT=y+1, (e,¢) = (x,%);

(E) &=y, (e,¢) = (0,%);

(©) T=Ty>+1, (e,c,d) = (%,0,%);

(EC) i = y? + vy, (e,c,j(e,c)) = (0,0, %);
(CG) =6y +xy + 1, (e,c,d,j(c,d)) = (x,0,0,%);
(Ebvif) =0y + 2% — ¢, J(e,c) =(0,0,0,%), d=x;
(Chif) & =0y + (2% — )y + 1, J(e,d) =(0,0,0, %),

(e, Lgd) = (*,%);

(EGbif) &=y} + (v — )y + 7, J(e,c) =(0,0,0, %),

(d,j(c,d)) = (0,%);
(CGhir) & =y*+ 0z —e)y® +ay+a(z,e), T(c,d)=(0,0,0,x%),
(e, Lyd, L3d) = (*,0, %),

grad dipoq = * -

Above a is a smooth function of (x,€) satisfying a(0,0) # 0 and sgna(0,0) = k.
The integers T, v, 0, 0, 0¢, 0, and Kk take values £1 and are orbitally feedback
tmoariant.

Notice that the above Theorem gives a local classification of generic families
of systems. Indeed, families satisfying (GF1)-(GF4) at any p = (z,¢) € X x [
are generic, that is, form a countable intersection of open and dense subsets
in the C* Whitney topology of the space of all pairs (f,g) of parameterized
vector fields defined on X x I (see Hirsch, 1976, for properties of the Whitney
topology). This is proved in Jakubczyk and Respondek (2005) by showing that
(GF1)-(GF4) are equivalent to a set of conditions (G1)-(G6) that are generic.

Proof. The above classification theorem can be deduced from Theorem 3.3 in
Jakubczyk and Respondek (2005), Section 3.2, by showing that any system satis-
fying the assumptions of the above theorem fulfils the corresponding conditions
of the classification given in Theorem 3.3. We show this below. In particular,
we prove that the conditions characterizing each equivalence class are the same
in the theorem above and in Theorem 3.3 mentioned above. We will denote the
partial derivatives of h = h(x,y, €) by hs, hy, he. Our calculations are done for
¥ in the prenormal form X,,. and then ¢ = e, and d = ¢y = eyy.

Assume that (GF1) holds with e(p) #0 at p. Then (GF2) satisfied means one
of the conditions ¢ ==, (¢,d) = (0,x*), (¢, d,j(c,d)) = (0,0, %), or (¢,d,j(c,d)) =
(0,0,0) and J(c,d,j(c,d)) = . The first three cases lead, respectively, to the
conditions characterizing the normal forms (O), (C), and (CG) (in both classi-
fication theorems). So we consider the case c=d=j(c,d)=0 at p. Note that
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j(e,d)) =cpdy—cyd,. Since cy(p)=d(p) = 0, we have j(c, d)(p) =cz(p)-dy(p) = 0.
If ¢,(p=0, then ¢, is the only possible nonzero partial derivative of ¢ at p. We
also have j, (¢, d)(p) = (czydy — Cyyda) (P) = (CayCyy — CyyCay)(p) =0, which gives

J(e,d, j(c,d))(p) = ce(p) - dy(p) - hess (c)(p) # 0,

where hess (¢) = ¢paCyy — 2, and hess (¢)(p) = jo(c,d)(p). This yields the
conditions describing the form (Cyi). If cz(p) # 0, then cyy(p) = dy(p) =

Lyd(p) = 0 which, together with the condition ¢, (p) = d(p) = 0, yield
J(e,d, j(c,d))(p) = ca(p) - dyy(p) - (cade — dace)(p) # 0,

which, in particular, implies independence of Grad ¢(p) and Grad d(p) (denoted
in Jakubezyk and Respondek, 2005) by De(p) and Dd(p), respectively). Since
we are in the case ¢ = d = Lyd = 0 at p, the assumption (GF4) says that
grad dmod(p) # 0. This forms the set of conditions describing (CGy,¢) in both
classification theorems.

