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Abstract. Let G be a compact, connected, and simply-connected Lie group, equipped
with a Lie group involution og and viewed as a G-space with the conjugation action. In
this paper, we present a description of the ring structure of the (equivariant) K R-theory
of (G,0a) by drawing on previous results on the module structure of the K R-theory and
the ring structure of the equivariant K-theory.
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1 Introduction

The complex K-theory of compact connected Lie groups with torsion-free fundamental groups
was worked out by Hodgkin in the 60s (cf. [13] and Theorem 2.4). It asserts that the K-theory
ring is the Zs-graded exterior algebra over Z on the module of primitive elements, which are of
degree —1 and associated with the representations of the Lie group. For the elegant proof of
Hodgkin’s result in the special case where G is simply-connected, see [1].

In [2], Atiyah introduced K R-theory, which is basically a version of topological K-theory
for the category of Real spaces, i.e. topological spaces equipped with an involution. K R-theory
can be regarded as a hybrid of KO-theory, complex K-theory and KSC-theory (cf. [2]). One
can also consider equivariant K R-theory, where a certain compatibility condition between the
group action and the involution is assumed. For definitions and some basic properties, see
Definitions 2.26 and 2.27 [2, 5].

Since Hodgkin’s work, there have appeared two kinds of generalizations of K-theory of com-
pact Lie groups. The first such is K R-theory of compact Lie groups, which was first studied by
Seymour (cf. [15]). He obtained the K R*(pt)-module structure of K R*(G), where G is a com-
pact, connected and simply-connected Lie group equipped with a Lie group involution, using his
structure theorem of K R-theory of a certain type of spaces (cf. Theorems 2.32, 2.37 and 2.40).
He was unable to obtain a complete description of the ring structure, however, and could only
make some conjectures about it. In [7], Bousfield determined functorially the united 2-adic K-
cohomology algebra of any compact, connected and simply-connected Lie group, which includes
the 2-adic KO-cohomology algebra, and hence extended Seymour’s results in the 2-adic case, if
the Lie group involution is taken into account appropriately.

The second one is the equivariant K-theory of compact Lie groups. In [9], Brylinski and
Zhang showed that, for a compact connected Lie group G with torsion free fundamental group,
the equivariant K-theory, K/ (G), where G acts on itself by conjugation, is isomorphic to the ring
of Grothendieck differentials of the complex representation ring R(G) (for definition, see [9]).
It is noteworthy that G satisfies the property of being weakly equivariantly formal ¢ la Harada
and Landweber (cf. Definition 4.1 of [11] and Remark 2.8).
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In this paper, based on the previous works of Seymour’s and Brylinski-Zhang’s and putting
both the Real and equivariant structures together, we obtain a description of the ring structure of
the equivariant K R-theory of any compact, connected and simply-connected Lie group, which is
recorded in Theorem 4.33. We express the ring structure using relations of generators associated
to Real representations of G of real, complex and quaternionic type (with respect to the Lie group
involution). Our main contribution is twofold. First, we observe that the conditions of Seymour’s
structure theorem are an appropriate candidate for defining the notion of ‘Real formality’ in
analogy to weakly equivariant formality. These notions together prompt us to introduce the
definition of ‘Real equivariant formality’, which leads to a structure theorem for equivariant
K R-theory (Theorem 4.5). Any compact, connected and simply-connected Real Lie group falls
under the category of Real equivariantly formal spaces and Theorem 4.5 enables us to obtain
a preliminary description of the equivariant K R-theory as an algebra over the coefficient ring.
Second, inspired by Seymour’s conjecture, we obtain the squares of the real and quaternionic
type generators, which in addition to other known relations complete the description of the ring
structure. These squares are non-zero 2-torsions in general. Hence the equivariant K R-theory
in general is not a ring of Grothendieck differentials, as in the case for equivariant K-theory.
Despite this, we remark that, in certain cases, if we invert 2 in the equivariant K R-theory ring,
then the result is an exterior algebra over the localized coefficient ring of equivariant K R-theory.

The organization of this paper is as follows. In Section 2, we review the (equivariant) K-theory
of compact connected Lie groups with torsion-free fundamental groups, Real representation rings
RR(G), K R-theory, and the main results in [15]. In Section 3 we give a description of the
coefficient ring K R (pt). Section 4 is devoted to proving Theorems 4.5 and 4.33, the main
results of this paper, which give a full description of the ring structure of KR, (G). In Section 5
we apply the main results to obtain the ring structure of the ordinary K R-theory of compact Lie
groups, thereby confirming Seymour’s conjecture on the squares of the real type generators and
disproving that on the squares of the quaternionic type generators. We also work out several
examples, one of which shows how equivariant K R-theory tells apart (while K-theory cannot)
the ring structures of two equivariant K R-theory rings of G, where in one case G acts on itself
trivially, while in another G acts by conjugation.

Throughout this paper, we follow the convention in [2] and [5] in reference to K R-theory. In
particular, we use the word ‘Real’ (with a capital R) in all contexts involving involutions, so as
to avoid confusion with the word ‘real’” with the usual meaning. For example, ‘Real K-theory’
is used interchangeably with K R-theory, whereas ‘real K-theory’ means K O-theory.

2 Preliminaries

Throughout this section, G denotes any compact Lie groups, and X,Y,... any finite CW-
complexes unless otherwise specified.

2.1 (Equivariant) K-theory of compact connected Lie groups

Recall that the functor K~! is represented by U(co) := li_}In U(n), i.e. for any X, K~1(X) is
n—od

the abelian group of homotopy classes of maps [X,U(c0)]. Such a description of K~! leads to

the following

Definition 2.1. Let § : R(G) — K~ (G) be the group homomorphism which sends any com-
plex G-representation p to the homotopy class of i o p, where p is regarded as a continuous map
from G to U(n) and i : U(n) < U(oco) is the standard inclusion.

In fact, any element in K ~9(X) can be represented by a complex of vector bundles on X x RY,
which is exact outside X x {0} (cf. [3]). This gives another interpretation of §(p), as shown in
the following proposition, which we find useful for our exposition.
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Proposition 2.2. If V is the underlying complex vector space of p, then §(p) is represented by

0=>GXRXxV =>GxRxV =0,

(g7t7v) = (gat7 —tp(g)v) Zf tZ Oa

(g:t,v) = (g,t,tv) if 1<0.
Proposition 2.3 ([13]).

1. 6 is a derivation of R(G) taking values in K=Y(G) regarded as an R(G)-module whose
module structure is given by the augmentation map. In other words, § is a group homo-
morphism from R(G) to K~1(G) satisfying

9(p1 ® p2) = dim(p1)d(p2) + dim(p2)d(p1)- (2.1)

2. If I(G) is the augmentation ideal of R(G), then 6(1(G)?) = 0.
The main results of [13] are stated in the following

Theorem 2.4. Let G be a compact connected Lie group with torsion-free fundamental group.
Then
1. K*(G) is torsion-free.

2. Let J(G) := I(G)/I(G)?. Then the map 61 J(G) — K@) induced by & is well-defined,
and K*(G) = A(Im(9)).

3. In particular, if G is compact, connected and simply-connected of rank I, then K*(G) =
Nz (0(p1),...,0(p1)), where p1,...,p; are the fundamental representations.

Viewing G as a G-space via the adjoint action, one may consider the equivariant K-theo-
ry K&(G). Let Q)2 be the ring of Grothendieck differentials of R(G) over Z, i.e. the exterior
algebra over R(G) of the module of Kahler differentials of R(G) over Z (cf. [9]).

Definition 2.5. Let ¢ : Q% 7 — K§(G) be the R(G)-algebra homomorphism defined by the
following

1) ¢(py) =[G x V] € KX(G), where G acts on G x V by go - (91,v) = (gog195 > pv (g0)v),

2) p(dpy) € K;'(G) is the complex of vector bundles in Definition 2.2 where G acts on
G xR x V by go-(g91,t,v) = (909195 '+ 1, pv(90)v),

We also define d¢ : R(G) — K;'(G) by dc(pv) == ¢(dpy).

Remark 2.6. The definition of dg(py) given in [9], where the middle map of the complex of
vector bundles is defined to be (g,t,v) — (g,t,tpy(g)v) for all t € R, is incorrect, as dg(py) so
defined is actually 0 in K 51((}). The definition given in Definition 2.5 is the correction made
by Brylinski and relayed to us by one of the referees.

Theorem 2.7 (]9]).

1. 8¢ is a derivation of R(G) taking values in the R(G)-module K;'(G), i.e. ¢ satisfies

oc(p1® p2) = p1-da(p2) + p2 - 6 (p1)- (2.2)

2. Let G be a compact connected Lie group with torsion-free fundamental group. Then ¢ is
an R(G)-algebra isomorphism.
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Remark 2.8.

1. Although the definition of d¢(py) given by Brylinski-Zhang in [9] is incorrect, their proof
of Theorem 2.7 can be easily corrected by using the correct definition as in Definition 2.5,
which does not affect the validity of the rest of their arguments, and Theorem 2.7 still
stands.

