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ABSTRACT. To study symmetric properties of solutions to equivariant varia-
tional problems, Kazimierz Geba introduced the so-called G-equivariant gradi-
ent degree taking its values in the Euler ring U(G). In this paper, we develop
several techniques to evaluate the multiplication structure of U(T" x S'), where
I" is a compact Lie group. In addition, some methods for the evaluation of the
I' x Sl-equivariant degree, based on its connections with other equivariant
degrees, are proposed. Finally, the obtained results are applied to a periodic-
Dirichlet mixed boundary value problem for an elliptic asymptotically linear
variational equation with O(2)-symmetries.

1. Introduction

Subject and Goal. Let W be a Hilbert representation of compact Lie group G
and f : W — R a smooth invariant function. The problem of classifying symmetric
properties of solutions to the equation

(1) Vi(z)=0, ze€,

(Q — an open bounded invariant set) has been attacked by many authors using
various methods: Lusternik-Schnirelman theory (cf. [27, 28]), equivariant Conley
index theory (cf. [3]), Morse-Floer techniques (cf. [2, 14]), to mention a few (see
also [6, 13, 20]). The degree-theoretic treatment of problem (1) (for G = S%)
was initiated in [8], where a rational-valued gradient S!'-homotopy invariant was
introduced (see also [10], where a similar invariant was considered in the context
of systems with first integral). Recently, K. Geba (cf. [17]) suggested a method to
study the above problem using the so-called equivariant gradient degree (for more
information on the equivariant gradient degree, we refer to [33]). Under reason-
able conditions, the equivariant gradient degree turns out to be the full equivariant
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gradient homotopy invariant (cf. [9]). In particular, it contains the essential equi-
variant topological information on the solution set for (1), which may have a very
complicated structure related to a large number of different orbit types. Due to this
complexity, one cannot expect that the above invariant is a simple integer (or even
a rational). In fact, it takes its values in an algebraic object known as the Euler
ring of the group G (denoted by U(G)) introduced by T. tom Dieck (cf. [11, 12].

To be more specific, it is well-known that the Brouwer degree of a (non-
equivariant) gradient map, is an algebraic “count” of solutions satisfying the addi-
tivity and multiplicativity (with respect to the product map) properties. Moreover,
it can be expressed as the Euler characteristic of the cohomological Conley index
(or Morse-Floer complex), which takes its values in the ring Z = U(Z,). A passage
to the equivariant setting requires: (a) an algebraic “count” of orbits of solutions
rather than individual solutions, (b) a separate treatment of orbits of different
types, which should be (c¢) compatible with the “count” of orbits in products. For
a continuous compact Lie group, such a “count” can be achieved, in a parallel way
to the Brouwer degree, by using the Euler characteristic of the appropriate orbit
spaces. The Euler ring (see Definition 3.1), as well as the equivariant gradient de-
gree, constitute the formalization of the above stream of ideas. The main goal of
this paper is to present some ideas and methods allowing (i) effective computations
of U(G) in the case G = T' x S!, where I is a compact Lie group (see [18, 12]
for the computations of U(SO(3)), and (ii) to establish computational techniques
for the T’ x S'-equivariant gradient degree by providing connections with the other
equivariant degrees (cf. [1, 22]).

As an example, we completely evaluate the ring structure of U(O(2) x S') and
establish computational formulae for O(2) x S*-linear gradient maps. The obtained
results can be applied to various variational problems with symmetries (existence,
bifurcation (both, local and global), continuation, etc.) to classify symmetric prop-
erties of solutions (cf. [31, 32, 29, 22]).

Overview. After the Introduction, the paper is organized as follows. In Sec-
tion 2, we present several facts from equivariant topology and list the properties
of the Euler characteristic relevant to our discussion. In Section 3, after giving
the definition of the Euler ring, we explore its connections with Burnside ring and
(in the case G = T x S1) with the related modules (cf. [1, 22]). Some additional
partial results describing the multiplicative structure of the Euler ring are also pre-
sented. In Section 4, we discuss the Euler ring homomorphisms induced by Lie
group homomorphisms. The obtained results are applied in Section 5 to establish
the complete multiplication table for the Euler ring U(O(2) x S!). Section 6 is
devoted to several methods for computations of the equivariant gradient degree in
the case G = I' x S!, which are applied to establish a computational database for
G = O(2) x S1. These results are applied in the last section to a periodic-Dirichlet
mixed boundary value problem for an elliptic asymptotically linear variational equa-
tion with O(2)-symmetries.

Acknowledgement. The authors are grateful to Slawek Rybicki for useful
discussions, in particular, for indicating a mistake in an earlier version of this paper.



PERIODIC SOLUTIONS TO O(2)-SYMMETRIC VARIATIONAL PROBLEMS 3

2. Equivariant Topology Preliminaries

2.1. G-actions. In what follows G always stands for a compact Lie group and
all subgroups of G are assumed to be closed.

For a subgroup H C G, denote by N(H) the normalizer of H in G, and by
W(H) = N(H)/H the Weyl group of H in G. In the case when we are dealing
with different Lie groups, we also write Ng(H) (resp. W (H)) instead of N(H)
(resp. W(H)). The following simple fact will be essentially used in what follows.

LEMMA 2.1. (see [1], Lemma 2.55) Given subgroups L C H C G, one has
dim W (H) < dim W(L).
Denote by (H) the conjugacy class of H in G. We also use the notations:
®(G) :={(H): H is a subgroup of G},
®,(G):={(H) € ®(G) : dim W (H) = n}.
The set ®(G) has a natural partial order defined by
(2) (H) < (K) <= 3Jyec gHg ' C K.

A topological space X equipped with a left (resp. right) G-action is called a
G-space (resp. space-G) (if an action is not specified, it is assumed to be a left one).
For a G-space X and x € X, put:

G, :={g € G: gx = x} — the isotropy of x;

(G,) — the orbit type of z in X;

G(z) :={gx : g € G} — the orbit of z.

Also, for a subgroup H C G, we adopt the following notations:

Xp:={reX: G,=H};

X ={zeX: G,DH};

Xy ={reX: (Gs) = (H)};

X ={reX: (G,) > (H)}.

As is well-known (see, for instance, [12]), W (H) acts on X and this action is
free on Xg. All the above notions and notations can be reformulated for a space-G
in an obvious way.

The orbit space for a G-space X is denoted by X/G and for the space-G by
G\X.

Let G; and G2 be compact Lie groups. Assume that X is a Gi-space and
space-Go simultaneously, and g¢1(zg2) = (g12)gs for all z € X, ¢g; € G;, i = 1,2.
In this case, we use the notation Gp-space-Ga. Clearly, X/G; is a space-G2 while
G2\ X is a G1-space. For the double orbit spaces G2\(X/G1) and (G2\X)/G1, we
use the same notation G2\ X /G (this is justified by the fact that both double orbit
spaces are homeomorphic).

In particular, assume X := G and H C G (resp. L C G) is a subgroup acting
on G by left (resp. right) translations. Then G is an H-space-L. Moreover, G/H
(resp. L\G) can be identified with the set of left cosets {Hg} (resp. right cosets
{gL}), L (resp. H) acts on G/H (resp. L\G) by the formula (Hg)l := H(gl),l € L
(resp. h(gL) := (hg)L, (h € H)). In addition, L\G/H can be identified with the
set of the corresponding double cosets. Similar observations can be applied to G
replaced by a G-invariant subset of G.

For the equivariant topology background frequently used in this paper, we refer
to [12, 23, 4, 1.
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2.2. The sets N(L,H), N(L,H)/H and N(L,H)/N(H). Take subgroups
L C H of G and put

(3) N(L,H):={g€G:gLg~ ' C H}.

LEMMA 2.2. Let L, H be as in Lemma 2.1. Then the space N(L,H) C G has
two natural actions: left N(H)-action and right N(L)-action. Thus, N(L,H) is an
N(H)-space-N(L).

PROOF. Since G is an N(H )-space-N (L), it is enough to show that N (L, H) is
invariant with respect to these two actions. Suppose that [ € N(L) and
h € N(H). Then, for g € N(L,H), one has gLg~! C H; thus hgL(hg)~* C
hHh~! = H, and consequently hg € N (L, H). Similarly, gILI"1g~! = gLg~! C H;
thus gl € N(L, H). O

Next, take N (L, H)/H (which is correctly defined by Lemma 2.2). By the same
lemma and observations from Subsection 2.1, N(L, H)/H is a space-N (L) (in fact,
space-W (L)).

LEMMA 2.3. (see [4, Corollary 5.7]) Let L, H be as in Lemma 2.1 and take a
G-space G/H. Then:

(i) (G/H)* is W(L)-equivariantly diffeomorphic to N(L,H)/H ;
(i) (G/H)E contains finitely many W (L)-orbits.

Using Lemma 2.3 and the same argument as in the proof of Proposition 2.52

from [1], one can easily establish the following

LEMMA 2.4. Let L and H be as in Lemma 2.1 Then the set N(L,H)/H is
composed of connected components M;, i =1,2,... k, which are smooth manifolds
(possibly of different dimensions) such that dim W(H) < dim M; < dim W (L).

Given subgroups L C H C G, let M;,i=1,2,...,k, be the connected compo-

nents of N(L, H)/H (cf. Lemma 2.4). Put
Dim N(L,H)/H := max{dim M; : i = 1,2,...,k}.
LEMMA 2.5. Assume that L' C L C H are three subgroups of G. Then
Dim N(L, H)/H < Dim N(L', H) /H.
Proor. Notice that N(L, H) C N(L', H), therefore
N(L,H) c N(L',H)
H H ’

and the conclusion follows. (]

Consider now the set N(L,H)/N(H) and put n(L,H) := |N(L,H)/N(H)]|,
where the symbol |X| stands for the cardinality of X (cf. [21, 26]).

LEMMA 2.6. (see [1], Proposition 2.52) Let L, H be as in Lemma 2.1 and
assume, in addition, that dim W (L) = dim W (H). Then n(L, H) is finite.

The numbers n(L, H), whenever they are finite, play an important role in the
computation of multiplication tables of Burnside rings and the corresponding mod-
ules (and, therefore, may be used to establish partial results on the multiplication
structure of the Euler ring U(G)). However, the main assumption providing the
finiteness of n(L, H) is not satisfied for arbitrary L C H C G. Below we introduce
a notion close in spirit to n(L, H).
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DEFINITION 2.7. Given subgroups L C H C G, we say that L is 9-finite in H
if the space N (L, H)/H is finite. For a given subgroup H, denote by 9(H) the set
of all conjugacy classes (L) such that there exists L € (L) which is 9M-finite in H.
For (L) € M(H) (L C H), put
H

i = [0

where | X| stands for the number of elements in the set X.

REMARK 2.8. Let L, H be as in Lemma 2.1. (i) Take a subgroup L' C L. If
L’ is M-finite in H, then L is N-finite in H (cf. Lemma 2.5).

(ii) It follows immediately from Lemma 2.3 that if W (L) is finite, then L is
N-finite.

(iii) Finally, if W (L) and W (H) are finite, then

m(L, H) = n(L, H) - |W(H)|.

We complete this subsection with the following simple but important observa-
tion.

PROPOSITION 2.9. Let L, H be as in Lemma 2.1. Then G contains a finite
sequence of elements g1 = e (where e is the unit element in G), g2, g3, - .., gn Such
that

N(L,H) = N(H)g1N(L)UN(H)goN(L)U---UN(H)gnN(L),

where N(H)g;N(L) denotes a double coset, for j = 1,2,...,n, and U stands for
the disjoint union.

