SEMI-TOPOLOGICAL K-THEORY OF REAL VARIETIES
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ABSTRACT. The semi-topological K-theory of real varieties, JCRS®™i(—), is an ori-
ented multiplicative (generalized) cohomology theory which extends the authors’ ear-
lier theory, lecmi(f)7 for complex algebraic varieties. Motivation comes from consid-
eration of algebraic equivalence of vector bundles (sharpened to real semi-topological
equivalence), consideration of Z/2-equivariant mapping spaces of morphisms of alge-
braic varieties to Grassmannian varieties, and consideration of the algebraic K-theory
of real varieties.

The authors verify that the semi-topological K-theory of a real variety X in-
terpolates between the algebraic K-theory of X and Atiyah’s Real K-theory of the
associated Real space of complex points, Xg(C). The resulting natural maps of
spectra

£28(X) = KR**™(X) = KRtop(Xr(C))

satisfy numerous good properties: the first map is a mod-n equivalence for any
projective real variety and any n > 0; the second map is an equivalence for smooth
projective curves and flag varieties; the triple fits in a commutative diagram of spectra
mapping via total Segre classes to a triple of cohomology theories. The authors also
establish results for the semi-topological K-theory of real varieties, such as Nisnevich
excision and a type of localization result, which were previously unknown even for
complex varieties.

INTRODUCTION

In the papers [FW2], [FW3], we introduced and studied semi-topological K-
theory, which is a spectrum valued theory K*™i(—) defined on the category of
quasi-projective complex varieties. The definition of K™ was originally suggested
in [F3], and more recently an equivalent theory defined for smooth, projective
complex varieties, called holomorphic K-theory, has been studied by R. Cohen and
P. Lima-Filho in [CL2]. The semi-topological K-theory of a complex variety X
fits in between the algebraic K-theory of X and the topological K-theory of the
associated topological space of complex points X (C):

KHM8(X) — K™ X) = Kiop(X(C)).

The theory K™ (X) is a good interpolation between K*8(X) and %™ (X): the
map K28(X) — K%*™(X) induces a isomorphism on homotopy groups with finite
coefficients, while the map K™ (X) — Kiop(X(C)) apparently induces an iso-
morphism on homotopy groups once the action of the so-called Bott element in
Ksemi(Spec C) is inverted. Moreover, we view K™ (X) as having intrinsic interest,
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for it can be viewed as the stabilization of function complexes of algebraic mor-
phisms of X into Grassmannians, a topic of study in papers such as [Ki], [CLS].
Thus, computations of K™ (X) arising from either topological or algebraic K-
theory can provide information about such morphisms, whereas computations of
invariants of certain moduli spaces (such as those in [Ki]) can provide information
about algebraic K-theory.

In this paper, we extend the definition of ™! to real varieties, establish nu-
merous foundational properties of our theory, and compute various examples. We
also show how this new theory, JCR**™ is related to various other constructions
in algebraic geometry and topology. As was the case for K*™i(X), with a com-
plex variety X, the initial motivation for the definition of KR%™(X), with X a
real variety, is our intention of constructing a theory based on algebraic vector
bundles and algebraic equivalence. A subtlety arises in that we must use the real
analytic topology in our definition of the equivalence relation giving KRE™ (X))
as a quotient of Kglg(X ), for a real variety X. This equivalence relation, real
semi-topological equivalence, provides an invariant finer than ordinary algebraic
equivalence (as suggested by [Fu; 10.3]) and thus KR*™(X) is an invariant more
closely approximating K0'Y(X) (cf. Proposition 1.6). As for most constructions of
higher K-groups, to define K Rflemi(X ) for ¢ > 0 we require some machinery to pro-
vide a suitable homotopy-theoretic group completion; we find the “machine” using
E.-operads convenient for most our purposes (see [M1]), although the equivalent
“machine” stemming from Segal’s notion of a I'-space (see [Se]) is used instead in
Section 5. Thanks to a stabilization theorem proved in Section 7, we find that this
homotopy-theoretic group completion can be viewed as a colimit of more familiar
spaces of algebraic morphisms.

In analogy with K™, the theory KR®*™ fits in between the algebraic K-theory,
K28 of real varieties and the so-called Atiyah’s Real K-theory, KRy, of Real
spaces — i.e., spaces equipped with continuous involutions (cf. [At]). Namely, if
X is a quasi-projective real variety, then writing Xg(C) for the analytic space of
complex points equipped with the involution given by complex conjugation, we have
natural maps of spectra

KH8(X) — KRE™(X) — KRyop(Xr(C)).

We mention three theorems which should give the reader some impression of how
KRs*™i(X) relates to these other K-theories and also to cohomology theories arising
from cycles. To prove these theorems, we follow [FW3] in introducing a variation
of KR**™ (X)), written K9 (Af,, xr X), which is weakly equivalent to KR*™ (X)
whenever X is projective (and weakly normal), but which is better behaved for

arbitrary quasi-projective real varieties.

Theorem 0.1. (¢f. Corollary 3.10) For a projective real variety X, the natural
map

al . semi .
K7#(X5Z/n) — KRY™(X5Z/n)
is an isomorphism for all ¢ > 0, n > 0.

Theorem 0.2. (c¢f. Propositions 6.1 and 6.2) Suppose X is one of the following
projective real varieties: (1) a smooth, projective real curve, or (2) G/P, where G
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is one of the linear algebraic groups GL,, r, SLyr, Spin,r, or Spa,r and P is a
parabolic subgroup containing a split Borel subgroup. Then the natural map

KRE™(X) = KR (X)

top

is an isomorphism for all ¢ > 0.

Theorem 0.3. (c¢f. Theorem 8.8) Let X be a smooth, projective real variety. Then
there is a natural commutative diagram

K¥¢(X) —— K'¥(A},, xg X) —— KR, (Xz(C))

@ HY (X Z(q) —— @ LUHR*(X) —— @ HYL (Xe(C), ).

7./2
920 q>0 q>0

for all i >0, where H},(—,Z(x)) denotes the motivic cohomology of a real variety,
H;/Z(—,Z) denotes the twisted equivariant cohomology of a Real space, L* HR*(—)
is the real analogue of morphic cohomology, and the vertical maps are the so-called
“total Segre class maps”. Moreover, this diagram is obtained from a commuting
diagram of spectra by applying m;(—).

As shown in Proposition 1.5, KR*™i(—) and ]Calg(At'op xg—) really do extend the
constructions of L™ (=) and K*™(Af, xc—) of [FW2], [FW3], in that whenever
X is a quasi-projective complex variety, there are natural weak equivalences

’CRsemi(X) ; }Csemi(X) and K:Rsemi(A.

top

xr X) 5 K*mi(Ay,

Xc X)

In particular, theorems proven about RS®™i(—) for real varieties give theorems
about %™ for complex varieties. Some of the results in this paper involve ex-
tending known results for ™ to CR*™ for complex varieties. This includes
the three theorems mentioned above. However, we also establish a few results

for KR**™ and K*&(A$,, xg —) which were unknown before even for the K5™i-

and K*&(A$, ) x¢ —)-theories of complex varieties. For example, we establish that
/Calg(At'op xg —) satisfies Nisnevich descent and then use this to prove a localization
type result:

Theorem 0.4. (cf. Theorem 3.5) The theory K*&(Af,, xg —) satisfies Nisnevich
descent on the category of smooth, quasi-projective real varieties. That is, let X be

a smooth, quasi-projective real variety, p: X' — X be an étale map, i : Z — X be

a closed immersion which factors as Z 2 X' B X, Then setting U = X —i(2)
and U' = X' — j(Z), there is a natural long exact sequence

oo KP8(AY, xp X) = K2B(AS, xp X') @ KX8(A,, xg U)
— K25(A,, xa U') = KB (AL, xp X) — - .
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Theorem 0.5. (c¢f. Corollary 6.7) Given a regular closed immersion i : Z — X
of smooth, quasi-projective real varieties, there is a natural long exact sequence

o K28(AS,, xr Z) = K28(A},, xr X)
a. ° al °
— KM8(AL,, xp X — Z) — K8 (A3, Xg Z) — -+

In Section 9 we demonstrate that KRS™ satisfies the axioms of a multiplicative
oriented cohomology theory in the sense of Panin-Smirnov [PS]. One significance of
such axioms is that they allow for easy verification of Riemann-Roch type results
involving a suitably multiplicative map between such theories. Ideally, we would like
to apply this machinery to the Chern character map from KR*™! to real morphic
cohomology with rational coefficients (defined in Section 8). But for now, a proof of
the required multiplicative property remains elusive, and so such a Riemann-Roch
result is still conjectural. (However, in [CL1; 4.11] the multiplicativity of a Chern
character is asserted for complex varieties.)

An interesting aspect of our extension of K™ to real varieties is the poten-
tial for an equivariant point of view in the study of algebraic K-theory and semi-
topological K-theory. Namely, we envision associating to a real variety X a so-called
Z/2-spectrum (intuitively, a spectrum equipped with a suitably defined notion of
an action by the group Z/2), written K%/2=5™i(X). This construct should have
the property that K™ (Xc) is recovered by forgetting the Z/2-action, whereas
KRs*™i(X) is obtained by taking Z/2-fixed points. Unfortunately, some of the
foundational results for equivariant spectra are missing from the literature (al-
though they are apparently known to the experts). Consequently, we relegate the
discussion of Z/2-spectra to an appendix, which should be viewed as the optimal
way to develop the material in this paper, once the requisite foundational results
become available.

The first author thanks Pedro dos Santos for explaining the importance of Z/2-
equivariant spectra and Ivan Panin for sharing his insight and preliminary manu-
script [PS]. He also expresses his gratitude to ETH-Zurich, L.H.E.S., and the Uni-
versity of Paris VII for their hospitality.

§1 FORMULATION OF JCR®e™i

In this section, we introduce a spectrum KRS™(X) associated to a quasi-
projective real variety X, which is analogous to the spectrum K™ (Y") constructed
in [FW2] for complex varieties Y. The spectrum-valued functor X +— KR®™(X)
defines a cohomology theory on the category of quasi-projective real varieties which,
in a suitable sense, lies part-way between the algebraic K-theory of the real vari-
ety X, K*8(X), and Atiyah’s Real K-theory (cf. [At]) of the Z/2-space Xg(C),
KRyop(Xr(C)). Here, we write Xg(C) for the analytic space of complex points
of a real variety equipped with the Z/2-action given by complex conjugation. The
sense in which KR**™ (X)) lies between K*8(X) and KRyep (X ) will be made precise
throughout the remainder of this paper.

We use the notation of [FW1; 2.4], where for quasi-projective k-varieties X and
G, for some ground field k, the set Morg (X, G) cousists of all continuous algebraic
morphisms of k-varieties. Assuming k has characteristic 0, then when X is weakly
normal (equivalently, semi-normal — see [Swal), Mor, (X, G) coincides with the set
of all morphisms of k-varieties. More generally, when chark = 0, one may form
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the so-called weak normalization X* — X, and then Morg (X, G) coincides with
Homy (X™, G), the collection of morphisms of k-varieties from X™ to G.

As in [FW1; §2], when k& = C we impose a topology on Mor¢ (X, G), resulting in
a topological space which we will write as Morc (X, G) here (but which was written
as Mor(X,G)* in [FW1]). We briefly recall the description of this topology so as
to extend it to cover the case k = R. First, one chooses projective closures X ¢ X
and G C G and then defines Y to be the Chow variety of cycles on X x G of
appropriate degree. Then E C Y is defined as the constructible subset consisting
of those cycles which give graphs of morphisms from X to G upon restriction to the
open subscheme X x G. Next, RC E x E CY x Y is defined as the constructible
subset of pairs of cycles which induce the same graph upon intersection with X x G.
Finally, the topological space Morc(X,G) is defined to be the quotient of the
analytic space F(C) by the equivalence relation R(C). It is shown that this is
a proper equivalence relation, in the sense that each of the two projection maps
R(C) — E(C) is a proper map of topological space, or equivalently the quotient
map E(C) - E(C)/R(C) is proper.

We observe that these constructions apply equally well with R replacing C, since
E(R) and R(R) have natural topologies and R(R) is again a proper equivalence
relation.

Definition 1.1. Let X and G be quasi-projective real varieties. Define Morg (X, G)
to be the set Morg (X, G) endowed with the topology given as the quotient topology
of E(R) by the proper equivalence relation R(R).

Observe that there is a natural involution on the set Morc(X¢, Ge) induced by
complex conjugation. Explicitly, assuming X is weakly normal (or if not, replacing
it by its weak normalization), this involution is the involution on Homg¢(X¢, Ge)
which sends a morphism f to ogo foox, where oy is the real map on the complex-
ification Y¢ of a real variety Y induced by complex conjugation. (One may easily
check that og o f o ox is indeed a morphism of complex varieties.)

Lemma 1.2. For X and G quasi-projective real varieties, the space Morg(X, Q)
is homeomorphic to the fixed point subspace of Morc(Xc, Ge) under the action of
complex conjugation.

Proof. If Y is the Chow variety of real cycles (of some degree) on X x G, then Y
is the Chow variety of complex cycles on X¢ x Gc¢ [F2; 1.1]. Moreover, complex
conjugation defines a continuous involution on the space Y (C) and the fixed point
subspace of this involution is Y (R). This involution restricts to an involution on
the subspace E(C) whose fixed points give the subspace F(R). Similarly, complex
conjugation defines a continuous involution on R(C) with fixed point subspace
R(R). Since the equivalence relations R(R) and R(C) on E(R) and E(C) are
proper, it follows that there is an induced involution on Morc(X¢, Ge) which is
continuous. This involution is easily seen to coincide with the involution introduced
above and its fixed point subspace is Morg(X,G). O

As an aide to the reader, we provide a simpler description of the topology on
Morg(X,G) in the special case when X is a projective real variety. This turns
out to be the primary case of interest for this paper. Let Homg (U, V) denote the
collection of morphisms of R-schemes from U to V. If X and G are both pro-
jective, then the functor on real schemes Homp(— x X, ) is representable by
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an infinite disjoint union (indexed by degree) of quasi-projective real varieties,
written Homp (X, G). Thus if additionally we assume X is weakly normal, then
Morr(X, G) is merely the associated analytic space of real points Hom (X, G)(R) of
the ind-variety Homp (X, G). If X and G are projective but X is not weakly normal,
then Morg(X, G) is homeomorphic to the space Morg(X*,G) = Hom(X"™, G)(R),
where X — X is a weak normalization.

When X is projective (and weakly normal) and G is merely quasi-projective,
then a similar result holds. Namely, observe if we choose a projective closure G of
G, then the evaluation map

X x Homg(X,G) — G

given by (z, f) — f(z) is a morphism of ind-varieties — more formally, this morphism
corresponds to the natural transformation of functors on real schemes

Homg(—, X) x Homg(— x X,G) — Homg(—, G)

given by sending (f : Y — X,g: Y x X — G) to go (id, f). Then B C X X
Homg (X, G), defined as the set of (x, f) such that f(z) ¢ G, is easily seen to
be a closed subscheme. The complement of the image of B under the proper
map X x Homg (X, G) — Homg (X, G) defines an open subscheme Homg (X, G) of
Homg (X, G) which represents the functor Homg(— x X, G). In this case, we have
Morg(X,G) 2 Hom(X,G)(R), and a similar statement holds for X not weakly
normal.

Observe that if X happens to be a complex variety (i.e., if the structure map
X — SpecR is provided with a factorization X — SpecC — SpecR), then
Xc = X ][ X and complex conjugation acts on Morc(Xc, Ge) = More(X, Ge) x
Morc(X,Ge) by interchanging the two factors. Consequently, by Lemma 1.2 the
space Morg(X,G) is naturally homeomorphic to Morc (X, Gc) in this case.

We now give the construction of KR%™(X) for a quasi-projective real vari-
ety X. The construction parallels the construction of K™ (X¢) in [FW2]. Write
Grassg for the real ind-variety [ ], ling  Grass, (P ), where Grass, (P{) parameter-
izes all rank n subspaces of R¥T1, Taking transposes, we may equivalently regard
Grass, (]P’g ) as parameterizing rank n quotients of RV 1 and we use this dual per-
spective to regard Homg (X, Grass, (PY)) as parameterizing quotients (9)]\(“'1 — F,
with E locally free of rank n. The space Morg(X, Grassg) is defined as the in-
ductive limit of spaces Morg(X, Grass, (PY)), and points of Morg(X, Grassg) are
represented by quotients O — E with E locally free which factor through the
canonical map 0% — OF for N > 0.

Set Z(n) to be the space of all R-linear injective maps (R*)" — R>. The
topology on Z(n) is given as a subspace of the compactly generated compact-
open topology for the set of all continuous maps from (R*°)™ to R*°, where R
is topologized as a direct limit of its finite dimensional subspaces. An element
a=(ag,...,ap): (R®)*™ — R* of Z(n) induces a natural map

o 0% - (J[Jox)"
=0

for any real variety X, by taking transposes of the matrices defining each «; and
extending scalars to Ox. Given a point of Morg(X, Grassg)*™ — that is, quotients
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0¥ — E;, i = 1,...,n, each of which factors through the canonical quotient
0% — O for N > 0 — one may readily verify that the composition

0% = (03" — PE:

is well-defined and belongs to Morg(X, Grassg). In fact, we have a well-defined
continuous pairings

Z(n) x Morg(X, Grassg)*" — Morg(X, Grassg)

forn=0,1,.... As in [FW2; 2.8], these pairings are readily verified to satisfy the
axioms of an action of an operad on a space in the sense of [M1; §1]. As shown
in [M1; §14], given the action of an operad Z on a space Y, there is a functorial
construction of a spectrum whose zeroth space is the homotopy-theoretic group
completion of Y (see below for a precise definition of this latter term).

Definition 1.3. For any quasi-projective real variety X, define KR**™ (X) to be
the spectrum associated to the Z-space Morg(X, Grassg), as described in [M1; §14].
In particular, if X¥ — X is the weak normalization of X, then

ICRscmi(X) = ]CRscmi(Xw).
The homotopy groups of KR*™ (X)) are written

KRE™(X) = m, KR*™(X).

In particular, there is an induced natural map of H-spaces Morg(X, Grassg) —
KR™ (X)), which is a homotopy-theoretic group completion. Namely, this map
induces isomorphisms

(moMorg (X, Grassg)) ™ — KR3™(X)
and

H,(Morg (X, Grassr), A) ®@z[ry Mors (X,Grassz)] Z [(WOMOTR(X, GraSSR))+]

= H.(KR*™(X), A),

where A is any commutative coefficient ring and the superscript “4” denotes
the group completion of an abelian monoid. This gives some sense of the space
KRs*™i(X). In Section 7 of this paper, we give a more explicit description of this
space in terms of a mapping telescope.
The natural map
K:Rsemi (X) - K:Rsemi (X % Al)

is a weak homotopy equivalence of spectra, since by the techniques of [FW1], for
any real quasi-projective varieties X and G, there is a continuous map

AY(R) x Morg(X x A',G) = Morg(X x A',G)
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sending (¢, f) to f(—,— -t). This map shows that Morg(X,G) is a deformation
retract of Morg(X x A',G). Thus the theory KR**™i(—) is homotopy invariant.