2. In [11], a G-space X is defined to be weakly equivariantly formal if the map K (X) ®p(q)
7Z — K*(X) induced by the forgetful map is a ring isomorphism, where Z is viewed as
an R(G)-module through the augmentation homomorphism. Theorem 2.4 and 2.7 imply
that G is weakly equivariantly formal if it is connected with torsion-free fundamental
group. We will make use of this property in computing the equivariant K R-theory of G.

3. Let f : K5(G) — K*(G) be the forgetful map. Note that f(p(p)) = dim(p) and
f(p(dp)) = d(p). Applying f to equation (2.2) in Theorem 2.7, we get equation (2.1)
in Proposition 2.3.

4. I(G), being a prime ideal in R(G), can be thought of as an element in Spec R(G), and
K*(G)= N\, T} ) Spec R(G), K&(G) = Age T} () Spec R(G).

2.2 Real representation rings

This section is an elaboration of the part on Real representation rings in [5] and [15]. Since the

results in this subsection can be readily generalized from those results concerning the special
case where o is trivial, we omit most of the proofs and refer the reader to any standard text
on representation theory of Lie groups, e.g. [6] and [8].

Definition 2.9. A Real Lie group is a pair (G, 0g) where G is a Lie group and o¢ a Lie group
involution on it. A Real representation V of a Real Lie group (G,o0¢) is a finite-dimensional
complex representation of G equipped with an anti-linear involution oy such that oy (gv) =
oc(g)ov(v). Let Repr(G,oa) be the category of Real representations of (G, o). A morphism
between V and W € Repr(G,oa) is a linear transformation from V to W which commute
with G and respect oy and oy. We denote Mor(V, W) by Homg(V, W)©@v-w) - An irreducible
Real representation is an irreducible object in Repr(G,og). The Real representation ring of
(G,0q), denoted by RR(G, 0¢), is the Grothendieck group of Repr(G, o), with multiplication
being tensor product over C. Sometimes we will omit the notation o if there is no danger of
confusion about the Lie group involution.

Remark 2.10. Let V be an irreducible Real representation of G. Then Homg(V, V)7V must
be a real associative division algebra which, according to Frobenius’ theorem, is isomorphic to
either R, C or H. Following the convention of [5], we call Homg(V, V)V the commuting field
of V.

Definition 2.11. If V is an irreducible Real representation of GG, then we say V is of real,
complex or quaternionic type according as the commuting field is isomorphic to R, C or H.
Let RR(G,F) be the abelian group generated by the isomorphism classes of irreducible Real
representations with ' as the commuting field.

Remark 2.12. RR(G) = RR(G,R) ® RR(G,C) & RR(G,H) as abelian groups.

Definition 2.13. Let V' be a G-representation. We use o5V to denote the G-representation
with the same underlying vector space where the G-action is twisted by oq, i.e. paav(g)v =

pv(oc(g))v. We will use o, to denote the map on R(G) defined by [V] — [0 V].

Proposition 2.14. If V is a complex G-representation, and there exists f € Homg(V, UEV)
such that f? = 1dy, then V is a Real representation of G with f as the anti-linear involution oy .
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Proof. If f € Homg(V,o},V), then it is anti-linear on V and f(gv) = o¢(g)f(v) for g € G and
v € V. The assumption that f? = Idy just says that f is an involution. So V together with
oy = f is a Real representation of G. |

Proposition 2.15. Let V' be an irreducible complex representation of G and suppose that V =
otV. Let f € Homg(V,05V). Then

1. f2 =kIdy for some k € R.

2. There exists g € Homg(V,05V) such that g?> = 1dy or g> = —Idy.

Proof. Note that f? € Homg(V,V). By Schur’s lemma, f2 = kIdy for some k € C. On the
other hand,

f(kv) = f(f(f(v))) = Ef(v).

But f is an anti-linear map on V. It follows that k :j and hence k € R. For part (2), we
may first simply pick an isomorphism f € Homg(V,0%V). Then f? = k1dy for some k € R*.

Schur’s lemma implies that any g € Homg(V, UEV) must be of the form g = c¢f for some c € C.

Then g2 = c¢f o cf = cef? = |c|*k1dy. Consequently, if k is positive, we choose ¢ = ﬁ so that

g% = Idy; if k is negative, we choose ¢ = ﬁ so that ¢? = — Idy. |
Proposition 2.16. Let V be an irreducible Real representation of G.

1. The commuting field of V is isomorphic to R iff V is an irreducible complex representation
and there exists f € Homg(V,05V) such that f2 =1Idy.

2. The commuting field of V is isomorphic to C iff V=W @UEW as complex G-representa-
tions, where W is an irreducible complex G-representation and W 2 oW, and oy (w1, w2)

= (wa,wy).

3. The commuting field of V is isomorphic to H iff V.= W & o, W as complex G-repre-
sentations, where W is an irreducible complex G-representation and there exists f €
Homg(V, 05 V) such that f2 = —1dy, and oy (w1, ws) = (wa,wy).

Proof. One can easily establish the above proposition by modifying the proof of Proposition 3
in Appendix 2 of [6], which is a special case of the above proposition where o¢ is trivial. |

Proposition 2.17.
1. The map i : RR(G) — R(G) which forgets the Real structure is injective.

2. Any complex G-representation V which is a Real representation can only possess a unique
Real structure up to isomorphisms of Real G-representations.

Proof. Let p: R(G) — RR(G) be the map
VI [(VeuwiV,ove:v)];

where UVGBL*Gv(U,U)) = (w,u). Let [(V,ov)] € RR(G). Then

poi([(Voov))) = [(V &V, ovg,.v)]-

We claim that (V& V,oy @ov)] = [(VLV, UV@L*GV)], which is easily seen to be true because
of the Real G-representation isomorphism
FiVerV svVaev,
(u, w) = (u+ oy (w),i(u— oy (w))).
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It follows that poi amounts to multiplication by 2 on RR(G), and is therefore injective because
RR(G) is a free abelian group generated by irreducible Real representations. Hence i is injective.
(2) is simply a restatement of (1). [

Proposition 2.17 makes it legitimate to regard RR(G) as a subring of R(G). From now on we
view [V] € R(G) as an element in RR(G) if V possesses a compatible Real structure.

Proposition 2.18. Let G be a compact Real Lie group. Let V be an irreducible complex repre-
sentation of G. Then

1. [V] € RR(G,R) iff there exists a G-invariant symmetric nondegenerate bilinear form B :
VxotV —C.

2. [Ve V] e RR(G,H) iff there exists a G-invariant skew-symmetric nondegenerate bilinear
form B:V x orV — C.

3. [V@oLV] € RR(G,C) iff there does not exist any G-invariant nondegenerate bilinear
form onV x of,V.

Proof. By Proposition 2.16, V is a Real representation of real type iff there exists f €
Hom(V, o, V)9 such that f2 =Idy. One can define a bilinear form B : V x o5,V — C by

B(v1,v2) = (v1, f(v2)), (2.3)

where (,) is a G-invariant Hermitian inner product on V. It can be easily seen that B
is G-invariant, symmetric and non-degenerate. Conversely, given a G-invariant symmetric non-
degenerate bilinear form on V x o,V and using equation (2.3), we can define f € Hom(V, o5, V)¢,
which squares to identity. Part (2) and (3) follow similarly. [

Proposition 2.18 leads to the following

Definition 2.19. Let G be a compact Real Lie group. Let V' be an irreducible complex repre-
sentation of GG. Define, with respect to og,

1. V to be of real type if there exists a G-invariant symmetric nondegenerate bilinear form
B:V xonV — C.

2. V to be of quaternionic type if there exists a G-invariant skew-symmetric nondegenerate
bilinear form B : V x oV — C.

3. V to be of complex type if V' 2 UEV.

The abelian group generated by classes of irreducible complex representation of type FF is denoted
by R(G,T).

Definition 2.20. If V is a complex G-representation equipped with an anti-linear endomor-
phism Jy such that Jy (gv) = og(g)J(v) and J? = —Idy, then we say V is a Quaternionic repre-
sentation of G. Let Repy(G) be the category of Quaternionic representations of G. A morphism
between V and W € Repy(G) is a linear transformation from V' to W which commutes with G
and respect Jy and Jyy. We denote Mor(V, W) by Homg(V, W)v-/w) - An irreducible Quater-
nionic representation is an irreducible object in Repy(G, o). The Quaternionic representation
group of G, denoted by RH(G), is the Grothendieck group of Repy(G). Let RH(G,F) be the
abelian group generated by the isomorphism classes of irreducible Quaternionic representations
with ' as the commuting field.
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Remark 2.21. The tensor product of two Quaternionic representations V and W is a Real
representation as Jy ® Jy is an anti-linear involution which is compatible with og. Similarly
the tensor product of a Real representation and a Quaternionic representation is a Quaternionic
representation. To put it succinctly, RR(G)® RH (G) is a Zg-graded ring, with RR(G) being the
degree 0 piece and RH(G) the degree —1 piece. Later on we will assign RH (G) with a different
degree so as to be compatible with the description of the coefficient ring K R, (pt).