PROOF. Since the N(H)-space-N(L) N(L,H)/H consists of a finite number
of N(L)-orbits (cf. Lemma 2.3), the space N(L,H)/N(H) also consists of a finite
number of N(L)-orbits. Consequently, the set N(L)\N(L,H)/N(H) is finite and
the result follows. g

2.3. Euler characteristic in the Alexander-Spanier cohomology ring.
For a topological space Y, denote by H¥(Y) the ring of Alexander-Spanier coho-
mology with compact support (see [34]). If H}(Y) is finitely generated, then the
Euler characteristic x.(Y) is correctly defined in a standard way. The following
well-known fact (see, for instance, [34, Chap. 6, Sect. 6, Lemma 11]) is a starting
point for our discussions.

LEMMA 2.10. Let X be a compact CW -complex and A a closed subcomplex.
Then HX(X\A)) =2 H*(X, A;R), where H*(-) stands for a usual cellular cohomology
ring.

From Lemma 2.10 immediately follows

LEMMA 2.11.
(i) Let X, A be as in Lemma 2.10. Then x.(X \ A) is correctly defined and

X(X) = xe(X\ A) + x(4) = x(X, A) + x(A).

(Here x(-) stands for the Euler characteristic with respect to the cellular
cohomology groups.)
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(ii) Let X, A be as in Lemma 2.10, Y a compact CW-complez, B C Y a
closed subcomplex andp : X\ A — Y \ B a locally trivial fibre bundle with
path-connected base and the fibre F a compact manifold. Then (cf. [34,
Chap. 9, Sect. 3, Thm. 1]; [11, Statement 5.2.10]),

Xe(X\ A) = X(F)xc(Y'\ B).

In what follows, we will use two facts on the Euler characteristic related to the
tori actions (cf. Lemma 2.12 and Corollary 2.15).

LEMMA 2.12. (see [23, 24]) Let X be a compact G-ENR-space with G = T™
an n-dimensional torus and n > 0. Then

X(X) = x(X°).
In particular, if X¢ =0, then x(X) = 0.

LEMMA 2.13. Suppose G is abelian, A the diagonal in G x G and X,Y two
G-spaces. Then A := (G x G)/A acts on (X X Y)/A without A-fixed points iff

(p) forany x€X and yeY, Gy -Gy #G,
where “Gy - Gy” stands for a subgroup of G generated by G and G.

ProOOF. Notice that since G is abelian and Hausdorff, A is a closed normal
subgroup in G x G. Thus, A = (G x G)/A = G and A acts on (X x Y)/A.

Observe that if A(z,y) € (X xY)/A is an A-fixed point, then for any ¢1,¢92 € G
(i.e., for any coset A(g1,92) € A), we have that A(giz, g2y) = A(z,y), which is
equivalent to the existence of some g, € G such that (g,91, gog2y) = (,y). Put
to := gog1 and t := gy 'go. Then, from above, we conclude that ((X x Y)/A)4 # 0
iff for any t € G, there exists t, € G such that (t,z,t,ty) = (x,y) for some
(z,y) € X x Y. In terms of isotropies of z,y, the latter requires for any ¢t € G,
we can write ¢ € ¢, 'G, for some ¢, € G, which is equivalent to G C G;* - G, for
somez € X,y€Y,ie, G, -G, =G. O

From Lemma 2.12 and Lemma 2.13 immediately follows

COROLLARY 2.14. Under the assumptions of Lemma 2.13, if X and Y
are compact G-ENR-spaces with G = T™ (n > 0), then condition (p) implies
(X X Y)/A) =0.

COROLLARY 2.15. Under the assumptions of Lemma 2.13, if X and Y are
compact G-ENR-spaces with G =T™ (n > 0) satisfying

(p1) dim G, +dimGy < dimG  forany z€ X and yevy,
then x((X x Y)/A)) = 0. In particular, it holds for G = S, xS =vS =q.
PRrROOF. Notice that (pl) implies condition (p) in Lemma 2.13. O

REMARK 2.16. In what follows, given G-spaces X and Y, we assume X X Y to
be a G-space equipped with the diagonal action (if not specified otherwise).

We complete this section with the standard fact on the Euler characteristic of
the space G/H.

DEFINITION 2.17. A subgroup H C G is said to be of maximal rank if H
contains a maximal torus 7" C G.
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ProprosITION 2.18. Let H C G be a subgroup of G.

(i) If H is not of mazimal rank, then x(G/H) = 0.
(ii) If H is of maxzimal rank, then W (T™) is finite and

X(G/H) = [Wa(T")|/Wu(T")].
In particular, x(G/T™) = |Wg(T™)|.

ProoOF. (i) If H is not of maximal rank, then G/H admits an action of a torus
T* (0 < k < n) without T*-fixed-points, and the result follows from Lemma 2.12.

(ii) Assume H is of maximal rank. Then, for the proof of the finiteness of
Wy (T), we refer to [5, Chap. IV, Thm. (1.5)]. Next, we have a fibre bun-
dle G/T™ — G/H with the fibre H/T"™. Then, by Lemma 2.11(ii), x(G/T™) =
X(H/T™) - x(G/H). On the other hand, by Lemma 2.12 and Lemma 2.3(i),

(4) X(H/T™) = Xx((H/T™")"") = x(Nu (T")/T") = Wi (T")],

from which the statement follows. O

3. Euler Ring, Burnside Ring, Twisted Subgroups
and Related Modules

3.1. Euler ring.
DEFINITION 3.1. (cf. [12]) Consider the free Z-module generated by ®(G)
U(G) = Z[2(G)].

Define a ring multiplication on generators (H), (K) € ®(G) as follows:

(5) (H)«(K)=Y_ ny(L),
(L)e®(G)

where

(6) nr = X.((G/H x G/K)L/N(L))

for x. the Euler characteristic taken in Alexander-Spanier cohomology with com-
pact support (cf. [34]). The Z-module U(G) equipped with the multiplication (5),
(6) is called the Euler ring of the group G (cf. [12, 11]).

PROPOSITION 3.2. (GENERAL RECURRENCE FORMULA) Given (H), (K) €
®(G), one has the following recurrence formula for the coefficients ny, in (5)

(7) ny = x((G/H x G/K)*/N(L)) = > npx(G/L)"/N(L)).
(D>(1)

PrOOF. Let X := G/H x G/K. The projection X5 — X(Z)/G is a fibre
bundle with fibre G/L, which implies that X(LZ)/N(L) — X(Z)/G is a fibre bundle
with fibre ((G/L)¥)/N(L). By Lemma 2.11 (ii),

Xe(X[5) /N(L)) = x(G/L)* /N(L)) - xe(X 7,/ G).
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Therefore (see Lemma 2.11(i)),
WXEND) = Y xelxl /N(D)

(D)=(L)
= > X(G/L)*/N(L) - xe(X 3,/ G)
(D)=2(L)

= 3 W(G/D)PNL)) - xe(Xp/N(D))
@)=(D)

X((G/L)"/N(L)) - ny

=nr+ Y X(G/L)"/N(L))-ng,
(L)>(L)
and the result follows. O
3.2. Burnside ring. The Z-module A(G) = A¢(G) := Z[Po(G)] equipped

with a similar multiplication as in U(G) but restricted only to generators from
®y(G), is called a Burnside ring, i.e., for (H), (K) € ®(G)

K)=) ni(L),  (H),(K),(L) € 2(G),
(L)

where ng, := x((G/H x G/K)/N(L)) = |(G/H x G/K)r/N(L)| (here x stands
for the usual Euler characteristic). In this case, formula (7) can be expressed as
n(L, KW (K) (L, )W (H)| — ¥ 7, 1) n(Zs Dng W (D)
(W(L)| ’

where (H), (K), (L) and (L) are taken from ®,(G).

Observe that since the ring A(G) is a Z-submodule of U(G), it may not be a
subring of U(G), in general. Indeed, consider the following

EXAMPLE 3.3. Let G = O(2). Then (D,,)-(SO(2)) = 0 while (D,,)*(SO(2)) =
(Zn)-

ni =

To see a connection between the rings U(G) and A(G), take the natural pro-

G),
jection 7y : U(G) — A(G) defined on generators (H) € ®(G) by
(H) if (H) € ®o(G),
0 otherwise.

(8) mo((H)) = {
LEMMA 3.4. The map mo defined by (8) is a ring homomorphism, i.e.,
mo((H) * (K)) = mo((H)) - mo((K)),  (H),(K) € ®(G).
PRrROOF. Assume (H) ¢ &¢(G) and
(9) (H)x(K)= Y mg(R).
(R)e®(G)

Then, for any (R) occurring in (9), one has (R) < (H), hence (see Lemma 2.1)
dim W (R) > 0, which means that mo((R)) = 0 and mo((H) * (K)) =0 = wo((H)) -
To((K)) =0 mo(K).
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Thus, without loss of generality, assume (H), (K) € ®¢(G) and

(H)=(K)= > L)+ Y. mg(L).

(L)ED0(G) (L)gD0(GQ)
Then
mo((H)*(K) = > mnpmo((L)= Y. ng(L)
(L)e®o(G) (L)e®o(G)
and
(H)-(K)=Y_ ni(L).
(L)ePo(G)
However,
nr = x((G/H x G/K))L/N(L)) = x((G/H x G/K))L/N(L))
(10) =|[(G/H x G/K)/N(L)| = nf,
and the result follows. O

On the other hand, the following result (its proof is an almost direct conse-
quence of Lemma 2.12) is well-known (cf. [12, Proposition 1.14, p. 231]).

PROPOSITION 3.5. Let (H) € ®,(G) with n > 0. Then (H) is a nilpotent
element in U(G), i.e., there is an integer k such that (H)* = 0 in U(G).

Combining Proposition 3.5 with Lemma 3.4 and the fact that the multiplication
table for A(G) contains only non-negative coefficients (cf. formula (10)), yields

PROPOSITION 3.6. (cf. [18]) Let my be defined by (8). Then 9 = Kermy =
Z[®(G) \ ©o(G)] is a mazimal nilpotent ideal in U(G) and A(G) 2 U(G)/MN.

Summing up, the Burnside ring multiplication structure in A(G) can be used
to describe (partially) the Euler ring multiplication structure in U(G).

3.3. Twisted subgroups and related modules. In this subsection, we as-
sume that I is a compact Lie group and G =T' x S'. In this case, there are exactly
two sorts of subgroups H C G, namely,

(a) H= K x S with K a subgroup of T}

(b) the so-called @-twisted I-folded subgroups K% (in short, twisted subgroups)
defined as follows: if K is a subgroup of I', ¢ : K — S! a homomorphism and
l=1,..., then

K#li={(v,2) e K x S': ¢(y) =2}

Clearly, if a subgroup H C G is twisted, then any subgroup conjugate to H is

twisted as well. This allows us to speak about twisted conjugacy classes in ®(G).

PROPOSITION 3.7. Let G =T x S, where T is a compact Lie group. Given a
twisted subgroup K%' C G, for some |l € N and a homomorphism ¢ : K — S, the
following holds

(11) dim (Ng(K*#")) = dim (Np(K) N Nr(Ker ¢)) + 1.

PROOF. For the homomorphism ¢ : K — S', put L := Ker ¢. Also, for simplic-
ity, write N (K %) for Ng(K*#!), and N(K) (resp. N(L)) for Np(K) (resp. Np(L)).
Notice that N(K%!) = N, x S, where

No:={y € N(K) : p(vkv™") = ¢(k), Vk € K}.



10 ZALMAN BALANOV, WIESLAW KRAWCEWICZ, AND HAIBO RUAN

Hence, it is sufficient to show that dim N, = dim (N(K) N N(L)). By direct
verification, N, C N(K) N N(L), hence dim N, < dim (N(K) N N(L)). To prove
the opposite inequality, consider two cases.

Case 1. @ is surjective.
Since G is compact, without loss of generality one can assume that N(K)NN (L)
is connected (otherwise, one can pass to the connected component of unit e € G).
Fix an element v € N(K) N N(L). Since v € N(K), formula h. (k) := vky~?
defines an automorphism h. : K — K. Since v € N(L), h, induces a homomor-
phism on the factor group K/L, which will be denoted by Bv- Then we have the
commutative diagram shown in Figure 1.