We now turn to the issue of relating JCR**™ to algebraic K-theory of real vari-
eties. To begin the construction, we define an algebraic version of the operad Z.
Namely, define Z(n)(A®) to be the simplicial set

N M

Here, AR is the standard cosimplicial object in the category of real varieties and
Z(j)n v denotes the real variety parameterizing injective R-linear maps R/ —
RM . Upon taking geometric realizations, we obtain the collection of space [Z(j)(Ag)],
7 =0,1,.... The same structure used to define Z gives this collection of spaces
the structure of an E.-operad written |Z(Ag)|. Indeed, there is a natural map of
E-operads

IZ(A%)| =1

and thus we may equivalently regard the spectrum KR*™(X) as being defined by
the action of |Z(Ag)| on the space Morg(X, Grassg).
For any real variety, consider the simplicial set

d + Homg (A% x X, Grassg).
There are evident pairings of simplicial sets
Z(5)(A) x Homg (A% x X, Grassg)*? — Homp (A% x X, Grassg)

defined just as above for the action of Z on Morg(X,Grassg). Indeed, taking
geometric realizations, we obtain an |Z(AR)|-space

Homg (A$ x X, Grassg) = |d — Homg (A% x X, Grassg)|.

Using the main result of [GW] and mimicking the argument of [FW2; 6.8], which
permits a change of contexts from Segal’s I'-spaces to spaces with operad actions,
it follows that the spectrum associated to |Z(Ag)|-space | Homg (A% x X, Grassg)|
gives a model for the algebraic K-theory space |d — K28(A% x X)| for any quasi-
projective real variety X. In particular, when X is smooth, we recover the algebraic
K-theory of X in this manner.

For X and G quasi-projective real varieties, a continuous algebraic morphism
AR x X — G induces a continuous map A™(R) — Morg(X, G) (this follows from
the “internal Hom” description of Mor found in [FW1; §1]). Moreover, the stan-
dard topological simplex A}, is naturally a subspace of A™(R). There is thus
a natural map Morg(Af x X, Grassg) — Maps(Aj,,, Morg(X, Grassg)) of sim-
plicial sets, where Maps denotes the set of continuous maps between topological
spaces. Moreover, the geometric realization of this map is easily seen to be a map
of |Z(Ag%)|-spaces and there is a natural map of |Z(Ag)|-spaces

| Maps(A?,,, Morg (X, Grassg))| — Morg(X, Grassg).

We therefore obtain the following analogue of [FW2; 6.11].
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Proposition 1.4. For a quasi-projective real variety X, there is a natural map of

spectra .
K8(A® x X) — KR®*™i(X)

induced by the composition of the maps of |Z(AR)|-spaces

| Homg (Ag x X, Grassg)| — | Morg(Ax x X, Grassg)|
— | Maps(A?,,, Morg(X, Grassg))| — Morg(X, Grassg).

The following proposition verifies that our construction of R*™ (X) gives us the
infinite loop space K*™i(X) of [FW2] whenever X has the structure of a complex
variety — i.e., if the structure map X — SpecR is given a factorization X —
Spec C — SpecR.

Proposition 1.5. If X is a quasi-projective complex variety, then there is a natural

homotopy equivalence . .
]CRSeml (X) ~ ,Cseml (X) .

Consequently, for any quasi-projective real variety X, there exists a natural map

/CRsemi(X) — KRsemi(X(c) ~ Ksemi(Xc).

Proof. As shown after Definition 1.1, when X is a complex quasi-projective variety,
there is a natural homeomorphism

Morg(X, Grassg) = Morc (X, Grassc),

and this homeomorphism is clearly compatibly with the Z-space structures used
to define each of K™ (X) and KR*™(X). (Observe that K*™i(X) was actually
defined in [FW2] using a complex version of the operad Z. Since there is a natural
map from Z to this complex version of itself, up to homotopy equivalence, we
can equivalently define K*™i(X) using the operad Z.) The first result follows
immediately, and the second result follows from the first using the contravariant
functoriality of KR®™, ]

We next provide an explicit description of KR§™i(—) for projective real varieties
it terms of vector bundles modulo an equivalence relation. The reader should be
warned that real topological equivalence as defined in the following Proposition 1.6
differs from the algebraic equivalence over the field ¥ = R considered in [FW2;
1.1]. The difference is that here the analytic topology is used; i.e., the equivalence
relation is generated by pairs of real algebraic vector bundles which are related by
a family parametrized by an analytically connected portion of a real smooth curve.
By contrast, the equivalence relation suggested in [FW1] would require merely
an algebraically connected parameterizing variety (i.e., a variety connected in the
Zariski topology). In defining K§®™i(X) for a complex variety X, this distinction
disappears since algebraic and analytic connectedness are the same.

Proposition 1.6. For any weakly normal, projective real variety X, the group
KR™ (X)) is the quotient of Kglg(X) defined by real semi-topological equivalence,
the equivalence relation generated by the following equivalence: given a smooth, con-
nected real curve C and real points to, t1 which lie in the same (analytic) connected



10 ERIC M. FRIEDLANDER AND MARK E. WALKER *

component of the space C(R) and a vector bundle E on X xg C, the classes of E|y,
and E|i, are equivalent.

Proof. We show that mgMorg(X, Grassg) can be described as the collection of
isomorphism classes of vector bundles generated by their global sections modulo
real semi-topological equivalence of such bundles (that is, the equivalence relation
defined as in the statement of this proposition in which all bundles considered are
generated by their global sections). Once this assertion is proven, the proofs of
[FW2; 2.10] and [FW2; 2.12] carry over into this context to show that KR$™ (X)
is the quotient of Kglg(X ) by real semi-topological equivalence, thereby proving the
proposition.

As in the proof of [FW2; 2.10], moMorr(X, Grassg) is a quotient of the set,
Isom Py (X), of isomorphism classes of algebraic vector bundles on X generated
by their global sections because the connected component of a point Of — E of
Morg (X, Grassg) depends only on the isomorphism type of E. A bundle on X xgC
together with a choice of global sections which generate it, for C' a smooth real curve,
defines a morphism of varieties X xgr C' — Grassg and consequently a continuous
map C(R) — Morg(X, Grassg). It follows that the equivalence relation defining
the surjection Isom Py (X) — moMorg(X, Grassg) contains real semi-topological
equivalence.

For the opposite containment, recall that since we have assumed X is projec-
tive and weakly normal, the space Morg(X, Grassg) is given as the real points of
Hompg (X, Grassg), an infinite disjoint union of quasi-projective varieties. Thus, for
any two points Py, P; of Morg(X, Grassg) in the same topological component (say
representing the bundles Ey and F1), there exists a real quasi-projective variety T
mapping to the ind-variety underlying Morg (X, Grassg) (via a morphism of real
ind-varieties) and a pair of points to,¢; € T(R) which lie in the same topological
component and which map to Py, P;. Such a map determines a vector bundle on
X xr T which restricts to the bundle E; on t;. It therefore suffices to show the fol-
lowing: given a quasi-projective real variety T and real points ¢y, t; as above, there
exists a finite collection of smooth real curves Ci,...,C,, points a;,b; € C;(R)
lying in the same topological component for each i, and morphisms of real varieties
C; — T such that ag maps to tg, b; and a;11 map to the same point of T for
i=1,...n—1, and b,, maps to the point ¢;.

As an intermediate step, we claim that such a chain exists if we allow each
C; to be an arbitrary smooth variety 7;. By [H1], there exists a proper map
p:T" — T with T" smooth and a proper closed subscheme Z C T such that T — Z’
maps isomorphically to T — Z, where Z' = Z xp T'. Choose a semi-algebraic
triangulation of T(R) such that Z(R) forms a subcomplex of this triangulation
and the points tg,t; are vertices of this triangulation (cf. [H2]). The points tg
and ¢; may be joined by a path o : [0,1] — T'(R) which follows the edges of this
triangulation. In particular, the path ¢ can be subdivided into finitely many sub-
paths o; : [0,1] — T(R) so that either ¢;([0,1]) C Z(R) or ¢((0,1)) C T(R) — Z(R)
(where (0,1) denotes the open unit interval). We claim that for all i, the points
0:(0),04(1) can be joined by a path which either factors through Z(R) — T'(R) or
through 7"(R) — T(R). Since T" is smooth and Z is a proper closed subvariety,
this suffices to prove our claim by using Noetherian induction on 7. Fix an i.
If 0;([0,1]) € Z(R), there is nothing to show. If ¢;((0,1)) C T(R) — Z(R), then
observe that since T(R) — Z'(R) = T(R) — Z(R), we may lift o;{(0,1) : (0,1) = T(R)
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to o} : (0,1) — T'(R). Further, since the map p : T'(R) — T(R) is proper, the
subset p~1(0;([0,1])) € T'(R) is compact. It follows that the closure of ¢((0,1)) in
T'(R) is a compact, connected subset of T(R) which necessarily maps surjectively
onto ;([0,1]) under p. We may thus find lifts of ¢;(0) and o;(1) which lie in the
same path component of T7/(R). Our claim is proven.

Finally, by [I; Prop. 5], for any smooth, real variety T" with points to, ¢, € T'(R)
which lie in the same path component, there exists a smooth real curve C, points
o, c1 € C(R) lying in the same path component, and a morphism C — T of real
varieties which sends ¢; to t;. Thus, we can replace each T; in the chain constructed
above with a smooth real curve. [O

We close this section with a calculation of KR$™ (X) when X is a smooth,
projective real curve. As observed in Remark 1.8, this example illustrates in partic-
ular that real semi-topological equivalence of vector bundles differs from algebraic
equivalence

Proposition 1.7. (¢f. [PW]) Let X be a smooth, projective real curve of genus
g. Assume X (R) # 0 and let ¢ denote the number of connected components of the
space X (R). Then we have

KRE™(X)2Z @ Z @ 7,/2907Y),

Proof. Recall that K2'8(X) = Z & Z & Pic°(X), where Pic®(X) is the group of
isomorphism classes of line bundles of degree zero, and the projection to Z & Z
sends a bundle E to (rank(FE),degree(E)). Since the rank and degree maps define
continuous maps Morg(X, Grassg) — Z, it follows that
. 0
KR¥™(X)=ZDZ® PielX) (X),

where the equivalence relation on Pic®(X) is given by semi-topological equivalence
of line bundles.

A line bundle L of degree 0 on X xg U determines a morphism U — Pic° (X),
where Pic’(X) is the projective real variety parameterizing degree zero line bun-
dles on X [G]. Clearly two points of U(R) lying in the same topological compo-
nent determine two real points in @O(X ) lying in the same topological compo-
nent of Pic’(X)(R), and it follows immediately that Pic?(X)/ ~ is isomorphic to
7o Pic’ (X)(R).

Finally, as shown in [PW; §1], a classical argument due to Weichold [We] shows
that Pic’(X)(R) is the topological subgroup of Pic’(X¢)(C) = (R/Z)*?9 fixed by
complex conjugation and moreover we have

Pic’(X)(R) = (R/Z)? x Z/2(~)
as topological groups. The result follows. [

Remark 1.8. The example of Proposition 1.7 demonstrates that semi-topological
equivalence, used to define KR™  differs from algebraic equivalence, used in
[FW2; 1.1] to define K§*™ over an arbitrary ground field. For observe that (using
the mnotation of the proof of 1.7) Pic®(X) is a non-singular, (Zariski) connected
algebraic variety. Thus, since every degree 0 line bundles on X is given as the re-
striction of the universal line bundle on X xg Pic®(X) to a real point of Pic®(X), it
follows that Kglg(X) modulo algebraic equivalence is isomorphic to the group Z® 7.
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§2 DEFINITIONS AND BASIC PROPERTIES OF Kalg(A;op XR —)

Our construction of K21 (Af,p xr X) for a real quasi-projective variety X is a
generalization of the construction for complex varieties presented in [FW3]. In-
deed, as observed in Proposition 2.4, this construction generalizes that of [FW3].
Proposition 2.5 demonstrates that the natural map

’Calg(Ao

top ¥R X) — JCRSe™i (X))

is a weak equivalence of spectra whenever X is weakly normal and projective.
(Conceivably, this map is a weak equivalence for all quasi-projective real varieties
X.) The advantage of ICalg(A;Op xg X) over KR**™(X) is that general properties
of algebraic K-theory can often be transported to K& (A}, Xr —). In particular,
we establish the projective bundle theorem (Proposition 2.8), Nisnevich excision
for smooth varieties (Theorem 3.5 of the next section), and localization (Theorem
6.6 of Section 6) for K*&(Af,, xg —).

For any compact CW complex T, let VarT (R) denote the category in which an
object is a continuous map 7' — U(R) with U an affine, real variety. A morphism
from T — U(R) to T — V(R) in Var? is a morphism V — U of real varieties
causing the evident triangle of spaces to commute. As argued in [FW2; 4.2] in the
complex context, the category Var? (R) is directed and there is a natural bijection
of sets

Maps(T,Y (R)) ~ lim Homg(U,Y)
(T—U(R))eVarT (R)
whenever Y is an inductive limit of quasi-projective real varieties.

As before, Afop denotes the standard d simplex, a subspace of R?*t!. For any
contravariant functor F' from quasi-projective real varieties to sets, spaces, etc. and
for any real quasi-projective variety X, we define a simplicial set by the formula

F(A?

top

wX)=de ling F(U xg X).
(A?oqu(R))EVarA?OP (R)
In particular, we can take F to be the functor Homg(—, Grassg) from quasi-

projective real varieties to sets to form the simplicial set
Homg(Af,, xg X, Grassg) =d+—  lim  Homg(U xg X, Grassg).
A¢ —U(R)

top

t.op
Just as for | Homg(Af xgr X, Grassg)|, the space | Homg(Af,, xr X, Grassg)| ob-
tained by geometric realization has the structure of on |Z(Ag)|-space and moreover
the natural map

| Homg (AR xg X, Grassg)| — | Homg (A, Xg X, Grassg)|

is a map of |Z(Ag)|-spaces.

Definition 2.1. For a quasi-projective real variety X, K*8(A?

top X® X) denotes
the spectrum associated to the |Z(Ag)|-space | Homg(Af,, Xg X, Grassg)|.

As recalled in Appendix A of this paper, there is a strict functor sending a quasi-
projective real variety X to a prespectrum K*2(X) representing the algebraic K-
theory of X (cf. [FS; App. B]). The word “strict” is used here merely for emphasis —
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we just mean a functor in the ordinary sense. Note that this means given f : T — Y
and g : Y — X, it follows that the maps (gf)*, f*g* : K*28(X) — K28(T) coincide
exactly on the spaces comprising these spectra, not merely up to homotopy. We can
thus view K218(— x X) as a functor from quasi-projective real varieties to prespectra.
In particular, we can extend the definition of the functor X2%#(— x X) to compact
spaces via the formula

T KM(TxpU) = lim K(U xg X),
T—U(R)

and we can form a simplicial spectrum d — K*$(AL | xg X).

As the notation would suggest, we have the following result.

Lemma 2.2. For any quasi-projective real variety X, there is a natural weak equiv-

alence between K*8(Ag, xg X) and |d — K*8(AfL ) xg X)|.

Proof. The proof is identical to the proof of [FW3; 1.3]. O

In light of the lemma, we are justified in writing ICalg(A;Op xgr X) to refer to
either of these equivalent spectra. We write K (‘;lg(A;Op xg X) for the gth homotopy
group of this spectrum.

Since we shall need it, we describe an extension of K& (Af,, xr X) which in-
corporates supports in a closed subscheme of X. As described in Appendix A,
there is a model for the algebraic K-theory of X with supports in a closed sub-
scheme Z, written K}lg(X ), which is also strictly functorial. This induces the
functor U IC?}EX;Z(U x X) on the category of real varieties. Taking Z = X, we
have K%2(X) = K*&(X). As explained in the appendix, K%#(X) admits functorial
deloopings, which we write here as

QTICYE(X), Q2 CYE(X), ...,

such that Q7 K}lg (X) is (j — 1)-connected and such that there are natural weak
equivalences

KZ5(X) 5 QQ7IKZHX)), Q7KGHX) S Q@K (X), 21
Definition 2.3. For any quasi-projective real variety X and closed subscheme Z,
the space
al °
KZ8(A

top

XR X)

denotes the geometric realization of the simplicial space

d— liny K% (U xg X).
(A

top

SUR))EVarior ()

The qth homotopy group of ICaZIg(A’ xg X) is written K?%(A‘ xgr X). The space

top top
K}lg(At'op xr X) in enriched to a spectrum by taking
QTIKYE(AS,, xz X) = |d— ling QKRS (U xp X))

(AL LU(R))EVarion (R)

top
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for its jth delooping and the structure maps induced in the evident manner.
Recall in [FW3] that we introduced the analogous construction for a complex
quasi-projective variety Y:

]Calg(A.

top

xcY)=|d— limg KV x X)|
(Af,,—V(©)eVartion(C)

where VarT (C) denotes the category analogous to Var® (R) with objects given

by continuous map T — U(C), with U an affine, complex variety and morphisms

induced by suitable morphisms of complex varieties. In view of the following propo-

sition, the similarity of notation should offer no confusion.

Proposition 2.4. LetY be a quasi-projective complex variety and let ICalg(A;Op Xc
Y) denote the construction of [FW3] mentioned above. Then there is a natural
isomorphism

ICalg(A;Op XRrY) =~ ICalg(A;Op xcY).
Proof. The proposition follows easily from the following general result for any func-
tor F on the category of schemes of finite type over C (with values in sets, groups,

spaces, etc.): The natural map

lig F(Ve) = lig F(U)
T—V(R) T—U(C)

is an isomorphism.

To prove the assertion, we first prove that the natural map is onto. An element
of the target is represented by a pair (a: T — U(C),y € F(U)). Let U’ denote the
Weil transform of U, which is by definition a real variety representing the functor
Homg (— Xgpecr Spec C,U). Then there is a natural map 7 : Ui — U such that the
composition U'(R) — U{(C) — U(C) is a homeomorphism of topological spaces.
Thus the map a : T — U(C) can be lifted to o : T'— U’(R), and we see that the
pair (a, ) is equivalent to (o, 7*v). Thus, this map is onto.