Proposition 2.22. RH(G), as an abelian group, is generated by the following

L. [V @ o5V] where V is an irreducible complex representation of real type with J(u,w) =
(—w,u). Its commuting field is H.
w

2. [V@UEV], where V' is an irreducible complex representation of complex type with J(u,w) =
(

3. [V], where V is an irreducible complex representation of quaternionic type. Its commuting

field is R.

,u). Its commuting field is C.

Proof. The proof proceeds in the same fashion as does the proof for Proposition 2.16. |
Corollary 2.23.
1. We have that RR(G,R) = RH(G,H) = R(G,R), RH(G,R) =2 RR(G,H) = R(G,H) and
RR(G,C) =2 RH(G,C) as abelian groups.
2. RR(G) is isomorphic to RH(G) as abelian groups.

Proof. The result follows easily from Proposition 2.16, Definition 2.19 and Proposition 2.22. R
Proposition 2.24.

1. The map j : RH(G) — R(G) which forgets the Quaternionic structure is injective.

2. Any complex G-representation which is a Quaternionic representation can only possess
a unique Quaternionic structure up to isomorphisms of Quaternionic G-representations.

Proof. The proof proceeds in the same fashion as does the proof for Proposition 2.17. It suffices
to show that, if n : R(G) — RH(G) is the map [V] — [(V @}V, UVGB%V)], then n o j amounts
to multiplication by 2, i.e. (V &0k V, UV@U*GV) =~ (VeV,J@J), where UV@UEV(U, w) = (—w,u).
This is true because of the Quaternionic G-representation isomorphism

f: VeV =sVay,
(u,w) = (u+ Jw,i(u — Jw)). [ |

Example 2.25. We shall illustrate the similarities and differences of the various aforemen-
tioned representation groups with an example. Let G = Qg x (3, the direct product of the
quaternion group and the cyclic group of order 3, equipped with the trivial involution. There
are 5 irreducible complex representations of QJg, namely, the 4 1-dimensional representations
which become trivial on restriction to the center Z of Qs and descend to the 4 1-dimensional
representations of Qs/Z = Zo @ Zg, and the 2-dimensional faithful representation. We denote
these representations by 1¢g, p(0,1)s £(1,0), £(1,1) and pq respectively. Similarly, we let 1¢y, p¢
and p¢2 be the three 1-dimensional complex irreducible representations of C3. It can be easily
seen that

R(Qs,R) =Z-[1gs] ®Z - [po1)] ®Z - [pa,0)] © Z - [p1, 1)),
R(Qs,C) =0,
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R(Qs,H) = Z- [pq],

R(C3,R) =% [103]7

R(C5,C)=7Z- [pd BZ- [p@],

R(C5,H) = 0.

It follows that

R(G,R) = &y Z - [2®l¢,] = 74,
z€{1Qg:£(0,1),P(1,0):P(1,1)}

R(G,C) = &y Z - [x®y] = 7'°,
2€{1Q5:P(0,1):P(1,0),P(1,1)PQ}

ve{pc.pe2}
R(Gv H) =7 [IOQ®103] =7,
RR(G,R) = ) Z - [z®1¢c,) = 74,
2€{1Qg+P(0,1)+P(1,0)>P(1,1) }
RR(G,C) = &y Z - [x®pc ®TRpe2) = 77,

xe{ngap(O,l)7p(1,0)7p(1,1)7pQ}
RR(G,H) =7- [pQ@)ch @@@103] & Z,
RH(G,R) =7 [pg®lc,] = Z,

RH(G,C) = D Z - [x&p; ® TRpe2) =2 15,
1’6{1Q87P(0,1)7P(1,0):P(1,1)»PQ}
RH(G,H) = &y Z - [z®1c,  T®1c,] = 24

z€{1Qg,0(0,1),P(1,0):P(1,1) }

Some representations above should be equipped with suitable Real or Quaternionic structures
given in Propositions 2.16 and 2.22. For example, the Real structure of pQ<§>1C3 P @@103 in
RR(G,H) is given by swapping the two coordinates.

2.3 K R-theory

K R-theory was first introduced by Atiyah in [2] and used to derive the 8-periodicity of KO-
theory from the 2-periodicity of complex K-theory. K R-theory was motivated by the index
theory of real elliptic operators.

Definition 2.26.

1. A Real space is a pair (X, 0x) where X is a topological space equipped with an involutive
homeomorphism oy, i.e. agf = Idx. We will sometimes suppress the notation ox and
simply use X to denote the Real space, if there is no danger of confusion about the
involutive homeomorphism. A Real pair is a pair (X,Y) where Y is a closed subspace
of X invariant under ox.

2. Let RP? be the Euclidean space RPT4 equipped with the involution which is identity on
the first g coordinates and negation on the last p-coordinates. Let BP'? and SP? be the
unit ball and sphere in RP*¢ with the inherited involution.

3. A Real vector bundle (to be distinguished from the usual real vector bundle) over X
is a complex vector bundle F over X which itself is also a Real space with involutive
homeomorphism og satisfying



The Real K-Theory of Compact Lie Groups 9

(a) ox op=poog, where p: E — X is the projection map,
(b) op maps E; to E, (. anti-linearly.

A Quaternionic vector bundle (to be distinguished from the usual quaternionic vector
bundle) over X is a complex vector bundle E over X equipped with an anti-linear lift o
of ox such that U% = —Idg.

4. Let X be a Real space. The ring KR(X) is the Grothendieck group of the isomorphism
classes of Real vector bundles over X, equipped with the usual product structure induced
by tensor product of vector bundles over C. The relative K R-theory for a Real pair
KR(X,Y) can be similarly defined. In general, the graded K R-theory ring of the Real
pair (X,Y) is given by

7
KR*(X,Y) =P KR X,Y),
q=0

where
KR (X,Y):= KR(X x B, X x S®UY x B™).

The ring structure of K R* is extended from that of K R, in a way analogous to the case of
complex K-theory. The number of graded pieces, which is 8, is a result of Bott periodicity
for K R-theory (cf. [2]).

Note that when oy = Idy, then KR(X) = KO(X). On the other hand, if X x Z is given
the involution which swaps the two copies of X, then KR(X X Zy) =2 K(X). Also, if X is
equipped with the trivial involution, then K R(X x $%%) = KSC(X), the Grothendieck group
of homotopy classes of self-conjugate bundles over X (cf. [2]). In this way, it is natural to view
K R-theory as a unifying thread of K O-theory, K-theory and K SC-theory.

On top of the Real structure, we may further add compatible group actions and define
equivariant K R-theory.

Definition 2.27.

1. A Real G-space X is a quadruple (X, G, o0x,0g) where a group G acts on X and o¢ is an
involutive automorphism of G such that

ox(g-x) =o0¢(g) ox(z).

2. A Real G-vector bundle E over a Real G-space X is a Real vector bundle and a G-bundle
over X, and it is also a Real G-space.

3. In a similar spirit, one can define equivariant K R-theory K Rf,(X,Y’). Notice that the G-
actions on B%? and S% in the definition of KR;*(X,Y) are trivial.

Definition 2.28.

1. Let K*(4) be the complex K-theory of a point extended to a Zg-graded algebra over
KOpt) & 7Z, ie. K*(+) = Z[B)] /54 —1. Here 3 € K~2(+) is the class of the reduced
canonical bundle on CP! 2 52,

2. Let 0% be the map defined on (equivariant) vector bundles on X by 0% E := o%E. The
involution induced by 0% on K¢ (X) is also denoted by o% for simplicity.
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In the following proposition, we collect, for reader’s convenience, some basic results of K R-
theory (cf. [15, Section 2]), some of which are stated in the more general context of equivariant
K R-theory.

Proposition 2.29.
1. We have

KR*(pt) = Z[n, u) / (20, 0%, pm, 11 — 4),
where n € KR~ (pt), u € KR~*(pt) represents the reduced Hopf bundles of RP' and HP!
respectively.

2. Let c: KRE(X) — K&(X) be the homomorphism which forgets the Real structure of Real
vector bundles, and r : K5(X) — KR{(X) be the realification map defined by [E] —

[E ® ofoX E]. Then we have the following relations

(a) c¢(1) =1, c(n) =0, c(u) = 262, where B € K~2(pt) is the Bott class,

() (1) =2, (8) = 72, r(5) = i, r(5) =,

(c) r(zc(y)) = r(x)y, cr(x) = x + ofoxx and re(y) = 2y for v € KE(X) and y €
KR{(X), where KE(X) is extended to a Zg-graded algebra by Bott periodicity.

Proof. (1) is given in [15, Section 2]. The proof of (2) is the same as in the nonequivariant
case, which is given in [2]. [

Definition 2.30. A Quaternionic G-vector bundle over a Real space X is a complex vector
bundle E equipped with an anti-linear vector bundle endomorphism .J on E such that J? = —Idg
and J(g-v) = og(g) - J(v). Let KH}(X) be the corresponding K-theory constructed using
Quaternionic G-bundles over X.

