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Resumo

Neste artigo adaptamos os métodos de teoria de Singularidades para a clas-
sificacdo de bifurcagoes de pontos de equilibrios reversiveis-equivariantes a um
parametro real. Assumimos que o grupo de simetrias e anti-simetrias ¢ um grupo
de Lie compacto I, e a equivaléncia é definida a fim de preservar estas simetrias
e anti-simetrias nas formas normais e seus desdobramentos. Quando a repre-
sentacao de I' é auto-dual, mostramos que a classificacao pode ser reduzida ao
contexto equivariante padrao. Neste caso, estabelecemos uma associagao 1-1 entre
a classificacdo de bifurcagoes no contexto reversivel-equivariante e a classificagao
de bifurcagdes puramente equivariantes relacionadas a elas. Como uma aplicagao
dos resultados, obtemos a classificagdo de representagdes auto-duais de Zo @ Zg €
D4 no plano.



The classification of reversible-equivariant steady-state bifurcations on
self-dual spaces

Patricia Hernandes Baptistelli®

Miriam Garcia Manoell

Departamento de Matemdtica, Instituto de Ciéncias Matemdticas e de Computagao, Universidade de
Sdo Paulo - Campus de Sdo Carlos, Caiza Postal 668, 13560-970 Sao Carlos SP, Brazil

In this paper we adapt Singularity theory methods for the classification of
reversible-equivariant steady-state bifurcations depending on one real parame-
ter. We assume that the group of symmetries and reversing symmetries is a
compact Lie group I', and the equivalence is defined in order to preserve these
symmetries and reversing symmetries in the normal forms and their unfold-
ings. When the representation of I' is self-dual, we show that the classification
can be reduced to the standard equivariant context. In this case, we estab-
lish a one-to-one association between the classification of bifurcations in the
reversible-equivariant context and the classification of purely equivariant bi-
furcations related to them. As an application of the results, we obtain the
classification of self-dual representations of Za @ Zs and Dy on the plane.

Keywords: steady-state, reversible-equivariant germ; singularities; classification, self-dual
representations.

1. INTRODUCTION

Bifurcation of steady states and periodic solutions of differential systems under the vari-
ation of a distinguished paramenter has been studied in the last years by many authors in
many different contexts. In this paper we adapt methods of Singularity theory to classify
one-parameter steady-state bifurcations in systems of ordinary differential equations

@+ g(z,\) =0, (1)
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2 P. H. BAPTISTELLI AND M. G. MANOEL

defined on a finite-dimensional vector space V' of state variables, where g : V xR — V
commutes and anti-commutes with a linear action of a compact Lie group I'. Dynamical
systems with such property, that is, in the presence of symmetries (equivariances) and
reversing symmetries (reversibilities) are called reversible-equivariant systems. We note
that the simmetries form a normal subgroup H of I', and in the presence of reversibilities
(H #T), then H is a subgroup of ' of index 2.

There are a lot of physical models where symmetries and reversing symmetries appear
and whose behaviour can be studied in a systematic way by means of representation theory
of Lie groups. In this work, we assume that the group is compact. In terms of the
dynamics, recall that both symmetries and reversing symmetries take trajectories into
trajectories, the first ones preserving direction, whereas the others revert direction. The
general forms of vector fields on the plane are obtained in [2] for different actions of various
groups. A number of examples are presented therein with the help of the software P4
[1], comparing the phase portraits of each I'—reversible-equivariant vector field with its
associated standard I'—equivariant problem, namely for which the reversing symmetries of
the original problem are changed to act as symmetries; we call it standard because this is
when we consider the same action of I' on the source and target.

In recent years there has been a significant development of reversible-equivariant dy-
namics, but the study of local bifurcations has been less intense, and most papers on the
subject restrict attention to purely reversible systems (with no equivariance) via equivari-
ant transversality theory or Birkhoff normal form; see (3, 4, 12, 14, 15, 17, 19, 21, 24].
This paper is devoted to the systematic study of steady-state bifurcations in the presence
of both reversibility and equivariance by Singularity theory methods. The starting point
of this study is the observation that a I'-reversible-equivariant problem of type (1) can be
viewed, with appropriate actions of I" on the source and target, as a ['-equivariant problem.
More specifically, the action of I' on the target is the dual action of I" on the source (see
Subsection 2.2). This naturally leads the analysis to be separated into two cases, the so-
called self-dual and non self-dual cases (Definition 2.1). In the self-dual case, there exists
a ['—reversible-equivariant linear isomorphism L : V' — V which establishes a correspon-
dence between the classification of I'—reversible-equivariant problems and the classification
of their associated standard I'—equivariant problems. The existence of such isomorphism
implies that the bifurcation equations are preserved. On the other hand, stability of solu-
tions is not preserved in general. In fact, it is well known that in standard I'—equivariant
steady-state bifurcations, the action of T" is generically absolutely irreducible, so asymp-
totically stable solutions are expected, whereas in the presence of reversibilities a stable
solution may occur only if the reversing symmetries are out of its isotropy (as a conse-
quence of [19, Lemma 1.1]). In this direction, the isomorphism L plays an important role
in the deduction of stability (or instability) for one case from the other. This is illustrated
in the two examples we present in Subsections 4.2 and 4.3. The non self-dual case is more
subtle and the general Singularity method developed in Subsection 3.2 must be applied. In
[4] the authors consider a particular class of non self-dual problems, called ”separable”, for
which the bifurcations can still be analysed via a reduction to another associated purely
equivariant problem.
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As mentioned above, a I'—reversible-equivariant bifurcation problem is recognized as a
I'—equivariant one, by considering the same vector space on the source and target and the
action of I" on the target as the dual of the action on the source. In Subsection 3.1 we
adapt the Singularity theory for the classification of one-parameter I'-equivariant germs
g: (V xR,0) — W, for any finite-dimensional vector spaces V and W and for arbitrary
actions of I' on those spaces. The reversible-equivariant case (self-dual or not) falls then
into a particular class of such problem.

The remainder of this paper is organized as follows. In Section 2, we introduce the
notation and summarize basic concepts. Section 3 is devoted to the theory of Singularities
for the classification of reversible-equivariant bifurcation problems. In Section 4 we use the
results given in the previous section to establish the classification of reversible-equivariant
bifurcations on self-dual spaces and present the classifications for self-dual Zs @ Zs and
D, —reversible-equivariant bifurcation problems on the plane (Subsections 4.2 and 4.3,
respectively). For both examples, by the existence of a reversible-equivariant isomorphism,
the normal forms and their unfoldings are obtained by their associated standard equivariant
classifications that appear in [20] and [11] respectively. Every solution of the self-dual
Zo®Zo or Dy—reversible-equivariant mapping is also a solution for the associated standard
problem (and vice-versa), but with distinct stability. For the two examples we discuss in
detail the effect of that isomorphism in this change of stabilities.

2. PRELIMINARIES

In this section we present the definitions, some basic results concerning the reversible-
equivariant theory and the representation theory of compact Lie groups.

2.1. Reversible-equivariant theory

Let I' be a compact Lie group acting linearly on a finite-dimensional vector space V. Let
4+ g(z,\) =0 (2)

be a system of ordinary differential equations, where g : (V xR, 0) — V is a one-parameter
germ of smooth mapping at the origin. Throughout we work with smooth germs at the
origin and we assume that the parameter space R is not affected by the action of I'.

We recall that a function germ f: (V x R,0) — R is I'—invariant if

f(yz,\) = f(z,)), VyeT, VzeV

and we denote by &, A(T') the ring of such germs. By the Hilbert-Weyl theorem [10], there
exists a finite set of polynomials generating &, ().
Consider a homomorphism

o: T —{-1,1} (3)
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The element v € I is called a symmetry if o(y) = 1 and is called a reversing symmetry
if o(y) = —1. We denote by I'y the subset of symmetries of I" and by I'_ the subset of
reversing symmetries. I'y is a subgroup of I', whereas I'_ is not.