For injectivity, suppose given (o : T — V(R),y € F(V¢)) and (8 : T —
W(R), 0 € F(W¢)) which become equivalent in the target of the map of this claim.
We need to show they are equivalent in the source. Since the indexing set Var® (C)
is directed, it follows there is a complex variety U, a continuous map h : T — U(C),
and a pair of maps (of complex varieties) f : U — Vg and g : U — W so that
the following conditions hold: (1) the triangle formed from the maps T' — U(C),
U(C) = Ve(C), and T' — V(R) — V¢(C) commutes and similarly for the triangle
involving W in place of V and (2) f*y = ¢g*0.

Take Weil transforms of the maps f : U — V¢ and g : U — W to get maps
U = (V) and ¢’ : U — (W¢)'. There are natural maps of real varieties
V — (V&) and W — (Wg)'. Define a; : T — (Vi)' (R) to be the composition
T — V(R) — (V) (R), and define §; similarly. The given map h : T — U(C)
determines a map hy : T — U’(R), and a diagram chase verifies that the the
triangle formed from T'— U’'(R), U'(R) — (V)" (R), and T — (V) (R) commutes
and similarly for W replacing V. Thus we have natural morphisms in Var?(R)
from T — (Vo) (R) to T'— U'(R) and from T'— (W¢)' (R) to T — U’ (R).

In general, given any complex variety X, the complex variety X(. (i.e., the com-
plexification of the Weil transform of X) is isomorphic to X x¢ X. In particular,



SEMI-TOPOLOGICAL K-THEORY OF REAL VARIETIES 15

the complexification of the map V' — (V)" is isomorphic to the diagonal map
Ve — Ve Xc Vi, as is thus a split injection, and similarly for W replacing V. Thus,
the element («,v) is equivalent to the element («q,71), where 7, is taken to be any
lifting of v € F(V¢) under the split surjection F((Vg)i) — F (V). Say we choose
71 by choosing the splitting of Ve — (V)¢ given by projection onto the first factor.
Similarly define 6; € F((W¢)¢) and note that (5,0) is equivalent to (31, 01).

Finally, a diagram chase shows that the pullback of 7; and §; under the maps
Ut — (Vo) and Ui — (We) (which are the complexifications of the maps f’
and ¢’ introduced above) coincide. This suffices to show (ay,v;) and (B1,d1) are
equivalent, and thus («,) and (5,0) are equivalent. [0

Exactly as in the complex context considered in [FW3], we can easily relate
Kalg(A;Op xg X) and KR**™(X) whenever X is projective.
Proposition 2.5. Let X be a quasi-projective real variety. Then there are natural

maps of spectra

K8(X) — K*8(Ap

top

xp X) — KR¥™(X)

whose composition is the map of Proposition 1.4. The map ICalg(A;op xr X) —
KRs*™i(X) is a weak equivalence of spectra whenever X is both weakly normal
and projective. Moreover, for any quasi-projective real variety X, the natural map
Kglg(X) — Kglg(A;Op xgr X) is the surjection given by modding out by real semi-
topological equivalence.

Proof. The desired maps are induced by the maps of |Z(AR)|-spaces
| Hompg (A®* xg X, Grassg)| — | Homg (A}, xrX, Grassg)| — |Sing.Morg(X, Grassg)|.

top
Here, the first map is induced by the evident continuous map Af,, — A™(R), and

the second map is induced by sending a pair (Af, ) — U(R),U xg X — Grassg) to
the composition Af,  — U(R) — Morg(X, Grassg). To prove the second assertion,

it suffices to verify that the underlying map
HomR(Ad

top XR X, Grassg) — SinggMorg (X, Grassg)
is a bijection for each d when X is projective and weakly normal. The same argu-
ment as [FW2; 4.1] shows that if X and G are projective varieties with X weakly
normal, then the space Morg(X, Gr) is the space of real points of the infinite dis-
joint union of real quasi-projective varieties which represents the functor (on real
schemes) U — Homg(U xg X, Gr). Thus, the required bijection follows from the
natural isomorphism
Maps(T,Y (R)) = ling Homg(U,Y),
(T—=U(R))eVarT (R)

whose proof is identical to that of [FW2; 4.2].

The final assertion follows just as in the proof of 1.6, starting with the observation
that the map
KB (Al

top XR X) — Kglg(X)’
given as the difference of the two face maps, has for its image all elements of the
form [E,,] — [Eu,], where E is a bundle on U xg X and U is a quasi-projective real

variety with ug,u; € U(R) in the same topological component. [

We easily verify homotopy invariance of K*8(A?

fop X —) as stated in the next
proposition.
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Proposition 2.6. Let A! denote the real affine line, Spec R[t]. For any real quasi-
projective variety X, pull-back via the projection map

T K8 (AS  xp X) — KM8(A? xp X xg Al)

top top
is a weak equivalence of spectra.

Proof. The proof of [FW3; 1.2] establishes that the asserted pull-back via the pro-
jection map induces an isomorphism in homology,

H,KY8(AS xp X) ~ HKY8(A?

1
top top XRX XRA )
Since these K-theory spaces are group-like H-spaces and therefore simple, such a

homology equivalence is necessarily a weak homotopy equivalence. [

We close this section by establishing the projective bundle theorem for lCalg(At'op XR
—), a result which follows easily from the projective bundle theorem for algebraic
K-theory. The analogous bundle theorem for complex varieties is proven in [FW3].

In Appendix A, a natural multiplication pairing is defined for any two pairs of
closed subscheme inclusions Z C X, W C Y,

K5 (Al X2 X) NKRE(AL,, X2 Y) = K%y (AF

top top top XR X Xg Y)?

which satisfies the expected properties. (This pairing is actually only defined in the
homotopy category of spaces, since the inverses of certain homotopy equivalences
are needed for it’s definition.) In the special case Z = X = W =Y, this induces a
natural pairing

K:alg(A.

top

xr X)AKYB(A?

top

xgr X) — K8(A?

top XR X)

by composing with pullback along the diagonal X — X x X. In particular, an
element of Kglg(A;Op xg X) induces by multiplication a natural homotopy class of
endomorphisms of the space K*8(A? ~xr X). This multiplication is used in the

top
following result.

Proposition 2.7. Let X be a quasi-projective real variety and let E — X be a
rank n vector bundle. Let v € K2'8(P(E)) denote [Opey(1)] = [O] as well as its
image in KX'8(AL, xg P(E)). Then the map

top
0 (5)  KME(AL, xr X)" = KM8(AY,,

< P(E))
is a weak homotopy equivalence.

Proof. For any quasi-projective real variety U, the projective bundle theorem for
the the pull-back of E to U x X establishes a weak homotopy equivalence

P07 (5) KU xe X)" = K(U xz P(E))

for each d > 0, which is natural in U. Taking direct limits over Var®ior (R), we
obtain a natural weak equivalence
P07 (5) s KME(AL, xz X)" — KYE(A],, <z P(E)),

for each d > 0. Since these maps fit into a map of simplicial spaces, we conclude
(e.g., by applying [BF]) that the resulting map of geometric realizations of simplicial
spaces

]Calg(Ao

top

X X)" — K¥8(AS

top

xr P(E))

is also a weak homotopy equivalence. [
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§3 NISNEVICH DESCENT AND FINITE COEFFICIENTS

In this section, we establish two significant properties of the theory K*&(A$, | xg

— namely, Nisnevich descent and the equivalence with algebraic K-theory when co-
efficients are taken in Z/n, n > 0. These two seemingly unrelated results follow
from similar technical considerations and thus are included together in this section.

Since we will use the concept multiple times, we introduce the notion of an
excisive sequence of presheaves on the category of CW complexes. Namely, suppose
F = (Fy)qez is sequence presheaves of abelian groups defined on the category of
compact CW-pairs (that is, pairs of spaces (T, A) such that T" admits the structure
of a finite CW complex such that A is a subcomplex) equipped with long exact
sequences

oo PR (4) 20 pa(T A) o FI(T) — FU(A) = ---

which are natural for maps of pairs. Here, we write F'4(T) for F4(T, (). Moreover,
assume that excision holds in the sense that if a map of pairs (S,B) — (T, A)
restricts to a homeomorphism S — B 2 T — A, then the induced map F?(S, B) —
F4(T, A) is an isomorphism for all ¢. Call such a sequence of functors an excisive
theory. (Essentially, we are describing a cohomology theory except that homotopy
invariance is not assumed to hold.) A map of excisive theories F' — G is a collection
of maps of presheaves F;; = G, ¢ € Z, which commute with the boundary maps.

The examples of excisive theories which we shall consider arise as in the following
lemma.

Lemma 3.1. Fix a quasi-projective real variety X with closed subvariety Z and
fix an abelian group C. For any CW pair (T, A), define F1(T, A) to be the —qth
homotopy group with coefficients in C of the homotopy fiber of the map of spectra

KS(T xg X) = K5 (A xg X),

where KB denotes Bass’ K-theory as defined by Thomason in [TT]. Then the col-
lection F'1, q € Z, forms an excisive theory. A morphism f: X — Y together with
a closed subscheme W C'Y such that f~Y(W) C Z determines a map of excisive
theories in the evident manner.

Proof. If X is affine, say X = Spec R, and Z = X, then the argument in the proof
of [FW2; 5.1] shows that we can identify KZ (T xg X) with KB (Cr(T) ®g R), where
Cr(T) is the ring of real-valued continuous functions on a compact CW complex T'.
It follows from the results of [SW] that there is a fibration sequence of spectra

KB(Co(T/A) @r R) — KP(Cr(T) ®r R) — KZ(Cr(A) ®r R),

where Co(T'/A) denotes the ideal in Cr(T'/A) of functions vanishing at the point
given by A. In general, the spectrum XZ(I) for a non-unital R-algebra I is defined
as the homotopy fiber of the split surjection of spectra

KP(1y) = KP(R),

where I is the unital R-algebra formed by adjoining a multiplicative identity. In
this case, (Co(T/A) ®r R)4 is isomorphic to the R-algebra Cr(T/A) ®r R. Ex-
cision then follows immediately, since given a relative homeomorphism (S, B) —

-)
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(T, A) of compact CW pairs, we have a natural isomorphism of non-unital rings
Co(S/B) =2 Cy(T/A). Thus, the induced map on the homotopy fibers of the rows of
the commutative square

IC?(S X]RX) e IC?(A XR X)

l l (3.1.1)

K2 (B xg X) —— KZ(A xg X)

is a weak equivalence when X is affine and Z = X. Since KZ (T xr X) is weakly
equivalent to the homotopy fiber of

KB(T xp X) — KP(T xg (X — 2)),

it follows that the map on homotopy fibers of the rows of (3.1.1) is a weak equiv-
alence when X is affine and Z is any closed subscheme such that X — Z is also
affine. Finally, in general, we may cover X by a finite number of open affine sub-
sets, X = Uy U--- U Uy, such that U; — (U; N Z) is also affine for all 4. Using
Mayer-Vietoris — i.e., the fact that the square

K:E(T XR X) e ’CgﬁU(T XR U)

l l

’anv(T xg V) —— ’CEOUOV(T xrUNV)

is a homotopy Cartesian squares of spectra for any open cover X = UUV [TT; 7.4]
—and an easy induction argument, we see that the map on the homotopy fibers of
the rows of (3.1.1) is a weak equivalence in all cases.

The naturality of the constructions used here establishes the final claim. O

The following technical result will be used in the proofs of the major results
which follow.

Lemma 3.2. Let F9, q € Z, be an excisive theory. Given a contractible finite
CW-complex D and a closed covering by CW subcomplexes, D = D1 U ---U Dy,
such that for any subset I of {1,...,k} the subcomplex N;erD; is either contractible
or empty (for example, if the D;’s are the mazimal simplices in a triangulation of
D), the map

FYD)— FY(Dy)®---® F1(Dy)

is split injective. Moreover, given a map F' — G of excisive theories, the splittings
can be chosen to cause the evident square to commute.

Proof. We proceed by induction on k with the case k = 1 being obvious. Consider

the square

DlﬂDj L} D]’

| l

D; —*— D,
for any 1 < j < k. The map « admits a retraction since it is a cofibration of
contractible spaces, which in turn induces a compatible retraction of 8. Thus, the
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long-exact sequences associated to the rows of this diagram split to give a diagram
with compatibly split exact rows:

0 — Fq(Dj,Dlij) —_— Fq(Dj) —_— Fq(Dlij) — 0

! ! !

0 —— Fi(D,Dy) — FY(D) —— FiY(D;) —— 0.
Taking direct sum over all 2 < j < k, we obtain the diagram

0

0
|
F1(D,Dy) — é Fi(D;, Dy N D;)
j=2

| |

Fi(D) —— é F9(D;) (3.2.1)

Jj=2

| |

Fi(Dy) — é F1(Dy N D;)
| |
0 0

which has compatibly split exact columns. Now we claim that the quotient CW
complex D/D; is covered by CW subcomplexes Dy /(D1 N Ds), ..., Dy /(D1 N Dg)
and satisfies the same hypotheses as the original covering of D by the D;’s. (Note
that if D;ND; = 0, then we interpret D;/(D1ND;) as being D; and (D1ND;)/(D1N
D;) as being the empty set.) To see this, first observe that each D;/(D1 N Dy) is
indeed a CW subcomplex of the CW complex D/D; by [LW; 5.7]. Now observe
that for I C {2,...,k}, we have that

NierDi/ (D10 D) = (MierD;) /(D1 N (NierDs)),
where the space on the right is the cofiber of the cofibration of contractible spaces
(D1 N (NierDi)) — (Nier D),

and is thus contractible. By induction, the map

k
F(D/D:) — @ FU(D;/(D1 N D;))

j=2
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admits a natural splitting. Using the diagram with exact columns

l l

k
Fq(D,Dl) e @Fq(Dj,Dl ﬁDj)

| ]
FAD/D) —— @ FD,/(DiN D))
| |
k
FDy/ D) —— @ F(Dy01D;)/(Ds 1 D)
| |
0 0

we conclude the top arrow of (3.2.1) admits a natural splitting. A simple diagram
chase completes the proof. O

The key ingredient for proving Nisnevich descent is the following result, which
identifies the homotopy fiber of the map on K*&(A$,  xg —) associated to the
restriction to an open subscheme of a smooth variety.

Theorem 3.3. For a smooth, quasi-projective real variety X, an open subscheme
U C X, and a closed subscheme W C X, the natural map

lg 1
Ka/,g’O(AfOP x X) - K;%W,O(Afop X U)

is a surjection for all d > 0. Consequently, if Z = X — U, the sequence of spectra

al 1
K:ngWW(A?op X X) - K%Vg(Agop

X X) = Ky (A, x U)

is a homotopy fibration sequence of spectra.

Proof. Let D = Afop for d > 0. Recall from Appendix A that the spaces ICaZlg(D X

X), etc., admit functorial deloopings which we write here as
Q IKYE(D x X), Q72KY5(D x X), ...
We claim the first assertion shows that
QIKYE (D x X) = QIKEE(D x X) — QI8 (D x U)

is a fibration sequence for all j, thus proving the second assertion of the theorem.
For note that there is a natural map

Q7IKYE (D x X) — homotopy fiber(Q 7 KHE(D x X) — QIKEE (D x U))
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which is an isomorphism on homotopy groups 7, for n > j by [TT; 5.1]. The space
0 IC}IEW(D x X) is (j — 1)-connected by construction and the homotopy fiber is
(j — 1)-connected provided the first assertion holds.

To establish the first claim, regard the map

al 1
ngigo(_ x X) — K{%ngU,o(_ x U)
as a natural transformation of contravariant abelian-group-valued functors on the

category of compact CW complexes. By Lemma 3.1, this map is part of the collec-
tion of maps defining a map of excisive theories

(1, 4) > K (T/4 % X)) = (T, 4) = Kfpy(T/A X U))).

For T any compact CW complex, an element of K %%U7O(T x U) is described by a

pair <a : T — MR),y € K;/lfgx(WmU) o(M x U)) and elements of K%%O(T x X ) are
similarly described. Pick an element (f : D — M(R),v € Kﬁgx(UﬁW),O(M x U))

representing an element of K %%UO(D x U). We need to show it lifts to an element
of Kal,go(D x X). Observe that if M is smooth, such a lifting exists since

1 1
Kyfowo(M x X) — K?\/[gx(UﬂW),O(M x U)

is surjective in this case because we have K?\/l[gxw)o(M x X) =2 K{(M x W) and

Ki}[gx(UﬂW),O(MNX U) 2 K\(M x (UNW)). Otherwise, using [H1] we can find a

smooth variety M, a proper map 7 : M — M, a closed proper subscheme W c M
such that if W = 7~ 1(W), then the restriction of 7 maps M — W isomorphi-
cally onto M — W. Moreover, there is a semi-algebraic triangulation of the space
M (R) such that W(R) is a sub-complex of this triangulation [H2]. By replacing
this triangulation with its barycentric subdivision, we have that the (closed) star-
neighborhood of any point is contractible and the intersection of any simplex of
M (R) with the subcomplex W (R) consists of a single face.

For a sufficiently fine barycentric subdivision of D with maximal simplices {D;},
each D; is mapped by f into a star-like neighborhood of M (R). Since the horizontal
maps of

Ep5(Dx X) —— @, Kp5(D; x X)

l l

Kal/gﬁU.,O(D xU) —— D, KalzgmUyo(Di x U)

admit compatible splittings by Lemma 3.2, it suffices to check that each element of
the form
(flp; = Di = M(R),y € Kyypr(Dy x U))

lifts to an element of K;&,%(Di x X). In other words, we may assume « maps D
itself into a star-like neighborhood S of M (R). But then (f,v) lifts to an element
of K %gnUp(S x U) and it clearly suffices to show this element lifts to an element of

K;l,;go(S x X). Using Lemma 3.2 again, we see that it suffices to restrict attention
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to a single simplex of S. In other words, we may assume that D is a simplex of
M(R) and f is the inclusion map.

Recall that A = DNW (R) is a single face of D. Let D = 7—'(D) and A = 7~ 1(A)
where 7 : M — M is the proper map introduced above. Then the Cartesian square
of compact CW complexes

A—~>D

A—=5D

has the properties that the horizontal maps are cofibrations, the vertical maps
are proper, and 7 maps D — A homeomorphically onto D — A. As argued in the
proof of [FW3; 5. 1] we can therefore find sufﬁciently small compact neighborhoods
AcCBc Dand AC B C D sothat A< B splits, 7—*(B) C B, and 7~ (B) < D
splits. It follows that the inclusion A < D must split as well.

As in the proof of 3.2, a splitting of A < D defines a compatible splitting of the
horizontal maps of the diagram

K%%O(D xX) —— K{}lfo([) x X) @ K%%O(A x X)

! !

al 1 ~ 1
ngmU,o(D xU) —— K%ngU,o(D x U) @K;VgﬂU,O(A x U).