By generalizing the discussion preceding Lemma 5.2 in [15] to the equivariant and graded
setting, we define a natural transformation

t: KH;Y(X) — KR (X)
which sends

0— B LB o
to

0 — m*(Hec By) -5 n*(Hec Ey) — 0,
where

1) E;, i = 1,2 are equivariant Quaternionic vector bundles on X x R%Y equipped with the
Quaternionic structures Jg;,

2) f is an equivariant Quaternionic vector bundle homomorphism which is an isomorphism
outside X x {0},

3) m: X x RO 5 X x R%4 is the projection map,

4) H®c E; is the equivariant Real vector bundles equipped with the Real structure J ® Jg,,

5) g is an equivariant Real vector bundle homomorphism defined by g(v,w ® €) = (v,vw ®
f(e)).

One can easily show by generalizing the discussion in the last section of [5] that

Proposition 2.31. ¢ is an isomorphism.
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2.4 The module structure of K R-theory
of compact simply-connected Lie groups

The following structure theorem for K R-theory, due to Seymour, is crucial in his computation
of K R*(pt)-module structure of K R*(G).

Theorem 2.32 ([15, Theorem 4.2]). Suppose that K*(X) is a free abelian group and decomposed
by the involution o% into the following summands

K'(X)=MyaM_&T®oyT,

where g is identity on My and negation on M_. Suppose further that there exist hy, ..., hy €
KR*(X) such that c(hy),...,c(hy) form a basis of the K*(+)-module K*(+) ® (M4 & M_).
Then, as K R*(pt)-modules,

KR*(X) 2 F o r(K*(+) & T),
where F' is the free K R*(pt)-module generated by hy, ..., hy.

Remark 2.33. If T = 0, then the conditions in Theorem 2.32 are equivalent to K*(X) being free
abelian and ¢ : KR*(X) — K*(X) being surjective. In this special case the theorem implies that
the map K R*(X) ®gp=(pt) K*(pt) — K*(X) defined by a ® b+ c(a) - b is a ring isomorphism.
This smacks of the definition of weakly equivariant formality (cf. Remark 2.8) and inspires us
to define a similar notion for equivariant K R-theory (cf. Definition 4.2). We say a real space is
real formal if it satisfies the conditions of Theorem 2.32.

Definition 2.34. Let og be the complex conjugation of U(n) or U(c0), and oy be the symplectic
type involution g — J,,gJ,,,t on U(2m), or U(200).

For any Real space X, K R~!(X) is isomorphic to the abelian group of equivariant homotopy
classes of maps from X to U(oco) which respect ox and og on U(oo). Similarly, KR™>(X),
which is isomorphic to K H~!(X) by Proposition 2.31, is isomorphic to the abelian group of
equivariant homotopy classes of maps from X to U(200) which respect ox and og on U(200)
(cf. remarks in the last two paragraphs of Appendix of [15]). We can define maps analogous to
those in Definition 2.1 in the context of K R-theory.

Definition 2.35. Let 6g : RR(G) - KR™(G) and 8y : RH(G) — KR 5(G) be group ho-
momorphisms which send a Real (resp. Quaternionic) representation to the K R-theory element
represented by its homotopy class.

Proposition 2.36. If p € RR(G), then dr(p) is represented by the complex of vector bundles
in Proposition 2.2 equipped with the Real structure given by

t: GXRXxV -GxRxYV,
(9,t,v) = (0c(9),t,0).

If p € RH(G), then du(p) can be similarly represented, with the Real structure replaced by the
Quaternionic structure.

From this point on until the end of this section, we further assume that G is connected and
simply-connected unless otherwise specified. It is known that R(G) is a polynomial ring over Z
generated by fundamental representations, which are permuted by o, (cf. [15, Lemma 5.5]). Let

R(G) gZ[Qplv"'7907’7917"'5087717"'7’}%7%’717"'7%’%]7

where ¢; € RR(G,R), 0; € RH(G,R), v € R(G,C). Then K*(G), as a free abelian group, is
generated by square-free monomials in §(¢1), ..., 0(¢r), 8(61),...,8(0s), (7)., 6(w), 6(afm),
..,6(cft). Using Theorem 2.32, Seymour obtained
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Theorem 2.37 ([15, Theorem 5.6]).

1. Suppose that % acts as identity on R(G), i.e. any irreducible Real representation of G is
either of real type or quaternionic type. Then as K R*(pt)-modules,

KR*(G) = /\KR*(pt)(éR(Sol)a oy OR(@r), 0m(61), - -, 0m(6s)).

2. More generally, c(dr(¢i)) = 6(pi), c(dm(0;)) = B* - 8(6;), and there exist A1,..., A\ €
KR(G) such that c(\,) = B3 - 6(vi)d(05vk), and

KR (G)=Pa&T-P
as K R*(pt)-module, where

® P = Agpeon(Or(91), -5 0r(0r), 01 (01), - - -, 0m(0s), Ar, -5 Ae),
o T is the additive abelian group generated by the set

{r(B"- 0(y1)™ -+ 8()8(agy)™ -+ 6(og)" )},

where €1,...,€¢, V1,...,1 are either 0 or 1, €, and v are not equal to 1 at the same
time for 1 <k <t, and the first index ko where ey, = 1 is less than the first index kq
where vy, = 1.

Moreover,

(a) AizOforalllSkSt,
(b) or(pi)? and m(0;)? are divisible by 7.

Definition 2.38. Let w; := d,,,1—,, and
Picrztan e =T (B 6(0)7 - 6() 6 (0 (1) - -8 (05 (1)) € T
Corollary 2.39.

1. KR*(G) is generated by dr(¢1), - - -, Or(¢r), Om(01), .-, 6m(0s), Ay s heand ricy  con..n
€ T as an algebra over K R*(pt).

2.
772)\;“ c AN U Piey i 1S Of degree — 1 or — 5,
2 — wi wt - .
Tirslv"'vstvylv"'vyt - :t’LLA]. o 'At ? Zf ri7517---78t7’/17---7’/t 5 Of degree - 2 or — 67
0 otherwise.
The sign depends on i, €1, ..., Vi,...,V and can be determined using formulae from (2)

of Proposition 2.29.
3. Tie1, et 01,0t = 07 and Tie1,ee st 1t = 2T’i+2,81,...7£t,V1,...,I/t'

Proof. The Corollary follows easily from the various properties of the realification map and
the complexification map in Proposition 2.29, and the fact that ¢(\g) = 8 - §(vk)8(05k). For
example,

Pier,eomnnant] = T(B5 8(7)7 -+ 8(1) (g ()" -+ 6 (o (w)) " e(m)) = 0,
Tie1, €t V1t b= T(Bz : 6(71)61 ce 5(715)‘%5( (’Yl))yl cee 5(@(’)%))%0(:“’))

= ri+2,€1,...,8t7V1,...,Vt' u

v o
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In fact Theorems 2.4 and 2.32 also yield the following description of module structure of
K R-theory of a compact connected Real Lie group with torsion-free fundamental group with
a restriction on the types of the Real representations.

Theorem 2.40. Let G be a compact connected real Lie group with w1 (G) torsion-free. Sup-
pose that R(G,C) = 0, i.e. o} acts as identity on R(G). Then KR*(G) is isomorphic to
Ny g (pt)(lm(éR), Im(dn)) as KR*(pt)-modules.

As we see from Theorem 2.37 and Corollary 2.39, to get a full description of the ring structure
of KR*(G), it remains to figure out dr(¢;)? and dg(6;)%. We will, in the end, obtain formulae
for the squares by way of computing the ring structure of K R (G) and applying the forgetful
map. In particular, we will show that dr(¢;)? and dg(6;)? in general are non-zero. So, unlike
the complex K-theory, K R*(G) is not an exterior algebra in general. Nevertheless, K R*(G) is
not far from being an exterior algebra, in the sense of the following

Corollary 2.41.

1. KR*(pt)a, which is the ring obtained by inverting the prime 2 in K R*(pt), is isomorphic
to Z (5,1 /(u* —4) = Z[5, %] /((B*)? - 1).

2. Suppose that R(G,C) = 0. KR*(G)2, which is the ring obtained by inverting the prime 2
in KR*(Q), is isomorphic to, as K R*(pt)2-algebra

A, 02(01)s- 8200, 05(61), .. 05 (6)).

3 The coefficient ring K R7,(pt)

In this section, we assume that G is a compact Real Lie group, and will prove a result on the
coefficient ring K Rf(pt). In [5], all graded pieces of KR, (pt) were worked out using Real
Clifford G-modules. We record them in the following

Proposition 3.1. KR;(pt), as abelian groups, for 0 < q < 7, are isomorphic to RR(G),
RR(G)/p(R(G)), R(G)/j(RH(G)), 0, RH(G), RH(G)/n(R(G)), R(G)/i(RR(G)) and O re-
spectively, where the maps i, j, p, n are as in Propositions 2.17 and 2.24.

Remark 3.2. Note from the above proposition that K R (pt) ® K R;*(pt) = RR(G) @ RH(G).
In this way we can view RR(G) ® RH(G) as a graded ring where RR(G) is of degree 0 and
RH(G) of degree —4.

Proposition 3.3.

1. Suppose R(G,C) = 0. Then the map

f: (RR(G,R)® RH(G,R)) ® KR*(pt) = KR (pt),
P1RTI D P22 p1-T1+ p2- 22

is an isomorphism of graded rings.