K —*— K/L~§!

[ 2

K —*— K/L~§!

F1cUurE 1. Commutative diagram for surjective .

Take a path connecting v € N(L) N N(K) to e. This path determines a homo-
topy of automorphisms h~, he : K — K which, in turn, determines a homotopy be-
tween the induced automorphisms Bw he : S — S'. However, any automorphism
St — Sl is of the form z — z*. Since any two continuous maps of the circle z — z*
and z — z! are homotopic iff k = I, the automorphism leﬂ, is of the form z — 2!

which means that h, = Id. By the commutative diagram in Figure 1, this implies
o(vky~t) = ¢(k) for all k € K, i.e., v € N,, thus dim (N(K) N N(L)) < dim N,,.
Case 2. ¢ is not surjective.

Take any element v in the connected component of e € N(K) N N(L), and
denote by 0., a path from 7 to e. Define ¢, : [0,1] x K — S by ¢, (t, k) :=
¢ (o4 (t)k(o4(t)) ). Since  is not surjective, ¢, has a discrete image in S*. Hence,
when restricted on a connected component, ¢, is constant, so we have p(vky~!) =
(k) for all k in the same connected component of K. In particular, for any element
7 in the connected component of e € N(K), we have p(vky~1) = (k) forall k € K,
i.e., v € N,, which implies dim N(K) N N(L) < dim N,. O

LEMMA 3.8. Let T' be a compact Lie group, G =T x S' and H = K¥' C G a
twisted subgroup. Then:

(i) 1 <dimWg(H) <1+ dim Wr(K);
(ii) any subgroup H C H is twisted.
PROOF. (i) By definition of twisted subgroup, dim K = dim K¥!. Hence, by
Proposition 3.7,
dim W (K*?') = dim Ng(K#?') — dim K%' = dim Ng(K#') — dim K
(12) = dim (Np(K) N Np(Ker ¢)) — dim K + 1.
Since K C Np(K) N Nr(Ker ¢) and dim (Np(K) N Np(Ker ¢)) < dim Np(K),
1=dimK —dim K + 1 < dim (Np(K) N Np(Ker¢)) — dim K + 1
<dimNp(K) —dim K +1 = dim Wr(K) + 1.
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Therefore, by (12),
1< dimWG(H) < dimWF(K) + 1.
(i) It is obvious that H is twisted by the same homomorphism . O
Lemma 3.8 immediately implies

COROLLARY 3.9. Let G and H be as in Lemma 3.8.
(a) If dim Wp(K) =0, then dimWg(H) = 1.
(b) ®o(G)={(H): HC G, H=K xS" with dim Wr(K) = 0} which means
that
(13) A(G) = A().

PROOF. Statement (a) follows directly from Lemma 3.8(i). To show (b), ob-
serve that by Lemma 3.8(i), (H) ¢ ®¢(G), thus ®o(G) is composed of conjugacy
classes of product subgroups H = K x S* only. Since dim Wg(H) = 0 if and only
if dim Wr(K) = 0, the statement (b) follows.

O

The identification (13) will be systematically used in this paper.

Being motivated by Corollary 3.9(a), put
(@) :={(H) € ®(G): H=K*' for some K C I' with dim Wr(K) = 0}.
COROLLARY 3.10. Let G and H be as in Lemma 3.8. Assume (H) € ®¢(G).

Then, for every (H) € ®1(G) such that (H) < (ﬁ), (H) € 4(G).

PRrOOF. Notice that H cannot be a subgroup of type K x S1, since it would im-
ply dim Wr(K) = 1 and (K) < (K), which would be a contradiction to Lemma 2.1(a).
Thus, H = K¥™, where v : K — S' is a homomorphism and K C K. Since

dimWr(K) = 0, then, by Lemma 2.1(a), dimWr(K) = 0, which implies

(H) € (). 0

REMARK 3.11. Let G and H = K% be as in Lemma 3.8 and dim Wg(H) = 1.
In such a case, it is not clear in general if (H) € ®{(G). However, if the homo-
morphism ¢ : K — S is not surjective, then dim Wr(K) = 0, and consequently
(H) € ®4(G). Indeed, by assumption, Ker¢ is a normal subgroup of K such
that Ker¢ is a component (i.e., a union of connected components) of K, thus
dimKeryp = dim K. Since dim Wr(Kery) > dim Wp(K) (cf. Lemma 2.1), we
have that dim Np(Ker ¢) > dim Np(K). Denote by M, the connected component
of e € Np(K). Choose g € M, and let o : [0,1] — M, be a path connecting
g with e. Put ¢g; := o(t). Since Kery is a component of K, then by the ho-
motopy argument, g; ‘Kerpg; = Ker¢, which implies M, C Nr(Kery). Thus,
dim Np(K) = dim (Np(K) N Nr(Ker ¢)), and by Proposition 3.7,

1 = dim Wg(H) = dim (Np(K) N Np(Ker ) — dim K#! 4 1
=dim Np(K) —dim K + 1 = dim Wp(K) + 1.
Consequently, dim Wr(K) = 0.
In the sequel, we use the following notations:
D1(G) == {(H) € 2:1(G) : (H) ¢ ®1(G)},
O (G):={(H) € ®(G): dimWg(H) =k}, k> 2,
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and

AYG) =Z[®1(G)], AL(G) =Z[®(@)), k=1, A(G):=PAG).

k>1

PROPOSITION 3.12. Let G :=T x S, where I' is a compact Lie group. If (H),

(H) € ®¢(G) then
(14) (H)«(H)= > n(L),

where ny, = 0 for all (L) € ®4(G).

PROOF. Let (L) € ®L(G). Since (H),(H) € ®.(G), we have dim W (L) =
dimW(H) = dimW(H) = 1. By Lemma 2.4, N(L,H)/H and N(L,H)/H are
one-dimensional manifolds. Consider the space

X = (G/H x G/ﬁ)L = (G/H)F x (G/ﬁ)L

~ N(L,H)/H x N(L,H)/H  (by Lemma 2.3(i)).
We claim that

(15) W(X/N(L) = x ((G/H «c/i)" /N(L)) 0.

Put G := N(L) = N, x S, where L = K%!. Notice that N, C T is a closed
subgroup such that K C N, C Np(K). Identify {e} x S! with S! and consider
the composition 7 : S — N(L) — W(L) which maps S onto the connected
component of e € W(L). The homomorphism 7 induces S*-actions on (G/H)*
and (G/H)E, and consequently a T2-action on X. By Lemma 2.3 (ii), the space
N(L,H)/H consists of finitely many N(L)-orbits (in fact, W (L)-orbits), namely
N(L,H)/H = W(L)(p1) U ---UW(L)(px), each of dimension one. Since (L) €
®! (@), so dim St = dim W (L)(p;) = 1, hence the S'-isotropies in W(L)(p;) are
finite subgroups. Similarly, the S'-isotropies in each W (L)-orbit of N(L, H)/H are
also finite. Therefore, all the isotropy groups in X, with respect to the T2-action, are
finite, which implies that T?-orbits in X are two-dimensional and clearly connected.
On the other hand, since dim X = 2, each connected component X; of X is
a T?-orbit. Let us show that all points in X; have the same N(L)-isotropy (and,
therefore, W (L)-isotropy). Indeed, consider z = (Hg, H§) € X;, then T%(z) = X;.
Notice that for any twisted subgroup H , the conjugate g’lﬁ g is also twisted and
since z := (e,z) € {e} x S* C N(H), one has z~'Hz = H. Hence, for (z,%) € T?,
Gr=g 'HgNg 'Hg=2""(g" Hy)z N7} (g HG)Z = Gz 210
Therefore, G, is the same for all z € X;, so N(L)(X;)/N(L) is a one-dimensional
compact manifold of dimension 1. Consequently, so is X/N(L) = X/W (L), thus
V(X/N(L)) =0, i i
Consider the set A of all (L) € ®!{(G) which are the orbit types in G/H x G/H.
If (E) € A is a maximal orbit type in G/H X G/ﬁ, then
\L ~
(G/H x G/H) - (G/H x G/H)Z
and
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(16)  nz = xe ((G/H x G/ﬁr)Z /N(E)) - x( (G/H x G/ﬂr)Z /N(E)) = 0.

However, if (L) € ®!(G) is not a maximal orbit type in G/H x G/H, then we can

assume for the induction that ny = 0 for all (L) € A with (L) > (L). Then, by
applying the recurrence formula (7) and (15), one obtains ny, = 0. O

EXAMPLE 3.13. Let G := O(2) x S'. Then

Bo(G) = {(0O(2) x 81, (SO(2) x S, (D, x S, n=1,2,...},
P1(G) = {(0(2) x Z), (SO(2) x Zy), (Dy, X L),

(0(2)~h),(50(2)7+"),(D;"), (D)), myl = 1,2,... },
®(G) =D (G U{(Zp x SY), m=1,2,...},

Dy(Q) = {(Z x L), (Z£*H, (ZEH, n,1=1,2,...}

(we refer to [1] for conventions).

(a) Consider (H), (H) € ®!(G). By Proposition 3.12, we have that n;, = 0 in
(14) for (L) € 91 (G).

(b) Using the argument similar to the one used in the proof of Proposition 3.12,
one can show that if H and K are subgroups of G with dimW(H) > 1 and
dim W (K) = 2, then

(H) % (K)=0.

Indeed, assume that for some (L) € ®(G) one has that the coefficient ny, in (H)*(K)
is different from zero. Then (L) < (K) which, by assumption and Lemma 2.1,
implies dim W (L) = 2. In particular,

(17) N(L) > SO(2) x S* =T2.

Consider the space

¢ aG\" /ae\" /G\" N(@,K) N(L,H)

(HXK) _(H> X(K) Tk T wm
Combining (17) with Proposition 2.9 implies that N (L, H) and N(L, K) contain T?.
Therefore, X := N(L,H)/H and Y := N(L, K)/K admit T?-actions. Since for z =
Hg € X the isotropy T2 = g 'Hg N T?, thus dimT? < dim H < 1. Similarly, for
y=Kgey, dimTy2 < dimg~'Kg = 0, thus dim T2 + dimTy2 < dim7T? = 2.
Consequently, by Corollary 2.15, x((X x Y)/T?) = 0. If N(L) = T?, then
X((X x Y)/N(L)) = 0. Another possibility for N(L) may be N(L) = O(2) x S*.
Then one can use the fibre bundle (X x Y)/T? — (X x Y)/N(L) to conclude that
X((X xY)/N(L)) =0 as well. If (L) is a maximal orbit type in X x Y, then the
last equality implies n;, = 0. If (L) is not maximal, one can use the same induction
argument as in the proof of Proposition 3.12 to show that ny = 0.

As it was established in [1, Theorem 6.6], there is a natural A(T')-module
structure on A% (G). Namely,

PROPOSITION 3.14. Let T' be a compact Lie group and G =T x S*. Then there
exists a “multiplication function” o : A(T) x AY(G) — AL (Q) defined on generators
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(R) € ®(T") and (K¥*') € ®{(G) as follows:
(R)o (K1) = np (L),
(L)

where the summation is taken over all subgroups L such that W (L) is finite and
L=~"'RynH for some ~ €T, and

G G
nr = |<R < 1 X K¢7l)(L¢Yl) /G .

One can use Corollary 3.9 to establish a relation between the A(T')-module
structure on A% (G) provided by Proposition 3.14 and the ring structure in U(G).
To this end, consider the natural projection 71 : U(G) — A% (G) defined by

o (H) = {<H> if () € ®4(G),
! 0 otherwise.

Then one immediately obtains

PROPOSITION 3.15. Let G be as in Proposition 8.14. If (H) € ®o(G) with
H =K x S' and (H) € ®{(G), then
m ((H) + (H)) = (K) o (H).
REMARK 3.16. Propositions 3.15 and 3.12 indicate that the multiplication table

in the Z-module decomposition U(G) = A(G) ® AL (G) ® A*(G) can be described
by the following table:

* A(G) = A(L) 41(G) A*(G)
A(G) = A(D) A(G)-multip + T% A(T)-module multip +7 T,
AlL(G) A(T')-module multip +7% T, T,
A(Q) T, T, T,

where T, stands for an element from A*(G).