Thus, it suffices to show the images of (a, d) in K{;‘[l,gmmo(f) x U) and K{;‘[l,gnUp(A X
U) can be lifted. For the former image, this follows immediately since the map
D — M(R) factors through the space of real points of the smooth variety M. By
Noetherian induction, the image in KWmUo(D x U) lifts as well. [

Corollary 3.4. For X a smooth, quasi-projective real variety and Z, W closed
sub-varieties, the sequence
1
Kzt (AL

top

x X) = Kyf (A,

top ) - K{i/il/g—Z(A.

top

x (X = 2))

is a homotopy fibration sequence of spectra.

Proof. There is a compatible family of sequences of spaces

QIKYE (AL, x X) = QIKHE(AL, x X) = QIKRE (AL,

top

X (X—2)) (3.4.1)

for all 5 > 1. For each such j, the underlying sequence of simplicial spaces is
a degree-wise homotopy fibration sequence satisfying the hypotheses of [BF; B.4],
and therefore (3.4.1) is a homotopy fibration sequence of spaces. The result follows.
O

The following result, Nisnevich excision, follows easily from Theorem 3.3.

Theorem 3.5. Let X be a smooth, quasi-projective real variety, p: X' — X be an
étale map, i : Z — X be a closed subvariety. Assume i : Z — X factors through
p: X' — X and write Z also for the induced closed subscheme of X'. Then the
natural map

Pt KGE(AS,,

xp X) = KYB(AS, x

top

r X')
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is a weak equivalence. In particular, if U = X — Z and U' = X' — Z, there is a
natural long exact sequence

s KYE(AY, xp X) = K25(AS,, xe X') & KX5(AS,, xg U)
a. ° lg °
— K¥8(Ay,, xp U') = K28 (AL, Xp X) = - .

Proof. Let Z' = Z x x X'. Since Z' — Z is an étale map which admits a section, Z’
decomposes as a disjoint union of closed subvarieties of X’ of the form Z' = Z [ Z".
For each fixed d, consider the sequence
lg/ A d
KZ8(A

top

xr X) = K35(AL, xr X') = K35(AL, xr (X' — 27)).
The maps X' — Z” — X’ and X' — Z” — X are isomorphisms “infinitely near Z”
in the sense of [TT; 2.6.2.1], and thus each of the maps

KZH(A

top

XRX) - K:%lg(A?opxR(X/_Zﬂ))’ Kaélg<AglopXRXl) - Kaélg<AglopXR(X/_Z//)>

is a weak equivalence. Thus

K8 (Bfop X X) = K58(AL, 8 X')
is a weak equivalence for all d, and the first result follows by taking geometric
realizations.

The long exact sequence follows from Theorem 3.3, since ICazdg(AZop xr X) and
KZ5(A:

top ¥r X') are the homotopy fibers of the rows of the diagram

KHE(A,, Xz X) —— K5(A7

top top

l l

KME(Ay,, X X) —— KM8(AS,, xz U').

top

XR U)

O

Remark 3.6. Note that given an open cover X = U UV, if we take X' =V and
Z = X — U, then the hypotheses of Theorem 3.5 are satisfied and we obtain the

familiar Mayer-Vietoris property — i.e., Zariski descent — for lCalg(Atop XR —) On
the category of smooth, quasi-projective real varieties.

We next observe that Zariski descent allows for a generalization of Proposition
2.7 in the smooth case.

Corollary 3.7. Let X be a smooth, quasi-projective real variety and let J — X be

a vector bundle or a torsor for a vector bundle. Then the natural map

Kalg(Ao

top

xp X) = K8(AS,, xg J)

is a weak equivalence.

Proof. The hypothesis ensures that X admits a covering by open affine subschemes
Uy,...,U, so that the restriction of J — X to any subscheme of the form V =
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U;, N---NU,, is isomorphic to the canonical projection A? x V — V. The result
now follows immediately from Proposition 2.7 and Theorem 3.5 by induction on m.
O

We now turn to the proof that the natural map

KH8(X) — K£M5(Ay

top XR X)

induces an isomorphism on homotopy groups with coefficients in Z/n, n > 0, for
any quasi-projective real variety X. The analogous statement for complex varieties
— namely, that the natural map

KM8(X) — M8 (A}

top

X([:X)

induces an isomorphism on homotopy groups with finite coefficients for any quasi-
projective complex variety — holds by [FW3; 3.7].

As with the corresponding complex result, the key ingredient is a “rigidity”
result, as formulated in [SV; 4.4]. Recall from [FW3] that the presheaf K32'8(— xg
X;Z/n) is a pseudo-pretheory in the sense of [FS]. As argued in [FW3; 3.2], the
properties of a pseudo-pretheory established in [FS] suffice for the proof of [SV; 4.4]
to work, thereby giving the following result.

Lemma 3.8. (¢f. [SV;4.4]) If F is a homotopy invariant pseudo-pretheory defined
on Sch/R such that nF = 0 for some n > 0, then for any smooth real variety Y
and rational point y € Y (R), the natural map

F(Spec O;L/y) — F(SpecR)

is an isomorphism, where (9{37?/ denotes the Henselization of the local Ting at y.

Proof. The pairing established for any pseudo-pretheory in [FS; 10.1] is all that is
needed for the proof of [SV; 4.4] to carry through for the presheaf F'; which shows
that if Y = AR and y is the origin, then the statement of this lemma holds. More
generally, given Y smooth (which we may assume to be affine) with rational point
y, there is a map ¥ — A¢ sending y to the origin and which is étale in some
neighborhood of y. Such a map induces an isomorphism (’){}’y = Ogd,o and the
result follows by the naturality of F. [

Theorem 3.9. For any quasi-projective real variety Y and integers ¢ > 0, n > 0,
the natural map

K28(Y;Z/n) — K28(AS,, Xz Y;Z/n)
is an isomorphism.
Proof. Regard the map
K(Y;Z/n) = (d— K¥8(AL, xp Y;Z/n))

as a map of simplicial spaces, in which the source is constant in the simplicial
direction. By consideration of the map of associated spectral sequences [BF; B.5]
from

mpld — K28(Y3Z/n)| = K28, (Y:Z/n)



SEMI-TOPOLOGICAL K-THEORY OF REAL VARIETIES 25

to
Tpld > KY8(AL xw YViZ/n)| = K28 (AL, xg Y;Z/n),
we see that it suffices to prove the natural map
K28(Y;Z/n) — KM8(ALL, xz Y;Z/n) (3.9.1)

is an isomorphism for all ¢ > 0 and all d > 0.

We regard KP(Y;Z/n) — Kf(Afop xR Y;Z/n) as the induced map for the
excisive theory F'* = K2, (— xg Y;7Z/n) associated to the map Afop — pt. Thus,
it suffices to show FI(Af  pt) =0 for all ¢ € Z. In fact, we show that if T" is any
contractible simplicial complex containing a point P, we have F4(T, P) = 0.

Let (T, P) be any such pair. Observe that the long exact sequence for F' splits

to give the short exact sequence
0— FIYT,P) — FUT) — Fi(P) — 0,

for each ¢. It follows that an element « of F4(T, P) may be represented by a pair
(9: T - UR),y € KB, (U xg Y;Z/n)) such that the restriction of v to g(P)
gives the zero element of KZ (Y;Z/n). Observe that since T' is connected, we can
assume U is algebraically connected. More generally, let « = (¢ : T — U(R),y €
Kilg(U XrY;Z/n)) be any element of F'9(T) such that U is algebraically connected
and 7 vanishes upon restriction to at least one R-point u of U. We show a = 0
under just this hypothesis.

As a preliminary step, we prove that any such « has the property that the
associated element v € K Z(U xg Y';Z/n) vanishes upon restriction to any point
in U(R) lying in the same topological connected component of U(R) as u. In
particular, this shows that the image of o in F'9(Q) vanishes for any point @ of
T. To see this, let v any other point in the same topological connected component
of u. Then as argued in the proof of Proposition 1.6, there exists a chain of maps
from smooth real curves h; : C; — U joining u to v in a piecewise fashion. Let ;
denote the pullback of v to K_Bq(Ci xgr Y;Z/n). By rigidity (cf. Lemma 3.8), for
any real point ¢ on C;, the map

K5 (SpecOL , xp Y;Z/n) — K5 (Y;Z/n)

given by restriction to the closed fiber is an isomorphism. In particular, this shows
that the vanishing of ~; is both an open an closed condition on the set of real points
of C}, since if ~y; restricts to the constant element ¢ at a point ¢, then ; and ¢ agree
in some Nisnevich neighborhood of ¢. Thus, if ; restricts to zero at one real point
of C, then it does so for every real point in the same Zariski connected component.
From this, it follows that since v vanishes at w, it must vanish at v too.

We claim that if U is smooth, then & = 0. Since v vanishes locally in the
Nisnevich topology on U, by quasi-compactness we can find a finite collection of
étale maps {V; — U} such that the image of [[, Vi(R) — U(R) contains f(T')
and such that the pullback of v to Kfq(Vi xr Y;7Z/n) vanishes for all ¢. Since
II,; Vi(R) = U(R) is a local homeomorphism, taking a sufficiently fine subdivision
of the triangulation of 7" with maximal simplices {7}, each map g|r, : Tj — U(R)
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factors through V;(R) — U(R) for some 4. It follows that the image of « in F4(T;)
is zero; but the map

FU(T) — P F(T)

is injective by Lemma 3.2, and our claim is established.

More generally, if U is singular, then we proceed by Noetherian induction on
U. As in the proof of Theorem 3.3, using [H1], [H2], there exists a proper map
m: U’ — U with U’ smooth and a closed proper subscheme Z C U such that setting
7' = Z xy U’ the induced map U’ — Z/ — U — Z is an isomorphism. Moreover,
there is a semi-algebraic triangulation of U(R) such that Z(R) is a subcomplex, the
intersection of any simplex with Z(R) is a single face, and the star-neighborhood
of any vertex is contractible. Note that if g : T — U(R) lands in Z(R), we are done
by Noetherian induction. In particular, we may assume U’(R) is not empty.

Replacing T by any of its maximal simplices {1} for a sufficiently fine triangu-
lation and using the injectivity of

FI(T) — P FUTy)

again, we may assume g maps T into a star neighborhood S of U(R). But then
a lifts to the element of F9(S) represented by (S < U(R),). It suffices to show
this element vanishes. Replacing S by its maximal simplices and using Lemma 3.2
again, we see that it suffices to assume T is a simplex of U(R).

Let A = T N Z(R), which is a face of T, and write 7" for 7#—*(T) and A’ for
77 1(A). Triangulate 7" such that each simplex T intersects A’ in a single face
written A’ (or not at all). Then we claim that the map

Fy(T) = Fy(A) & @ Fy(T))

is an injection. To see this, note that A’ is mapped into A under 7" — T. Thus
we obtain the diagram

0 —— FY(T,A) —— FY(T) —— F1(A) —— 0

! l l

0 —— FI(T}, A})) —— FU(T)) —— FI(A}) —— 0,

for each j, whose rows are exact since A — T and A;» — T]’» admit retractions.
Taking direct sums, we obtain the diagram with exact rows

0O—— FT,A) ——1 FYT) —— Fi1(4) —— 0

| l l

0 —— @, FUT,A) —— @, FUT)) —— @, F(4)) — 0.

A simple diagram chase shows that it suffices to prove

FUT, A) — @ FU(T}, A))

J
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is injective. Notice that, using excision, we can also fit this map into the commu-
tative diagram

0O — FIT,A) —— FYT/A) —— FI(A/A) — 0

l l l

0 —— @jF’I(TJf,AQ) — @qu(TJ’-/A;-)  — @qu(A;/A;) — 0,

with exact rows. (As before, if A’ = (), we interpret T;/A’ as being T} and A’/A
as empty.) Observe that the collection {7}/A’} cover T"/A" = T /A and the subset
formed by removing redundancies satisfy the hypotheses of Lemma 3.2. To see
this, note that using [LW; 5.7] we have that T'/A’ is a CW complex whose cells
are the images of cells of T”; in particular, its maximal closed cells are given by
{T7/T;}. Furthermore, since each A’ is a face of T7, it follows that for any subset
J of our indexing set, the spaces NjcsA”, NjesT}, and consequently Nje 77 /A} =
(NjesT})/(NjesAj) are contractible. Thus, by Lemma 3.2, the middle arrow and
consequently the left-hand vertical arrow of this diagram is an injection.

Note that « is sent to the element oy € F,;(A) represented by the pair (A —
Z(R),v|z), and that |z vanishes at every real point of Z in the image of A — Z(R).
So by Noetherian induction, s = 0. The image o of a in F,(T}) is represented
by (Tj — U’(R),~"), where 7/ is the pullback of v to KZ (U’ xg Y;Z/n). Clearly,
7" vanishes at every real point of U’ in the image of 7] — U’(R), and since U’ is
smooth, we know from above that o; =0 for all j. [

Corollary 3.10. For any projective real variety X, the natural map K*8(X) —
KR (X)) induces an isomorphism

al . semi .
Ky8(X5Z/n) — KRY™(X5Z/n)
for allqg>0,n>0.

Proof. If X is weakly normal, this follows immediately from the theorem and Propo-
sition 2.5. More generally, let X — X be the weak normalization of X and observe
that we the natural isomorphisms KRS™ (X;Z/n) = KR™ (X";Z/n), given by
definition, and K3'8(X;Z/n) = K28(X";Z/n), given by [W; 1.6,3.2]. The result
follows by naturality. [

Remark 3.11. The proof of 3.9 can be extended slightly to show that T +— KB(T xg
Y Z/n) is not just excisive, but also homotopy invariant, as a functor from finite
CW complexes to spectra. In other words, the collection of abelian group valued
functors T Kf (T'xg;Z/n) forms a generalized cohomology theory on the category
of compact CW complezes. The value of this theory at a point is clearly given by the
homotopy groups of the spectrum KB(Y;Z/n). In particular, taking Y = SpecR
and using Example 4.5 (of the next section), we obtain the natural isomorphism

KJ(Cr(T);Z/n) = KO~ (T;Z/n)

for g € Z and n > 0. Here Cr(T) denotes the ring of continuous real valued
functions on T and KO denotes connective real topological K-theory. Similarly,
taking Y = Spec C and using Proposition 2.4, we obtain the natural isomorphism

K7 (Co(T); Z/n) = Kiop (T3 Z/n)
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for q € Z and n > 0. We have thus recovered a result of Fischer [Fi] for compact
CW complexes.

For an original application of 3.9, observe that by taking Y to be Spec R[t, t71]
and Spec C[t,t~], we obtain the natural isomorphisms

KP(Cr(D)[t,t7'];Z/n) 2 KO™(T;Z/n) & KO~ (T Z/n)

and
KEP(Co(D)[t, t 7' 2/n) = K LT3 Z/n) & K 3 (T3 Z/n),

top
forqeZ, n>0.

§4 COMPARISON WITH KR; 1 (—)

Recall that for a complex quasi-projective variety Y, K*¢™(Y') interpolates be-
tween the algebraic K-theory of Y and the topological K-theory of the associated
analytic space Y (cf. [FW2], [FW3]). In this section, we verify the natural gen-
eralization of this observation to real varieties X: KR*™(X) interpolates between
the algebraic K-theory of X and the Atiyah Real K-theory of Xg(C), the analytic
space X (C) equipped with the involution provided by complex conjugation.

We begin with the following definition of Atiyah’s Real K-theory of a space
equipped with a continuous involution (i.e., a Real space). Note that for compactly
generated spaces X and Y, we write Maps(X,Y") for the topological space of all
continuous maps from X to Y, endowed with the compactly generated topology
associated to the compact-open topology. Further, if X and Y admit continuous
actions by a group G (typically, G = Z/2), then Maps®(X,Y") denotes the subspace
of Maps(X,Y) consisting of G-equivariant maps.

Definition 4.1. For X a quasi-projective variety over R, observe that
Maps?/?(Xg(C), Grassg (C)),
the space of all Z/2-equivariant continuous maps

Xgr(C) — Grassg(C) = H Grass,, (P*)g(C),

has the structure of an |Z(Ay)|-space. We define (connective) Atiyah’s Real K-
theory of Xr(C), KRop(Xw(C)), to be the associated spectrum as defined by [MI;
§14]. The qth homotopy group of KRiop(Xr(C)) is written KRl (Xr(C)) and is
called the qth Atiyah Real K-group of the Real space Xg(C).

We recall that if G is a discrete group acting on a space T', then the homotopy
fixed point space T"“ of this action is the space

Maps©(EG,T).

Alternatively, this space can be identified with the space of sections of the Borel
construction EG xg T — BG. This homotopy fixed point space has the advantage
that its homotopy groups are sometimes computable via a (not always convergent)
spectral sequence of the form

E3? = HP(BG,m_¢(T)) = m_p—q(T).

The following result is a special case of a theorem recently proven by M. Karoubi.
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Proposition 4.2. ([Ka]) For any real quasi-projective variety X, the natural map

KRiop (Xr(C)) — Kiop(X(C))"*/
is a weak homotopy equivalence, where Kiop(X (C))"%/2 denotes the homotopy fived
point space of the conjugation action on Kiop(X(C)). Furthermore, there is a
strongly convergent spectral sequence

Equ = Hp(BZ/Qv K‘cqop(X(C>) = KRPJHI(XR(C)) (421)

top

As indicated at the beginning of this section, we now verify that Atiyah’s Real
K-theory plays the role of a suitable target for the semi-topological K-theory of
real varieties.

Proposition 4.3. Let X be a quasi-projective variety over R. Then there exists a
natural map of |Z(AR)|-spaces

Morg(X, Grassg) — Maps”/?(Xg(C), Grassg(C))
which induces a map of spectra
KR*™(X) — KRyop(Xr(C)).

Moreover, if X is provided with the structure of a complex variety, then this map
is equivalent to the map considered in [FW2], [FW3]

K™ (X)) — Kiop(X(C)).

Proof. The indicated map of |Z(Ag)|-spaces is merely the natural inclusion: a map
over R induces a Z/2-equivariant map of spaces of complex points and the topology
on Morc(X, Grassc) is always at least as fine as the compact open topology.

The second assertion follows from Proposition 1.4 and the observation that for
any complex variety X

Maps?/?(Xg(C), Grassg (C)) = Maps(X (C), Grass(C))

since Xg(C) = X (C)*? (where the involution interchanges the two factors) when-
ever X — SpecR factors through SpecC — SpecR. O

By applying the naturality of Proposition 4.3 to the map X — X¢, we immedi-
ately conclude that for any quasi-projective variety X over R, the diagram

K¥8(X) — ICalg(At'op xgp X) — KR*™(X) —— KRyop(Xr(C))

! l | l

]Calg(qu) Em— ’Calg(Azop Xc X(C) E— /Csemi(X((j) e ’CRtop (XR((C))
(4.4)
is a homotopy commutative diagram of spectra (induced by a commutative diagram
of |Z(A®)|-spaces).
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Example 4.5. In Section 6, we will establish various situations in which the map
KR (X)) — KRiop(Xr(C)) is a weak equivalence. For now, observe that there is
the “trivial” example of such an equivalence — namely, the case X = SpecR. Note
that in this case Xwr(C) is a single point (with the trivial action) and KRop(Xr(C))
is homotopy equivalent to BO x Z. Thus, we conclude that

KR**™(Spec R) =~ KRop(Spec R(C)) ~ BO x Z.