2. In general,

f: (RR(G,R)® RH(G,R)) ® KR*(pt) @ r(R(G,C) ® K*(+)) — KR;(pt),
p1 & T B p2 @2 ®1(p3® B) > p1 - w1 + p2 - z2 +1(p3 - )

is an isomorphism of graded abelian groups.
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3. If p is an drreducible complex representation of complex type, then nr(B*-p) = 0 and
pr(B' - p) = 2r(B"+* - p).

Proof. The proposition follows by verifying the isomorphism in different degree pieces against
the description in Proposition 3.1. For example, in degree 0,

RR(G,R)® KR%(pt) ® RH(G,R) ® KR *(pt) ® r(R(G,C) @ K°(+))
= RR(G,R)® RH(G,R) ® Zu ® RR(G,C)
>~ RR(G,R) ® RR(G,H) ® RR(G,C)

(if [V] € RH(G,R), then [V]-u=[V®V]e RR(G,H))
= RR(G) = KR (pt).

3) follows from Proposition 2.29. [ |
(3) p

Remark 3.4. In [5], KR} (X), where the G-action is trivial, is given as the following direct
sum of abelian groups

RR(G,R)® KR*(X)® RR(G,C) ® KC*(X) & RR(G,H) ® KH*(X),

where KC*(X) and K H*(X) are Grothendieck groups of the so-called ‘Complex vector bundles’
and ‘Quaternionic vector bundles’ of X. We find Proposition 3.3, which is motivated by this
description, better because the ring structure of the coefficient ring is more apparent when cast
in this light. The proposition is, as we will see in the next section, a consequence of a structure
theorem of equivariant K R-theory (Theorem 4.5), and therefore still holds true if the point is
replaced by any general space X with trivial G-action.

4 Equivariant K R-theory rings
of compact simply-connected Lie groups

Throughout this section we assume that G is a compact, connected and simply-connected Real
Lie group unless otherwise specified. We will prove the main result of this paper, Theorem 4.33,
which gives the ring structure of KR (G). Our strategy is outlined as follows.

1. We obtain a result on the structure of KR(G) (Corollary 4.10) which is analogous to
Theorem 2.37 and Proposition 3.3. We define 6§ (p:), 65 (6;), A{ and rgi,€17-~~75t71/1,~~,1/t

(cf. Definition 4.8 and Corollary 4.11), which generate K R (G) as a K R}, (pt)-algebra, as
a result of Corollary 4.10. We show that (A{)? = 0 (cf. Proposition 4.13).

2. We compute the module structure of KR, JF)(U(n), or) for F =R and H.

3. Let T be the maximal torus of diagonal matrices in U(n) and, by abuse of notation, o be
the inversion map on 7', oy be the involution on U(n)/T (where n = 2m is even) defined
by gT' — JngT. We show that the restriction map

pe KREKU(n),O—R)(U(n),UR) - KR’(T,JR)(T7 OR)
and the map

2m),on OH

induced by the Weyl covering map qg : U(2m)/T x T — U(2m), (¢T,t) — gtg™ !, are
injective.
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4. Let o, be the class of the standard representation of U(n). We pass the computation of the
two squares 6 (0,)% € KR?U(n),aR)(U(”)’UR) and 05 (02,,)% € KR’("U(Qm)pH)(U(Qm),aH)
through the induced map pf, and ¢, to their images and get equations (4.2) and (4.3) in

Proposition 4.29.

5. Applying induced maps ¢; and 67 to equations (4.2) and (4.3) yields equations (4.4)
and (4.5) in Theorem 4.30 which, together with Proposition 4.13 and some relations
among 7, ¢ and r;?,i,sl,...,st,ul,...,ut deduced from Proposition 2.29, describe completely the

ring structure of K R, (G) (cf. Theorem 4.33).
Remark 4.1.

1. Seymour first suggested the analogues of Steps 3, 4 and 5 in the ordinary K R-theory case
in [15] in an attempt to compute dg(¢;)? and 5 (6;)?, but failed to establish Step 3, which
he assumed to be true to make conjectures about dg(¢;)?.

2. In equivariant complex K-theory, K& (G/T x T) = K5(T) for any compact Lie group G,
and the two maps pf (the restriction map induced by the inclusion T'— G) and ¢, which
is induced by the Weyl covering map are the same. If m1(G) is torsion-free, then these
two maps are shown to be injective (cf. [9]. In fact it is even shown there that the maps
inject onto the Weyl invariants of K7.(T")). In the case of equivariant K R-theory, things
are more complicated. First of all, while in the case where (G,o0q) = (U(n),or), it is
true that KR (G/T x T) = KR} (T), and p{, and qf, are the same, it is no longer true
in the case where (G,0q) = (U(2m),om). In Step 3, we use ¢, for the quaternionic type
involution case because we find that it admits an easier description than pg, does. Second,
we do not know whether pf, and g, are injective for general compact Real Lie groups
(equipped with any Lie group involution). For our purpose it is sufficient to show the
injectivity results in Step 3.

4.1 A structure theorem

Definition 4.2. A G-space X is a Real equivariantly formal space if
1) G is a compact Real Lie group,

2) X is a weakly equivariantly formal G-space, and
3) the forgetful map KR, (X) — KR*(X) admits a section sg : KR*(X) — KR (X) which
is a K R*(pt)-module homomorphism.

Remark 4.3. If X is a weakly equivariantly formal G-space, then the forgetful map K (X) —
K*(X) admits a (not necessarily unique) section s : K*(X) — K} (X) which is a group homo-
morphism.
Definition 4.4. For a section s : K*(X) — K;(X) (resp. sg : KR*(X) — KR{(X)) and
a € K*(X) (resp. a € KR*(X)), we call s(a) (resp. sg(a)) a (Real) equivariant lift of a, with
respect to s (resp. sg).

We first prove a structure theorem of equivariant K R-theory of Real equivariantly formal
spaces.

Theorem 4.5. Let X be a Real equivariantly formal space. For any element a € K*(X) (resp.
a € KR*(X)), letag € K&(X) (resp. ag € KRE(X)) be a (Real) equivariant lift of a with respect
to a group homomorphic section s (resp. sg which is a K R*(pt)-module homomorphism). Then
the map
f: (RR(G,R)® RH(G,R)) ® KR*(X) ® r(R(G,C) ® K*(X)) - KR&(X),
p1®ar Dr(p2 ®az) = p1-(a1)g ©r(p2 - (a2)q).
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is a group isomorphism. In particular, if R(G,C) = 0, then f is a KR (pt)-module isomor-
phism.

Proof. Consider the following H (p, ¢)-systems

HR*(p,q) == KR (X x 890, X x §P¥) =2 KR~ (X x §77P0),

H%(p,q) == K~*(X x §9°0, X x §P0) =2 K~FP(X x §97P0),

HR&(p,q) == KR (X x S0, X x §PY) =2 KR*TP(X x §77P0).
For the last H(p, q)-system, G acts on S97PY trivially. The spectral sequences induced by these
H (p, q)-systems converge to KR*(X), K*(X) and KR, (X) respectively (for the assertion for
the first two H(p, q)-systems, see the proofs of Theorem 3.1 and Lemma 4.1 of [15]. That
the third H (p, ¢)-system converges to K R, (X) follows from a straightforward generalization of
the aforementioned proofs by adding equivariant structure throughout). Consider the two long
exact sequences for the pair (X x B?P0 X x §97P9) with the top exact sequence involving
equivariant K R-theory and the bottom one ordinary K R-theory, and the vertical maps being

forgetful maps. By applying the five-lemma, we have that each element in the first two H (p, q)-
systems has a (Real) equivariant lift. Define a group homomorphism

f(p,q): (RR(G,R) ® RH(G,R)) ® HR*(p,q) ® r(R(G,C) @ H*(p,q)) — HR(p,q)
by
p1®@ar Br(pe®az) — p1-(a1)g ®r(p2- (a2)q).

As RR(G,R), RH(G,R) and R(G, C) are free abelian groups, and tensoring free abelian groups
and taking cohomology commute, f is the abutment of f(p, ¢). On the E"?-page, f(p, q) becomes
?4: (RR(G,R)® RH(G,R)) ® KR™(X x S"?) & r(R(G,C) ® K~ (X x S'Y))

— KRG (X x §10).
Note that K~9(X x S10) =2 K~4(X) & K~9(X), KR (X x S'0) 2 K~(X), and KR, (X x
S10) =~ K,%(X). With the above identification,
r: R(G,C)o K (X x S"0) —» KR;!(X x S') = K %(X),
p1® (a1,0) & p2 @ (0,a2) — p1 - (a1) + o5p2 - (%M)G-
So r(R(G,C) ® K~9(X x S'9)) = R(G,C) ® K~4(X). fP'?is a group homomorphism from
(RR(G,R) @ RH(G,R) @ R(G,C)) ® K79(X) = R(G) ® K~9(X) to K;%(X), which is an
isomorphism by weak equivariant formality of X. It follows that f is also an isomorphism. If

R(G,C) = 0, then by (1) of Proposition 3.3 and (3) of Definition 4.2, f is indeed a KR (pt)-
module isomorphism. |

Remark 4.6. The term ‘Real equivariant formality’ is suggested by the observation that, if X
is a Real equivariantly formal G-space and R(G,C) = 0, then the map

KR;(X) ®rr(eRr)oRE@GR) L — KR (X)

induced by the forgetful map is a ring isomorphism, which smacks of the ring isomorphism in
the definition of weak equivariant formality.