We say that the one-parameter smooth germ g in (2) is I'—reversible-equivariant if

g(yz,\) = o(y)vg(z,A), forallyeTl and z € V. (4)

When I'_ is empty, g in (2) is (purely) I'—equivariant. When I'_ is not empty, the group
T is called the reversing symmetry group of (2).

In the reversible-equivariant context, that is, when g in (2) satisfies (4), we have the differ-
ential equation invariant by the group action under the transformation (z,t) — (vz, o (v)t).
Hence, for such systems, both symmetries and reversing symmetries take trajectories onto
trajectories, the first ones preserving direction in time and the others reverting direction
in time.

2.2. Representation theory

Recall that to an action of I' on a finite-dimensional vector space V corresponds a
representation p of the group I' on V, that is, a linear group homomorphism p : I' — GL(V),
where GL(V) is the vector space of invertible linear mappings V +— V. We define the
representation p, : I' — GL(V) by ps(v) = o(y)p(7), where o : T' — {—1,1} is the one-
dimensional representation given by (3). The representation p, is called the dual of p. The
action of I' on V' can be written as

(1, %) = po(7)z (5)

and the reversibility-equivariance condition (4) as
9(p(1)z) = ps(1)g(z), VY €T, Yz V. (6)

Remark 2. 1. Denote by (p,V) the linear space V under the representation p and
(ps, V) the linear space V' under the representation p,. So (6) means that a reversible-
equivariant mapping is an equivariant mapping from (p, V') into (ps, V). This fact is the
key for the results of Subsection 3.2.

Denote by ]_-: 2.A(T) the module of I'—reversible-equivariant germs g : (V x R,0) — V
over the ring &, (). It follows from the remark above and from Poéenaru Theorem [10]

that there exists a finite number of generators for F, A (I").

DEFINITION 2.1. A representation p of I is said to be self-dual if it is I'—isomorphic
to po, namely if there exists a linear isomorphism I'—reversible-equivariant L : V' — V. In
this case, we also say that V is a self-dual space.
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Section 4 is addressed to the problem of classifying steady-states of I'—reversible-equi-
variant bifurcation problems on self-dual spaces. The existence of the isomorphism L
establishes an association of any I'—reversible-equivariant mapping ¢ : V — V with a
I'—equivariant mapping h : V +— V| namely h is ['—equivariant if, and only if, g = Lh is
I'—reversible-equivariant. In particular, their zero sets are the same. Also, we shall use
the pullback of L to establish a correspondence between the Singularity theories in both
contexts.

3. REVERSIBLE-EQUIVARIANT SINGULARITY THEORY

Our aim in this section is to present the general Singularity theory for the classification
of steady-state bifurcations of reversible-equivariant mappings. As mentioned in the pre-
vious section, a I'—reversible-equivariant mapping on V' can be viewed as a I'—equivariant
mapping on V with appropriate actions on source and target. We now observe that the well
known I'—equivariant Singularity theory of mappings on V' can be adapted in a natural
way to obtain the I'—equivariant Singularity theory of mappings between distinct vector
spaces V and W under arbitrary actions of I'. This is registered in the next subsection.
Subsection 3.2 is then devoted to the statement of the results of reversible-equivariant
singularities as a particular case of the results of Subsection 3.1.

3.1. The general equivariant Singularity theory

For I" a compact Lie group acting linearly on two finite-dimensional vector spaces V' and
W, we denote by (p, V) the vector space V' under a representation p and by (n, W) the
vector space W under a representation 7. In this subsection we adapt techniques of the
I'—equivariant Singularity theory presented in [10] to mappings between (p, V') and (n, W).
We assume familiarity with basic definitions and concepts presented therein, adopting here
the same sequence of ideas.

In what follows, V and W shall always mean (p, V') and (n, W) respectively. We say that
a one-parameter germ g : (V' x R,0) — W is ['—equivariant if

g(p(7)z,A) =n(7)g(z,A), YVyeT,Vz eV (7)

We denote by E»C A(T; V, W) the module of I'—equivariant map germs g : (V xR,0) — W
over the ring &, (') and by E, A(T) the module of I'—equivariant map germs h : (V' X
R,0) — V over the ring £; (). We also denote by /\/'l_,,,\(l") the submodule of germs in

ET, A(T") that vanish at the origin and by &£\ the ring of germs at the origin of functions of
A

A T'—equivariant steady-state bifurcation problem is the study of solutions of g(z, ) = 0,
where g : (V x R,0) — W is a I'—equivariant germ such that g(0,0) = 0 and whose
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derivative (dg)o,0) with respect to z € V" at (0, 0) is singular. By the equivariant Liapunov-
Schmidt procedure [25] we assume (dg)(,0) = 0. Throughout this paper we shall simply
say “the bifurcation problem g¢”.

For the classification theory, the first step is to define the appropriate equivalence relation
in order to preserve the symmetries of the bifurcation problems (Definition 3.1). Let

EE, A(I; V, W) denote the module of families of diffeomorphisms
S (V xR,0) = Hom(W, W) (8)
of I'—equivariant matrix-valued germs such that

S(p(Mz, An(v) =n(7)S(x, ), VyeT,VzeV. (9)

The equivariance of elements in a AV, W) follows from the action of T' on Hom(W, W)
being given by similarity. When (n, W) = (p, V'), we shall denote this module by EE (D).

It follows again by the Poénaru Theorem [10] that E;y)\(l"; VW), gx,,\(r), EE,A(F; V, W)
and a A(I") are all finitely generated modules over &, »(T).

DEFINITION 3.1. Let g € E;:,)\(r; V, W) be a I'—equivariant bifurcation problem. We
say that h € Em, ALV, W) is T'—equivalent to g, or simply equivalent to g, if there exist
S e H&,A(F; V,W) and an invertible change of coordinates (z, \) — (X (z, A), A())), with
Xe a,\(I‘) and A € &) such that

h(z,A) = S(x, \)g(X(z,\),A(N)), (10)

where

(a) X(0,0) =0;

(b) A(0) =0 and A’(0) > 0;

(c) S(0,0) and (dX)p,o are invertible matrices in the same connected component as the
identity in GL(W) and GL(V'), respectively.

When A(\) = A we say that h is I'—strongly equivalent to g.

Condition (¢) and A’(0) > 0 are necessary stability-preserving conditions. In the exam-
ples of Subsections 4.2.1 and 4.3.1, we shall also give sufficient conditions for stability of
hyperbolic solutions be invariant up to equivalence.

Let G denote the group of equivalences defined above:

g = {(S, X,A) € El,,,\(l“; V, W)x Et\(l“) x &y S, X, A satisfy the conditions (a) — (c)},
the group operation being given by

(82, X2, 82).(S1, X1, A1) = (8.(S1(X, A2)), (X1, Ar). (X, As)),
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where

82.(51 (XQ, AQ)) (2), /\) = SQ(IE, /\)51 (XQ(.Z‘, /\), Ag(/\)),

(X1, Ar)-(Xz, A2) (@, A) = (X1 (Xa(a, X), A2(V), Ar(A2(V))-
The action of G on Ery,\(l—‘; V, W) is defined by

((5, X, A) .g) (@, ) — S(@, Ng(X(x,A), AQN)).

Remark 3. 1. When (n,W) = (p,V), G is the equivalence group of the purely equivari-
ant case. When (n, W) = (ps, V), it follows directly by the definition of the dual action
and by the linearity of S(z, ), for each (z, ), that the group G also coincides with the
equivalence group of the purely equivariant case.

For the formulation of the general Singularity theory regarding versality and finite de-
terminacy, the group of equivalences is required to be a geometric subgroup of the general
contact group. The notion of geometric subgroup, introduced by Damon in [6], consid-
ers four properties: naturality, tangent space structure, exponential map and filtration
condition (see [6] for details). We observe that G defined above is in fact a geometric
subgroup. As a final remark about the equivalence relation, we observe that there is no
alteration in the equivalence classes if we assume the coordinate changes in the target to be
matrix-valued germs instead of general diffeomorphisms. This is obtained as an immediate
adaptation of [10, XIV, Proposition 1.5] to the present context.