Now we consider (GF1) with e(p) = 0. If at p, ¢ = * or (¢, j(e,¢)) = (0, %),
then the family is respectively equivalent to (E) or (EC). So we consider the
case e = ¢ = j(e,c) = 0 at p. Since ey(p) = c(p) = 0, we have j(e,c)(p) =
ex(p) - d(p) = 0. If ex(p) = 0, then putting ¢ = e, yields

J(e,c,j(e;c))(p) = —ec(p) - d(p) - hess (e)(p) # 0,

which gives the conditions describing the form (Ey;f). If e;(p) # 0, then d(p) =
0 and hence

J(e,¢,j(e,0))(p) = ex(p) - dy(p) - (exce — cuee)(p) # 0.

Since in our case (e,c,d)(p) = (0,0,0), the assumption (GF3) implies that
gradc(p) # 0. By c¢y(p) = d(p) = 0, we get c;(p) # 0. This shows that the
family is equivalent to (EGuf). [ |

It can be noticed that without the assumption on d,,.q, we have to replace
the normal form (CGyif) by @ = y* + aa(x, €)y* + zy + ao(x,€), ¥ = v, where
(Daz/0€)(0,0) # 0, ap(0,0) # 0. If we drop also the assumption (GF1), then
we have to replace in all normal forms (except (O)) the zero order terms with
respect to y by arbitrary functions a(z, €).

9. Bifurcations of generic families

Observe that if a family satisfies the conditions (GS1)-(GS2) (given in Section
4), then by an appropriate orbital feedback it is equivalent to one of the five
top normal forms of Theorem 8.1 which do not depend on the parameter €. In
the four remaining forms, however, the elements of the phase portrait change
qualitatively if the parameter varies: the family bifurcates! In what follows we
will formalize this notion.
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For a subset & C X x I and a fixed parameter ¢ € I = (a,b), we denote
Qo ={z€ X : (z,¢) € Q}. Assume 0 € I. We denote by X, the system
obtained from a family %/ by fixing the value of the parameter at e. We will
say that the family ¥/ does not bifurcate, locally at (zg,€9) = (20,0), if there
exits a neighborhood © C X x I of (20,0) and a family of homeomorphisms
Xe @ Qe — o, continuous with respect to (z,€), such that for 3. restricted to
Q. we have

XE(EE) - EOv Xe(Ce) = CO; and Xe(ge) - gOv

for all € € I close enough to 0. Otherwise we say that ©f bifurcates locally or
has a local bifurcation at (z,€) = (zo,0).

Analogous definition applies to bifurcations at arbitrary (zo,€g). Strictly
speaking, in our definition we should say that the triple (E., Ct, G.) bifurcates or
that ¥/ bifurcates with respect to (E, C.,G.). The same definition will be used
for any subset of the triplet (Fe, C¢, Ge). In particular, we define bifurcations of
the equilibrium set E., of the critical set C¢, and of the pairs (E., C¢), (E., Ge),
and (C.,G.). We say that two (local) bifurcations of ¥, and ¥ are locally
equivalent if there is a local, smooth, invertible transformation (¢(z,€),n(e))
which transforms the triple (E., C., G.) into the triple (E:, Cs, g})

An analysis of the classification Theorem 8.1 leads to the following conclu-
sions. If a family ¥/ is equivalent to one of the first five normal forms, which do
not depend on €, then clearly it does not bifurcate. If the family is equivalent
to the normal form (Ep;f), then it undergoes an E-bifurcation which can be
of two types: a birth of equilibria or a cross of equilibria (see Figs. 3 and 4
below). If the family is equivalent to the normal form (Cj,¢), then it undergoes
a C-bifurcation which can be of two types: a birth or a cross of the critical
curve (see Figs. 5 and 6 below). If the family is equivalent to the normal form
(CGis), then it undergoes a CG-bifurcation (see Fig. 7 below). If the family
is equivalent to the normal form (EGy;s), then it undergoes a EG-bifurcation
which is also a EC-bifurcation-bifurcation (see Fig. 7 below). The above list
exhausts all bifurcations of generic families of systems (which are defined as
families satisfying the conditions (GF1)-(GF4)) at control-regular points. This
result is proved in Jakubczyk and Respondek (2005), where all generic bifurca-
tions are discussed in detail. For a classification of bifurcations at points where
¢ vanishes see Rupniewski (2005).