Lemma 4.7. dr(;), 0u(0;), A and iy, con,..n € KR*(G) all have Real equivariant lifts in
KRE(G). Hence G is a Real equivariantly formal space.
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Proof. A natural choice of a Real equivariant lift of dr(p;) is represented by the complex
of vector bundles in Proposition 2.2 equipped with both the Real structure and equivariant
structure defined for dgr(y;) and dg(p) respectively. These two structures are easily seen to be
compatible. A Real equivariant lift of 6y (#;) can be similarly defined. The class

r(B - ba(n) -+ Sa () 8a(5m)” -+ ba(ogm)”)

obviously is a Real equivariant lift of 7, ¢, . ¢, ;... 1,. By adding the natural equivariant structure
throughout the construction of A\; in the proof of Proposition 4.6 in [15], one can obtain a Real
equivariant lift of . [ |

Definition 4.8. We fix a choice of equivariant lift of any element a € K*(G) by defining dg(p)
to be the equivariant lift of (p). Similarly, we fix a choice of Real equivariant lift of a € K R*(QG)
by defining 6% (¢i), 65 (0;), \$, and rfalw’ehthw in the proof of Lemma 4.7 to be the Real

equivariant lift of dr(¢;), om(0;), A\ and iy cpvn,ve-
Remark 4.9. \{ satisfies ¢(\Y) = B30¢ (k) dc (05 n)-
Corollary 4.10. Let G be a compact, connected and simply-connected Real Lie group. The map

f: (RR(G,R)® RH(G,R)) ® KR*(G) ® r(R(G,C) ® K*(G)) - KR;(G),
p1® a1 ©r(p2 @az) = p1-(a1)a ©r(p2 - (a2)c)

is a group isomorphism. Here (a;)g is the (Real) equivariant lift defined as in Definition 4.8.
In particular, if R(G,C) =0, then f is an isomorphism of KR} (pt)-modules from KR} (pt) ®
K*(G) to KR:(G).

Proof. The result follows from Theorem 4.5 and Lemma 4.7. In the special case where
R(G,C) =0, KR*(G) is isomorphic to K R*(pt) ® K*(G) as K R*(pt)-modules by (1) of Theo-
rem 2.37, and applying Theorem 4.5 and Proposition 3.3 give KR} (G) = RR(G) ® KR*(G) =
RR(G) ® KR*(pt) ® K*(G) = KR{(pt) ® K*(G). In this way f is a K R{,(pt)-module isomor-
phism from KR} (pt) ® K*(G) to KRA(G). |

Corollary 4.11. Let

Tgi,el,‘..,at,ul,...,w = r(ﬁz : P(SG(’Yl)sl to 5G(r7t)€t56'(%71)y1 T 5G(%’7t)yt)a

where p € R(G,C) @ Z - pyiv and €1, ..., Vi,...,1 are as in Theorem 2.32. Then KR{(G),
as an algebra over K R (pt), is generated by 65 (¢1), ..., 05 (¢r), 6G(01),...,0%(05), My s A,
and r¢

PylELy e sEt VL yeesVE

Remark 4.12. If p = pyiy, then Tgi,m,...,at,ul,...,w = T§517---7€t71’17---7”t' If p € R(G,C), then
G * . .
Tt comes from r(R(G,C) @ K*(G)) in the decomposition of Theorem 4.5.

Now we are in a position to compute (A\{)? by imitating the proof of Proposition 4.7 in [15].
Proposition 4.13. ()\kG)2 =0.

Proof. Consider the Real Lie group (U(n) x U(n),oc), where oc(g1,92) = (92,91). Let p; :
U(n) x U(n) — U(n) be the projection onto the j-th factor, and u; = p(Alay), v; = pi(Alay).
Thus ofu; = v;. A decomposition of K*(U(n) x U(n)) by the induced involution o7 is given
by M & T @ 0T, where M is the subalgebra generated by d(u1)d(vi),...,6(un)d(v,). By
Proposition 2.32, there exist h1,...,h, € KR’ (U(n) x U(n), oc) such that c(h;) = 836 (u;)6(v;),
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and KR*(U(n)xU(n),oc) = F&r(K*(+)®T), where F is the K R*(pt)-module freely generated
by monomials in hq,..., h,. By Corollary 4.10,
KRy (n)xU(n),00) (U (1) x U(n),0c) = RR(U(n) x U(n),0c,R) @ (F & r(K*(+) @ T))
& r(R(U(n) x U(n),0¢,C) & K*(U(n) x U(n))).

Let h{ be the equivariant lift of h; as defined in Definition 4.8. So c¢(h¥) = 835 (u;)dc(v;) and

c((h$)?) = 0. Consequently (h$)? = nk; for some k; € KR(_J(R)XU(n),U@)(U(n) x U(n),oc) (ct.

Gysin sequence (3.4) in [2] and its equivariant analogue). Since n-7(-) = 0, we may assume
that k; is from the component RR(U(n) x U(n),oc,R) ® F. But the degree —7 piece of the
later is 0. So (h$)? = 0.
Consider the map
Yk X %’Wﬁ: : (G’UG) — (U(Tl) X U(n)aa((:)a
9= (m(9): (96(9)))-

It can be easily seen that (y; x %’yk)*(h?) =\{. So (A\{)? = 0. [

4.2 The module structure of KR{y;,, .., (U(n), or)
Definition 4.14. Let o, be (the class of) the standard representation of U(n).

Proposition 4.15. o, A\%0,,...,A"0, € RR(U(n),or,R), A¥ 09, € RR(U(2m),ou,R) and
A2 oo,, € RH(U(2m), o, R). Also, both R(U(n),or,C) and R(U(2m),on, C) are 0.

Proof. For the involution o and A’c,, define the bilinear form
Br: Ao, x of Ao, — C,
(Vi A Avg,wr A+ Aw;) = det((vy, W) ).

Obviously the form is U (n)-invariant, symmetric and non-degenerate. By Proposition 2.18, each
of N'on, 1 < ¢ < nisa Real representation of real type. Similarly, define, for the involution oy
and A'oayy,, a bilinear form

By : Nogy, X aﬁ/\iagm — C,
(Vi A Avgwr A= Awg) = det((Jmvy, Wy)).

It is U(n)-invariant because
Br(gv, gw) = det({Jmguj, Jmgm wr)) = det((Jngvj, Jmg T WE))
= det((v), Jp, ' wr)) = det((Jmvj, Wk)).
Moreover
Byi(v,w) = det({Jnvj, We)) = det({~vj, Jnr)) = det(— (W, v;))
— det(—(Jpwy, 77)) = (1) Bua(w, ).

So by Propositions 2.16, 2.18 and 2.22, Aoy, is a Real representation of real type when i
is even and a Quaternionic representation of real type when ¢ is odd. There are no complex
representations of complex type because A'o,, = ofAloy, for F = R and H. |

Lemma 4.16. KR’(*U(n)W)(U(n),UF) is isomorphic to Q%RfU(n),aF)(Pt)/KR*(Pt) as KRy, o) (pt)-
modules, where F = R or H.
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Proof. Theorem 4.5 implies that, KR, UR)(U(n), or) = RR(U(n),or)®@ KR*(U(n),or) and
KR, UH)(U(n), o) = (RR(U(n),om, R)®RH(U(n),om,R))@ KR*(U(n),om). Moreover, by

Theorem 2.40 and Proposition 4.15,

KR*(U(n),or) = J\ (0 (on), - -, Or(A"on))

KR*(pt)
and
KR*(U(2m), o) = /\KR*(pt) (S(02m), SR(A2T2m), - - -, SR(AT09m)).
Putting all these together and applying Theorem 3.3, we get the desired conclusion. |

Remark 4.17. As ungraded K R*(pt)-modules, both
KR?U(Zm),UR)(U(2m)7 O'R) and KR?U(2m)’O_H)(U(2m)7 UH)

are isomorphic to Ky, (U(2m)) ® K R*(pt).

4.3 Injectivity results

This step involves proving that the restriction map pg to the equivariant K R-theory of the
maximal torus and the map ¢, induced by the Weyl covering map are injective.

Lemma 4.18. Let G be a compact Lie group and X a G-space. Let i} : K5(X) = K5.(X) be
the map which restricts the G-action to T-action. Then

i1@ldr: KG(X)®R— Kp(X)®R
is ingective for any ring R.
Proof. By [4, Proposition 4.9], i} is split injective. So is i} ® Idg for any ring R. |

Lemma 4.19. Let i : K;.(G) = K7(T) = R(T) ® K*(T') be the map induced by the inclusion
T — G. Then

dim p

i3r(p) = Y e ® (1)) € Kp'(T),
j=1

where T; are the weights of p.