In what follows we define the tangent space and the restricted tangent space of a
I'—equivariant germ ¢ : (V x R,0) — W, both given from the I'—equivalence (Definition
3.1). We begin with the basic concepts of the unfolding theory.

We consider the vectors a = (a1, -+ ,o;) € Rl and 8 = (81, ,0k) € R¥, for some !
and k. Let us denote by &, x g(I") the ring of k—parameter families of germs in ;A (T"), by

EE,,\,g(F; V,W) the & 3(I")—module of k—parameter families of germs in E_T,,\(F; V., W)
and by }z’,\,g (T") the & p(I')—module of k—parameter families of germs in ;T)\(I‘)
Analogously, let us denote by 5; Aa(T; V, W) the &, 5 3(I')—module of k—parameter fami-
lies of germs in 2’; ATV, W), by €y g the ring of k—parameter families of germs in £y and
by £, the ring of germs at the origin @ : (R!,0) — R*.

DEFINITION 3.2. A k—parameter I'—unfolding of a germ g Egm,,\(F;V,I/V) is a
I'—equivariant germ G EEI,,\,B(F; V, W) such that

G(z,\,0) =g(x, \).
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DEFINITION 3.3. If H ng,)\,a(l"; V,W) is an [—parameter unfolding of g and G GZ
20,8V, W) is a k—parameter unfolding of g, we say that H factors through G if

H(z, A\ a) =5(z,\,0)G(X(z,\, a), A(\, @), A(a)) (11)

where
(8) S €8onall;V, W) e S(z,2,0) = I;

(b) X ezz,/\,a(l—‘) e X(’E,/\,O) = I;
() Ae&rae A(N0) =)
(d) A€ &pe A0) =0.

DEFINITION 3.4. We say that G Eg:c,/\,ﬁ(r; V,W) and H Egz,,\,a(I‘;V,W) are
I'—isomorphic if (11) holds for A a diffeomorphism.

When G and H are I'—isomorphic, then H factors through G, G factors through H and
k=il

DEFINITION 3.5. An unfolding G of g is versal if every unfolding H of g factors
through G. It is universal if the number of parameters is minimal. This number is called
the codimension of g.

The group Gun (k) of equivalences is defined as an extension of the group G by

Gun(k) = {(S, X, A, ®) € & p([;V,W)x Exnp(T) x Exg x Egp: (S, X,A) is a k—pa-
rameter unfolding of an element in G and ® is a germ of diffeomorphism
such that ®(0) =0},

the action of G, (k) on G EE_T,,\,g(F; V, W) being given by

((5,X,4,) - G) (A, 8) = S(z. X, )G(X (=, X, B), A\, B), B(8)).

We now define the restricted tangent space RT(g) of a germ g EET,,\(T; V,W) to be the

set of perturbations p eEI, A(T; V, W) such that g+ tp is strongly equivalent to g, for small
t. Hence

RT(g) = {Sg + (dg)X : (S, X) € &A(T;V,W)x Mar(T)}. (12)
We define the extended tangent space T(g) of g by
T(g) = {Sg + (dg)X : (S, X) € E(T;V,W)x Exa(D)} + Exga. (13)

By definition,
T(g9) = RT(g) + R{(dg)Y1, ..., (dg)Ym} + Exgr,
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where Y/s, i = 1,...m, span the I'—equivariant germs that do not vanish at the origin,

modulo those that do vanish at the origin.
In the following proposition we recall the algebraic structure of the submodule RT(g) of

:‘,'-:E, A(I'; V., W). This result is the analogous of [10, XIV, Proposition 1.4] for germs from V
into W.

PROPOSITION 3.1. For h EET,,\(F; V,W), the generators of RT'(h) are given by

Sih,..., Sh; (dh)(X1), ..., (dh)(Xs),

where S1,...,S; generate a,,\(T;V,W) and X1,..., X, generate _/T/[T,,\(I‘).

The following theorem generalizes [10, XV, Theorem 2.1, Corollary 2.2 and Theorem
7.4] given for purely I'—equivariant germs. This is the main result in the unfolding theory.
Its proof follows the same steps as the proof of the purely equivariant version.

THEOREM 3.1. Let T" be a compact Lie group acting linearly on V' and on W and let
g Ega:,z\(r; ‘/: W)

(a) Let G €&, 2 (T3 V, W) be a k—parameter unfolding of g. Then G is versal if, and only
if, £ (T3 V, W) = T(g) + R{Gp, (2, A,0),...,Gp,(z,A,0)}, where 8= (By,...,B) € R

(b) If W CEx ALV, W) is a vector subspace such that E, x(I; VW) = T(g9) @ W and
if {p1(z, ), ..., pe(z,N)} is a basis for W, then G(z, A, B) = g(a, \) + Zle Bip;i(z, A) is a
universal T'—unfolding of g.

(¢) Two wversal unfoldings G(x,\,3) and H(z, A\, «) are I'—isomorphic if, and only if,
they have the same number of unfolding parameters.

It is a direct consequence of item (a) of the theorem above that the codimension of g is
equal to the codimension of T(g) in &\ (T V, W).

3.2. The reversible-equivariant Singularity theory

In this subsection we obtain the results of I'—reversible-equivariant Singularity theory
for the classification of germs g : (p, V) — (ps, V') satisfying (6). They follow directly from
the results of the previous subsection, since, as pointed out in Remark 2.1, we recognize
a reversible-equivariant problem as an equivariant problem under appropriate actions on
source and target, i.e., just take (n, W) in Subsection 3.1 as (ps, V).

As pointed out in Remark 3.1, the group G of equivalences that preserves symmetries and
reversing symmetries turn out to be the same group considered for the purely equivariant
classification. From now on we shall adopt the following convention: We denote by ¢ a

general element in 51 A(I') and by g a general element in ;‘ 2. (I). Also, we shall denote

by RT(g, I') and T(g, I') the restricted and extended tangent spaces of g EEE, A(T") to make
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TABLE 1.

Data for restricted tangent spaces for I' = Zo,Zs @ Z2, O(2), D,, for any n > 3 and
D, for n even. In the first four cases, the flips k, k1 and k2 are reversing
symmetries; in the last case, the flip x is a symmetry and the
rotating generator £ = 27 /n is a reversing symmetry.

r Z> Zy ® Lo 0(2) D,(n>3) | Da(n even)
K K1 0<0<2r | &=2m/n &=2r/n
o(k) =-1 K2 K K K
o) = 1 o@=1 |a@)=1 |a)=-1
o(kz) =—1 o(k)=-1 | o(k)=-1 o(k)=1
14 | R? | R? | C | C | C
Action k(z,y) = (z,—y) | ki(z,y) =(z,—y) | 0z = e?z £z =¢€%2 fz=ez
ke(z,y) = (—2,y) | K2 =% kz =% Kz =%
generators | u = u=x? U =2z U= 2zZ U =2z
of £(T) v =1y v=19° v=2z"4+Zz" | v=2"+Z"
generators | g1 = (1,0) g1 = (z,0) g1=2 g1 =2z g1=2
of &) g2 = (0,y) g92=(0,y) g2=7""1 | ga=7"""
generators | g1 = (0, 1) g1 = (0,x) g1 =iz g1 =iz G1=z3""
of F(I') g2 = (y,0) g2 = (y,0) fa=12""" | fa=2zit
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TABLE 2.
Generators for I'—equivariant and I'—reversible-equivariant restricted tangent spaces
for the groups I' of Table 1.

r | RT(g,T) | RT(3)
Ly [p’ 0]?[”‘1’0]7[0717]![07‘1]7 [0, s]a [0,7']7[7"7 0]7[7)5,0];
[Upu, Uqu], [Upu7 U(Iu]7 ['U/ru, US«U], [’U'f'u, USu],
[ADu; Aqul, [vpw, vqu] Aru, Asy), [Ure, vy
ZQ 6922 [p70]7[quL[Oyup]»[Uq’()]a [073], [T,O],[O,UT],[US,O],
[upu, uqu], [vpv, vau] [ury, usul, [vry, vs]
| 0(2) l [p]! [U‘pu] | [TL [u"'u] |
DTl [pl (I]a [Qup + vq, 0]7 [un—Zq’ p]a [7'7 S]a [QI,LT -+ vs, 0]) [un—Zsy T]?
(n>3) | [vp+2u™"1q,0], [vr +2u™"1s, 0],
[2upu + nup, [2ury + nory,
(n—2)q + (n+ 1ugqu + nvgy), (n —2)s + 2usy + nvsy),