Notice that in our definition of bifurcations we require that a family of home-
omorphism . conjugates the triple (Ee, C¢, G.) of fundamental equivariants of
the system X, to that of the nominal system ¥y. Another possibility would be
to consider the whole phase portrait PP and to require (in order that a family
does not bifurcate) that y. transforms the phase portrait PP, of ¥, into the
phase portrait PPy of 3g. In general, such a definition would lead to more
non equivalent bifurcations distinguished by discrete equivariants of the phase
portrait: the optimality index 7 and the drift direction DD.
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Figure 6. C-bifurcation (cross of critical curves)
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Figure 8. EG-bifurcation, v =1

If we consider the bifurcations of the whole phase portrait PP (and not
only of the triple of fundamental equivariants), then the E- and C-bifurcations
remain the same. The CG-bifurcation splits, however, into four nonequivalent
ones corresponding to various signs of § and s which give different drift directions
and different optimality properties of the critical curves.

Also the EG-bifurcation splits into two non equivalent ones if we consider
bifurcations of the whole phase portrait. It is the richest bifurcation so we will
give some comments on it. The pair (F,G) bifurcates because the number of
points of the intersection of F with the leaves of G changes when the parameter
€ varies. Also the pair (E, C) bifurcates for an analogous reason. Now if we con-
sider the bifurcations of the whole phase portrait PP (and not only of the triple
of fundamental equivariants), then this bifurcation splits into two nonequivalent
ones corresponding to various signs of . To see this, observe that the transfor-
mation y — —y conjugates the triples (E¢, C¢, G¢) of the fundamental invariants
of the form (EGys) for v = 1 and v = —1. Moreover, this transformation conju-
gates the optimality indices 7 of both normal forms (proving that they have the
same optimality properties) but it fails to conjugate their drift directions DD.
This illustrate the role of the latter in distinguishing nonequivalent systems and
nonequivalent bifurcations.
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10. Appendix: Equivalence of deformations

We will prove a theorem establishing equivalence of smooth functions, with
parameters, whose critical points and values coincide (for a more general result,
see Jakubczyk, 2005). The result is used in proving Theorems 6.1 and 7.1.

Consider a smooth function F(y,w) of y € R and w € R", defined in a
neighborhood of (0,0) € R x R". The variables w = (wy,...,w,) can be treated
as parameters and F as a deformation of the function f(y) = F(y,0). We denote
wo =y and W = (wg, w1, ..., Wy).

Two such functions (deformations) Fy and Fy will be called strongly equiv-
alent if there exists a local diffeomorphism y, preserving (0, 0), of the form

(9, w) = x(y, w) = (P(y, w), w) (%)

such that
Fi(y(y, w),w) = Fo(y, w)
holds in a neighborhood of (0,0). Denote
F'=0F/dy and F" =0*F/0y>.
We define the critical set and the discriminant set of F' as

C:C(F):{(va) : F,(y7w)20}7
D=D(F) ={(y,w) : F'(y,w) =F"(y,w) =0}.

Let I = I(F’) denote the ideal generated by F”, in the ring C$°(R" 1 R) of
smooth function germs at 0. Then C = { F/ = 0} and C is the set of zeros of
Ir (more precisely, we take a representant of the set germ C). At the points
(y,w) € C\ D we define the signature

SF(va) = sgn F”(va)'

We say that an ideal I = I(f) of functions (or function germs) of w0, genera-
ted by f, is structurally smooth if (aa_qi’ RN ade)(u?) # 0 for any @ such that
f(w) = 0. This implies that the set of zeros {f = 0} is a smooth hypersurface.
Below we take f = F' .