Proof. Let V be the vector space underlying the representation p. dr(p) is represented by the
complex of T-equivariant vector bundles

0—GXRxV —GxRxV —0,

(g.t,v) = (g9,t,—tp(g)v)  if t>0,
(g.t,v) = (g9,t,tv)  if £ <0

which, on restricting to
0—TxRXV —=TxRxV —0

is decomposed into a direct sum of complexes of 1-dimensional T-equivariant vector bundles,
each of which corresponds to a weight of p. |
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Lemma 4.20. Let G be a simply-connected, connected compact Lie group and p1,...,p; be its
fundamental representations. Then

l !
zzoj&wm>=da®II&mx (4.1)
=1

i=1
l
w- Yy w;
where w; the i-th fundamental weight and dg = > sgn(w)e =t € R(T) is the Weyl deno-
weW
minator.
Proof. Equation (4.1) follows from Lemma 4.19 and Lemma 3 of [1]. [

Lemma 4.21. Let M be an R-module freely generated by mq,...,m;, and N an R-module. If
f+ M — N is an R-module homomorphism, and rf(mi) A--- A f(my) € /\%N is nonzero for
allr € R\ {0}, then

N NM = NN
18 injective.

Proof. It suffices to show that A" f is injective for 1 < k < . Suppose I C {1,...,1}, [I| = k,

my = Njeymi and f(mg) := N;jcp f(mg). If Y0 rimy € ker(A" f), then for any J with |.J| = k,
=k

0="> rif(mi) A flmge) =ryf(mu) A--- A f(my).

=k

Hence > rymj; =0 and the conclusion follows. |
|1|=k

Lemma 4.22. Let G be a simply-connected, connected and compact Lie group. Then the map
is®Ildr: Kr(G)®@R— K1 (T)®R

is injective for any ring R.

Proof. Note that
Ka(G) @p(q) R(T) — K1(G),
a®@p s ii(a) - p.

is an R(T')-algebra isomorphism (cf. [12, Theorem 4.4]). Using Theorem 2.7, we have that K7.(G)
is isomorphic, as an R(T')-algebra, to /\E(T) M, where M is the R(T)-module freely generated by

dr(p1),...,6r(p1). We also observe that K7.(T) is isomorphic, as an R(T')-algebra, to /\}}
where N is the R(T)-module freely generated by 6(w1),...,d(w;). Note that the hypotheses of

Lemma 4.21 are satisfied by f = i ® Idg,, for any m > 2, as r H 507 (pi) = 1% H or(pi) =

i=1 =1
rdg ® H d(ww;) (by Lemma 4.20) is indeed nonzero for any nonzero r in Z,, (the coefficients

of dg are elther 1 or —1, so after reduction mod m rd¢ is still nonzero). Now that i5 ® Z,, is
injective, so is 15 ® Idg for any ring R. |



The Real K-Theory of Compact Lie Groups 21

Proposition 4.23.

1. Let G be a compact, connected and simply-connected Real Lie group such that RR(G,C) =
RR(G,H) = 0 and there exists a mazimal torus T on which the involution acts by inver-
sion. Then the restriction map KR (G) — KR} (T) is injective.

2. The map p¢, : KRE‘U(H)JR)(U(TL),JR) — KRE‘T’JR)(T, oR) 1S injective.

Proof. By Corollary 4.10, KR (G) =2 Ki&(G) ® KR*(pt) and KR (T) = K(T) ® KR*(pt)
as K R*(pt)-modules. Using this identification, we can as well identify the restriction map with
i* @ Id g pe(pt), Where i* := 75 o 4]. Part (1) then follows from Lemmas 4.18 and 4.22. Part (2)
is immediate once we apply Lemma 4.18 and note that the proofs of Lemmas 4.20 and 4.22
can be adapted to the case G = U(n) by letting oy, ..., A", play the role of the fundamental
representations and their highest weights, the fundamental weights. |

Lemma 4.24. KRZ*U(Qm)JH)(U@m)/T, og) = Z[ef, ... el (eflell ... el V71l @ KR*(pt) as

rings, where eIZ-HI liwes in the degree —4 piece.

Proof. It is known that K*(U(2m)/T) = Zax,...,aom)/(si — (*7")]1 < i < 2m), where
a; = [U(2m) xr C,,] and s; is the i-th elementary symmetric polynomial (cf. [3, Proposi-
tion 2.7.13]). The induced map oj; acts as identity on K*(U(2m)/T). The involution o
on the base lifts to a Quaternionic structure on the associated complex line bundle, so there
exist off ... ol € KR™(U(2m)/T), such that their complexifications are 52ay, ..., B2agm €
K*(U(2m)/T). By Theorem 2.32, KR*(U(2m)/T, o) is a K R*(pt)-module generated by poly-
nomials in o', ... ol € KR™(U(2m)/T,on). In fact it is not hard to see that K R*(U(2m)/T,
o) is isomorphic to

2m 1 2m
H o ol * - == <k< .
Zlag,. .., 05, @ KR (pt)/<52k <2k>,82k 1 QM(Qk_1>'1—k—m>

Also obvious is that each of aff has an equivariant lift eff € KR} f(U (2m)/T, om).

(U(Qm)vaH
Now that all the hypotheses in Theorem 4.5 are satisfied, we can apply it, together with the

fact that R(U(2m), om, C) = 0 (cf. Proposition 4.15) to see that KR 0m) UH)(U(Zm)/T, om) is
isomorphic to

(RR(U(2m),om,R) & RH(U(2m),om,R)) @ KR*(U(2m)/T, ow)
as RR(U(2m),om,R) @ RH(U(2m), og, R)-modules (actually as rings). Noting that
RR(U(2m),om,R) ® RH(U(2m), ow, R) = Z(s1, ..., Som, Son]
we establish the Lemma. |
Proposition 4.25. KR?U(Qm),UH)(U(Qm)/T x T, og X oRr) is isomorphic to

Z[ellm, . ,egﬂm, (e]iiI e eg{m)_l] ® KR*(T,oR)

as graded Tings.

Proof. First, by [14, Theorem 1], Proposition 3.3 and Lemma 4.24, KR 9m) UH)(U(Zm)/T, om)
is a free K R’(*U(Qm)’UH)(pt)—module. The same is also true of K RTU(2m),UH)(T’ or) since, by Theo-

rem 4.5, it is isomorphic to RR(U(2m),on) ® KR*(T,or), which in turn is isomorphic to
KR 0m)0om) (pt) ® K*(T'). The proposition follows from a version of Kiinneth formula for
equivariant K R-theory. |



22 C.-K. Fok

Remark 4.26. KR{; ;. , )(U(Qm)/T x T, o x or) is isomorphic to K7(T) ® KR*(pt) and
KR?

(T, UR)(T, or) as ungraded K R*(pt)-modules.
Proposition 4.27. The map qg, is injective.

Proof. By Remarks 4.17 and 4.26, KR{; s, UH)(U(Qm),aH) and KR 9, UH)(U(Qm)/T X

T,om x og) are isomorphic to K Ry (U(2m),or) and K Rir JR)(T, or) respectively, as

2m),or)
ungraded K R*(pt)-modules. It is not hard to see that ¢, can be identified with pf, under these
isomorphisms. Now the result follows from Proposition 4.23. |

4.4 Squares of algebra generators of real and quaternionic types

Lemma 4.28. KR*(T,oR) is isomorphic to the exterior algebra over KR*(pt) generated by
or(er),...,o0r(en), as KRy UR)(pt)-modules. Here e; is the 1-dimensional complex representa-

tion with weight being the i-th standard basis vector of the weight lattice. Moreover, dg(e;)? =
nor(€;).

Proof. Since R(T,og,C) = 0, the module structure follows from Theorem 2.40. For the second
part of the Lemma, see the appendix of [15]. [

Proposition 4.29. In KRZ‘U(n)mR)(U(n)7 OR)

(5]1(5(071)2 = n(an . (5]%(071) — 5]1%(/\2071)). (4.2)
In KR’(*U(Qm)JH)(U@m), om),
(Sﬁ(dzm)Q = 77(0’2m . 5&(02m) — (S]g(/\QJQm)). (4.3)

Proof. Now that we have shown that pf, and qf, are injective by Propositions 4.23 and 4.27,
we can compute 5]% (0,)? and 6& (02m)? by passing the computation through p¥ and ¢, to their
images. We prove the case F = R. The proof of the case F = H is similar so we leave it to the
reader. Note that

2
pz‘(éﬂg(an)2) :pé((sﬂ& Un (Z e ® 5]R ez )

e? ® nir(e;) + Z eiej @ Or(e;)or(ej)

i=1 itj
bemima 128 D el @ndr(e) + ) eie; ® (0r(ei)dr(e;) + Or(e;)or(e:)
i—1 i<j
= e} @ndg(e).
=1

On the other hand,

p*(on - 0% (04)) (Zeﬂé@l) < €z®5R(€i)> = ) eie; ® ()
=1 1<4,5<n

Z ®6R 61 +Z€]61®6R(61)

i=1 i#]
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=> ef@or(e)+ > ejei® (Or(ei) + orle;))
i—1

1<i<j<n

€7 ® Or(e;) + pi (6§ (N2ay)).

n
=1

From the above equations we obtain

P& (68 (00)%) = mpG(on - 08 (o) — 08 (A\20n)).
By Proposition 4.23,

5§ (0)2 = n(0n - 0G () — 0G (N200). .
Theorem 4.30. Let G be a Real compact Lie group. Then

5% (0i)? = n(pi - 0F (i) — 0§ (N%3)),
05 (6;)% = n(6; - 65 (6;) — 6§ (A%6))).