[vpu + 2mu™ " py + (n = 2u""2g+ | [vre + 2nu"tr, + (n— 2)u"" s,

(n— DU qu, vaqu + 2nu" " gy VSy + 2nu" sy
Dy [p, q], [2up + vq,0], [u"~*q, p), [r,s], [0, 2u® " r + vs], [u®s, 7],
(n even) | [vp+2u™"'q,0], [vs 4+ 2u® "1, 0],
[2upy + nupy, [2ury — 2r + nory, 2usy + nVsy),
(n —2)q + (n + 1)ugu + nvgs), [vry + 2nu™ ey + 2uTs,

[vpu + 200" py + (n — 2)u" g+ | vsu + 2nu" " s,
(n— D qu, vqu + 2nu™" gy
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a distinction with the tangent spaces RT(g) and T(g) of § eF 2,2 (I'). The generators of
RT(g) are then

Slg, si e -;Stg; (dg)(Xl)a s o 39 (dg)(Xs)a

where Si,...,S; generate EM(F) and X1,...,X, generate /\_/)lz,,\(f‘). It turns out that
generators of RT(g, I') and RT(§) differ only due to the different symmetry conditions of
g and g, the elements S; s and X ’s being the same in both cases. The same holds for
T(g, ') and T(g).

In Table 1 we list specific actions of the groups I' = Zs, Zs & Za, O(2) and D,, with
n > 3, for the flip x acting as a reversibility, and D,, with n even, when the flip  is a
symmetry and the rotating generator £ = 27/n is a reversing symmetry. We note that for
the dihedral groups of order n, a rotation can be a reversing symmetry only if n is even.
We also present the generators of the ring £(I") and of the modules E(l") and ]_:'(I‘), which
are used to obtain Table 2 (here we are omitting the state variable and the parameter A in
the notation of these sets). In this table we reproduce the data for the equivariants for the
sake of comparison with the reversible-equivariants. In each of these examples the modules

—

E(I‘) and }(1") are free, that is, there are finite sets of generators gi, ..., gx for £I") and

Ji,...,q for f(l") such that any ¢ is uniquely of the form ¢ = a191 + - - - + a,gx and any §
is uniquely of the form § = big1 + -+ + bigi, where a;,b; € E(I),i=1,...,k, j=1,...,1L
We shall use below the same notation to represent elements in terms of the basis of the

distinct modules £(I") and ;"(F), namely ¢ = a191 + -+ + argr = [a1,...,ak] EE(I‘) and
Gg=bigr+ - +bg=[b1,...,b] E}(I‘). The a; 'sand b; 's,i=1,...,k, j=1,...,1, are
called invariant coordinates of g and §, respectively.

In Table 2 we present the generators of RT(g,I") and RT(g) for each of the groups and
respective actions listed in the Table 1. We omit the calculations to obtain both tables due
to their similarities with the purely equivariant case presented in detail in [10]. We also
omit the dependence of the germs with respect to the bifurcation parameter A.

Since we have set up the notation for I'—reversible-equivariant theory, below we restate
Theorem 3.1(a) in this setting:

THEOREM 3.2. Let g E]_-:m,,\(I‘) and let G E;‘m,x,@(l—‘) be a k—parameter unfolding of g.
Then G is versal if, and only if, Fox(T) = T() + R{Gp, (z,),0),...,Gp,(z,),0)}, where
ﬁ: (ﬂla"':ﬁk) € Rk'

4. THE CLASSIFICATION OF REVERSIBLE-EQUIVARIANT
MAPPINGS ON SELF-DUAL SPACES

The aim of this section is to establish a correspondence between the Singularity theory
tools in the purely equivariant case and the self-dual reversible-equivariant case. We shall
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see that the classification of bifurcations of one context can be obtained in a simple way by
the classification of the other. In the next subsection we present the theory. In the following
two subsections we use the main result, Theorem 4.1, to derive steady-state bifurcations
for self-dual actions of the groups Zs & Zs (Subsection 4.2) and D4 (Subsection 4.3) on the
plane.

4.1. The connection between the two classifications

Let T" be a compact Lie group acting on a vector space V' as a reversing-symmetry group
such that V is self-dual. Hence, there exists a reversible-equivariant linear isomorphism
L :V — V, that is, the representation of I' on V is isomorphic to its dual representation.
L induces the isomorphism of modules

L* : &) = Fur() (14)
g — Lg

under the ring &, A\(I'). L* is called the pullback of L. Hence, we obtain the following key
result:

LEMMA 4.1. In the self-dual case, the modules E_T,A(I‘) and ;m,,\(I‘) are isomorphic.

We also have:

LEMMA 4.2. Letyg EET,,\(F) and let L* be the pullback (14). Then
(a) the extended tangent spaces T(g,T") and T(L*g) are isomorphic vector spaces.

(b)If codimension of g is finite, then the codimension of L*g in ;'I,A(I‘) 1s equal to the

codimension of g in E; A(T).

Proof: Consider the extended tangent space of g €&y »(T)
T(9,T) = {Sg + (dg)X : (S, X) € &a(D)x Exr(D)} + Erg
and the extended tangent space of L*g Ej?'x_ A(T)
T(L*g) = {5Lg + (d(Lg)) X : (5, X) € (D)% Exn(D)} +ExLgy.
For any h € T(g,I'),

L*h = L(Sg+ (dg)X +R{gx, \g»})
= LSg+ L(dg)X + R{Lgx, LAgx}
= SLg+ (d(Lg))X +R{Lgx, A\Lgr},
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where S = LSL™! egp,,,,\(f‘) and X EET,A(F), which implies that L*(T(g,T')) C T(L*g).
The other inclusion follows analogously, so L*(T(g,T')) = T(L*g). Part (b) follows directly
from the proof of (a) and the previous Lemma. O

The next theorem summarizes the ideas above and is the main result concerning the
classification of reversible-equivariant bifurcations on self-dual spaces:

THEOREM 4.1. Consider a representation (p, V) of T on V under which V is self-dual,
and let L : V. — V be a reversible-equivariant linear isomorphism. Then, the pullback
L* defined in (14) determines a one-to-one correspondence between the classification of

bifurcations of germs on Zw\(I‘) and on ;ﬁry,\(l“).

Therefore, in the self-dual case, if the classification of equivariant bifurcation problems
is well known, then so is the classification of the corresponding reversible-equivariant bifur-
cation problem: normal forms, nondegeneracy conditions and universal unfoldings of the
reversible-equivariant bifurcations on self-dual spaces is derived from the normal forms,
nondegeneracy conditions and universal unfoldings of the associated equivariant problem
via L. Regarding the bifurcation diagrams, the branching equations are preserved, but
clearly this does not hold for the stability of solutions, which must be investigated in a
case-by-case basis. However, there are many examples where it is possible to establish an
association to derive, in a simple way, stability of one case from the other. This is discussed
in detail in the Zy & Zs and Dy cases presented in Subsections 4.2 and 4.3, respectively.

For the classification of germs of reversible-equivariant mappings on non-self-dual spaces
there is no such association with the equivariant classification, so the techniques of Sub-
section 3.2 must be applied.

The representations corresponding to the actions of Zs, Zo & Zo, O(2), D,, (5th column)
and Dy (6th column) of the Table 1 are all self-dual representations on the plane. In
addition, we have that any 2 x 2 orthogonal matrix of order two distinct from I and —I is

similar to
Y ek 1 O &
=\0-1);

in other words, there exists a Zo—isomorphism between any representation of Zy on R?
and the one given in Table 1. Hence, up to Zs—isomorphism, Zs admits no other self-dual
representation but the one given in Table 1. The same result holds for Zs & Zs, because
any pair of commuting 2 x 2 orthogonal matrices of order two, none of them being I or —I,
are simultaneously similar to the pair

(10 nd g (710
R1 = 0 —1 all Ko = 0 1 .