Note that in conjunction with Theorem 8.9, this example recovers Suslin’s compu-
tation of the algebraic K-theory of R with finite coefficients [Su; 4.1]. (Of course,
we have used here the main technique — namely, rigidity — invented by Suslin for
his original calculation.)

For future reference, we record the following elementary observation.
Proposition 4.6. Let X be a quasi-projective variety over R. Then the natural
maps of |Z(A®)|-spaces
Maps(X (C), Grass(C)) < Maps’/?(X(C), Grass(C)) — Maps(X (R), Grass(R))
determine natural maps of spectra

Ktop(X(C)) = KRiop(Xr(C)) — LO(X(R))

where KO(—) denotes real orthogonal connective topological K -theory.

The following observation is suggestive of a way to consider varieties over fields
more general that R and C. This observation is made for the reader familiar with
the construction of étale K-theory by W. Dwyer and E. Friedlander [DF].

Proposition 4.7. Let X be a quasi-projective variety over R. Then for any prime
¢ the profinite £-completion of KRop(Xr(C)) is weakly equivalent to the étale K-
theory space K¢t (X) for the prime (.

Proof. We recall that K¢ (X) can be realized as the homotopy fixed point space
of K¢t (Xc) with respect to the Galois action of Z/2. The proposition follows from
the observation that g (Xc) is the ¢-adic completion of Kyop(X(C)). Namely,
comparing Karoubi descent spectral sequences (4.2.1) taken mod-¢, we conclude
that the natural map

KRyop(X&(C)) = (Kiop(X (C)2/2 = Ky (Xe)"2/? ~ Ky (X)

induces an isomorphism in mod-¢ homotopy groups and thus induces a weak equiv-
alence

(KRiop (Xz(C)))" = Kt (X).
O

85 TRANSFER MAPS

In this section, we define transfer maps associated to a finite, étale map X' — X

of quasi-projective real varieties for each of the theories K*8(A® xp—), K¥8(Af, g

—), KR**m and KRyop, and we show these transfer maps are compatible with the
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maps between these theories. The case of primary interest is when X' = X,
regarded as a real variety, which will allow us among other things to compare the
KR™M_theory of a real variety with the K*™i-theory of its complexification.

It turns out that in order to define transfer maps as maps of infinite loop spaces,
it is convenient to introduce a different, but homotopy equivalent, model for the
infinite loop spaces K*8(A®x X), K*8(Ag, xg X), KR*™(X), and KRyop(Xr(C)).
These new models use Segal’s notion of a I'-space in place of operads.

To begin, we define Grassg(PV)™ C Grassg(PY)*" to be the quasi-projective
subvariety parameterizing n-tuples of subspaces V; ¢ RV*! in general position —i.e.,
which satisfy V;N> " 2 Vi=0 for all 4. This is shown to be an open subvariety of the
projective variety Grassg (PY)*" in [GW; §2]. Define Grassl%n) to be the ind-variety
ling \, Grassg (P )", Then Grassg(PN)™) (respectively, Grassﬁ{l)) represents the
functor on quasi-projective real varieties sending X to the collection of n-tuples
(pi : (9)]\(“'1 — E;)i=1,.. n (vespectively, n-tuples (p; : OF — E;)i=1,..n such that
each quotient factors through the canonical projection OF — OY for M > 0)
which are in general position in the sense that the induced map

(p1,-- )" : O = D E

is a surjection (respectively, the same map with N+1 replaced by oo is a surjection).

Recall that T'°? is the category of finite, pointed sets of the form n = {x,1,...,n},
with * the base point, whose morphisms are base point preserving functions. A T'-
object in a category C is a functor I'? — C. The map n +— Grass]gg) defines a
I-ind-variety as follows. Given f : n — m, let f, : Grass]gl) — Grass]gn) send
(Vi CR>®)i=1,..n to (W; CR*®)j=1, s, where W; = EBief,l(j) V;. Consequently,

for any variety X, the collection of sets Hompg (X, Grass]gl)), n=20,1,..., form a
I'-set.

For X a quasi-projective real variety, we associate to each n the topological
space Morg(X, Grass]%n)) as defined in Definition 1.1. (More accurately, the space
Morg(X,Grass(PY)(™) is defined in 1.1 for each N and then we take the di-
rect limit as N goes to infinity in the category of compactly generated topological
spaces.) When X is weakly normal and projective, this space is the set of n-tuples
of quotient (O — E;)i=1,...» with the topology induced by realizing this set as
the real points of an ind-variety. For any X, observe that Morg(X, Grassé{)
functor from I'°? to spaces — i.e., it is a I'-space.

) is a

We also consider the following three variations on the I'-space Morg (X, Grassﬁ{)):
(1) the I'-space
| Homg (A® x X, Grass]g{))\

obtained by taking geometric realizations of the simplicial sets d — Homp(A? x
X, Grassﬁg)), forn=0,1,...;
(2) the I'-space

| Homg (A}, xr X, Grass]%_))\

top
defined analogously as in the previous construction; and
(3) the I'-space
Maps™?(Xg(C), Grass} (C)).
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For this last example, we view Xg(C) and Grass]%n) (C) as Real spaces in the
sense of Atiyah and Mapsz/ 2 denotes the space of equivariant continuous maps
endowed with the compact-open topology.

Moreover, there are natural maps of I'-spaces

(5.1) |Homg(A® x X, Grass]g{))\ — |Homg (A7,
Morg(X, GrassI(R_)) — Maps?/?(Yr(C), Grass} (C)),

xr X, Grass]g{))\ —

and the map

| Hompg (A,

top XR X, Grassl([{)ﬂ — Morg(X, Grass]g{))

is a weak-equivalence of I'-spaces (i.e., the map induces a weak-equivalence of topo-

logical spaces for each fixed n) whenever X is projective and weakly normal.
Recall that a I'-space G(—) is special if the canonical map G(n) — G(1)*" is a

homotopy equivalence for all n.

Lemma 5.2. For X a quasi-projective real variety, the I'-spaces Morg (X, Grass]gg)),
Hompg (X xA®, Grass]%_)), Homg (A$,, xr X, Grass]%_)), and Maps?/?(Xg(C), Grass]gg_) (C))
are all special.

Proof. The proof of [GW; 2.2] suffices to establish each of these claims. [

Naturally associated to any I'-space G(—) is a spectrum S(G), formed in the
following manner. The zeroth space of the spectrum is the space G(1). Observe
that there is a functor A°? — T'°P where A is the category of finite, non-empty,
totally ordered sets of the form [n] = {0 < 1 < --- < n}, whose morphisms are non-
decreasing functions. This functor sends [n] to n and a order preserving function
f:[n] = [m] to f*: m — n where f*(i) is the smallest j in the set f~1(i) or x if
j = 0 or no such j exists. The first space in the spectrum S(G) is the geometric
realization of the simplicial space d — G(d) defined by restriction along A°P — I'°P.
Further, there is a functor for each d

(Fop) xd — [op

sending (nq,...,ny) to ny-----ng, which allows any I'-space to be viewed as a
d-fold T'-space and consequently a d-fold multi-simplicial space. The geometric
realization of this associated d-fold multi-simplicial space gives S(G)g4, the dth space
of the spectrum.

For any I space G, there is in particular a natural map

G(1) = Qld — G(d)| = OS(G);.

When G is a special I space, which holds for all cases we are interested in, this map
gives a homotopy-theoretic group completion of the H-space G(1), and moreover
all the maps S(G)q — QS(G)44+1 are weak equivalences for d > 1 [Se]. Here,
G(1) is endowed with an H-space structure by choosing a homotopy inverse of the
equivalence G(2) — G*? and composing with the multiplication map p : G(2) —
G(1) induced by the morphism 2 — 1 sending both 1 and 2 to 1.
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Proposition 5.3. For X projective and Y quasi-projective real varieties, there are
natural weak equivalences of spectra

S(Homg (A® xr Y, Grass ))) ~ KC¥iE (A®* xpY)
S(Homg (A},

)

top )N’Ca ( top XR Y)
)
)

S(Morg(X, Grasst ) ~ KR%™i(X)

e)
xR Y, Grass]% ))
¢)
S(Maps??(Yg(C), Grassy ) (C))) ~ KReop(Yz(C)).
Moreover, these equivalences are compatible with the maps of (5.1) and Proposition
5.3.

Proof. The proof of each of these assertions is strictly parallel to the proof of [FW2;
6.8). O

In short, everywhere where we have used operads in the study of K28(A® xp
-), Kalg(A;op —), KR®™i and KRgep, we may equivalently use the I'-space
constructions presented here instead.

As mentioned, the purpose of introducing these I'-space models is to define
transfer maps. Let m : X’ — X be a finite, flat map of real quasi-projective
varieties. This hypothesis ensures that the push-forward 7, E of a vector bundle
on Y is a vector bundle on X, and heuristically the transfer map is merely given
by pushforward of vector bundles. In addition, we assume there is a surjection
¢ : O% — m,.0x/ of Ox-modules, which will become part of the construction.
(Note that such a quotient determines a closed immersion X’ < X x A* through
which the map 7 factors. The surjection ¢ should therefore be seen as playing a
role analogous to the embedding X’ < X x int(I*) used to define transfer maps
for generalized cohomology theories in algebraic topology. See [Ad; §5.1].)

The pair (7, ¢) allows us to associate to any quotient OF, — E the quotient
given by the composition of

Ok @0, 0F 229 1 (0x) ®o, OF = 1.(0F) — 1., (5.4)

where the middle isomorphism is the evident one. Finally, define 6 to be the
isomorphism 6 : RF @ R>® = R sending €; ® fj to fi(j—1)+i, Where eq, ..., e, and
f1, fa, ... are the standard bases of R* and R*. (Really, any choice of isomorphism
will work in place of # — this particular isomorphism allows the proof of Theorem
5.8 below to proceed most smoothly. Since the definition of € is somewhat arbitrary,
we will include 0 are part of the data defining the transfer map below.) The map

# induces an isomorphism
k 00 ~v o)
0% ®o, OF = 0%

by extension of scalars and we let # denote this isomorphism too. Precomposing
the quotient object (5.4) with 6, we obtain the quotient object

o —» m.E.

Thus to any quotient OF, — E, we associate a quotient of the form O§f — m, E,
and this map will give our transfer map. Note that this construction depends on
the choices of 7, ¢, and 6.
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We now extend these ideas to the topological setting. Suppose that the map
7 : X’ — X is not merely finite and flat, but is also étale . Then 7 induces a
finite covering space map of Real spaces m : X;(C) — Xgr(C) (that is, it is an
Z/2-equivariant covering space map). Moreover, the surjection ¢ : O% — 1,0x
induces a surjection of Real topological vector bundles Xg(C) x C* — X4 (C) x C.
(For any Real space T, by T' x C™ we mean the Real vector bundle with involution
given by (t,v) = (t,7), where T denotes complex conjugation performed on each
component of v.) Consequently, parallel to the preceding construction, the data
(7, ¢,6) determines a map sending a quotient Real bundle X3 (C) x C* — E to
a quotient Real bundle Xg(C) x C* — w,E. Here, 7. F is the Real bundle on
X whose stalk at = is € E,, endowed with the evident topology and Real
structure.

Associated to a finite, étale morphism 7 : X’ — X, the constructions we have
described above associate to the triple (m, ¢, 6) the maps

Homg (X', Grassg) — Homg (X, Grassg),
Morg (X', Grassg) — Morg(X, Grassg),

m(y)=z

and
Maps?/?(X}(C), Grassg (C)) — Maps”/?(Xg(C), Grassg (C)).

Each of these functions is natural in X in the following sense: a morphism ¥ — X
determines by pullback a finite, étale map my : Y/ — Y and a surjection ¢y :
O% — my,Oy-. The transfer maps associated to (7y, ¢y, 8) and to (7, ¢, 0) fit into
an evident commuting square in each of the three cases.

Using this naturality, one concludes that the transfer maps for Mor is continu-
ous, since it extends to the natural transformations of representable functors

Morg(— xg X', Grassg) — Morg(— xg X, Grassg).

Similarly, the transfer map for MapsZ/ 2 is easily seen to be continuous.
Naturality also gives a natural transformation of set-valued functors

Homg (— xg X', Grassg) — Homg(— xg X, Grassg),
from which we define transfer maps
Hompg (A® xg X', Grassg) — Homg (A® xg X, Grassg)

and
HomR (A

Finally, we define transfer maps
Homp (A® xg X', Grass(_)) — Homg (A® xg X, Grass(_))
Hompg(A},, xg X', Grass'™)) — Homg(A$,, xg X, Grass ™))
Morg(X',Grass'™)) — Morg(X, Grass' ™))
Maps?/?(X}(C), Grass|; ) (C)) — Maps™?(Xg(C), Grass} ) (C))

xg X', Grassg) — Homg(A?  xg X, Grassg).

[ ] [ ]
top top

L]
top

by applying the previously constructed transfer maps component-wise (recalling
that Grass]%”) is a subvariety of Grassy"). Although these maps depend on the
choices of m, ¢, and 6, we will write each of them simply as m,. The following

proposition summarizes our result concerning the transfer map so far.
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Proposition 5.5. Given a finite, étale map ™ : X' — X and a surjection ¢ :
(’)’)“( — Ox, there are associated “transfer maps” of I'-spaces

T, : | Homg(A® xp X', Grass'™))| — | Homg (A® xg X, Grass( )|

7.+ |Homg(A$,, xg X', Grass'™))| — | Homg(A},, xp X, Grass™))|

Ty : Morg(X', Grass'™)) — Morg(X, Grass' ™))
T : Maps?/? (X4 (C), Grass(_)((C)) — Maps?/?(Xg(C), Grass(_)((C)),

which commute with the natural transformations of these theories introduced in
(5.1). Moreover, these transfer maps are natural in the sense that if Y — X is a
morphism of varieties, then w, and Ty, (where wy, is defined by the induced maps
my Y =Y xx X' =Y and ¢y : OF — 7.0y") fit into the evident commuting
squares of T'-spaces.

Proof. The only fact remaining to be established is that 7, is actually a map of
I'-spaces. This is verified by a routine computation. [

Any map of I'-spaces induces a map of associated spectra, and we will write 7,
for each of the four associated transfer maps of spectra. Thus we have the following
corollary.

Corollary 5.6. Given a finite, étale map of quasi-projective varieties w: X' — X
and a surjection ¢ : O% — m,Ox/, the transfer maps of T-spaces of Proposition 5.5
determine transfer maps of spectra . such that the following diagram commutes
up to weak homotopy

KM8(A® xg X') —— KM8(Af,, xg X') —— KR*™(X') —— KRiop(X{(C))

- - - -

KA8(A® xp X) — KU8(A, xp X) —— KR®™(X) — KRyop(Xz(C)).

top

Moreover, this diagram is natural up to weak homotopy in the same sense the maps
of Proposition 5.5 are natural.

Remark 5.7. We have abused notation a bit by using merely 7, to denote the
transfer maps induced by the triple (w,¢,0). We presume that, up to weak ho-
motopy, the transfer map only depends on the morphism =, although we have not
attempted to prove this result since we have no need for it in this paper. Addi-
tionally, there are well-known transfer maps for algebraic K -theory and topological
K -theory associated to a finite, flat map and finite covering space map, respectively.
We presume also that the transfer maps we have defined here are equivalent, up to
weak homotopy, to these classical transfer maps. Again, since we will not need this
result in this paper, we have not attempted to prove it.

In the remainder of this section, we consider the special case X' = X¢ =
X Xgpecr SpecC and we take 7 : X’ — X to be the canonical map and ¢ :
(’)ﬁ( — m,Ox: = Ox Qg C to be the surjection (in fact, isomorphism) induced by a
chosen isomorphism R2 2 C of real vector spaces.

Recall that there are weak homotopy equivalences KR™(X¢) ~ Ksemi(X¢),
KRyop ((Xc)r(C)) ~ Kiop(Xc(C)), ete. Thus the transfer maps 7, actually produce
maps

T s KSM(X o) — KR*™(X)  and 7, : Kiop(Xc(C)) — KRiop(Xr(C))
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relating K™ with CR**™ and Kiop with KR¢op. The following theorem says,
effectively, that we the homotopy groups of KR**™(X), etc. are easily determined
“away from 2” by the homotopy groups of K™ (X¢).

Theorem 5.8. For w: X¢c — X and ¢ as above, the compositions

Ko8(A® xp X) —— K¥B(A® x¢ Xp) —=— K8(A® xp X)

xgp X) —— /Calg(A;Op

,Calg(Ao

T xc Xo) —=— K*8(AS

top

XR X)
]CRsemi (X) " Icsemi (XC) T /CRsemi (X)
KRiop(X2(C)) ——  Kip(Xc(C)) —"— KReop(Xe(C))

are each weakly homotopic to multiplication by 2 with respect to the H-space struc-
tures of each of these infinite loop spaces. That is, the results of precompos-
ing m. o ™ and multiplication by 2 with any pointed map T — K8(A® xg X),
T— ICalg(A;Op xr X), etc., where T is a compact pointed CW -complez, are homo-
topic.
Proof. The proofs of all four assertions are essentially the same; we give the proof
of the claim involving ICR%™ here.

The composition of 7* with the transfer map m, induces an endomorphisms of

the I-space Morg (X, Grasslg{)), and consequently we have a commutative diagram

*
T O

Morg (X, Grassg) — Morg (X, Grassg)

l l (5.8.1)

Qld — Morg(X, Grassg)ﬂ Teom Qld — Morg(X, Grassg))\.

The vertical map of (5.8.1) is a homotopy-theoretic group completion as defined in
[CCMT, §1]. Here, the H-space structure on Morg(X, Grassg) is determined by
choosing a homotopy inverse to the canonical map

Morg(X, Grassg)) — Morg(X, Grassg) 2.

The endomorphism m, o7* on Morg(X, Grassg) is readily checked to coincide with
multiplication by 2 with respect to the H-space structure induced by the following
choice of a homotopy inverse: Send (OF — E1, 0% — E3) to the quotient object
associated to the composition

05 =205 @ 0% - E1 @ Es,
where the isomorphism is the “interleaving map” defined by

‘ s
e; { (e(i+1)/2,0),if 7 is odd,
(0,€;/2),if i is even.