3.4. The Euler ring U(T™). In this subsection we present the computations
for the Euler ring U(T™), where T" is an n-dimensional torus. The following
statement was observed by S. Rybicki.

PRroOPOSITION 3.17. If (H), (K) € ®(T"), and L = HN K, then
(L) ifdimH+dimK —dimL =dimT™,

(H) * (K) = .

0 otherwise.

PrOOF. Put G := T™. Since every compact abelian connected Lie group is a
torus and H and K are normal in G, the groups G/H and G/K are tori. Take
L=HnNK. Since G is abelian, L is the only one isotropy in (G/H x G/K)L with
respect to the N(L) = G-action. Hence,

(H) + (K) = x ((G/H x G/K)" |G) (L),
Next, N(L, H) = G, therefore
(G/H x G/K)" /G = (G/H x G/K) /G.
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Put M := (G/H x G/K)/G. Observe that M is a compact connected G-manifold of
precisely one orbit type (L). Thus, it is of dimension N := dim G/H +dim G/K —
dimG +dimL = dimG — dim K — dim H + dim L. If N := 0, then x(M) = 1,
and if N > 0, then there is an action of a torus on M without G-fixed-points, so
X(M) =0 (cf. Lemma 2.12). O

EXAMPLE 3.18. As an example, describe the Euler ring structure in U(T?).
Obviously,

(18) (T?) % (K) = (K), for all (K)c U(T?).
Next, it follows from Proposition 3.17 that if (H) * (K) is non-trivial for some
(H),(K) # (T?), then dim H = dim K =1 and K # H.

For simplicity, identify T2 with SO(2) x S. Then dim H = 1 for (H) € ®(T?)
implies H =Z,, x S', n=1,2,... or H is twisted. The twisted 1-folded subgroups
of SO(2) x St are: SO(2)%™, p, : SO(2) — S, p(z) = 2™, m =0,+1,£2, ...,
(notice SO(2)%° = SO(2)); Z¢™, m = 0,1,2,...,n — 1 (in the case n is even and
m = %, we write Z¢ instead of Zn? and put Z, instead of Z¥°). Taking into
account (18), the full multiplication table for U(T?) is presented in Table 1.

(Zn x S") [ (SO2) x Zu,) | (Zm X Zny) | (SO2)*m 1) | (ZgH")
(Z,, x ST) 0 (Zy, X T,) 0 (Zgm M) 0
(SO(2) x Zy,) | (Zmm x Z,) 0 0 (Zim, X Z2y) 0
(Zn, X Zuty) 0 0 0 0 0
(SO@)#m2) | (Zgm'2) (Zn x Z) 0 (Z5%,) 0
(SO(2)#=mt2) | (Zm x Zy,) (Zn, % ) 0 (Zg;il) 0
(Z5 1) 0 0 0 0 0

TABLE 1. Multiplication Table for the U(T?)

4. Euler Ring Homomorphism

4.1. General case. Let 1 : G’ — G be a homomorphism between compact
Lie groups. Then the formula ¢’z := ¥(¢')x defines a (left) G’-action on G (a
similar procedure can be applied to right actions). In particular, for any subgroup
H C G, the map 1 induces the G’-action on G/H with

(19) o =¥ (gHg™h).
In this way, ¢ induces a map ¥ : U(G) — U(G’) defined on generators by
(20) U((H)) = Y x((G/H)/G)(H).

(H)ed(G”)

LEMMA 4.1. The map ¥ defined by (20) is the Fuler ring homomorphism.

ProOOF. Combining formulae (6), (20) and Lemma 2.11 one obtains (cf. also
4, p. 83])
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U((H) = (K)) = m(%xC((G/H x G/K)1)/G) - (L))
- (XL):XC((G/H X G/K)1)/G) - ¥(L)
- (zL:XC (G/H x G/K)(1)/G) Z)xc (G/L)wH/G") - (L)
=D > xe((G/H x G/K) 1) /G)xe((G/L) 1)/ G') - (L))
On the other hand, o

U(H) * U(K)

= xe((G/H)un /G) - (H) x> xe((G/K) k) /G') - (K')
(1) (K7)

= > X((G/H)un /G )xe((G/K) ) /G) - (H') % (K')
(H)(K")

= Y xe((G/H)un /G xe(G/K)xn /G) - Y xe((G'/H x G'[K") 1 /G') - (L)
(H)(K") )

=3 > xe((G/H) /G xe(G/K) iy /G )xe (G JH' x G'[K") 1y /G') - ().
(L) (H).(K")

Put

np =Y Xe((G/H x G/K)(1)/G)xe((G/L) 1)/ G"),
(L)
mpi= > Xel(G/H) ) /G )xe((G/E) 1) /DX (G H' X @' [K') 1)/ G).
(H'),(K")
We need to show that for all G’-orbit types (L') in G/H x G/K
(21) ng = mrpr.
Consider ur: := x.((G/H x G/K)1/G") = xc((G/H x G/K)p /[N(L")). 1f
(L) is a maximal orbit type, then
ure = Xe(G/H x G/ K)o [N(L') = xo(G/H x G/K)*' IN(L')
= X(G/H x G/K){1,/N(L"),
(L)

where the union is taken over all (L)-orbit types occuring in (G/H x G/K)¥
(considered as an N(i(L'))-space) (cf. (19)). Using the fibre bundle G/L —
(G/HXG/K) 1) — (G/HxG/K)(1,)/G, we obtain that (G/HxG/K){ /N(L') —
(G/H x G/K)(1)/G is a fibre bundle with the fibre (G/LY)/N(L'). Thus,
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up = x((G/H x G/K)* IN(L')) = "x((G/H x G/K){, /N(L'))
(L)
= X((G/H x G/K)(1)/G)x((G/L*)/N(L"))
(L)
=Y X((G/H x G/K) 1)/ G)xe(((G/ L)1) /N(L')) = np.
(L)
In the case (L) is not a maximal orbit type, assume, by induction, that uz, =
ng, for all (L') > (L'). Then
ur = xe((G/H x G/K)r /[N(L'))

= X((G/H x G/K)Y IN(L')) = > xe((G/H x G/K)g,/NL')

(L)>(L")
Y((G/H x G/K)* - > ug,
(L)> (L")
= X((G/H x G/K) 1) /G)X(G/L*)/N(L) = > uz,
(L) (L")>(L")
= Y S (G/H x G/K)1)/G)X((G/L)/NL) = 3 g,
(Ly>(r") (L) (L)>(L)
= Z ng, — Z uz, =nr + Z nL, uL, =nr,
(Z)>(L") (L)>(L) (L)>(L)

On the other hand, in the case (L’) is a maximal orbit type,

(G/H x G/K)1 [N(L') = (G/H x G/K)¥ IN(L')

= U (@M x (G/K) )" /N(I),
(H"),(K")

where the union is taken over all (H')-orbit types (resp. (K’)-orbit types) occur-
ing in (G/H)Y (resp. in (G/K)%'), considered as an N(L')-space. By using the
fibre bundles G'/H" — (G/H) gy — (G/H)a/G" and G'/K' — (G/K) k) —
(G/K)k/G', we obtain the product bundle G'/H' x G'/K' — (G/H): X
(G/K)(ky — (G/H)(a)/G" x (G/K) g+ /G'. Therefore,

(G/H) iy < (G/K)xen)* IN(L) = (G H) ) /G X (G K 1y /G
is a fibre bundle with the fibre (G'/H’ x G'/K')*" /N(L'). Consequently,
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up = X((G/H x G/K)Y IN(L) = 3" X((G/H) ) x (G/K) k)™ /N(L))
(H"),(K')

Z ((G/H) ) /G X (GE) e /GG JH x G K IN(L'))
Z ((G/H) 1)/ G (G K) s /X JH x G JK") [N (L))

Z (G H) 11 |GG K )y [CIX((C [H x G /K)o /N (L))
(H"),(K")

In the case (L') is not a maximal orbit type, by applying induction over the orbit
types in the same way as above,

Xe(G/H x GJK) 1 /N(L)) = x((G/H x G/K)Y IN(L) = 3 g,
(L)>(L")

= Y (el G/H)un /G )x((G/K) e /G
(#).(K")

X(GH < G /K N = > g,

(L)>(L")

g mg, — E Uz, =mps + E (mz, —uz))

(L)>(L) (N> (ZN>(L)

=myr.
Therefore, the statement follows. O

REMARK 4.2. The result stated in Lemma 4.1 was obtained in [12], with a proof
containing several omissions. We present here an alternative proof for completeness.

ExaMPLE 4.3. Consider the simplest example of Euler ring homomorphism.
Namely, assume that G is a compact Lie group and denote by Z; the trivial sub-
group {e} C G. The inclusion v, : Z; — G induces the Euler ring homomorphism

U, :U(G) = U(Zy) ~ 7.
y (20), we have that for (H) € ®(G),
Vo(H) = Xx(G/H)(Zy).
It follows from Proposition 2.18,

0, i
We(T")|/IWa(T")] - (Z1), i

(22) V,(H)= { i (H) is not of maximal rank,

(H) is of maximal rank.

4.2. Euler ring homomorphism V¥ : U(G) — U(T™). Below we specify
the homomorphism 9 : G — G to the case G = T" — a maximal torus in G and
1 : T™ — G — the natural embedding. Then the homomorphism ¥ takes the form

(23) V(H)= Y x(G/H)uo/T") - (K),

(K)ee(T™)
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with K = H'NT", H' € (H). Observe, by the way, that since all the maximal
tori in a compact Lie group are conjugate (see, for instance, [5, p. 159]), the
homomorphism (23) is independent of a choice of a maximal torus in G.

We will show that ¥ can be used to find additional coefficients for the multi-
plication formulae in U(G). To compute ¥, we start with the following

PROPOSITION 4.4. Let T™ be a mazimal torus in G and the homomorphism ¥
is defined by (23). Then

U(T") = [W(TM(T™) + D ne(T'),
(T7)
where T' = gT"g= 1 N'T™ for some g € G and (T") # (T™).

PRrOOF. By Proposition 2.18, the Weyl group W (T™) is finite and the coefficient
of U(T™) corresponding to (T™) can be computed as follows (cf. (23)):

Xe((G/T™)my /T™) = x((G/T™)T ) T™) = x((G/T™)™ /T™)
(7)1 (M) - e
([l

Proposition 4.4 tells us what is precisely the coefficient of ¥(7™) related to T".
In general, to compute a coefficient related to an arbitrary (K) in (23), one can use
the following

PROPOSITION 4.5. (RECURRENCE FORMULA) Let T™ be a maximal torus in
G, v : T" — G a natural embedding, and ¥ : U(G) — U(T™) the induced homo-
morphism of the Euler rings. For (H) € ®(Q), put

V(H) = nk(K),
(K)

where (K)’s stand for the orbit types in the T"™-space G/H, i.e., K = H' NT™ with
H' = gHg™! for some g € G. Then, for K=H' NT",

N(K,H) , .
(24) we=x (M) - S g
(K)>(K)
Proor. Put X := G/H. Then
(K) n __ _ n
X = ~U X ) /T",
(K)>(K)
which (since T™ is abelian) implies
WX = 3 (X /T = Y xelXp/T).
(K)>(K) (R)>(K)

Therefore,
Xe(Xk/T™) = x(X/T") = > xeXg/T™).