It follows analogously that, up to I'—isomorphism, there is only one non-self dual repre-
sentation for each of the groups I' = Zs, Zo & Zo, both occurring if, and only if, —I is
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a reversing symmetry. Finally, as mentioned previously, for the dihedral groups of order
n, the generating rotation £ = 2m/n can be taken to be a reversing symmetry only if n is
even, and we notice that these cases correspond all to non-self dual representations of D,,
for any n # 4.

For the rest of the paper, we shall denote the ring &, \(I') and the modules gm,,\(I‘),
E‘;,,\(I‘) and .;:m,/\(l—‘) simply by &(T), E(I"), Z(r) and f-‘(f‘), respectively.

4.2. Bifurcation problems with reversing symmetry group Zs @ Z,

In [20], Manoel and Stewart classify degenerate bifurcation problems on the plane that
commute with the group Zs @ Zs up to topological codimension 2. In the present sub-
section we use those results and Theorem 4.1 to derive the behaviour of families of Zo &
Zy—reversible-equivariant bifurcation problems under the self-dual representation of Zo®Zo
on R2. We focus on the similarity between the two classifications and on the differences
between the bifurcation diagrams.

For the standard action of Zy @ Zy on R? generated by the flips

(10 1 (L0
M=o -1) M =10 1)

the ring £(Z2 B Zs) of smooth Zg @ Zs—invariant function germs is generated by v = 22 and

v = y? and the module E(ZQ@ZQ) is generated by g1 (x,y, A) = (2,0) and g2(z,y,\) = (0,y).
A general Zj ® Zy—equivariant bifurcation problem on R? is given by g(z,y, ) = 0, where

9(2, 4, A) = p(u, v, \)g1(@, 9, A) + q(u, v, \)g2(u, v, A), (15)
with p,q € E(Za & Z2) such that p(0,0,0) = ¢(0,0,0) = 0.
The self-dual representation of Zs & Zs on the plane is given by the flips k1, ko acting as
reversing symmetries, and
01
== (1)

is the matrix of a Zy @ Zs—reversible-equivariant linear isomorphism.

Via the pullback L*, generators of F(Zs @ Zs) are g;, = L*(g;), 1 = 1,2, so a general
Zo & Zo—reversible-equivariant bifurcation problem on the plane is given by g.(z,y,A) =0,
where

G (.’E, Y, /\) - p(u7 v, )\)glx + Q(u’v v, /\)g2*7 (16)
with p,q € E(Zs ® Zs) such that p(0,0,0) = ¢(0,0,0) = 0. To ease notation we shall
write g in (15) and g, in (16) in the invariant coordinates as g = pg1 + qg2 = [p,q] and

g« = P91« + qg92. = [p,q], respectively. Note that we are using the same notation for the
germs ¢ and g, in different modules over the same ring; it was the shape of L that has
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TABLE 3.
Steady-state branches and stability for Zq ® Zs—equivariant and Zo @ Zs—reversible-
equivariant bifurcations

Equivariant Reversible-equivariant
Solution Type Equation stability stability
(signs of eigenvalues) | (signs of eigenvalues)

| Trivial | @=y=0,¥A | p(0,0,A),q(0,0,)) |  £pe(0,0,X) |
| x-mode |y p(u,0, ) ——OI pu(u,0,A), q(u,0,)) I +v/Pugq(u, 0, ) |
| y-mode lr-—qu)\—Ol (0,v, ), qu(0,v,\) | +/pqu(0,v,\) |
Mixed-mode | p=¢g=0 sign det(dg) = sign det(dg.) =
sign (puqu — Puqu) sign (puqu — Pudv)
sign tr(dg) = sign tr(dg.) =
sign (-szu T yth) sign  zy(qu + Pv)

induced us to adopt such convention, in order to make the expressions in the recognition
problem for the reversible-equivariants be the same as for the equivariants.

As mentioned in Subsection 4.1, in self-dual cases the zero set of a reversible-equivariant
bifurcation problem is identical to that of the corresponding equivariant bifurcation prob-
lem; i.e., the branching equations in both contexts are the same (see Table 3). On the
other hand, typically we does have a change in the nature of the eigenvalues. This is a
consequence of the general fact that presence of reversing symmetries in the group imposes
distinct restrictions on the eigenvalues from those obtained when all group elements act
as symmetries. In fact, in contrast to the Zs @ Zs—equivariant case, where we can have
stable trivial and pure-mode solutions, in the Zs & Zs—reversible-equivariant context these
solutions are never stable, once their eigenvalues are either a pair of real eigenvalues of
opposite sign or lie on the imaginary axis (see Lemma 4.3). However, it is important to
note that the nature (real or complex) of the eigenvalues for (dg.)(,,,x) on these branches
can be derived from the signs of the eigenvalues of (dg) 1) on the corresponding solution
branches (see Table 3). Regarding the mixed-mode solution branches, on which the signs
of the eigenvalues are determined, as usual, by the signs of the trace and determinant of
the matrix (dg.)(s,y,5), it is only on such branches that we can find a stable regime: since
det(dg+)(z,y,n) = —det(dg),y,), they shall appear in the corresponding bifurcation dia-
gram for which det(dg)(q,y,») is negative. We address to Proposition 4.1 the derivation of
the nature of steady states for the reversible-equivariants from the associated pictures for
the equivariants given by [20].

Remark 4. 1. The transition varieties for the Zo @ Zs-reversible-equivariant bifurcation
problem g, coincide with the transition varieties for the Zo @ Zs-equivariant bifurcation
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problem g. This is a consequence of the facts that the solution branches are the same and
that there exists a relation between the eigenvalues of both contexts, so that the nature of
the eigenvalues on the solution branches of g, - although different from that for g - changes
precisely where and when the stability of the corresponding branches of g is changed.

The classification of degenerate Zo @ Zs—equivariant bifurcations up to topological codi-
mension 2 presented in [20, Theorem 4.1] yields seven normal forms, with their recogni-
tion conditions and unfoldings. Via L*, the corresponding result for Zs @ Zg—reversible-
equivariant bifurcations is then easily obtained and is stated in Theorem 4.2. The nor-
mal forms h;, are given by L*(h;) and, as already mentioned, by the adopted notation
the nondegeneracy conditions and occurrence of modal parameters that characterize each
reversible-equivariant normal form h;, have the same expressions as the ones that appear
in the recognition problem for h;, i = 2,...8, in [20].

THEOREM 4.2. (Classification of Zj ® Zs-reversible-equivariant bifurcations) If

a germ g. = [p,q] € ;(Zg @ Zy) satisfies the recognition conditions in Table 4 for the
normal form h;_ for some j =2,...,8, then g, is Zo & Zy—equivalent to h; .

To illustrate, we detail the computations for the normal form ho, and describe the
bifurcation diagrams for its unfolding. Our aim here is mainly to clarify the role of L* in
the stability of solutions when we pass from the equivariant to the reversible-equivariant
problem. The other cases follow the same procedure and their diagrams are obtained
straightforwardly by the association between results in Table 3 given by L*.

From [20, Theorem 4.1}, if a Zy @& Zs—equivariant problem g = [p, ¢] satisfies the recog-
nition conditions

Pufuv — Po@u =0, Duy Qu, Puy DAy @1y P25 Du@r — PaGu 7 0, (17)

where
2 2 3 2 2
P2 = QuvPuPv~ — QuuPyPv — QuuPy — PuvQuPuPu + PovquPy, + PuuuPys

then ¢ is equivalent to the normal form

ho = [e1u + €4v + €2\ + esu?, e1e3e4u + €3V + KA.
All the derivatives are calculated at the origin and ¢; = 1, with kK = |pf’(’1v lgx, sign(ey) =
sign(pa), sign(es) = sign(py), sign(es) = sign(a,), sign(es) = sign(p,) and sign(es) =
sign(paqy). The unfolding terms for hy are [u,0], [0, A], [0,1] € E(Z2@Zs). As a consequence
of Theorem 4.1, if g. = L*(g) = [p, q] satisfies the recognition conditions (17), then g, is

equivalent to the normal form

ho, = [e1u + €4V + €2 A + esu’?, e16364U + €3V + KA.
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Furthermore, the unfolding terms for hs, are [u,0], [0, A], [0,1] E:;(ZQ ® Zs), so that
Ha(z,y, A\, B, k) = [(61 + a)u + £4v + €2\ + €5u?, €16364u + £30 + KX + f3]

is the unfolding of hs,.