Since Morg(X, Grassg) is homotopy commutative, multiplication by 2 is an H-
map, and thus the square (5.8.1) is a homotopy commutative square of H-spaces.
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(The bottom arrow is clearly a map of H-spaces since it is in fact an infinite loop
space map.) Since multiplication by 2 on

Qld — Morg(X, Grassg)ﬂ

would also cause this square to commute up to weak homotopy, by [CCMT; 1.2] it
follows that m, o 7* is weakly homotopic to multiplication by 2. O

Recall that if A is a finitely generated abelian group and X is a pointed space,
one defines 7, (X; A), the gth homotopy group of X with coefficients in A, as the
homotopy classes of maps from the Moore space of type (A4,q) to X. For an
arbitrary abelian group A, m,(X; A) is the direct limit of 7,(X; B), where B ranges
over all finitely generated subgroups of A.

Corollary 5.9. For any abelian group A, quasi-projective real variety X, and in-
teger q, the maps

*
T4 O

K25(A® xg X; A) K5(A® x5 X; A)

Kalg (A.

top

xp X; A) T K2le(Af

top

xp X;A)

meom™

KRe™(X;4) 0 KRS™(X; A)
KRtop(XR((C) A) % KRtop(X]R((C) A)

are given by multiplication by 2. In particular, if A is a Z[l] module, then K;lg(A‘ XR
X;A), K‘*lg(At’op xg X;A), KR¥™(X;A), and KR L (Xr(C); A) are naturally
summands of the groups Kglg(A' x¢ Xc; A), Kalg(At'Op x¢c Xc; 4), Kzemi(X@;A),
and K} (Xc(C); A), respectively.

Proof. If A is a finitely generated abelian group, the Moore space M(A4,q) is a
finite CW complex, and thus the result follows immediately from Theorem 5.8.
More generally, the result follows by taking direct limits over all finitely generated
subgroups of A. [

§6 EXAMPLES AND LOCALIZATION

In this section, we establish that the natural maps give isomorphisms

KRY™(X) = KR (Xe(C)), ¢>0,

top

and
Kalg (A.

top

X) KRtop(XR((C))’ q Z 07

for certain classes of real varieties X. For example, we obtain such weak equiv-
alences when X is a projective, smooth curve, or a certain type of generalized
flag variety. As seen in the next section, this computation can be viewed as a
computation of the “stabilized homotopy groups” of spaces of morphisms. Thus,
the examples in this section represent (stable) real analogues of generalizations of
results found in [Ki], [CLS].

To extend our examples of such weak equivalences involving K*&(A$

top XR X) to

the case where X is affine, it is useful to prove a localization result for K*8(A$ fop XR
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—) analogous to the known localization property of algebraic K-theory (but which
here only applies to smooth varieties). This result is also proven in this section,
although we expect its applications to extend beyond the use to which it is employed
here.

The following proposition can be viewed as a generalization of the standard
projective space formula and is the real analogue of [FW3; 2.1].

Proposition 6.1. Suppose G is one of the linear algebraic groups GLy r, SLy g,
Sping r, or Spanr and P is a parabolic subgroup containing a split Borel subgroup.
Then the natural map

KR*™(G/P) = KRop((G/P)r(C))

is a weak equivalence.

Proof. Let X = S xg G/P, for any S. As argued in [FW3; 2.2] using [P; 5.2, 5.4],
for a choice of dominant weights A1, ... , A, the vector bundles Ep(\1),..., Ep(\g)
determine a basis B of K2'8(G/P) as a free Ki'%(R)-module. More generally, the
pullback of B to X gives a basis of Kglg(X) as a free Kglg(S)—module. Moreover,
multiplication by these basis elements defines a natural weak equivalence

K2le(9)<F = Kale(S xx G/ P).

Replacing S by Af,,, by taking direct limits, we obtain the natural weak equivalence

K:alg(An

top X SpecR)*F =5 K18 (AT

top

XR G/ P )7
and consequently a weak equivalence

’Calg(A.

t.p XR SpecR)*F =5 KE(A?

top XR G/P)
The image of B ¢ K2'8(G/P) in K?

top((G/P)(C)) defines an analogous weak
equivalence

(BU x Z)Xk = ICtOP(pt)Xk = Kop((G/P)(C)),

by [Pi; 3] and [AH; 3.6]. Using [Sey; 4.3], it follows that the image of B in
KR) ((G/P)g(C)) defines a weak equivalence

top
(BO x Z)**F = KRyop(pt) % = KRyop(Xr(CT)).

Finally, since the map ICalg(At’Op xr —) = KRyop(—) is compatible with products
by Theorem A.5 of the appendix, the result now follows from Example 4.5. O

In [FW2], we established a equivalence between K™ and Ki.p of a smooth,
projective complex curve. This result, together with a result of M. Karoubi and
C. Weibel [KW] on the algebraic K-theory with finite coefficients of smooth real
curves, leads directly to the following real analogue of [FW2; 7.5].
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Proposition 6.2. Let C be a smooth, projective real curve. Then the natural map

KR™(C) = KRy 1 (Cr(C))

top

is an isomorphism for g > 0.

Proof. The composition
KHE(C) — KR™™(C) — KRyop(Cr(C))

is shown to induce an isomorphism upon applying mq(—;Z/2), ¢ > 0, in [KW]. It
follows from Theorem 3.9 that

KR™(C52/2) = KR(5(Cr(C); Z/2)
for ¢ > 0. Finally, in the diagram

KReemi(C;Z[])  —— K:mi(Cg;Z[3]) ———  KR*™(C;Z[3)

l l !

KR (Cr(C); Z[3]) —— Kiop(C(C)Z[5]) —— KRh(Cr(C); Z[3))
the composition of each horizontal row is an isomorphism by Corollary 5.9 and the
middle vertical map is an isomorphism by [FW3; 7.5]. A diagram chase completes
the proof. O

Remark 6.3. If X is a smooth real toric variety, then an argument due to the

second author and C. Weibel can be adapted to conclude that the natural map
K¥8(AL,, g X) = KRiop(Xr(C))

is a weak equivalence. The essential point of this argument is that a map between

two theories on real varieties which are homotopy invariant, which satisfy Zariski

descent, and which agree on projective spaces, must agree on all smooth toric vari-

eties. In particular, if X is a smooth, projective real toric variety, then the natural

map ‘
KR*™(X) = KRyop(Xr(C))

is a weak equivalence.

The Quillen-Lichtenbaum conjecture (cf. [F1]) for a smooth real variety X of
dimension d asserts that for n > 0 the natural map K2'8(X;Z/n) — K *(X;Z/n)
is an isomorphism for ¢ > d—1. In light of Proposition 4.7 and Corollary 3.10, such
an isomorphism holds, at least in the range q > d, provided the map K Rffmi(X ) —
K REOP(X ) is an isomorphism for ¢ > d — 1. The following result has been proven
in [KW], using different means.

Corollary 6.4. The Quillen-Lichtenbaum conjecture holds for a smooth, complete
real curve C'.

Proof. The map KR**™(C') — KRop(Cr(C)) is a weak equivalence by Proposition
6.2. The result follows by considering the long exact sequence in homotopy groups
and by using Proposition 4.7 and Corollary 3.10. [0
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To extend the above examples to affine varieties (and for further applications),
we establish a localization result for lCalg(A;op xg —). The statement and proof of
this result were inspired by the recent preprint of I. Panin and A. Smirnov [PS].
The basic technique is the use of the deformation to the normal bundle, an idea
due to R. MacPherson (cf. [BFM]). We follow the treatment of this concept found
in the work of F. Morel [Mo].

Let ¢ : Z — X be a regular closed immersion and let Wz (X) be the smooth
variety given by the construction of [Mo; 3.2.2] (which is written D(i) there).
The variety Wz(X) is defined as the complement of Xz in (X x Al)z, where
X is the blow-up of X along Z and (X x A')z is the blow-up of X x A! along
Z x {0} — X x Al. We briefly describe the key properties of Wz (X) (see [Mo;
3.2.6]). There exists a map Wz(X) — X x Al and a regular closed immersion
Z x Al < Wx(Z) such that the squares appearing in the commutative diagrams

z —s X —5 X

T

Zx Al —— Wz(X) —— X x Al

and
Z  —— Nz(X) —— X

Joe
Zx Al — 5 Wz(X) —— X x Al

are Cartesian. Here, Nz(X) denotes the normal bundle for the immersion Z — X,
Z — Nz(X) is the zero section embedding, and Nz (X) — X is the composition
Nz(X) = Z — X. Finally, if X = U UV is an open cover, then Wz~y(U) and
Wzav (V) form an open cover of Wz(X) with intersection Wzauny (U NV) (cf.
proof of [Mo; 3.2.8]).

Theorem 6.5. For any closed immersion of smooth quasi-projective varieties i :
Z — X, we have that
KA, Xz X) €= K28, (AL, xx Wz (X)) 25 K3E(AL,, x& Nz (X))

L]
top top

are weak equivalences.

Proof. Our proof mimics the proof of [Mo; 3.2.8]. Let F4(B) stand for lCZlg(A;Op XR
B), for any closed immersion A — B.

Suppose we can find an open covering of X, X = U;W;, such that the statement
of the theorem holds for each closed immersion ZNW — W, where W is any open
subscheme of the form W; N---NW;j,. Then by induction, using Mayer-Vietoris of
F_(—) (see Remark 3.6) and the fact that Wzny (U) and Wzay (V) form an open
cover of Wy (X) for any open cover X = UUV, it follows that the statement of the
theorem holds for Z < X itself. In other words, it suffices to prove the theorem
locally on X.

As is well known (cf. [EGAIV; 17.12.2 d]), for each x € X, there is an open
neighborhood € V' C X and an étale map f : V — A"t such that the closed
immersion V N Z < V is the pullback along f of the closed immersion A? < A"+¢
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given by inclusion into the first d coordinates. Thus, by appealing to the previous
paragraph, we may as well assume X itself admits an étale map

[ X — At

such that Z < X is the pullback along f of the closed immersion i : A? < A™+<,
In this situation, by [Mo; 3.2.9], there exists étale maps U — X and U — Z x A?
and a closed immersion Z < U such that the squares

z —— U

L

J — X

and
7 — U

-| l

7 —2 Zx Al
are Cartesian. By [Mo; 3.2.7 (3)], these diagrams induce étale maps W (U) —
Wz(X) and Wz(U) — Wz(Z x A?) such that the diagrams

Zx Al —— WL(U)

- !

Zx Al —— Wz(X)

and
7 x Al — Wz (U)

- l

Z x Al ——— Wz(Z x A?)

are also Cartesian. Now consider the diagram

Fz(X)  ——  Frn(Wz(X)) ——  Fz(Nz(X))

! ! I

Fz(U)  +——  Fpum(Wz(U)) ——  Fz(Nz(U)) (6.5.1)

I I I

Fz(Z X Ad)) — FZXAl(WZ(Z X Ad)) e Fz(Nz(Z X Ad))

The vertical maps in the left and middle columns of (6.5.1) are weak equivalences
by Nisnevich excision (Theorem 3.5), using the preceding diagrams. The ver-
tical arrows in the right column of (6.5.1) are weak equivalences, since each of
Nz(U) — Nz(X) and Nz(U) — Nz(Z x A9) is readily verified to be a Nisnevich
neighborhoods of Z (i.e., they also satisfy the hypothesis of Theorem 3.5). As shown
in the proof of [Mo; 3.2.11], the immersion Z x Al < Wz(Z x A?) is naturally
isomorphic to the map Z x A < Z x A? x A! given by inclusion at 0. It follows
from homotopy invariance that the maps in the bottom row of (6.5.1) are weak
equivalences. A diagram chase completes the proof. [
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Theorem 6.6. Given a reqular closed immersion of smooth, quasi-projective real
varieties i : Z — X, there is a weak equivalence in the homotopy category of spectra

K58(Ap,, Xz X) = KME(A]

top XR Z)

This equivalence is natural in the sense that given a Cartesian square of smooth,
quasi-projective real varieties

w7y
of 4]
zZ ' X

whose rows are reqular closed immersions, the diagram in the homotopy category

K%lg(A'

top

r] &

K3E(AS,, xpY) —— K¥8(AS,)

xp X) — 2 KolB(AS

top XR Z)

XR W)

commutes.

Proof. By Theorem 6.5, the maps

xp X) €5 K28 (AL xr Wz(X)) 2 K25(A

alg .
ICZ (A Zx Al top top

top XR Nz(X))

are weak equivalences. Thus there is a weak equivalence in the homotopy category

K5 (Ad, x= Nz (X)) = KZ#(A}

top XR X)v
and this map is readily verified to be natural in the same sense as in the statement
of this theorem.
We now claim that there is a natural weak equivalence
,Calg(Ao

top XR Z) :_) ]C%lg(AZop

xr Nz (X)).
Indeed, let p : E — Z be any vector bundle of rank n with zero section sg, and
form the projectivized bundle ¢ : P(E & 1) — Z, which comes with the evident
open immersion j : F < P(E® 1) and complementary closed immersion at infinity
P(E) — P(E & 1). Following the proof given by [PS], let

th(E) € K% (P(E & 1))
be the class associated to the chain complex

o= 0= Op(par)(—n) @ A(E) = -+ = Opper)(—1) @ A'(E) = Op(pa1) — 0.

(Here Z is regarded as a closed subscheme of P(E @ 1) via the composition j o sg.)
Write ¢(E), the Thom class, for the restriction of th(E) to K;%(E) via j. We also
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write th(E) and t(F) for the images of these classes in K;{%(A;Op

xrP(E® 1)) and

K?’%(A' xr F), respectively. Then in the commutative diagram

top
K¥8(AL,, xz Z) T, KaE (AL, xz P(E @ 1))
| g
Ke(Ag, xp Z) 2 kds(As, xa B),

the right-hand vertical arrow is a weak equivalence by Nisnevich excision (Theorem
3.5). The bottom arrow will therefore be the desired weak equivalence provided the
top arrow is a weak equivalence. To show this, observe that there is a commutative
diagram

0 0

! l

KH8(AS xg X) BN K5(AS,, X P(E @ 1))

top

l l

(th(E)Ug™ 1.¢po1, - Chgn)
Kalg(At‘op XR X)eanﬂ E®1 E® ’Calg(A;op X R ]P(E @ 1))

l l

xR X )o" — Kalg(At'op xg P(E® 1) — X)

! l

0 0,

]Calg(Ao

top

(6.6.1)
where in general we write (p(py for the class 1—[Op(p)(—1)] € K8 (P(F)) associated
to a vector bundle F over X. Here, the map 6 is the composition of the weak
equivalence (cf. Proposition 2.7)

(L,¢my .
_—

Kalg(Ao XR X)@n ) ’Calg(Atop

top XR P(E))
with the pullback along the projection map P(E ¢ 1) — X — P(E). Since this
projection map is a vector bundle, it follows 6 is a weak equivalence, and thus
it suffices to show the middle arrow of (6.6.1) is a weak equivalence. By Zariski
descent (Theorem 3.5), it suffices to check this locally on X, so that we may assume
E = O%, the trivial bundle of rank n. In this case, th(E) coincides with CH?( pe1) I
Kglg(A;Op xrP(E@® 1)), and thus the middle arrow of (6.6.1) is a weak equivalence
by Proposition 2.7.

The naturality of the map ¢(F) U ¢* follows from the naturality of the Thom
class t(E). O

Combining Theorems 3.3 and 6.6, we obtain the following statement of localiza-
tion for ICalg(A;Op XR —).
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Corollary 6.7. Given a regqular closed immersion i : Z — X of smooth, quasi-
projective real varieties, there is a “Gysin map”

i K¥8(A]

top

xp Z) — KYE(A®

top XR X)

which fits into a fibration sequence in the homotopy category of spectra

X Z) 25 KM8(AS,

Kalg(A.

top

xp X) — K8(AS

top XR X — Z)

This sequence is natural in the sense that there is a homotopy commutative diagram

K#&(At,, xgr X — 7)

vl r| v |

KA8(AS xz W) — KX8(AS xpY¥) — KY8(AS xz X — Z)

top top top

xp Z) — KUE(A

top XR X) —— KCale(AS

top

associated to a map of pairs as in Theorem 6.6.

Proposition 6.8. Let Z — X be a closed immersion of smooth, projective real
varieties and let U = X — Z. If the natural maps

KR*™(Z) — KRyop(Zr(C)),  KR*™(U) — KR;op(Ur(C))
are weak equivalences, then so is

KR*™(X) — KRyop(Xr(C)).

Proof. As shown in Appendix A, there is a natural model ICRtZORp(C) (Xr(C)) for the
homotopy fiber of
KRiop(Xr(C)) = KRop(Ur(C)).

Moreover, by Theorem A.5 of Appendix A, there is a natural map

xp X) = KRZC) (Xp(C))

]Czlg(A. top

top

fitting into a homotopy commutative diagram

K58(AL,, xr X) — KM8(AL, xg X) —— K¥8(AS, xz U)

l l l (6.8.1)

KR (Xp(C)) ——  KRiop(Xr(C)) —— KRiop(Ur(C)),

top

all of whose arrows are compatible with cup product pairings.
From standard topological results, the theory with supports
(X, 2) = KR (X2(C))
satisfies the needed properties (i.e., excision, homotopy invariance, and existence of
a bundle formula) for the proofs of 6.6 and 6.7 to carry over. In particular, there
is a natural weak equivalence

KRZ(©) (XR(C)) =5 KRyop(Zz(C)), (6.8.2)

top
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and consequently a natural fibration sequence
KRiop(Zr(C)) = KRiop(Xr(C)) — KRop(Ur(CT)).

Moreover, since the equivalence (6.8.2) and that of Theorem 6.6 are constructed us-
ing the same deformation argument, they are compatible with the maps in diagram
(6.8.1) and we obtain a homotopy commutative diagram

K:alg(A'

Sy X8 Z) —— K8(A3, xp X) —— K5(Ag

top top

l l l

KRiop(Zr(C)) —— KRiop(Xr(C)) —— KRyop(Ur(C)).

XRU)

The result follows immediately. [

Corollary 6.9. If X is a smooth (possibly affine) real curve, then the natural map
KR*™ (X) = KRyop(Xr(C))

is a weak equivalence.

Proof. By considering a smooth projective closure of X, this result follows imme-
diately from Proposition 6.8, Proposition 6.2, and Example 4.5. O

Combining Corollary 6.9 with Proposition 4.7 and Corollary 3.10 gives the fol-
lowing result, which has also been established in [KW].

Corollary 6.10. The Quillen-Lichtenbaum conjecture holds for an arbitrary smooth
real curve.