(K)>(K)

To complete the proof, it remains to observe that XX /T™ = W/T" (see
Lemma 2.3(i)) from which (24) follows directly. O
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ExAMPLE 4.6. Consider the natural embedding ¢ : T2 := SO(2) x ST — O(2) x
S1, which induces the homomorphism of Euler rings ¥ : U(O(2) x S') — U(T?).
Using Proposition 4.5 one can verify by direct computations that:

T(0(2) x 8Y) = (SO(2) x §Y), T(SO(2) x 81) = 2(SO(2) x S*)

U(D,, x SY) = (Z, x S*), U(Z x SY) = 2(Zy, x SY)
V(0(2) x Z) = (SO(2) x Zy), V(SO(2) x Zy) = 2(SO(2) x Z)
(D X Zl) = (Zn X Zl), (Z X Zl) = 2(Z X Zl)
U(0(2)~") = (SO(2) x Z), U(50(2)7m") = (SO(2)7™") + (SO(2)#-m1)
V(DY) = (Zn x T), U(Dyy) = (23})
W(ZEm ) = (2 + (28, W(Zgy) = 2(Z3y)

where all the symbols used follow the convention established in [1].

We conclude this section with a brief explanation of how to use the homomor-
phism ¥ : U(G) — U(T™) to compute the multiplication structure in U(G).

The knowledge of the Burnside Ring A(G) (cf. Lemma 3.4 (see also [12], [1])),
the module A!(G) (cf. Propositions 3.14 and 3.15, Remark 3.16 (see also [1])),
Proposition 3.12 as well as some ad hoc computations of certain coefficients in
the multiplication table for U(G) (cf. Example 3.13) may provide some partial
information on the structure of U(G). Thus, taking some (H), (K) € ®(G), one
can express (H) x (K) as follows

(L)

(L")
where ny, are “known” coefficients while zy, are “unknown”. On the other hand,
Proposition 3.17 allows in principle to completely evaluate the ring U(T™) (cf. Ex-
ample 3.18). Since we also know the homomorphism ¥ (cf. Propositions 4.4-4.5),
one has that

(26) W((H)) * = S (L") € U(T™),
(L")

where all the coefficients ny» are “known”. Applying the homomorphism ¥ to (25)
and comparing the coefficients of the obtained expression with those obtained in
(26) (related to the same conjugacy classes) leads to a linear system over Z from
which, in principle, it is possible to determine some unknown coefficients in (25).
However, it might happen that the number of equations in the above linear system
is less than the number of unknowns. Summing up, the more partial information
on U(G) we have, there is a better chance to compute the remaining coefficients.

In the next section, we will illustrate the described strategy by computing the
multiplication table for U(O(2) x St).

5. Euler Ring Structure for U(O(2) x S!)

As an example, we apply the above obtained results to the group G := O(2) x
St and using the Euler ring homomorphism ¥ : U(O(2) x S') — U(T?) (based on
the known structure of the Euler ring U(T?), see Table 1), we compute the Euler
ring structure for U(O(2) x St).
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(H) (SO(2) x ST (D % ST (Zm x ST
(SO(2) x ST) 2(S0(2) x S1) (Zm x ST) 2(Zm x ST)
(Dy x SV) (Zn x S1) {Q(D’“ X %)~ (B x 57) {(Z’“ X 5%
" " k = ged(m,n) k = ged(m,n)
(Zn x S1) 2Zn x S1) {;Zk x j(l) : 0
= gcd(m,n
(0(2) x Z) (SO(2) x Zy) (D) % Zy) (Zm X )
(50(2) X Zl) 2(50(2) X Zl) (Zm X Zl) Q(Zm X Zl)
(Dy % Z) (Zn % T) {i(D’“ Xd(Zl) _)(Z’“ x L), 0
= gcd(n,m
(Zon X Zy) 2(Zn, X Zy) 0 0
0(2)~ (SO(2) x Zy (D3 (Zm X )
(SO(2)#rt) 2(SO(2)#h) @zt 225"
z,l
(DEY) (Zn % Zy) {Q(Dk ) = (2 X T), 0
k =gcd(m,n
(D3) e
{% = ged(m, 2n), (23;) 205 — (3 0
2k tn
(D5
{k = ged(m, 2n), (Z5) (Di x Z4) + (DY) — (Zie x Zy) 0
k|n
(ze+h 2(zEFh 0 0
@5 2(25,)) 0 0

TABLE 2. Multiplication Table for U(O(2) x S*)

Let us illustrate the computations of the ring structure of U(O(2) x S') with

two examples.

EXAMPLE 5.1.

(i) Consider, for example, two orbit types (D,, x S1), (DZ!) € ®(O(2) x S1).
The O(2) x S'-space

0(2) x St

0(2) x St
D, x S1

7
Dy,

is composed of two orbit types: (DZ’I) and (Zy x Z;), where k = ged(n, m). Since
(see [1, Table 6.13])

(D x 8% 0 (D) = 2D},
we know that (cf. Proposition 3.15)
(27) (D x 81) # (D) = 2(D) + 2(Zy x Z),

where z is an unknown integer. Using the ring homomorphism ¥ : U(O(2) x S!) —
U(T?), we obtain (see Example 4.6 and Table 1)

U((Dm x 8Y) (D7) = U((Dyn x S1)) + ¥((D7))
= (Zy x SY) % (Z,, x Zy) = 0.
On the other hand, by applying ¥ to (27),
U((Dm x SY) % (DZh) = 2\Il(Dz’l) + 2V (Zy X Zy) = 2(Zy, X Zy) + 22(Zy, X 7y),
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which implies that x = —1, so
(D x SY) % (D2Y) = 2(DY) — (2, x 7).
(i) Similarly, take (D,, x S*) and (D%') € ®(O(2) x S*) and consider the orbit
types occurring in the O(2) x S'-space
0(2) x St " 0(2) x St
D,, x St Dg;f '

We have two cases: (a) (ngl) and (Zg}j), where 2k = ged(m, 2n) and 2k 1 n; (b)
(DY), (Dy x Zy) and (Zy, x Z;), where k = ged(m, 2n) and k|n. Notice that
d,l : _
(Do x SV 0 (D&Y = 2(DZQlk) if 2k = ged(m,2n), 2k t n,
(D) + (D x Zy) if k= ged(m,2n), kin,
thus
(Do xSV (D) = 2(Dg,’€l) + m(ngl) if 2k = ged(m,2n), 2kt n
" 2n (DD + (Dy X Zy) + 2(Zy, x Zy)  if k = ged(m, 2n), k|n.

Then, in the case 2k = ged(m, 2n), 2k 1 n, by applying the homomorphism ¥, we
obtain

0= (Zm x §')  (Zy,) = U((Dm x §*) * (D3,))
= 20(Dy})) + xU(Zy}) = 2(Z3}) + 2x(Z5})),
which implies again = —1. Similarly, in the case k = ged(m, 2m), k|n, we have
0= (Zn x ") * (Z5,) = U((Dm x §") % (D3y))
= U(DY) + U(Dy X Zy) + 20(Zy, x Zy)
= (Zi X ) + (Zy, X Zy) + 22(Zy, X Zy),
which implies = —1 (here k = ged(m, 2n)).

The multiplication table for U(O(2) x S*') is mainly presented in Table 2. In
addition, we have the following non-zero products

(SO(2)%m"1) % (0(2) x Zy,) = 2(Zn x L),
(SO@)#n11) + (SO2) X Z,) = 2T, % Ta),
(SO@)#"1) % (0(2)™") = 2(Zn x T),
(SO(2)m1) = (SO(2)Pm12) = (Z52y,) + (L), n>m
(SO(2)#1) # (SO(2)92) = 2(Z3y,),
where | = ged(ly,12). All other products (except for those containing (O(2) x S1),
which is the unit element in U(O(2) x S!)) are zero.
6. Equivariant Gradient Degree

Let V be an orthogonal G-representation, 2 C V a bounded invariant open
subset and f : V — V an Q-admissible (i.e., f has no zeros on 992) G-gradient map).
In this setting, K. Geba assigned to f the so-called G-gradient degree (denoted
V-deg (f,€Q)) taking its values in the Euler ring U(G) (see [17]; cf. Definitions 6.1,
6.2 and formulae (28), (29)).
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This degree contains a complete topological information on the symmetric prop-
erties of zeros of f. However, the computation of Vg-deg (f,2) is a complicated
task, in general. In this section, we establish several formulae useful for effective
computations of the equivariant gradient degree.

6.1. Construction of G-gradient degree and basic properties. Let us
recall the construction of the G-gradient degree (cf. [17]) and present some of its
properties.

DEFINITION 6.1.

(i) A map f:V — V is called G-gradient if there exists a G-invariant C'-
function ¢ : V' — R such that f = Vy. Similarly, one can define a G-gradient
homotopy.

(ii) Denote by 7M the tangent bundle of M. Take x € V and put H := G,
W := 7.V ©71.G(x). The orbit G(x) is called a regular zero orbit of f if f(x) =0
and K f(x) := Df(z)|w, is an isomorphism. Also, define the indez of the regular
zero orbit G(x) by i(G(x)) := sign det K f(z).

(iii) For an open G-invariant subset U of V(g such that UcC Vim), and a small
e > 0, put

NUe)={yeV :y=z+v,xcUv LVig,l|v| <e},

and call it a tubular neighborhood of type (H). A G-gradient map f : V — V|
f == Ve, is called (H)-normal, if there exists a tubular neighborhood N (U, €) of
type (H) such that f~'(0) N Qg € N(U,e) and for y € N(U,e), y = x + v,
zeUv LV,

oly) = p(a) + 5ol

The following notion of Vg-generic map plays an essential role in the construc-
tion of the G-gradient degree presented in [17].

DEFINITION 6.2. A G-gradient 2-admissible map f is called Vg-generic in )
if there exists an open G-invariant subset €2, C €2 such that (i) f|q, is of class C;
(i) f71(0) N Q C Qo; (iii) f~1(0) N Q, is composed of regular zero orbits; (iv) for
each (H) with f~1(0)NQxy # 0, there exists a tubular neighborhood N (U, ) such
that f is (H)-normal on N (U, ¢).

As it was shown in [17], any G-gradient Q-admissible map is G-gradiently
homotopic (by an -admissible homotopy) to a map which is Vg-generic in Q.
Define a G-gradient degree for a G-gradient admissible map f by

(28) Va-deg (f,Q) == Ve-deg (fo, Q) = > ng - (H),
(H)e®(G)
where f, is the Vg-generic approximation of f and
(29) = S iG),
(Gao,)=(H)
with G(z;)’s being isolated orbits of type (H) in f,1(0) N Q.
We refer to [17] for the verification that Vg-deg (f, §2) is well-defined and sat-

isfies the standard properties expected from a degree: FExistence, Additivity, Homo-
topy (G-Gradient) and Suspension (cf. [1]). In addition,
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(MULTIPLICATIVITY) Let V and W be two orthogonal G- representatzons V-V

(resp. f: W — W) a G-gradient Q-admissible (resp. Q- admissible) map, where
QCV and QC W. Then

Va-deg (f x f,Q x Q) = Vg-deg (f,Q) * Vg-deg (f,Q),
where the multiplication “’ is taken in the Euler ring U(G).

(FUNCTORIALITY) Let V' be an orthogonal G-representation, f : V. — V a G-
gradient Q2-admissible map, and ¢ : G, — G a homomorphism of Lie groups. Then
¥ induces a Go-action on V' such that f is an Q-admissible G,-gradient map, and
the following equality holds

(30) V[Ve-deg (f,Q)] = Vg, -deg(f, ),
where W : U(G) — U(G,) is the homomorphism of Euler rings induced by .

REMARK 6.3. Suppose that V := R™ is a Euclidean space and f : V — V
an Q-admissible gradient map. Then one can consider V' to be the representation
of the trivial group Z;. It is easy to notice that in such a case Vy,-deg(f,§2) =
no(Z1) € U(Z1) ~ Z is exactly the Brouwer degree deg(f, ) = n,.