Proof. The induced map ¢} : KR, UR)(U(n),JR) — KR, UG)(G,ag) sends o, to ¢;, and
6 (os) to 6§ (). Likewise, the induced map 05« KRy UH)(U(Zm),UH) sends oo, to 6,
and 0§ (02,) to 05 (6;). The result now follows from Proposition 4.29. [

To further express 6§ (A2p;) and 6§ (A%0;) in terms of the module generators associated with
the fundamental representations, we may use the following derivation property of 51%{" and 5ﬁ .

Proposition 4.31. 6§ @® 6§ is a derivation of the graded ring RR(G) ® RH(G) (with RR(G)
of degree 0 and RH(G) of degree —4) taking values in the graded module K R;'(G)® KR’ (G).

Proof. We refer the reader to the proof of Proposition 3.1 of [9] with the definition of dz(p)
given there (which is incorrect) replaced by the one in Definition 2.5. One just need to simply
check that the homotopy ps in the proof for ¢ > 0 intertwines with both or and oy. |

Corollary 4.32. In KRE‘U(H)JR)(U(n),JR),

2k
5% (/\kan)2 =7 Z N, 6]1% (/\ian).
i=1

In KR 0, (U(2m), om),

om)

2k—1
5ﬁ (/\2k710_2m)2 —y Z (/\4k72j7102m ) 5&(/\2%10%) £ A2, 5]1% (A2j02m)> 7
=1

J
2k
(5{{ (/\2k02m)2 = Z (A4k_2j+102m . (S]g (/\2j—102m) + /\4k_2j02m . (5]1%: (/\2j02m)> .
j=1

Proof. By the definition,

(NFon) (6§ (%o (Z) )) = 8§ (N*(AFay)).
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By Exercise 15.32 of [10],

k
/\2(A Un) = @ka_2i+1+wk+2i—1‘

7

By Giambelli’s formula,

r = ABF2iSlg k=2l k2 AR=2ig

Wk—2i+1TWk42i—1 n:

By Proposition 4.31
5H€<F — /\k+2iflo_n . 511% (/\k72i+10_n) + /\k72i+10_n . (511% (/\k+2i710_n)

— ARH2ig 6]1%(/\1@—21'0,”) _ B2 5]1%(/\“21'0”).

Wk —2i4+1 Tk 4+2i—1 )

Now the first equation is immediate. The second and third equations can be derived simi-
larly. |

Putting together the previous results yields the following full description of the ring structure
of KR:(G).

Theorem 4.33. Let G be a simply-connected, connected and compact Real Lie group. Viewing G
as a Real G-space with adjoint action, we have

1. (Corollary 4.10) The map

f: (RR(G,R)® RH(G,R)) ® KR*(G) & r(R(G,C) ® K*(G)) - KR;(G)
p1®@ a1 @r(p2 ®az) = p1-(a1)e @ r(p2 - (az)c)
is a group isomorphism. In particular, if R(G,C) = 0, then f is an isomorphism of
K RY (pt)-modules.
2. (Corollary 4.11) K Rg(G) is generated by 6§ (p1), - - -, 6% (¢r), 65(61), .- -, 05 (05), S, .. ., A

G *
and 15 o o 08 an algebra over KR (pt). Moreover,

a Proposition 4.13 A& 2 _ 0 foralll <k <t,
(a) (Prop K
G
(b) (rp,i,al,...,st,ul ..... l/t)2 (46)
(o TG OG- O9) ifrGo s of degree —1 o7 —5,
= Eulp-olp)(AG)#r - (A if ng‘,el ..... covn,an 18 Of degree —2 or — 6,

0 otherwise.

The sign can be determined using formulae in (2) of Proposition 2.29.

G
2Tp,2'+2,€1,...,st,ul,...,yt7 (47)

(d) (Proposition 4.30) 5]1%(%-)2 = 77(%‘ . (5]1(5(%) — (5]1%(/\2%)),
05 (6;)% = (6, - 65 (6;) — 6§ (A%6))).

G _
PYSEL yeeesEt U1 eyt

(C) T il Vst 1 = 0, andr

One can express 5]1%‘(/\2%) and 5ﬁ(A29j) in terms of the algebra generators using the deriva-
tion property of 5]1% and 51%1: (¢f. Proposition 4.31).

Proof. Only (4.6) and (4.7) need explanation, but they are just equivariant analogues of Corol-
lary 2.39 and follow from (2) of Proposition 2.29 and Remark 4.9. [
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Remark 4.34.

1. KR{(pt)2, which is the ring obtained by inverting the prime 2 in K R, (pt), is isomorphic to

(RR(G,0¢,R) & RH(G,06,R)) @ Z [, 2] /((8%)* = 1)
& r(R(C.06.C) ©Z [}.8] /(8" - 1).

2. If R(G,C) = 0, then KR}(G)2, which is the ring obtained by inverting the prime 2 in
K RY(G), is isomorphic to, as K Rf,(pt)2-algebra,

G G G G
KVR*G(IC)t)2 (5R ((701)’ ceey 5]R (907“)7 5H (91)3 s 75[[-]1 (98)) .

5 Applications and examples

Applying the forgetful map KR (G) — KR*(G) to Proposition 4.31 and Theorem 4.33, we
solve the problem of finding a description of the ring structure of K R*(G) which was left open
by Seymour in [15].

Theorem 5.1. Let G be a simply-connected, connected and compact Real Lie group. Then
Or(pi)® = n(dim(e:) - 6r(9i) — R(A*@:)),  Ou(0;)® = ndr(A?0;).

One can express 0p(A%p;) and Sy(A20;) in terms of the generators in Proposition 2.37 using the
derivation property of or and dy got by applying the forgetful map to Proposition 4.31. The above
equations, together with Theorem 2.37 and Corollary 2.39, constitute a complete description of
the ring structure of K R*(G).

Remark 5.2. Seymour’s conjecture concerning &g (o, )? is true. However, his conjecture that if
r € KR™?(X), then 22 = 0 is false, as evidenced by the ring structure of K R*(U(2m), o).

Example 5.3. Let G be a simply-connected, connected and compact Real Lie group with no
fundamental representations of complex type. Equip G with both the trivial G-action and the
adjoint action. Both K¢, (G) and K¢,  (G) are isomorphic to Q% )z as rings. On the other

* * 3 3 * *
hand, though both KR, . (G) and KR, (G) are isomorphic to QKRg(pt)/KR* (pt) 35 K R, (pt)-
modules, they are not isomorphic as rings, as one can tell from the squares of the generators of
both rings. For instance, in KR, (G),

08 (pi)* = (dim(p:)3 (05) — 08 (A21))

whereas in KR, (G),

0% (9i)* = (i - 05 (@i) — 65 (N*0)) -
In this example K R-theory can tell apart two different group actions, while K-theory cannot.

Example 5.4. Let (G,05) = (Sp(2m),1d). Then R(Sp(2m)) = Zod, . 03 ..., 0% ], where
o, is the class of the irreducible representation with highest weight Ly + L + -+ + L;. Note
that o2"~1 € RH(Sp(2m),1d,R), 03F, € RR(Sp(2m),1d,R). Moreover, o, + A" 209, = Nloam
for 1 < ¢ < m. The equivariant K R-theory KR?SP(Zm)Jd)(Sp(Qm),Id) is isomorphic to, as
KR{g,0m)1a) (pt)-modules, the exterior algebra over K Rigp2m) 1) (pt) generated by 6§ (o281

and 6§ (038 ) for 1 < k < m by Theorem 4.33. The restriction map

i KR}(kU(2m)7O'H) (U(Qm)v UH) - KR?Sp@m),Id) (Sp(2m)7 Id)
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sends 0§ (A2*aam — A2 209,,) to 6§ (03%)) and 6 (A oy, — A%~ Lagy,) to G (028, Apply-
ing ¢* to the relevant equations in Corollary 4.32, we get

5R U2m _772(0,;151 % (O'Qm)+ 4k 2i+1 5H( 2i— 1))7

2k—1
0F (o3 ) = Y (obh 7 08 (o30) + otk 0 (0317))

Example 5.5. Let (G,0q) = (Ga,1d). Then RR(G2) = Z|o1,02], where o1 and oy are the
classes of irreducible representations of dimensions 7 and 14, respectively. Note that both o
and o9 are in RR(G2,Id,R), and that A%0; = o1 + 02, A20y = 0} — 02 — 20109 — 01. The
equivariant K R-theory KR, ; d)(GQ,Id) is isomorphic to, as KRfc, 1) (pt)-modules, the ex-
terior algebra over KR(c, 1) (pt) generated by 6§ (1) and 6§ (02), by Theorem 4.5. Using
Theorem 4.30 and Proposition 4.31, we have

0 (01)* =n((o1 — 1) - 6§ (01) + 0§ (02)),  0F(02)* =n((of — 1) 6§ (01) + 02 - 65 (02)).
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