§7 STABILIZATION OF MAPPING SPACES OF MORPHISMS

The process of forming the homotopy-theoretic group completion of an Z-space
(or a I'-space) is slightly mysterious, rendering the infinite loop space KR®™(X)
rather less explicit than one would hope. In this section, we show how to form
the homotopy-theoretic group completions of Morg (X, Grassg) and Hompg (X x
AV, Grassg) in terms of explicit mapping telescopes. In particular, this description
exhibits a connection between KR3™(X) and the spaces of holomorphic maps stud-
ied in [Ki] and [CLS]. Additionally, such a construction has the advantage that it
allows for a nice description of the homotopy groups KR®™i(X) in terms of ordinary
group completions of the monoids of homotopy classes of maps to Morg (X, Grassg)
(see Corollary 7.4).

As a preliminary step, recall that KR$™(X) is the group completion of the
abelian monoid moMorg (X, Grassg ), and a similar statement holds for Kglg(Azop XR
X). In fact, this group completion is attained by inverting a single element of
moMorg(X, Grassg), as shown in the following lemma.

Lemma 7.1. Let X be a quasi-projective real variety and p : OF — L any quotient
(factoring through OX for N > 0) such that L is an ample line bundle on X. If
X 1s projective, the induced map

moMorg(X, Grassg) [—[p]] — KR5™ (X)
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is an isomorphism. If X is an arbitrary quasi-projective variety, then the induced
map

mo| Homg (A}, xgr X, Grassg)| [—[p]] = Kglg(A;op xg X)
is an isomorphism. (Here, [—[p]] refers to formally inverting the class of p in the

indicated abelian monoid).

Proof. The proof of the first isomorphism is identical to [FW2; 3.1], using the fact
that moMorg(X, Grassg) is the set of isomorphism classes of bundles on X (where
X" — X is the weak normalization of X) generated by global section modulo
real semi-topological equivalence of such bundles, which is shown in the proof of
Proposition 1.6. The second isomorphism follows in the same manner once one
knows that mo| Homg (A}, xg X, Grassg)| is also the set of isomorphism classes of
bundles generated by their global section modulo real semi-topological equivalence.
This is proven just as is the last statement of Proposition 2.5, using the latter half

of the proof of Proposition 1.6. O

For a quasi-projective real variety X, fix a very ample line bundle L together

with a surjection

(l1,l2,...)
e,

oz L

(with I; = 0 for ¢ > 0). Define
ar : Morg(X, Grassg) — Morg (X, Grassg)

to be the map sending

op L), g
to the quotient
op Yvevke ) pa g

(The definition of oy, actually depends on the choice of surjection O% — L.) Now
form the mapping telescope of the infinite sequence of maps

Morg(X, Grassg) —% Morg(X, Grassg) —% -,

and write this as Tel(Morg(X, Grassgr), o). Here, we regard the nth space in this
telescope, G,, for short, as being pointed by the image of the base point under the
nth iterate of . We remind the reader that, in general, the mapping telescope of
a sequence of maps of pointed spaces

(G07g0) & (Glagl) £> Ty
written Tel(G;, f;), is defined as
[I GnAlnn+1]4

n>0
(37777’ + 1) ~ (fn(.'L‘),TL + 1)7

where x € G, n > 0 and [n,n + 1] C R is the evident interval. Observe that
Tel(Gy, fn) is weakly equivalent to the ordinary direct limit ling, G, but is better
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behaved in that it has the homotopy type of a CW complex provided each G,, does.
Theorem 7.3 below shows that the evident map

Morg (X, Grassg) — Tel(Morg(X, Grassg), ar)

is a homotopy-theoretic group completion, when X projective.

The construction of the group completion of Morg (X, Grassg) presented here is
similar to that found in [FW2], except that there the space of complex morphisms
Morc (Y, Grassc), for Y a complex variety, is considered. (Additionally, the def-
inition of «y, in [FW2] differs slightly from that used here.) It turns out to be a
delicate matter to adapt the proof found in [FW2], which shows that the mapping
telescope of (Morc (Y, Grassc), ar,) gives a homotopy-theoretic group completion,
to the situation here. The difficulty lies in the fact that we must use the real op-
erad 7 here, whereas its complex version is used in [FW2], and this complex version
provides more freedom to construct the needed homotopies. Thus, in lieu of adapt-
ing the proof in [FW2] directly, we instead provide an easier proof in Theorem 7.3
below, one which unfortunately does not apply to the study of G-theory considered
in [FW2]. The following lemma provides the key to the proof of Theorem 7.3.

Lemma 7.2. Let (G,u) be a strictly associative H-space with strict identity e.
Fiz g € G and let G,, denote the space G pointed by the base point g™ (where
g" = u(g,g" 1), ¢° =e). Assume that the maps

/1«(97_),/14(_79) : Gn — Gn+1

are homotopic via a base point preserving homotopy. Then the mapping telescope
Tel(Gy, (g, —)) of the sequence

G =G, ni(g,—) Gy w(g,—) Gy nlg =)
has the structure of a homotopy associative H-space such that the map
G — Tel(Gna :U’(ga _))

is a map of H-spaces. Furthermore, the induced map on my is the map given by in-
verting the class of g in the abelian monoid 7o(G) and the induced map on homology
groups with coefficients in any commutative ring A,

H.(G; A) — H.(Tel(Gy, u(g, —)); A),

is localization with respect to the action of [g] € mo(G). Finally, if H is homotopy
commutative in such a fashion that for all n > 0 the two maps

o7 Gy X Gy, = Gap,

are homotopic via a pointed homotopy (where T interchanges the two factors), then
Tel(G, (g, —)) is homotopy commutative.

Proof. We use the following general fact about mapping telescopes: Given an infi-
nite “ladder” of pointed spaces

@ @
Xo 5 X; s

|

Y, Bo Y, B1
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such that each square is homotopy commutative via a homotopy
hnZXn/\I+—>Yn+17 71207

such that h,(—,0) = B, o f, and h,(—,1) = fn+1 © oy, then there is a map on
telescopes
Tel(Xia Oéi) — Tel(i/la ﬁz)

defined by sending (x,t) € X,, x [n,n + 1] to
{(fn(x),Qtn))GYnx[n,nJrl], if t € [n,n+ 1]
(hn(z,2t =2n—1),n+1) € Y1 x {n+1}, iften+in+1].

Moreover, the map
Tel(Xi, Oéi) — Tel(Y;, ﬂz)

is independent up to homotopy of the choice of the h,’s.
Write x : G;, = Gp41 for the pointed map u(g, —), and consider the infinite
ladder
Gox Gy X% Gy x G 2%,

Ml ul (7.2.1)

x> x>
Go ——— Gy = .

A choice of homotopy joining

(g, =) (=, 9) : G = Gpy1

determines a homotopy G,, X G, A I — Gap o exhibiting that the nth square of
(7.2.1) commutes up to homotopy, and thus determines a map

Tel(G; x Gy, x % x) — Tel(Ga, x?).
There is a natural homotopy equivalence
Tel(G; x Gy, x % x) — Tel(Gy, x) <2,
induced by the pair of maps of sequences of spaces
(Gi x Gi,x x x) = (Gi, x)
given by the two projection maps. Similarly, there is a natural homotopy equiva-

lence
Tel(G, X) = Tel(Gan, x2)

induced by the map of sequences determined by p(¢",—) : G, = Gan, n > 0. By
choosing homotopy inverses, this gives the pairing

foo = Tel(Gr, x) x Tel(Gy,, x) — Tel(Gr, )

which we claim makes Tel(G,,, x) into a homotopy associative H-space.
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We must show, first of all, that the base point is a two-sided identity up to
homotopy. Consider the two diagrams of the form

Tel(Gr, x) — Tel(Gn, x) ——  Tel(Gn,X)

Tel(G, x) X Tel(Gp,x) +—— Tel(G; x Gy, x X X) ——— Tel(Gan, x?),

(7.2.2)
where the bottom horizontal maps and the right-hand vertical map are given as
above and the left-hand and middle vertical maps are induced by either {g"} x id :
Gn = Gy xGporidx{g"}: G, = G, xG,. One may readily verify that, in either
case, the left-hand square commutes strictly. If the maps {¢"} xid : G,, = G X G,
n > 0, are used to define the two vertical maps, then the right-hand square of (7.2.2)
is also strictly commutative. If the maps id x {¢"} : G,, = G, x G,, are used to
define these vertical maps, then it suffices to show the two maps

:u(_hgn)v /u(gnv _) : Gn — G2n

induce homotopic maps on telescopes in order to establish the homotopy commu-
tativity of the right-hand square. To do this, choose pointed homotopies

Bt Go ALy — Gop, 1> 0,

joining u(g™, —) to p(—,g™), which exist by hypothesis. Consider the sequence
(Gn NI, xAid) and the infinite ladder formed by h, : G, ATy — Gap, n > 0.

Observe that the squares in this ladder are homotopy commutative, since G, 5
Gy A Iy is a homotopy equivalence and the ladder formed by the composition G,, 5

G NIy RN G2, commutes strictly. Thus we obtain an induced map on telescopes
Tel(G ALy, x ANid) — Tel(Gap, X?).
Moreover, the two maps
Tel(Gn,X) — Tel(Gy AL, x Aid)

given by inclusion at ¢ = 0 or ¢ = 1 are homotopy inverses to the map induced
by projection, and are thus homotopic. Further, the compositions of Tel(G,,, x) N
Tel(G,, AL+, x Nid) with Tel(G, ALy, x ANid) — Tel(Gay), for ¢ = 0,1, give the
maps induced by p(g™, —) and u(—, g").

Thus, (7.2.2) is homotopy commutative in both cases, and now a simple dia-
gram chase shows that multiplication on the left or the right by the base point of
Tel(G.,, x) is homotopic to the identity map.
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To show homotopy associativity, consider the diagram

Tel(GX3,x*3) —=— Tel(G}2,x*?) x Tel(Gp,x) —— Tel(Gp, x)*?

4 i |

Tel(G3n, x3)  ——  Tel(Gan, x?) x Tel(Gp, X)

N
u(gr“",—)TN u(g"f)xidTN
{g"}xid X2
Tel(Gp,x) —— Tel(Gn, x)
:l %
Tel(Gn, X) ﬁ) Tel(GQTu Xz)'
(g —

(7.2.3)
The diagram is easily seen to be homotopy commutative since p is strictly asso-
ciative. The map Tel(G,, x)*3 — Tel(G,,, x) given by pieo (fteo(—, =), —) is, up to
homotopy, the map given by choosing homotopy inverses for the homotopy equiv-
alences in (7.2.3) and then forming the composite map which starts in the upper
right corner, proceeds down the middle column, and ends at Tel(G,,x) via the
inverse of u(g™, —). This map is homotopic to the map formed by going across the
entire top of (7.2.3), from right to left, and then down the left-hand side. A similar
diagram shows that oo (—, fteo(—, —)) is, up to homotopy, the composition of the
map going across the entire top of (7.2.3), the upper left vertical map of (7.2.3),
and the homotopy inverse of u(—, g*") : Tel(G,, x) — Tel(Gs,, x*). Consequently,
to show homotopy associativity, it suffices to show u(g?", —) and u(—, g*") induce
homotopic maps from Tel(G,,, x) to Tel(Gs,, x*), which is proven just as above for
the maps p(g9™, —) and p(—, g™). Thus Tel(G,, x) is homotopy associative.

It is evident that the natural map G — Tel(Gy, x) is a map of H-spaces. The
claims concerning the induced maps on my and homology follow from the observa-
tions that mo(—) and H,.(—; A) commute with direct limits and Tel(G,,, x) is weakly
equivalent to the direct limit limy A G.

Finally, if there exist a pointed homotopy

Cp i Gy X Gy N — Gop

from p to po T, for each n > 0, then the collection of C,,’s form a ladder of spaces
in the evident matter. Each of the squares in this ladder is homotopy commutative,

since G, X G, BN G, X G A1 is a homotopy equivalence and the induced square

XXX
Gn X Gn E—— Gn+1 X Gn+1

‘| ‘|

2
X
G2n — G2n+2

commutes up to homotopy. Consequently, there is an induced map
Tel(Gy x G ALy, x X x Aid) — Tel(Gap, x?)

which establishes the homotopy commutativity of Tel(G,,x). O
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Theorem 7.3. Let X be a quasi-projective real variety and fix a surjection p :
O% — L, with L a very ample line bundle. With ay defined as above, if X 1is
projective, the natural map

Morg (X, Grassg) — Tel(Morg(X, Grassg), ar,)

is a homotopy-theoretic group completion and thus there is a weak equivalence of
spaces |
Tel(Morg (X, Grassg), ar) — KR*™ (X)

which fits into the evident commutative triangle. For any quasi-projective X, there
is a similarly defined endomorphism

ar, : | Homg (X xg A}, Grassg)| — | Homg (X xr A}, Grassg)|

and the associated mapping telescope is weakly equivalent to lCalg(A;Op xr X).

Proof. We prove the assertion involving Morg (X, Grassg); the proof of the asser-
tion involving ICalg(At‘op xr X, Grassg) differs only superficially. If X is not weakly
normal, replacing it by its weak normalization does not affect any of the relevant
spaces, and thus we may assume X is weakly normal.

Recall that the H-space structure on Morg(X, Grassg) arises by choosing any

element of Z(2) and using the pairing
Z(2) x Morg(X, Grassg)*? — Morg(X, Grassg),

and furthermore any two such choices yield equivalent homotopy commutative,
homotopy associative H-spaces. In fact, we use for this proof an H-space structure
for Morg(X, Grassg), which does not actually arise in this manner, but which
is nevertheless equivalent to those that do. Note that it suffices to assume X is
connected (as an algebraic variety), for otherwise the map

Morg (X, Grassg) — Tel(Morg(X, Grassg), ar)

decomposes into a Cartesian product indexed by the components of X, and it
suffices to check the result for each component. Define

w: Morg(X, Grassg) x Morg(X, Grassg) — Morg(X, Grassg)

by sending a pair (0¥ — E, 0% — F') to the quotients determined by the compo-
sition

05205005 - EDF,
where the isomorphism is the inverse of the map sending ((ey, ea, ... ), (f1, fo,.-.))
to

(617"'aeraflv"'7fsaer+1a"'3627’7]05-&-1;--')3

where r = rank(E) and s = rank(F). One readily verifies that p is strictly
associative and has as a strict identity O — 0.

We claim g endows Morg(X, Grassg) with an H-space structure which is H-
equivalent to the H-space determined by a point in Z(2). To see this, observe



52 ERIC M. FRIEDLANDER AND MARK E. WALKER *

that Morg(X, Grassg) decomposes into a disjoint union indexed by the rank of the
quotients

Morg(X, Grassg) = H Morg(X, Grassg)rk=r,
r>0

and thus the pairing

Z(2) x Morg(X, Grassg) x Morg(X, Grassg) — Morg(X, Grassg) (7.3.1)
can be written as a disjoint union of the pairings
Z(2) x Morg(X, Grassg)rk=r X Morg(X, Grassg)rx=s — Morg(X, Grassg),g—=rts-

For any fixed r, s, the pairing u on Morg (X, Grassg ),k=r X Morg(X, Grassg),r=s
is determined from the pairing (7.3.1) by a point u, s € Z(2) — namely, the point
given by the isomorphism

R* @ R>® = R*

sending ((e1,e2,...), (f1, fa,...)) to (e1,...,ep, f1,.. . fs,€ry1,...). Fix any point
1 € Z(2) and choose a path in the connected space Z(2) from u, s to 7 for each
7,58 > 0. This determines a pointed homotopy

I x Morg(X, Grassg) x Morg(X, Grassg) — Morg(X, Grassg)

from the pairing given by n to the pairing u, and proves that these pairings deter-
mine equivalent H-spaces.
Note that the map

ay, : Morg (X, Grassg) — Morg (X, Grassg)
coincides with u(p,—). Thus, to prove the theorem, it suffices to show
Morg(X, Grassg) — Tel(Morg(X, Grassg )., 1(p, —))

is a homotopy-theoretic group completion, where Morg(X, Grassgr), is the space
Morg (X, Grassg) pointed by p™. Clearly, the telescope Tel(Morg (X, Grassg )., u(p,
is homotopy equivalent to the telescope Tel(Morg(X, Grassg)an, u(p?, —)). Thus,
setting g = p? and G,, = Morg(X, Grassg)an, it suffices to show

Morg(X, Grassg) — Tel(Gn, p(g, —))

is a homotopy-theoretic group completion, which will be accomplished using Lemma
7.2.

We claim u(g,—), u(—,9) : G — Gpy1 are homotopic via a base point pre-
serving homotopy. Note that G,, decomposes into a disjoint union index by rank,
Gpn = 11,50 Gn,rk=r, and it suffices to establish homotopies joining the two maps

,U(g, 7)7,“(739) : Gn,rk:r — Gn+1,rk:r+17

for each » > 0. For any = € G, yk=r, the quotient p(g,x) can be obtained from
the quotient wu(x,g) by precomposition with the automorphism of O given by

-))
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an infinite direct sum of copies of the (r + 2)-by-(r + 2) permutation matrix P
associated to the permutation

l—=r+1,2—=r+2,3—1,4—2....r+2—r.

This is an even permutation and thus there is a path from P to the identity matrix
in the space GL,2(R), which determines a pointed homotopy of the desired type.

Now we show u, uot : G, x G, — Go,, are homotopic via a base point preserving
homotopy. As before, it suffices to construct an appropriate homotopy

Gn,rk:r X Gn,rk::s x I — GQH,T]C:T+8

for each r,s > 0. For all z,y, the quotient u(z,y) is obtained from the quotient
u(y, z) by precomposition with an automorphism of O defined by the direct sum
of infinitely many copies of an (r + s)-by-(r + s) permutation matrix P.,. If r
and s are both even numbers, then, as one can readily verify, the matrix P, is
even, and there is thus a path in GL,14(R) from P, ; to the identity matrix. This
path determines a homotopy joining p and g o7, when r and s are both even. If r
and s are not both even, notice that u(x,y) is obviously obtained from u(y,z) via
precomposition with the direct sum of infinitely many copies of PE’BS? and PTG?SQ is
even. Thus by choosing a path from PTQ?SQ to the identity, we construct a homotopy in
this case as well. Finally, since the base point of G, x Gy, lies in Gy, rr=2n X G rk=2n
(i.e., the base points all have even rank), the homotopy is readily seen to be base
point preserving.
Thus, using Lemma 7.2, the map

Morg(X, Grassg) — Tel(G, u(g, —)) (7.3.2)

is a map of homotopy associative, homotopy commutative H-spaces, the induced
map on 7 is given by inverting [g], and the induced map on homology with coeffi-
cients in a commutative ring A is given by localizing with respect to the action of
[9]. By Lemma 7.1, this means that the target of (7.3.2) is in particular a group-like
H-space, and thus by definition (see [CCMT; §1]) the map (7.3.2) is a homotopy-
theoretic group completion. The fact that this characterizes KR%™ (X)) up to weak
equivalence, i.e., that there is a weak equivalence

Tel(Morg(X, Grassgr), ay,) ~ ;CRsemi(X)7

follows from [CCMT; 1.2]. 0O

Corollary 7.4. Let X be a real projective variety and T o finite CW complex. Let
[—, =] denote the set of homotopy classes of (unpointed) maps. Then the natural
map

[T, Morg(X, Grassg)] — [T, KR**™(X)]

identifies the target with the group completion of the abelian monoid of the source.
Consequently, the group KRZemi(X) may be identified as the kernel of the split
surjection

[S?, Morg(X, Grassg)]™ — KR¥™ (X).
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Proof. From Theorem 7.3 we know that KR%™(X) is weakly equivalent to the
mapping telescope of

Morg (X, Grassg) —% Morg(X, Grassg) —% ....