EXAMPLE 6.4. Let V be an orthogonal G-representation, f : V — V a G-
gradient Q-admissible map. Consider the trivial homomorphism v, : Z; — G (see
Example 4.3). Then, by the Functoriality property,

Vo[Va-deg (f, Q)] = deg(f,9),
where deg(f, ) stands for the usual Brouwer degree Put

V-deg (f,Q ZTLH

(H)

Then, by applying (22), we obtain that

(31) deg(f,) = > nm|We(T")|/|Wu(T"),

(H)e®m (G)
where @,,,(G) := {(H) € ®(G) : H of maximal rank} and 7" is a maximal torus
in G.

REMARK 6.5.

(i) Formula (31) is nicely compatible with the corresponding result from [7],
where the case of an arbitrary equivariant continuous f (in general, non-gradient)
was considered (see also [33]; for the case of maps equivariant with respect to two
different actions, see [26]).

(ii) In a standard way, the notion of G-gradient degree can be extended to
compact G-equivariant gradient vector fields on Hilbert representations. In what
follows, we will use the same notation for this extended degree.

REMARK 6.6. Suppose that G = S' and consider an Q-admissible G-gradient
map f:V — V. Then

Vgi-deg(f,Q) = na(S) + an 7

where S is the only subgroup of maximal rank. Therefore, by (31), deg(f,2) =
ng. Thus, it is clear that the Brouwer degree ignores all the coefficients ny,



PERIODIC SOLUTIONS TO O(2)-SYMMETRIC VARIATIONAL PROBLEMS 25

k = 1,2,..., containing the information about the solutions = € Q to f(z) = 0,
with the isotropies G, # S'. For variational problems related to finding periodic
solutions to an autonomous differential equation, these isotropies correspond ex-
actly to non-constant periodic solutions. This justifies a commonly ‘well-known’
fact that the Leray-Schauder degree is “blind” to non-constant periodic solutions
in such systems.

We complete this subsection with the following

LEMMA 6.7. Let V be an orthogonal G-representation, Q C V an open bounded
G-invariant set and f :'V — V a G-gradient Q-admissible map. Then, for every
orbit type (L) in Q, the map fL = flyr : VE — VI is an QL-admissible W (L)-
equivariant gradient map. Moreover, if

Ve-deg (£, = > nx(K), and Vwy-deg(f£,Q5) = > mu(H),
(K)e2(G) (H)e®(W (L))

then

(32) nrp =mzg,,

where Zy = {e} and “e” stands for the identity element in W (L).

PRrROOF. By the homotopy property of G-gradient degree, without loss of gen-
erality, one can assume that f is Vg-generic in Q. Therefore, f* is Vg-generic in
QL and formula (32) follows from the construction of G-gradient degree. g

6.2. Equivariant gradient degree of linear maps. In several cases
(important from the application viewpoint), using the standard linearization tech-
niques, one can reduce the computation of Vg-deg (f, Q) to Vg-deg (A4, B), where
A:V — V is a G-equivariant linear symmetric isomorphism and B is the unit ball
in V. By suspension and the homotopy property,

Vg-deg (A, B) = Vg-deg (—1d, B-),
where B_ stands for the unit ball in the negative eigenspace E_ of A, i.e., we con-
sider the negative spectrum o (A) of Aand put E_ := B, (1) E(n), where E(p)
is the eigenspace corresponding to p. Consider the complete list of all irreducible
G-representations P;, i = 0,1,..., and let
V=WweVie---aV,

be the G-isotypical decomposition of V', where the isotypical component V; is
modeled on the irreducible G-representation P;, i = 0,1,...,7. Since for every
p € o_(A) the eigenspace E(u) is G-invariant,

E(p) = Eo(p) @ Ey (1) & -+ @ Er(p),
where FE;(p) := E(u)NV;,i=0,1,...,r. Put
(33) m;(p) = dim E;(p)/dimP;, ¢=0,1,2,...,7.

The number m;(u) is called a P;-multiplicity of the eigenvalue p. By applying the
multiplicativity property, we obtain

Vo-deg(~1d,B_) = [] []Ve-deg(-1d,B;)™,
pea_(A)i=0

where B; stands for the unit ball in P;.
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The operator —Id on irreducible G-representations plays an important role in
computations of the equivariant gradient degree for linear maps, which motivates
the following

DEFINITION 6.8. For an irreducible G-representation P;, put
(34) Deg p. := Vg-deg (—1d, B;),
and call Deg p, the P;-basic gradient degree (or simply basic gradient degree).

Consequently, we obtain the following computational formula

(35) Vo-deg(4,8) = ][] H Deg p,
peo_(A)1=0
where Deg 5, is defined by (34) and m;(u) is defined by (33).

Observe, however, that for arbitrary G, the computation of Deg p, is still dif-
ficult. In this section, we develop a method for the computation of Degp. in the
case G = I' x S1, where I' is a compact Lie group. The main ingredients of the
method are:

(i) for each (L) € ®(G), the np-coefficient of Degp, can be computed via the
W (L)-gradient degree of the restriction to VL (cf. Lemma 6.7);

(ii) if (L) € ®(G), then the computation of the related W (L)-gradient degree
can be done using a canonical passage to the so-called orthogonal degree (cf. for-
mulae (39)—(45));

(iii) the computation of basic gradient degree related to the maximal torus-
action usually is simple, therefore the remaining (non-twisted) coefficients n;, can
be computed using the homomorphism ¥ : U(G) — U(T™) and the information
obtained for the twisted orbit types.

6.3. Orthogonal degree for one-dimensional bi-orientable compact
Lie groups. In this subsection, G stands for a one-dimensional compact Lie group
which is bi-orientable (i.e., admitting an orientation which is invariant with respect
to both left and right translations), V' denotes an orthogonal G-representation and
Q C V stands for an open bounded invariant subset.

It turns out that one can associate to any G-gradient (2-admissible map
f:V — V (in fact, more generally, to any orthogonal map (see Definition 6.9)) a
G-equivariant map f : R®V — V in such a way that the primary degree of f (see
[1] for details) is intimately connected to Vg-deg (f,€2). Observe that in the case
G =T x S! with T finite, a similar construction was suggested in [29, 1] (see also
[30]). Since our exposition is parallel to [29, 1], we only briefly sketch the main
points starting with the following

DEFINITION 6.9. A G-equivariant map f : V — V is called G-orthogonal on €,
if f is continuous and for all v € €, the vector f(v) is orthogonal to the orbit G(v)
at v. Similarly, one can define the notion of a G-orthogonal homotopy on €.

It is easy to see that any G-gradient map is orthogonal, however (see [1, Exam-
ple 8.4]), one can easily construct an orthogonal map which is not G-gradient ™).

(*) Observe that autonomous systems of ODEs admitting the first integral lead to S'-
orthogonal maps. An S!-equivariant degree with rational values was constructed for such sys-
tems by Dancer and Toland (cf. [10]). One can easily show that the values of this degree can be
obtained from the corresponding S!-orthogonal degree.



PERIODIC SOLUTIONS TO O(2)-SYMMETRIC VARIATIONAL PROBLEMS 27

To associate with an orthogonal map a G-equivariant map (and the correspond-
ing primary degree) some preliminaries (related to G-orbits) are needed.

Take the maximal torus T of G' (=the connected component of e € G), choose
an orientation on T invariant with respect to left and right translations and identify
T' with S*. The chosen orientation on 7' = S! can be extended invariantly on the
whole group G. We assume the orientation to be fixed throughout this subsection.

Next, take a vector v € V' and define the diffeomorphism

(36) o 1 GGy — G(v),  po(9Gy) = go.
Take the decomposition
(37) V=vSoev, v.=vS)h

If v € VS', then dim G, = 1 so that the orbit G(z) & G/G, is finite and, therefore,
admits the “natural” orientation.

Ifvd VSI7 then G, is a finite subgroup of G, and by bi-orientability of G, both
(left and right) actions of G,, preserve the fixed orientation of G. Therefore, G/G,
has a natural orientation, induced from G. Consequently, the orientation obtained
by (36) (again by bi-orientability of G,,) does not depend on a choice of the point
v from the orbit G(v) (cf. [1], Remark 2.43).

Summing up, in both cases (v € VS' and v € V'), G(v) admits a “natural”
orientation, although exhibits different algebraic and topological properties. Hence,
given an orthogonal map f, the orbits of f~1(0) belonging to VS and those be-
longing to V \ V¥ " contribute in equivariant homotopy properties of f in different
ways, and one needs to “separate” these contributions. To this end (as well as to
make the construction of the “orthogonal degree” compatible with the suspension
and other properties of the primary degree), we use the following concept.

DEFINITION 6.10. Let f : V. — V be G-orthogonal on 2. Then f is called
S1-normal on € if

(38) 550 Vyeqst Yy vst llull <d = flz+u)=f(z)+u
Similarly, one can define the notion of G-orthogonal S!-normal homotopy on €.
Literally following the proof of Theorem 8.7 from [1], one can establish

PROPOSITION 6.11. Let f : V — V be a G-orthogonal Q-admissible map. Then
there exists an Q-admissible G-orthogonal S*-normal (on Q) map f, : V. — V
which is G-orthogonally homotopic to f (on Q). In addition, a similar result for
G-orthogonal S*-normal homotopies is also true.

We are now in a position to define an orthogonal degree. Consider v € V' and
the map ¢, : G — G(v) given by

(39) eu(g) =gv, gE€QG.

Clearly, ¢, is smooth and Dy, (1) : 71(G) = 71(S!) — 7,(G(v)). Since the total
space of the tangent bundle to S' can be written as

7(SY) = {(2,7) € Cx §' : 2 L v} = {(ity,7) € C x S* : t € R},
the vector

(40) T(v) := D, (1)(2) = }g% % [e"v —v]
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is tangent to the orbit G(v) (here, e''v stands for the result of the action of e’ € S*
on v € V). In the case v ¢ V', we have 7(v) # 0.

Next, take a G-orthogonal Q-admissible map f : V — V. By Proposition 6.11,
there exists a map f, : V — V which is G-orthogonal S'-normal on Q and G-
orthogonally homotopic to f. Consider decomposition (37). Since f, is S*-normal,
there exists § > 0 such that for all z € QN VS" and u € Vv,

folx +u) = folx) +u, provided |ull <.
Take the set
(A1)  Us={tv)e(-1,)xQ:v=a+u, 2V, ueV, |u|>6},
and define f, : R&V — V by
(42) fot,0) = fo(v) +t7(v), (t,v) ERBV,

where 7(v) is given by (40). It is clear that f, is G-equivariant and Us-admissible.
Set fo := folys1. Obviously, f, : VS — VS is G-equivariant (in fact, G/S'-
o 1 o

equivariant) and Q% -admissible.
Put

A(G) = 7Z[®(G)], @] (G):={(H) <€ ®(G): W(H) is bi-orientable},
AT (G) = Z[2] (G)].

Define the orthogonal G-equivariant degree G-Deg®(f,2) of the map f to be
an element of Ay(G) @ Af (G) C Ao(G) @ A1(G) =: U(G) given by

(43) G-Deg”(f,9) := (Degls(f,2), Degh(£, ) )
where Degl(f,Q) € Ao(G) is

(44) Degls(f. Q) := G-deg(f,, @),

and Degg(f, Q) € A1(G) is

(45) Degg; (f,9) = G-Deg (fo, Us)-

Here (and everywhere below) “G-deg” stands for the G-equivariant degree without
free parameter while “G-Deg” denotes the primary G-equivariant degree (cf. [1]).

One can show (cf. [1]) that formula (43) is independent of a choice of a G-
orthogonal S'-normal approximation f,. Moreover, the orthogonal degree defined
by (43) satisfies all the properties described in Theorem 8.8 from [1].