We now turn to the bifurcation diagrams for Hs,, when e; =e3 =64 =5 =1, €9 = —1
and K < —1. We choose these signs in order to compare our results with the corresponding
equivariant diagrams in [20, Fig. 4.].

The solution branches for Ha, = [(1 + a@)u +v — A +u?,u + v + s\ + 3] are the same
as for Ho, the unfolding of hs, but the stability on each branch shall be analysed. As
mentioned above, this can be done by the existent correspondence between the eigenvalues
in both contexts. A mixed-mode solution branch exists only if 4 > 0. On that branch,
when det(dHz,)(z,y,)) > 0 we have that

sign tr(dHay)(,y,)) = sign(zy),

so an exchange of stability occurs if, and only if, x = 0 or y = 0, that is, at a secondary
bifurcation point. In this case, the parts on the branch with stability “+ +” are mapped
onto the mixed-mode solutions with stability “— —", and vice-versa, by the reversing sym-
metries k1 and ko. This is represented in the diagrams by “+ +/ — =".

(1I1) vy (V)

FIG. 1. Transition varieties and bifurcation diagrams for Hs.

In Table 4 we present the complete classification of Zs & Zs—reversible-equivariant bi-
furcation problems. The adopted notation here forces this table to be the same as Table 2
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that appears in [20, p. 1659].

4.2.1. Stability preserving and Z, ® Zs—equivalence

In this subsection we discuss occurrence of stable solutions and their persistence under
equivalence. Stable hyperbolic solutions are always expected in standard equivariant bi-
furcations, since the action of the group of symmetries is generically absolutely irreducible.
Also, if a solution looses stability at a bifurcation point, it is also expected that another
stable solution takes place, in the so-called symmetry-breaking phenomenon. On the other
hand, in the presence of a reversibility linear stability can not occur. In fact, we have ([19,
Lemma 1.1]) :

LEMMA 4.3. If¢ is an eigenvalue of a reversible linear mapping, then so is —& and its
complex conjugate &.

Hence, it is a general fact that a stable solution may occur in reversible systems only if
the reversing symmetries do not belong to its isotropy subgroup. Under the present action
of Zo & Zs, a steady-state (x,y, \) is stable if, and only if, it is a mixed mode saddle in the
associated Za @ Zs—equivariant problem and such that the trace of the jacobian (dg. ),y
is positive. The next proposition gives the nature of each equilibrium of the bifurcation
problem g, from the stability (or instability) of the same point as an equilibrium of g given
by [20]. The main point is the role of L* in the exchange in nature of the steady states for
one case from the other.

PROPOSITION 4.1. Let g, be a Zo @ Zo—reversible-equivariant bifurcation problem under
the self-dual representation of Zy ® Zo on R2. Let (x,y,)\) be a steady-state of g.. Then
we have the following:

1.If (z,y,\) is a trivial or a pure-mode solution of the Zo & Zs—equivariant problem
where the eigenvalues are either both positive or both negative, then (x,y,\) is a saddle
type solution in the Zo & Zo—reversible-equivariant problem, denoted in the diagrams by
“yo_n,

2.If (z,y, \) is a trivial or a pure-mode of saddle type of the Zo@®Zs— equivariant problem,
then (z,y, \) is a non-hyperbolic solution of the Zo®Zo—reversible-equivariant problem with
purely imaginary eigenvalues, denoted in the diagrams by “ £ i”;

3.If (x,y,\) is a mized-mode solution of the Zo @ Zy—equivariant problem where the
eigenvalues have nonzero real part with same sign, then (x,y,\) is a saddle in the Zo &
Zo—reversible-equivariant problem, denoted in the diagrams by “+ —";

4.If (x,y, ) is a mized-mode of saddle type of the Zo @ Zo—equivariant problem, then
(z,y,A) is a solution of the Zo @ Zo—reversible-equivariant problem where the eigenvalues
have positive real part (if tr(dg.) > 0) or negative real part (if tr(dg.) < 0), denoted in the
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TABLE 4.

All derivatives are

calculated at the origin, and ¢; = £1 with sign given by the corresponding

derivative.

has = [€1u + €40 + €2) + e5u?, €1€3€au + €30 4 K]
has = [e10 + v + €2, €1€2€4U + €30 + €4\ + €507
hay = [e1u + e2e3€4v 4+ €2\, U + €30 + €4) + €507
hsw = [e1u® + pv + €2, esu + €3v + €1 ]
he. = [61'[/, + €5V + €2, nu + 63’l)2 ~+ 64/\]
hr. = [e1u + €50 + €22, nu + €30 + €]
hs. = [e1u + pv + €2, €5u + €3v + €4A?]

Normal Recognition €1 €2 €3 €4 €5 Modal Unfolding
Form Parameter Terms
in F(Z2 @ Z2)

Puqv — PuGu = 0 [u, 0]

h2* PusQus Pus PXy X, P2, Pu Px Qv Pov P2qv = ;%;}T}' qx [01)\]
Pugx — PAGu # 0 [0, 1]

PAGu — Pugr =0 [v,0]

ha. Pur@usPA, QP3| Pu P Qo Gy p3pa | b= ;R-py (0,u]
Puqv — PvQu # 0 [Oy 1]

Pvdr — PAGu =0 [v,0]

ha. PusQu,Pxx: P, | Pu Px G Gx papx | N = A qu [0, u]
Puqv — Pvqu '_;é 0 [0, 1]

pu=0 [v,0]

hs PXsQus GX\s Puuy Puu y2N qu qx qu n= J—IquU Puv [u, 0}
Podr — PAGu # 0 [0,1]

¢ =0 (0,7]

hex | PusPA QNP Qusuos | Pu PA Qo QX P | T = G qu (0, u]
Pudr — PAGu # 0 [170]

pr =0 (A, 0]

h7. PusPos@us @ PN | Pu Pax @ G Do | 1= =g (0, u]
Puqv — Poqu 7# 0 (1,0]

=0 [0, ]

hs. Pus DXy Qus Qus AN Pu DA Qv N Gu | B= 7=y [v,0]
pu([v - ])u(Iu # O [1’ 0]

P2 = (wapup?; = ({vupipu - ([uup:?; — PuvQuPulv + pvuq'upzzl + Puu([xﬂp;zy

P3 = QuuP} — PuuPAGN — QuADXPu + OAAPAD + PurPAGAPY — PAAPRGA

P4 = QAAP,\QE - Pvup,\(& — QuAPAGNGu — pvuqi — p,\wgq,\ == pu,\qiqu
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”

, respectively. Also, to every mized-mode solution with “++"
7 stability, and

diagrams by “++7 or “——
stability corresponds another (symmetric) mized-mode solution with © — —
Vice-versa.

Proof: It is a direct consequence of the results in Table 3. m|

An exchange of stability along the mixed-mode branch of type 4. accurs precisely where
tr(dhi.)(z,y,n) changes sign. It is easy to see that in all the cases, tr(dhis) (z,y,n) = 0 if and
only if x = 0 or y = 0. That is, the trace vanishes at a secondary bifurcation point. We
note that in the corresponding equivariant context this exchange of stability on the mixed-
mode branch occurs only for the unfolding Hs, with u < 0, out of a secondary bifurcation,
yielding a Hopf bifurcation point (see [20, Fig. 12, p. 1665]). For the corresponding
reversible-equivariant Hs,, such a point is not encountered, since the eigenvalues on that
branch are of opposite signs.