We shall assume that:

(A1) I(F’) is structurally smooth.

(A2) D is nowhere dense in C.
Denote C; = C(F;), D; = D(F;), and s; = sp,, for i =0, 1.

THEOREM 10.1 Two local functions Fy and Fy which satisfy (A1) and (A2),
and such that Co and Cy contain the point 0 € R™ are strongly equivalent if
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the following conditions hold:

(i) Co=0Cr=:C,
(ZZ) F0|c = F1|c.
(i5i) sp=s1 on C\ (D1UDy).

Proof. Consider the family of functions
Ft(y7w):(1_t)F0(y7w)+tF1(yaw)a te[oal]

Denote C; = C(F;). We shall prove a stronger result, namely we shall find a
family of diffeomorphisms (y, w) — (¥ (y, w), w) satisfying

Ft(wt(va)7w) = Fo(y,w).

Differentiating this equality with respect to ¢ and denoting x(y, w) = (¢ (y, w), w)
gives

OF; OF;
8_ttOXt+<8—tht) ox¢ =0,

where X, is a local family of functions on R"! defined by the equality

o

ot (va) = Xt(wt(ya w)a w)

We obtain the homotopy equation

0F;

(HE)

Conversely, if we find a smooth family of functions X; which satisfies the
homotopy equation (HE) and such that X;|¢c = 0, then the family of diffeo-
morphisms x: = (¢, ¢t), ¢r = id, where 9, is determined by X; via the above
differential equation and the condition yo = id, establishes equivalence of F}
and Fy around 0 € R™™!. (Condition X;|c = 0 implies that X;(0) = 0, since
0 € C, and guarantees that x:(0) = 0.)

In order to solve (HE), we first show that the assumptions (i) and (iii) imply

(i) C=Cy=0C, telo1].

We shall use the obvious property that if two smooth function germs f,g :

(R™,0) — R have the same zeros and the ideals I(f) and I(g) are structurally

smooth then there is a smooth, nonvanishing function germ h such that f = hg.
Using this property together with (A1) and (i) we get

F| =HF),
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for a smooth, nonvanishing function germ H. By (A2), arbitrarily close to
(0,0) there exist points (y,w) € Cy = C which do not belong to Dy U D;.
Differentiating the above equality with respect to y at such points we get
F{'(y,w) = (HF})(y,w). It follows from (iii) that at such points, F|' and F{/
are of the same sign and thus H(y,w) > 0. By continuity we get H(0,0) > 0
and, since H is nonvanishing, H(0,0) > 0. We can write

F/ =1 —t)F}+tF| = H.F],

where H; = (14+¢(H —1)). Since H(0,0) > 0, we have H,(0,0) > 0 for ¢t € [0, 1].
Thus H; does not vanish near the origin and so C(F;) = Cy, which shows (i)’.

The following condition is an immediate consequence of (i)’, (ii), and the
definition of Fy:

(i7)  File = Folc-

Now we will show that (HE) is solvable. The condition (ii)’ implies that
(Fy — Fp)|lc = 0 and so %k =0, for t € [0,1]. The structural smoothness of
the ideal I(F}) together with the equality F} = H.F}), with H; nonvanishing,
imply that, for some function germ Gy,

OF;
— =G F.
at — Tt
Thus it is enough to take X} = —G; and the equation (HE) is solved.
It remains to show that X}|c = 0 (then X;(0,0) = 0 and x(0,0) = (0,0)).
Let us differentiate the equation (HE) with respect to y. We get
00Xy 0?F,

" Bdinlel
F/ X; + F] 3 T ()

The second term vanishes on C since (0F;/0y)|c = F/|c = 0, by (i)’. Differen-
tiating this equality with respect to t we get (0%F;/dydt)|c = 0. Thus the right
hand side of () also vanishes on C. Since F}’ # 0 on C \ D and D is nowhere
dense in C, by (A2), we get X|¢c = 0. Theorem 10.1 is proved. ]
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