We complete this subsection with the following result connecting the orthogonal
and G-gradient degree in the case G is a compact one-dimensional bi-orientable Lie

group.
PROPOSITION 6.12. Let f:V — V be a G-gradient Q-admissible map. Then

VG'deg (f, Q) = (Deg%’(fv Q)a _Degé(fv Q)>7

where Degl(f,Q) € Ag(G) is defined by (44) and Degg(f,Q) € AT (G) is defined
by (45)-

PROOF. The proof of this proposition follows the same scheme as the one of
Theorem 4.3.2 from [29] and, therefore, is omitted here. O
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6.4. Computations for I' x S'-gradient degree. In this subsection, we
assume G = I' x S, where I' is an arbitrary compact Lie group. Let V be an
orthogonal G-representation and 2 C V' a bounded open invariant subset. Our
goal is to establish (by means of the results and constructions from Subsections 6.1
and 6.3) some formulae useful for the computations of G-gradient degree. As an
example, basic gradient degrees for G = O(2) x S! are computed (cf. Definition 6.8
and formula (35)).

Take a G-gradient Q-admissible map f : V' — V. For every orbit type (L) €
@Y (@) in €, associate to QF and fL: VE — VI the set

46) UL :={tv)e(-1,)x Q" v=a+4u, zc (VHS ueV’, |u|>d}
and the one-parameter map foL R VLl — VI given by
(47) fo ()= £l () + i), (tv) eRVE,

where fZ is an S'-normal approximation of £ on QF (cf. Definition 6.10) and 7(v)
is the tangent vector to the orbit W (L)(v) given by formula (40) with V replaced

with V& Tt is clear that f¥ is W(L)-equivariant and U}-admissible. Combining
Lemma 6.7 and Proposition 6.12 with properties of twisted orbit types yields

PROPOSITION 6.13. Let f : V — V be a G-gradient Q-admissible map, (L) €
®L(G) an orbit type in Q and fF : RO VE — VI (resp. Us) be defined by (47)
(resp. (46)). Assume

Va-deg (£, Q)= > nx(K),

(K)e®(G)
and
~W(L)-Deg(fy,U) = > mu(H).
(H)e®] (W(L))
Then
np =mz,,

where Zy = {e} and “e” stands for the identity element in W (L).

Next, we apply Proposition 6.13 to the case when f is the linear symmetric
isomorphism and € is the unit ball in V. In view of formula (35), it is enough to
consider basic gradient degrees (cf. (34)).

Following [1], we differ in {Py}, k = 0,1,2,..., between two sorts of irreducible
I x Sl-representations:

(i) those, where ST acts trivially (denoted by V;, i > 0,) which can be identified
with irreducible I'-representations;

(ii) those, where S! acts non-trivially defined as follows: if {;}, j > 0, is the
complete list of all complex irreducible I'-representations, then, with each U; and

I =1,2,..., associate the real irreducible G-representation V;; with the G-action
given by
(48) (v, 2)w = 2" (yw), (v,2) €T x S, wel;.

In the case (i), put
(49) degy, := G-deg(—Id, By),
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where B; is the unit ball in V;. In the case (ii), consider the set O C R& V;; given
by

1
(50) (’):{(t,v):2<||v||<2, —1<t<1},
and define b: O — V;; by
(51) b(t,v) = (1= Jloll +it) -v, (t,v) €O.
Put
(52) degy, , == G-Deg®(b,0) € AL(Q),

where “G-Deg’” stands for the so-called twisted degree (see [1]). We refer to [1],
where effective computational formulae for both deg,, and degy, , (as well as many
concrete examples) are presented.

THEOREM 6.14. Let T’ be a compact Lie group, G =T x S and V; (resp. Vj,)
an irreducible orthogonal G-representation with the trivial S*-action (resp. the G-
action defined by (48)). Then

(a) Degy, = degy, +T%;

(b) Degy,, = (G) —degy, , +T1x,
where degy, (resp. degy, ) is given by (49) (resp. by (50)-(52)) and T\ € A*(G)
(see Subsection 3.3).

PRrROOF. (a) This formula follows directly from the construction of G-gradient
degree. Indeed, assume

Deg ), := Vg-deg(—Id, B;) = Z ng (L) and degy, = Z mg (K).
(L)e2(G) (K)€E2o(G)

Since every Vg-generic approximation of —Id is regular normal (cf. [1]), one can
easily observe that for (K) € ®(G), one has nxg = mg.

(b) This statement is a consequence of Proposition 6.13. Indeed, let
(53)

degy, , = Z mp (R) and Deg, | := Vg-deg(—1d, B;;) = Z nr, (L),
(R)e2(G) (L)e®(G)
and put V := Vj,. Since for (L) € ®o(G), Vizy = {0} if (L) = (G) and V() =0
otherwise,

50 i =),
E7 10 forall (L) € ®o(G) such that (L) # (G).

To compute the np-coefficients of Deg,  for (L) € ! (@), observe that the map
—Id is not S'-normal on V. Take the function 75 : R — R given by

0 if p<é,
(55) ms(p) =4 52 if §<p <24,
1 if p > 26,

where § > 0 is chosen to be sufficiently small, and correct —Id to the S'-normal
map f,:V — V by

fo() := ns(lvl)(=v) + (1 = ns([|v]}))v = 1 = 2ns(|v[)v, veV.
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Next, define the map :fvo :R@®V — V by formula (42). Combining a linear change
of variables on V' with homotopy and excision property of the twisted degree yields

(56) deng,l = G_Degt(.f;a U5)7

where Uy is defined by (41).
Take (L) € ®(G) and put fZ := f,|,r. Obviously, the primary degree

(57) W(L)Deg (fL.Uf) = > ik (K)
(K)edf (W (L))

is correctly defined (cf. (46)). Then (cf. (53) and (56)), Proposition 4.4 from [1]
yields

(58) mrp = mzlv

where Z; := {e} and “e” stands for the identity element in W (L).

On the other hand, consider the W (L)-equivariant map —Id |y,. By identifying
S1 with the connected component of e in W (L), the above construction utilizing
(55) can be applied to the map —Id |z, i.e., put

£ @) = ns(llol)(=v) + 1 = ns(lvl))v = 1 = 2ns(|v])v, veVE,
and define ﬁL :ReVE - VEby
FEtw) = fE@) +tr(v)  (veVH).
Then fOL and ]ZL are homotopic by a Uf-admissible homotopy and
W (L)-Deg (f,U§) = W(L)-Deg (f£,U}).
Therefore, by Proposition 6.13, mz, = —ng, and (see (58))
(59) mr = —nr,.
By combining (54) and (59), the conclusion follows. O

EXAMPLE 6.15. As the simplest example illustrating Theorem 6.14, we compute
the gradient basic degrees in the case of n-dimensional torus G = T" (n > 1). Take
an irreducible T™-representation and denote it by V,. If V, is the trivial (one-
dimensional) representation, then Theorem 6.14(a) together with formula (5.15)
from [1] imply Degy, = —(T™). If V, is non-trivial, then dim}, = 2 and there are
precisely two orbit types (T") and (H) = (Zx x T" ') in V, (for some subgroup
Zy, depending on V,). Combining Theorem 6.14(b) and the Functoriality property
with formula (4.20) from [1] yields

Deg y, = (T") — (H).

REMARK 6.16. The computations of G-gradient basic degrees can be effec-
tively completed by using the Functoriality property of the gradient degree for
the homomorphism 7™ < G (i.e., the induced by it Euler ring homomorphism
U :U(G) — U(T™)), formula (35), Theorem 6.14, and the known basic gradient
degrees for irreducible T"-representations, which are used to establish relations be-
tween the unknown coefficients and the values of the gradient basic degrees in a
form of simple linear equations.
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EXAMPLE 6.17. Our next computations are related to basic gradient degrees
for G = 0(2) x S*.

Following [1, Subsection 5.7.6], denote by Vy ~ R the trivial representation of
O(2), by Vi ~ R the one-dimensional irreducible real representation, where O(2)
acts on R through the homomorphism O(2) — O(2)/SO(2) ~ Zs, and by V,,, ~ C,
m = 1,2,..., the two-dimensional irreducible real representation of O(2), where
the action of O( ) is given by

(i) wuz =u™ -z, for u € SO(2) and z € V,,, (here “” stands for complex
multlphcatlon) ;
(i) k-z=2.
It is well-known that the above list of irreducible O(2)-representations is complete.
Observe that all the orbit types occurring in irreducible O(2)-representations belong
to ®9(0(2)). Therefore, combining Theorem 6.14(a) with the results for deg,,
obtained in [1, Subsection 5.7.6], yield:

Degy, =—(0(2)), Degy, =(0(2)) - (50(2))
Degy, = (0(2)) — (Dy), i=1,2,3,....
Observe that all the irreducible representations of O(2) are of real type. There-
fore, the irreducible representations of O(2) x S* can be obtained by taking com-

plexifications of the representations V; and applying formula (48) (see [ , Subsec-
tion 5.7.6], for details). We need to compute Degy, . j = 0,1 5 1,2,3,...,1eN.
Clearly, Vo, (resp. V; ), contains precisely two orbit types: (O(2 ) x S1) and
(O(2) x Zy) (resp. (O(2) x S') and (O(2)~*!). Combining Theorem 6.14(b) with the
corresponding results from [1, Subsection 5.7.6], yields
Degy,, = (0(2) x §') = (0(2) x Zy), Degy, , = (0(2) Sh = (0@2)7).

Next, each V;;, j =1,2,..., 1 € N, contains the following orbit types:
(0(2) x 1) € ®o(G); (SO(2)%1), (D%it) € ®L(G); (Z42!) € A*(G). Combining
Theorem 6.14(b) with the corresponding results from [1, Subsection 5.7.6], yields
Degy,, = (0(2) x §*) = (SO(2)#"') — (D5;') + k - (Z33).

To compute k, we use the ring homomorphism ¥ : U(O(2) x S') — U(T?).

The irreducible T?-representations (T2 = SO(2) x S!) are obtained from the
complex SO(2)-irreducible representations U;, j = 0,£1,%2,..., by defining the
Sl-action on U; by I-folding. In order to avoid confusion, we denote these T2-
irreducible representations by V(;;), 7 = 0,£1,4+2,..., [ = 1,2,.... It is easy to
compute the T2-basic gradient degrees for these representations, namely,

Degy,, , = Vre-deg(—=1d, B(;p)) = (T?) = (SO(2)#),
where B(;;) stands for the unit ball in V;;). Observe that V;;, considered as a
T2-representation, is equivalent to the sum Vi @ V(—j and (cf. Example 4.6)
U(0(2) x §') = (50(2) x 1), V(Dyy) = (Zsy),
; d,l dl
U(SO(2)%7') = (SO(2)%7') + (SO(2)7=7"1), W(Zyy) = 2(Zsy).
By applying the Functoriality property and (35),

\I/(Degvjvl) = Deng) * Degv(im,
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where

(60) ¥(Degy, ) = (T°) = (SO2)#') = (SO(2)7~') = (Z3y) + 2k(Z55)
and

(61)  Degy, , *Degy_, = (T2) - (SO@)7) — (SO2)#=5) + (Z41).
By combining (60) with (61), we obtain that k£ = 1, thus

(62) Degy,, = (0(2) x §) = (SO@)**) — (D§) + (25)).

7. Application: Periodic-Dirichlet Mixed Boundary Value Problem for
an Elliptic Asymptotically Linear Equation with O(2)-Symmetries

7.1. Statement of the problem. Suppose that © C R? ~ C is the unit disc
and take  := (0,27) x O. Consider the following elliptic periodic-Dirichlet BVP

0w Ault,x) = f(ut,z)), (tz)€eQ,
u(t,z) =0 ae. for z €90, te (0,2r),
u(0,z) = u(27,z) ae. for €O,

%(O,z) = %(27r,x) a.e. for €O,

(63)

where (¢,z) € (0,27) x O, u € H?(;R). A solution to (63), which is not constant
with respect to the t-variable, will be called a non-stationary periodic solution
to (63).

We assume that f : R — R is a C'-function satisfying the conditions:

(B1) f(0)=0and f'(0) =a > 0;

(B2) f is asymptotically linear at infinity, i.e., there exists b € R such that

@) ot

(B3) there are 2 < p < 6 and «, § > 0 such that

(65) I <a —|—ﬁ|t|p_2, for all t € R.