We end this subsection giving sufficient conditions for linear stability of hyperbolic so-
lutions to g. = 0 be invariant by Zo & Zs—equivalence. This is the analogous of [9, X,
Proposition 3.2] for equivariant bifurcations:

PROPOSITION 4.2. Let g. be a Zo @® Zo—reversible-equivariant bifurcation problem in the
plane and let (x,y,\) be a hyperbolic solution of g. = 0. Then the stability of (x,y,\) is
mvariant under Zo & Zo— equivalence if any of the following hold:

(a)(x,y, \) is a trivial or a pure mode solution;

(b)(x,y,A) is a mived-mode solution and det(dg.)(z,y,\) < 0;

(c)(x,y,A) is a mived-mode solution and det(dg.),y.n) > 0, with p, - ¢, > 0 at the
origin.

Proof: This is the same as the proof of [9, X, Proposition 3.2], since the group of equiva-

—

lences in ;—'(ZQ @ Zo) is the same as in £(Zas & Z2), and here we use the anti-diagonal form
of (dg«)(x,y,») in place of the diagonal form of (dg)(s,y,\) to prove part (a). |

4.3. Bifurcation problems with reversing symmetry group Dy

In [11], the authors classify degenerate Dy—equivariant bifurcation problems on the
plane up to topological codimension 2, presenting the nondegeneracy conditions, universal
unfoldings and their bifurcation diagrams. In this subsection we use those results and
Theorem 4.1 to obtain the classification of Dj—reversible-equivariant bifurcations on the
plane when the rotating generator £ = 7/2 acts as a reversing symmetry. As mentioned
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previously, Dy is the only dihedral group of even order n for which ¢ = 27 /n acting as a
reversibility leads to a self-dual representation. As we shall see, in the same way as done
in the previous subsection for Zs @ Zs, the notation here is chosen so that the expressions
of normal forms, their recognition conditions and unfolding terms shall coincide with the
equivariant classification as it appears in [11, Table II].

We consider the action of the dihedral group D4 on C generated by

= i T
K:z—ZzZ and &£:zm e'2z,

where the flip & is a symmetry and the rotation £ is a reversing symmetry, that is, o (k) = 1
and o(§) = —1, which corresponds to a self-dual representation of D4 on the plane. In
[2] we deduce the general form of one-parameter D4—reversible-equivariant germs on C,
which is given by

94(2,A) = s(u,v,A)2% + q(u, v, M)z, (18)

where v = zZ and v = 24 + 24 are the generators of the Dy—invariants.
In [11] the authors give the general form of one-parameter Dy—equivariant germs in real
coordinates:

9(x,y,\) = p(N, A, \) (z ) +7(N, A, NS < v > : (19)

where § = y? — 22 and p, 7 are elements of the ring £(Dy) of smooth D, —invariant function
germs generated by N = 22 + y? and A = §2. In real coordinates, we have that

L:((l) _01> (20)

is the matrix of a D4—reversible-equivariant linear isomorphism. Via the pullback L* (14),
we use (19) to rewrite a general one-parameter Dy—reversible-equivariant germ:

9oy, ) = r(N, A, \)§ < ; ) +p(N,A,N) ( _"”y ) . (21)

Now, we shall denote ¢ in (19) and g. = L*(g) in (21) in the invariant coordinates as
g9 =pg1+rg2 = [p,7] and g. = pg1, + g2, = [p,7], respectively, where g (z,y,)\) = (z,y)
and ga(z,y,\) = §(x, —y) are the generators of the Dy—equivariants and g1, (z,y,\) =
L*(g1)(x,y,\) = (z,—y) and g2.(x,y,\) = L*(g92)(z,y,\) = 6(z,y) are the generators of
the Dy—reversible-equivariants.

Regarding the bifurcation diagrams, the symmetries of a solution branch are defined
by its isotropy subgroup. The lattice of isotropy subgroups of Dy is given by Dy, Zs(k),
Zs(&k) and 1. Following the notation of [11], the solution branches with isotropy subgroups

Zo(K), Z2(Ek) and 1 are denoted by R, S and T, respectively.
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TABLE 5.
Steady-state branches and stability for Ds-equivariant and Dg-reversible-equivariant
bifurcations
Solution | Equation Equivariant stability Reversible-equivariant stability
Type (signs of eigenvalues) (signs of eigenvalues)
Trivial | =0 p (twice) P
y= -P
R y=0 pN — 1+ 22(2pa — N) — 2ztrA pN — 1+ 22(2pa — N) — 22trA
p—a?r=0|r -r
S T=1y PN vV —PNT
p=0 —r —V/=pNT
T p=0 sign det(dg) = sign (paTn —pn7TA) | sign det(dg«) = sign (pNTa — paTN)
r=0 sign tr(dg) = sign N(pny — 2Ara) | sign tr(dg.) = sign —d(py — 2A7A)
+ A(2pa —7TN) —ON(2pa —7N)

The solution branches of g. = 0 coincide with the solution branches of ¢ = 0; their
equations and expressions to study stability of solutions are given in Table 5. For the
present case, the solutions with isotropies containing reversing symmetries lies on the trivial
and S branches; the trivial solutions are of saddle type, for all A # 0, and on the S—branch
the eigenvalues are either a pair of real eigenvalues of opposite signs or a pair of purely
imaginary eigenvalues. As a result, hyperbolic solutions on such branches are never stable.
On the other hand, stability can occur on the R and T solution branches, once these have
isotropy generated only by symmetries. Along the T'—branch, there are cases where the
two eigenvalues of (dg.)(.,y,») change from both positive to both negative (or vice-versa),
this change occurring at a secondary bifurcation point.

Analogously as for the Zs & Zs—reversible-equivariant example, the transition varieties
coincide with the transition varieties for the Dy—equivariant bifurcation problem g (see
Remark 4.1).

In Table 6 we present all the universal unfoldings up to topological codimension 2, with
a choice of +1 or —1 in some of the coefficients ¢; = 1 that appear in the normal forms.
This choice follows [11], since our aim here is to explicit similarities and differences between
both contexts. We use m and n for modal parameters and a and § for simple unfolding
parameters. The unfolding I corresponds to the nondegenerate normal form. Normal forms
IT - V are germs of topological codimension 1 and normal forms VI - XV are of topological
codimension 2.

Here we present the bifurcation diagrams for the universal unfoldings I, IV and VIII (Fig-
ures 2, 3 and 4), including the transition varieties in the «, G-plane for the last case. For the




24

P. H. BAPTISTELLI AND M. G. MANOEL

TABLE 6.

Universal Unfoldings for Dy-reversible-equivariant bifurcations

Universal Unfolding [p, r] Topological
Codimension
I [\ +mN,1], m#0,1 0
I [=A+ N? 4+ aN, ] 1
I | [-A+ (14 a)N +eA,1] 1
v [-A+elN+mA,N+a], m#0 1
v [A24+mN + AN + a,e2], m#0,e2 1
VI [=A+ N®+ BN? + aN, ;] 2
VII | [-A+ N +eaNA+aN + A, 1] 2
VI | [-A+ N +mA?+ 8A,e2N +a), m #0 2
IX [FA+ N, e2A+mA 4+ BN +a], m#0 2
X [—/\+7nN2+71A+aN,N+52A+5},1nn#0,m+n7éé 2
XI A2 +e1N? + mAN + a+ BN, ea], m > 0, m? # de; 2
XII | A2+ &N +e2A +mAN,e1], m > 0, m? # ez 2
XII | N +eaN+a,A+mA+ G, m#0 2
XIV | [=A3 4+ mN +e1AN +a+ B\ 1], m #0,1 2
XV | M4+ mN+a+BAN,e1], m #0,e1 2
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remaining cases, the diagrams have the same shape as for the corresponding equivariants,
with stability given by Proposition 4.3.

We then consider the normal form I. We have p(N, A, \) = —A+mN and (N, A, \) =1,
m # 0,1. The R and S branches are given by

4y =10 T =y
R'{)\:(m-—l)z2 ang S'{)\ 2ma?