Put F(t) := fot f(r)dr. Notice that under the assumptions (B2) and (B3), there
exist i, B; > 0,4 =0,1,2, such that the function F' : R — R satisfies the conditions

(66) IFO@)] <o+ Bt teR

Indeed, since f is asymptotically linear (cf. (B2)), we have that for some «} and
B >0, |F'(t)] = |f(t)] < af + B1lt] for all ¢ € R; thus clearly there exist o and £y
such that |[f(¢)| < a1 + B1]t/P~!. On the other hand, there exist ag, Bp > 0 such

that
t
/ flrydr
0

Consider the Laplace operator —/\, on O with the Dirichlet boundary condi-
tion. Then the operator —A, has the spectrum

o(—Lg) = {pny tpng =zhy, k=1,2,..., j=0,1,2,...,J;(z;) = 0},

1
|F ()] = < onft]+ 5B < ao + Boltl”.
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where 23, ; denotes the k-th zero of the j-th Bessel function J;. The corresponding
to pj . eigenfunctions (expressed in polar coordinates) are

for j =0, ¢ro(r) = Jo(yHor),
for j >0, ¢ ;(r,0):= J;j(\/lx;r)cos(j0), @} ;(r,0) = J;(/x;7) sin(j0).
The space span{apa ir PF, j} is equivalent to the j-th irreducible O(2)-representation

V; (j > 0), and the space span{py o} is equivalent to the trivial irreducible O(2)-
representation V. We need additional assumptions:

(B4) a, b ¢ {ZQ + bk, Pk, € U(—AI), [=0,1,2,... }
(B5) The system

(67) {—Azu = f(w)

ulpo =0
has a unique solution u = 0.

REMARK 7.1. Condition (B1) assures the existence of the (stationary) zero
solution and (B2) reflects the asymptotically linear character of the problem in
question. Condition (B3) is the standard one required to assure that the associated
functional (68) on the Sobolev space is twice differentiable (see conditions (66),
cf. [28]). The non-resonance condition (B4) is imposed to simplify the computations
(see also [16, 15|, where degenerate systems are discussed). Finally, condition (B5)
prevents the interaction between stationary and non-stationary periodic solutions,
allowing the equivariant gradient degree to detect the existence of non-stationary
periodic solutions. This condition is discussed in detail in Subsection 7.3.

7.2. Setting in functional spaces. By using the standard identification
R/27 ~ S1, assume that Q := S* x O with 9Q = S x S1. Put W := H}(Q) :=
{u € HY (% R) : ulpg = 0}, which is a Hilbert G-representation for G = O(2) x S1,
with the inner product

() = / Vu(y) o Voly) dy.

Associate to the problem (63) the functional ¥ : W — R given by
(68) W) = 5 [ [Vl Py = I(w).
where J : W — R is given by
7= | Fun)ds
By conditions (66), J is of class C? and for h € W,
DIk = [ Futu)h(s)d
Thus, U is also C2?-differentiable with respect to u and

DU (u)h = /Q Vu(y)Vh(y)dy — DJI(Wh, hc W,
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Consequently, by the standard argument, if DW(u) = 0, then w is a solution to (63).
In particular,
VU(u) =0 <= wu is a solution to (63),

where
(69) VU (u) =u—VJ(u).
Consider the following operators:
jiHMQ) = IP(Q), j(w) = u,
Ny LP(Q) = LT (Q),  Ny(w)(y) = f(uly)),
where j is a compact operator. Then
VJ(u) = Ro Ny o j(u),

where R : L71(Q) — HY(Q) is defined by R := ¢t o7 with ¢ : (H&(Q))* —
H{ () which is the isomorphism given by the Riesz representation theorem, and
T L1(Q) — (H&(Q))* the (continuous) map defined by

T(Y)(v) := /Qi/z(a:)v(a:)dx, (NS LP%I(Q)7 v € Hy(Q).
In other words, R is the inverse of the Laplacian —A. Therefore (cf. (69)),
§(u) :=V¥(u) =u—RoNpoj(u), ueW,
is a completely continuous O(2) x Sl-equivariant gradient field on W, and the
problem (63) is equivalent to the equation
(70) 3(u) = 0.

7.3. Example of a function f satisfying (B1)—(B5). It is very easy to
construct a function f satisfying (B1)-(B4). In order for f to satisfy (B5), we will
“play” with the constants a and b (see (B1) and (B2)). To this end, observe that
a functional setting similar to the one presented in Subsection 7.2, can also be
established for the boundary problem (67). Namely, we can reformulate it as the
equation

(71) F.(u) =0, we HyO),
where
Sz(u) = V¥, (u) =u— Ry o Nyoj(u),
with R, the inverse of the Laplacian —A . Suppose that
(B5) 0<a<band [a,b]No(=L,)=0.
Denote simply by pim,, m = 1,2,..., the elements of o(—Az), p1 < p2 < ....

Assume, in addition, that

1 m
(B5") n:=sup{|f'(t)]:t e R} < Qinf{|:ﬁlb| :mzl,?,...}.

Clearly, condition (B2) implies b < 7.

PROPOSITION 7.2. Let f be a C'-function satisfying conditions (B1)-(B4),
(BY) and (B5"). Then the boundary value problem (67) has a unique solution
u=0.
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PRrOOF. We claim that the derivative DF,.(u) : H}(O) — HZ(O) is an isomor-
phism for all u € H}(0), and DF,(u) can be connected by a continuous path to
DF,(00) :=1d — bR, 0 j in GL.(HZ(0)). To this end, observe that

D3 (u)(v) = v = bRyj(v) — Ra[Npr (u)j(v) = bj(v)],
and put
A=1d —bR,0j, B:=Ry[Np(u) j—b-j]
Since |f’(t)| is bounded, the Nemitsky operator Ny : L*(O) — L*(O) is Gateaux
differentiable (cf. [25]) and its (Gateaux) derivative is DNy(u)(v) = f’'(u) - v. Con-
sider the embedding j' : H}(O) — L?(O) and the inverse Laplacian R’ : L?(0) —

H}(O). Then ||j'|| = \/%, |R.I = \/% and ||(f'(u) —b) -Id ||z < 2n. Therefore,

. . 2n
[ Boll < [[RLIN(f(w) = b) -1 || 2|5 [[Iv]] < 20l R [[[v]] = EIIUII-

Since (by (B5’)) A is invertible with ||A7Y| = sup{% :m=1,2,...} and, by
(B5"),
m—b 2
|A=1B|| < | A=Y[||IB]| < sup {'”' m=12,... } ey,
Hm 1251
the linear operator
A—AB=A(Id —\A'B), forall A€ [0,1]
is invertible. Consequently, DF,.(u) = A— B is also invertible and by the homotopy
property of the Leray-Schauder degree, we obtain
(72) deg(DF.(u), B1(0)) = deg(A, B1(0)), for all u € Hj(O),

where B,.(0) stands for the open ball at 0 of radius r. Therefore, every solution
u € H}(O) to the problem (71) is a regular point of §,. Consequently, each solution
to (71) is isolated. Since DF(c0) : H}(O) — HE(O) is an isomorphism, there can
only be finitely many solutions to the equation (71), and for every solution u, the
Leray-Schauder degree deg(F., B,) is well-defined. On an isolating neighborhood
B, of u, by using the linearization of §, on B, and (72),

deg(gm Bu) = deg<Dgw(O)’ Bl(o)) = deg(Dgw(OO% Bl(o)) 7é 0.

However, this implies (by additivity property of the Leray-Schauder degree) that
there can be no solution u to (71) (and consequently to (67)) other than v = 0. O

REMARK 7.3. By choosing a and b to satisfy (B5’) and (B5”), one can easily
verify that the function

f(w) = bu— (b a)
satisfies conditions (B1)—(B5).

u

Tra2 “ER

7.4. Equivariant invariant and the isotypical decomposition of W. By
conditions (B1), (B2) and (B4), there exist R, ¢ > 0 such that u = 0 is the only
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solution to equation (70) in B.(0) C W, and (70) has no solutions v € W such that
llu]l > R. Define the equivariant invariant w for the problem (63) by

(73) w := degy — deg,,
where
deg, := Vo(2)xs1-deg (§, B-(0)), deg., := Vo)xsi-deg (F, Br(0)).
The spectrum o of —A on Q (with the boundary conditions listed in (63)) is
0= { Mkt Mgt o=+ gy, prg € 0(=Ag), 1=0,1,2,...}.

Denote by Ej, ;; the eigenspace of —A in W corresponding to the eigenvalue Ay ; ;.
Observe that for j, I > 0,

E} j, = span{coslt - @y 1), coslt - Pk (2),sinlt - gaz’j(x), sin It - goiﬂac)}7
and Ej;, is equivalent to the irreducible orthogonal O(2) x S'-representation V; ;.
If j =0and ! > 0, then
Ey.0; = span{coslt - px o(x),sinlt - g o(x)},
and it is equivalent to the irreducible orthogonal O(2) x S!-representation Vg ;. If
j>0and =0,
Ey. j.0 = span{gj, ; (), ¢} ;(7)},
is equivalent to the j-th irreducible O(2)-representation V;. For j =1 = 0, we have
that
Ek0,0 = span{py,o(2)},
is equivalent to the trivial O(2) x S'-representation Vg o. The O(2) x S'-isotypical
components of the space W are

Wit =D Erju, 4,1=0,1,2,...
k

7.5. Computation of the equivariant invariant. Assume, in addition to
conditions (B1)—(B5) that

(B6) 0 < a < b and there exists (ko, Jo, o), lo > 1, such that

o(=0) N (a,b) = { Xk, o0, }-
Put p = 0 or oo and denote by o, the negative spectrum of DF(p), i.e.,
o, ={A€a(DJ(p)) : A < 0}.
By assumption (B6),
(74) 0o =00 U{Ao}, Ao = Aky ol
The linear operator DF(p) is G-homotopic (in the class of gradient maps) to
Ay=(-1d)xId :E, 0 By - E, 0 Ef, E,:== P Eiji,
Ak,j 1€E0p

and consequently (cf. (35) and (62)),
deg, = V-deg (4, B1(0)) = [] Ve-deg(-1d, Bi(Ej,;,))

Ak,j,1€0p
= H Degvjyl.

Ak,j,1€0p



38 ZALMAN BALANOV, WIESLAW KRAWCEWICZ, AND HAIBO RUAN

Therefore (by (74)),

w = degy — deg., = H Degy, , * ((G) — Degv.o,lo)

J
Ak,j1€00

; dl, d,l,
= JI Desy,,  ((S0@%") + (D) - (Z5))).
Ak, j1€E0G
Notice that the element a := Hkkaemj Degy, , is invertible (cf. [19]), therefore

w # 0. Moreover, by using the multiplication table for U(O(2) x S!) and the list
of basic gradient degrees for irreducible O(2) x S'-representations, one can easily
conclude that

@ (SO@)7iolo) = (SO(2)% ) +a%, and  ax (D) = (DE) + 7,
where z* and y* denote the terms in U(G), which do not contain (SO(2)%io-le) and
(Dd,lo ) )

2jo
Consequently, we can formulate the following existence result.

THEOREM 7.4. Under the assumptions (B1)—-(B6), equation (63) has at least
two O(2) x St-orbits of mnon-stationary periodic solutions with the orbit types at
least (SO(2)%io'lo) and (ng’-l:), respectively.

Let us point out that the periodic solutions corresponding to the orbit types
(SO(2)?) are commonly called rotating waves or spiral vortices while those with
the orbit type (ng) are called ribbons or stationary waves. Therefore, it seems

appropriate to call the periodic solutions with the orbit type (SO(2)%7:l) the [,-

folded rotating waves or spiral vortices and those with the orbit type (ng’.l:) the
l,-folded ribbons or stationary waves.
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