The eigenvalues on the R and S branches are given by v1 = m — 1, v = —1 < 0 and
m = v/—m, ng = —/—m, respectively. Examining the signs of these eigenvalues, we obtain
three different types of bifurcation diagrams. Note that, for the normal form I, hyperbolic
solutions are never stable (see Figure 2).

—+ e —+ +—

m<0 O<mx<1 m> 1

FIG. 2. Persistent bifurcation diagrams for the normal form I: [-X +mN, 1], m # 0, 1.

—Q

m

I 111

4
(D (I (1D

FIG. 3. Persistent bifurcation diagrams for the unfolding of normal form IV: [\ + &1 N +
mA,N+a], m#0and g, = 1.
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Let us now consider the normal form IV. We have p(N,A,\) = =\ + &N + mA and
r(N,A,A) =N +a, m#0. The R, S and T branches are given by

)
2611‘2

.13 =20 =z
R'{/\ = (&1 — )2+ (m — 1)zt ° S'{)\

N = -«

and T:{)\ = g N +mA.

A T—branch exists if o < 0, and (dg+) (z,y,n) has positive determinant when m < 0. In
this case, we look at its trace, which is —de; = —(y? — 2%)e;. Therefore, an exchange of
stability of type “++" to “——" is forced to occur along the T-branch. This occurs at a
secondary bifurcation, namely at the intersection of the S and 7' branches (when y = x),
and is represented in the diagrams by “+ +/ — —".

The three distinct regimes for unfoldings of the normal form IV for £; = 1 are presented
in Figure 3.

Finally, consider the normal form VIII so that p(N,A,\) = =\ + N +mA2 + SA and
(N, A,\) = N+a, with m # 0. In this case, the transition varieties determine five regimes
presented in Figure 4. The R, S and T branches are given by

R: y =20 S - L =1
A= (-2 + (8- 1)zt + mad 1A = 287
N = —a
i T'{/\ = N +mA? + BA.

The T'—branch exists only if & < 0. As we shall see in Proposition 4.3, T—solutions of
unfolding for all normal forms are hyperbolic solutions, and we give here the details of how
eigenvalues “+ +” and “— —" occur for case VIII. For that, we investigate the sign of the
trace of (dg«)(x,y,») When the determinant is positive, i.e., when m < 0:

tr(dgs) (z,y,0) = (5(1\7 —1—-2N(2mA + /5)),
SO

sign tr(dg«)(z,y,n) = —sign(d) = —sign(y? — 22).

Hence, an exchange of stability from “++” to “— —" is forced to occur along the T-branch
when it meets the S-branch (y=x), represented in the diagrams by “+ +/ — -7,
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/v ) ! (11

(11D (V) V)

FIG. 4. Transition varieties and persistent bifurcation diagrams for the unfolding of normal
form VIII: [-A + N +mA® + BA, N +a, m # 0.

Remark 4. 2. T—solution branches can only occur for the unfoldings IV, VIII, IX,
X and XIII. In this case, solutions with stability “ -+ +” are mapped onto solutions with
stability “ — —”, and vice-versa, by the reversing symmetries of D4. In the diagrams, this
is represented by “+ 4/ — —” on the T—branch.

4.3.1. Stability preserving and D,—equivalence

We already know that a stable hyperbolic solution in the reversible context can be found
only if the reversing symmetries do not belong to its isotropy subgroup. For the present
representation of Dy on C, hyperbolic solutions on the trivial and S branches are never
stable, and stability can occur on the R and T branches. In the next proposition we
obtain the nature of each equilibrium for all the unfoldings of Table 6 from the stability (or
instability) of the same point as equilibrium of the associated equivariant unfolding given

by [11].

PROPOSITION 4.3. Let g, be a reversible-equivariant bifurcation problem under the present
self-dual representation of Dy on C and let (z,y,\) be a steady-state. We then have the
following:

LIf (z,y,\) = (0,0, \), then it is a saddle point in the Dy—reversible-equivariant prob-
lem, denoted in the diagrams by “+ —";
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2.If (z,y, A) is an R—solution of saddle type of the D4—equivariant problem, then (z,y, A)
is a hyperbolic solution in the Dy—reversible-equivariant problem with either positive or
negative eigenvalues, denoted in the diagrams by “++" or “ — =" respectively;

8.If (z,y, \) is an R— or an S—solution of the Dy—equivariant problem where the eigen-
values are either both positive or both negative, then (z,y, \) is a saddle of the D4—reversible-
equivariant problem, denoted in the diagrams by “ + —7:

4.1f (z,y, A) is an S—solution of saddle type of the D4—equivariant problem, then (z,y, \)
is a non-hyperbolic solution of the D 4—reversible-equivariant problem with purely imaginary
eigenvalues, denoted in the diagrams by “ £14”;

5.1f (x,y,A) is a T—solution of the Dy—equivariant problem where the eigenvalues have
nonzero real part with same sign, then (x,y,\) is a saddle in the Dy—reversible-equivariant
problem, denoted in the diagrams by “+ —;

6.If (x,y,A) is a T—solution of saddle type in the Dy—equivariant problem, then (z,y, \)
is a solution in the Dy—reversible-equivariant problem with eigenvalues with positive real
parts (if tr(dg.) > 0) or negative real parts (if tr(dg.) < 0), denoted in the diagrams by

“+ 47 or “— =7, respectively. Also, to every mized-mode solution with “+ 47 stability
corresponds another (symmetric) mized-mode solution with “——"" stability, and vice-versa.
Proof: It is a direct consequence of the results in Table 5. O

We finally give sufficient conditions for linear stability of hyperbolic equilibria of g, be
invariant by D4—equivalence:

PROPOSITION 4.4. Let g. be a Dy—reversible-equivariant bifurcation problem on the
plane and let (z,y, \) be a hyperbolic steady state. Then the stability of (x,y, \) is invariant
under Dy—equivalence if any of the following holds:

(a)(x,y, \) is the trivial solution;

(b)(z,y,\) is of type R or S

(c)(x,y,A) is of type T and det(dg.)z,y,n) < 0;

(d)x,y,A) is of type T, det(dgs)(zyny) > 0, pv # 0 with py -pa > 0, py -7y <0 e
pn -rA < 0 at the origin.

Proof: The proof of the cases (a)—(c) follows the steps of the proof of [11, Proposition 3.2],
taking into account the form of the matrix of (dg.) ) on each branch. We now consider
case (d). First, we notice that stability is preserved by Dy—equivalence if, and only if, it is
preserved by changes of coordinates S(z, \) in the target. Since det S(z,y,\) > 0, we have

sign(det(dg.)(z,y,n)) = sign(det S(z, ¥, A\)(dgs) (z,,3))
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which are positive by hypothesis. So to check stability preserving we compare tr(dgs) (z,y,0)
and tr(S(z,y, A)(dgs) (z,y.n)) : According to (21), the jacobian matrix of g, at a mixed-mode
solution is

_( vz (p+ro)ye
(d9+) @,y,n) = <(—-p—|—7'5)my (—pp+7‘5)5y ) ' =

Thus, we obtain
tl’(dg*)(m,y,,\) = —2§(py +2Npa — Nry — 2A7,). (23)

The Dy—equivariance implies that

, _ a+bx?  caxy+daly
S(.’E,y,/\) - <cmy+dzy3 a~|—by2 ’

where a, b, c and d are Dy—invariants. So we have
tr(S(a;, v )\)(dg*)(m,y,,\)) = —25[(apN + bNpy — dz’y’py — 4(b + c)z%y’pa + 2(b — c):vzerN)

+ 2N(apa + bNpa — dz*y’pa) — N(ary + bNry + dzy?ry)
2A(ara +bNra + d.'l:?y?rA)].

Now, since a(0,0,0) is positive and py # 0, with py -pa >0, py -7y <0 and py -7a <0
at the origin, we have

sign tr(dg.) (z,y,x) = sign tr(S(z,y, M(A94) (z,y.0))-
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