Thus, the natural map [T, Morg(X, Grassg)] — [T, KR®°™(X)] identifies the target
with the direct limit

[T, Morg(X, Grassg)] — [T, Morg(X, Grassg)] — - - , (7.4.1)

in which each map is multiplication by the constant map ¢ : T — {p} in the
abelian monoid [T, Morg(X, Grassg)]. It follows that the direct limit of (7.4.1) is
isomorphic to the abelian monoid obtain by inverting the class of the constant map
¢ in the abelian monoid [T, Morg(X, Grassg)]. As this direct limit is known to be
an abelian group (since KR**™(X) is a group-like H-space), it follows that

[T, Morg(X, Grassg)] ™ = [T, KR®™(X)].

Since KR**™i(X) is a group-like H-space, it is H-equivalent to the product of H-
spaces KRS (X) x KR%™ (X))o, where KR™(X), is the connected component
of the identity [CCMT; 1.1]. Using this decomposition and [Wh; I11.1.11], it follows
that the cofibration sequence

S0 s St — 84
induces a short exact sequence of abelian groups
0 — mKR*™(X) — [S, KR*™(X)] — KRF™(X) — 0,

from which the second claim follows. O

The following corollary describes the space KR**™(X) as an explicit direct limit
of spaces of maps of real varieties.

Corollary 7.5. Let X be a quasi-projective real variety and assumep : O'¢ — L is
a surjection with L a very ample line bundle. Then the space KR*™(X) is weakly
equivalent to the space

Morg(X,Z) x Tel(Morg (X, Grass; (PA™ 1)), 6;)
where the transition maps

6; : Morr(X, Grass; (%(m+l))) — Morg(X, Grasst(PgH)(mH)))

m+1)+1

in the telescope are induced by the map sending a quotient q : (’)g(( — FE to

the quotient determined by the composition of

. . 0 ¢ 0
OYHDIHNHL = om gy ItV g 0 A2 9 T p
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Proof. The proof is identical to the proof of [FW2; 3.5]. [

The significance of Corollary 7.5 is that it relates our theory KR**™(X) to the
space of algebraic maps of X to various (finite-dimensional) Grassmann varieties.
For example, when X is projective and weakly normal, KR**™(X) is explicitly a
direct limit of the spaces of algebraic maps from X to the Grassmann varieties
Grass;(P""7), where these spaces are topologized as subspaces of the collection of
all continuous, equivariant maps from Xg(C) to Grass;(P?/77)g(C). The complex
version of these spaces appears in the work of Kirwan [Ki] and Cohen-Lupercio-
Segal [CLS], among others, especially when X is taken to be a complete complex
curve (i.e., a Riemann surface). Thus, just as K™ (X) for a complex projective
variety X is a “stabilization” of the spaces of holomorphic maps appearing in [Ki]
and [CLS], the space KR**™(X) for a real projective variety X is related to the
study of spaces of “equivariant holomorphic” maps between the spaces of complex
points of real varieties. We suggest that these latter “unstable” spaces are worthy
of study in their own right.

88 REAL MORPHIC COHOMOLOGY AND CHARACTERISTIC CLASSES

We introduce real morphic cohomology, the analogue in the real context of mor-
phic cohomology considered in [FL1]. This is a cohomology theory presumably
dual (for smooth varieties) to real Lawson homology as constructed by P. dos San-
tos in [Sa]. We show that there are natural Chern classes from Kflg(At’op xg X)
to this real morphic cohomology for any real quasi-projective variety X. These
Chern classes should be viewed as a simultaneous generalization of the total Chern
class map of [FW2] and [BLLMM]. Indeed, we generalize to the real context the
“double square” of infinite loop spaces presented in [FW2] relating K-theories to
cohomology theories of complex varieties. As we shall see, the double indexing in
7 /2-equivariant singular cohomology receiving Atiyah’s Real K-theory is compati-
ble with the double indexing in motivic cohomology receiving algebraic K-theory as
well as the double indexing in real morphic cohomology receiving K. flg(A;Op xR X).
Let Chow,.(PY) be the infinite disjoint union of quasi-projective varieties

Chow,(P) = [] Cr.a(PY),
d>0

where C,. 4 parameterizes all effective cycles of dimension 7 and degree d on PY.
We write Chow,.g for the ind-variety lim ,, Chow, (]P’]{g ), where the transition maps
are induced by the closed immersions PY — ]P’fg *1 given by inclusion into the first
N + 1 homogeneous coordinates. Notice that Chow,(P5) and Chow, g are each
abelian monoids under addition of cycles in the category of ind-varieties.

In general, if M is a topological abelian monoid, its “naive group completion” is
the quotient space M+ = M x M/(z,y) ~ (x + m,y + m), which has the induced
structure of a topological abelian group.

Definition 8.1. Let X be a real quasi-projective variety. For each r > 0, define
Morg(X, Chow,.(PY)) — Z.(X,PY)

to be the naive group completion of the topological abelian monoid Morg (X, Chow, (PY)).
Define
./\/IO’I’]R(‘XV7 ChOW»,‘,]R) — Z, (X, ]P)HOQO)
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to be the direct limit of the maps

Morg(X, Chow,.(PR)) — Z.(X,PE)
as N goes to infinity. For anyd > 0, we let Z,(X,PY)q denote the pre-image under
the degree map Z.(X,PY) — Z of d € Z, and Z,(X,PY¥)q is defined similarly.
Furthermore, we write Z9(X)g for the naive group completion of the topological
abelian quotient monoid

Morg(X, Chow,.(P%))/Morg (X, Chow,.(PL ).
Finally, the Real morphic cohomology groups of X are defined by the formula
LIHRP(X) = m2q—pZ9(X)r.eqno(8.1.1)

Proposition 8.2. With hypotheses and notation as in Definition 8.1, for anyr > 0
the natural monoid homomorphisms

Morg(X, Chow,.(PY)) — Z,.(X,PE)

and
Morg(X, Chow,r) — Z,(X,Py’)

are homotopy-theoretic group completions. Moreover, for any q > 0, the sequence
of maps

Zo(X,PL) — Zo(X,PL) — Z9(X)r
is a fibration sequence up to homotopy.

Proof. The proof is parallel to the proof of [F4; 1.7]. Indeed, the key technical
arguments of [FL2; App. C] concerning the topology of constructible subsets of P¢
are equally valid for constructible subsets of Pg', and in particular the topological
monoid Morg (X, Chow,(PV)) is “tractable”. This is enough to conclude that there
is a natural weak homotopy equivalence

Z.(X,PY) = QBMorg(X, Chow, (PY))

by using the argument given in the proof of [FL2; C.4]. (Recall that given a topo-
logical abelian monoid M, its homotopy-theoretic groups completion can be given
as QBM.) Since the conditions defining a homotopy-theoretic group completion
(cf. [CCMT; §1]) commute with direct limits, we conclude

Morg(X, Chow, r) — Z,.(X,Py°)

is also a homotopy-theoretic group completion.
The proof of the final assertion follows from the fact that that

Morg (X, Chow,.(PL")) = Morg(X, Chow, (P%))

is a cofibration of tractable monoids and Morg(X, Chow,(PP})) is tractable as an
Morg (X, Chow,. (P4 1))-space, using the argument found in the proof of [FG; 1.6].
|

Since it turns out to be convenient, we introduce the notion of the empty cycle in
PY, which by definition has degree 1 and dimension —1. Thus, C_; 4(PY) is a one
element set consisting of the formal sum of d copies of the empty cycle. Further,
Z_1(X,P¥) is isomorphic to the abelian group Z containing all integer multiples
of the empty cycle. Note that Z_;(X,P%); corresponds to the singleton {1} C Z.
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Proposition 8.3. Let X be a quasi-projective real variety. Then, in analogy with
the complex context, the following hold:
(a.) (Lawson suspension) Algebraic suspension of cycles induces weak equivalences

Y Z (X, PY) S 20 (X, PR, 8 20X, PR) S 2 (X PR,

(b.) (Splitting) There is a natural weak equivalence

N
Zo(X,PR°) = lig | | Z9(X)e.
N o

Proof. The suspension map
¥ Z(X,PY) — Z, (X, PYTY)

is given by embedding P} in ]P’]g +1 by using the last N +1 homogeneous coordinates
and then taking linear join of cycles with the one-point cycle corresponding to the
point [1:0:---:0] € ]P’g“. In particular, the suspension map is readily verified
to be compatible with the maps

Zr(Xv Pﬂjy) - Zr(Xa P]{{[-'_l)v Zv"+1(X7 Pﬁj) - Zr+1(Xa ]P)]g[-i_l)v
in the direct limits which define Z,(X,Pg°) and Z,11(X,Pg°). The suspension map
S Z (X, P) — 241 (X, P)

is defined by taking the direct limits of these “finite” suspension maps, and so in
particular it suffices to establish the first suspension equivalence.

To show this, we merely observe that the homotopies constructed in the proof of
[FL1; 3.3] are in fact “algebraic” — i.e., are induced by continuous algebraic maps
of the form T x A — S. Thus, the argument of [op. cit.] carries over to our
context, word for word, replacing the topological realization functor U — U(C)
with U — U(R) everywhere.

Similarly, part (b) follows directly from the proof of [FL1; 2.10], since the split-
tings constructed are algebraic. [

As in [FW2], we find it convenient to introduce the total Segre class rather than
the total Chern class. Recall that the total Segre class s(E) of a vector bundle
E equals the total Chern class of the virtual bundle —FE. In particular, the total
Chern class of F coincides with 1/s(E).

For any N > n > 0, we let

s : Grass, (PR) — C,_11(PY)

denote the map of [FW2; 6.1] which sends the universal locally free rank n quotient

Ogg:;img) — U™N to the effective, relative dimension n — 1 cocycle P((U™V)#)

on Grass, (PR). Here, (U™N)# is the Ogyas, py)-linear dual of U™, Taking
limits as N goes to infinity, we obtain the map

s = HST : Grassg — Chowg 1 = H lim C’T_Ll(]P’]g),

r>0 N—o00
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which induces the map (also written as s)

s : Morg(X, Grassg) — H Z.1(X, P4,
r>0

obtained by composition.

The action of the operad Z on Morg (X, Grassg) suggests the following definition
of an action of Z on [] . Z,-1(X,Pg°): Given effective cycles v; € C,, 4,(Pg), for
t=1,...,n and a linear injection « : (R*)*"™ < R associate to « the evident
closed immersion

a:PRI.. PR — Pp°

and to the each cycle v;, the pushforward a.(y;). Now form a new cycle by taking
the linear join of au(y1),. .., a.(v,) — that is, take the union of all n-dimensional
linear subvarieties of Pg° containing one point from each of a.(m1),..., s (yn).
Extending by linearity, we define natural pairings

Xn

Z(n) x | [] 201 (P%) = [[ 21 (P),

r>0 r>0
where by convention the linear join of the empty cycle with any other cycle § is 0
itself. These in turn extend by functoriality to give natural pairings

Xn

In)x | [[2ra(XB) | =[] 22 (X PR),

r>0 r>0

which are readily checked to satisfy the axioms of an operad action. Moreover,
these pairings clearly behave in a multiplicative fashion on degree, and thus restrict

to endow
Iz (x.P2)
r>0
with the structure of an Z-space such that total Segre class map

s : Morg(X, Grassg) — H Z. (X, PR
r>0

is a morphism of Z-spaces.

Proposition 8.4. Let X be a smooth, connected, quasi-projective real variety.
Then the homotopy-theoretic group completion of the T-space

Iz (x.P)
r>0

is equivalent to the map

H Zr_l(X, Pﬁo)l — 7 X Zo(X, ]P)]Cf{c)l
r>0
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which is given on the rth component, r > 0, by choosing a homotopy inverse of the
map

Eor—l
{T} X ZQ(X, Pﬁo)l _— erl(X, Pﬁ?)h
and which is given by the evident constant map for r = 0. Thus the Segre map s
introduced above induces a map of infinite loop spaces of associated group comple-

tions, .
§: KR**™(X) = Z x Zo(X,PR)1,

which we call the total Segre class.
Proof. This is proven exactly as is [FW2; 6.5]. O

Note that in Proposition 8.4, the H-space structure on the factor Z is the usual
one given by addition. The composition of s with projection to Z is, of course, the
rank map. Thus, we have implicitly defined the Oth Segre class of an element of
KR™i(X) to be its rank.

We now focus on the space

Maps”*(Xg(C), Z,(PF(C)))

where Z,.(PR°(C)) denotes the naive group completion of the topological abelian
monoid with Z/2-action obtained by taking the space of complex points of the
ind-variety [[, Cra(Pg°). (We adhere to the conventions introduced above for the

case r = —1.) Further, we write Maps”/?(Xg(C), Z,(Pg°(C))); for the subspace of
degree one cocycles — i.e., the fiber over 1 of the degree map

deg : Maps?/?(Xg(C), Z,.(PP(C))) — Z.

We have the following analogue of Proposition 8.4.
Proposition 8.5. The operad I acts naturally on the space
[T Maps™?(X=(C), Z,1 (PF(C))1
r>0

and the homotopy-theoretic group completion with respect to this action is weakly
equivalent to

[ Maps™?(X&(C), Z,-1(PF (C)))1 — Maps™?(Xz(C), Z) x Maps™/*(Xg (C), Zo(Pg*(C)))1
r>0
Proof. The proof of [FW2; 6.5] applies. [

We next recall a fundamental result due to P. dos Santos [Sa; 3.2], which identifies
the Z/2-equivariant homotopy type of Zy(Pg°(C)) with the Z/2-spectrum

N
lig [] K(Z,R").

N—00 q=0

Here, K(Z,RP9) denotes the Z/2-equivariant Eilenberg-MacLane spectrum arising
from the constant Mackey functor Z associated to Z and the Z/2-space RP+?, defined
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as RP* equipped with the Z/2 action given as multiplication by —1 on the last ¢
coordinates. Thus we may identify Maps?/?(Xg(C), Zo(P(C))) with

N
lig | Maps™?(Xz(C), K(Z,R)).

N—o0 q=0

The homotopy groups of Maps”/ %(Xg(C), K(Z,R%9)) give the equivariant coho-
mology groups of the Z/2-space Xg(C) with twisted coefficients. We write these
groups more simply as

Hg/—2p7q(XR((C),Z) = WpMapsZ/Q(XR((C),K(Z, R%9)). (8.6)

As in [FW2; §6], we also define the purely algebraic cycle theory
Zr_l(A. XR X, Pﬁo)l
as the geometric realization of the fiber over 1 of the map of simplicial abelian

groups
(d Morg(A? xg X, Z,_1PR)Y) = Z,

where the superscript + denotes taking group completion of the indicated abelian
monoid. By [FW2; 6.9], the space

I1Z-1(A® xg X, PR),
r>0

has a natural structure as an |Z(A*®)|-space, there is a map
s: | Hompg(A® xg X, Grassg)| = Z,—1(A® xg X,PR°)1,

of |Z(A®)|-spaces defined analogously to the maps s above, and the homotopy-
theoretic group completion of

H erl(A. XR X,Pﬁo)l
r>0

decomposes up to weak homotopy as
(oo}
P 20(A® xg X, PL)T/Z0(A* xg X, P
q=0

Moreover, the collection of quotient chain complexes of abelian groups Zp(A® xgr
X, Pt/ Z0(A® xg X,PL )T, ¢ > 0, gives the motivic cohomology groups of X,
when X is smooth (as defined, for example, in [FV]), by the formula

HYG ' (X, 2(q)) = miZ0(A® xe X, PR)T/Zo(A% xg X, BE )T (87)
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Theorem 8.8. Let X be a quasi-projective real variety. Then there is a natural
commutative double square of |Z(A®)|-spaces

HOHIR(A. XR )(7 GrassR) % H erl(A. XR X,Pﬁo)l
r>0
Morg(X, Grassg) — 1 2 -1(X,P)y
r>0

! !

Maps?/?(Xg(C), Grassg (C)) —— ];IOMapsZ/2(XR(C),ZT,I(IE”H%O(C)))L

If X is smooth, by taking homotopy groups of the induced diagram of homotopy-
theoretic group completions, we obtain for each i > 0 a commutative double square

K'(X)  —— KA, xe X) —— KRy (Xa(C)

@ HY (X, Z(q) —— @ LIHR*(X) —— @ Hy ;" (Xe(C),2),
4>0 =0 a=0

(8.8.1)
where the group laws for the bottom row are induced by join of cycles. Here, the
groups in the lower left corner of (8.8.1) are the motivic cohomology groups as
defined in (8.7), those in the lower middle are defined in (8.1.1), and those the the
lower right corner are defined in (8.5.1).

Proof. The commutativity of the top diagram is essentially given by construction.
The second diagram is obtained from the first by applying 7; to the associated
diagram of infinite loop spaces obtained from homotopy-theoretic group completion.
The fact that the homotopy-theoretic group completion of Hom(A® xg X, Grassg)
is K*8(X) for X smooth is given by Proposition 1.4. The groups appearing in
the bottom-left corner of (8.8.1) are correct by [FW2; 6.9]. Those appearing in
the bottom middle of (8.8.1) are shown to be correct by using Proposition 8.3(b),
which shows that there is a weak equivalence

N
Zo(X, P21 ~ {1} x lig [ [ 27 (X)e,
NG

together with Proposition 8.4. The bottom-right conner is correct by Proposition
8.5 and the calculation of dos Santos [Sa; 3.2] mentioned above. [
Recall that for a smooth variety X, the group law of @ LYHR?*?~%(X) is given
q20
in terms of the group-like H-space

7 x Zo(X,PP);1.

The H-space structure on Z is the obvious one given by addition and the H-space
structure for Zo(X,Pg°); is described as follows: Given two cycles v, v2 in X x PR°
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which have degree 1 and are equidimensional over X, their product is given by first
moving them into disjoint linear subspaces in a predetermined manner and then
taking their linear join.

As seen in the proof of Theorem 8.7, there is an equivalence

N N
ZoX, PR~ [l [ 27 (X | = [ {1} xlim [] 27 (X)= | - (8.8)
Nl ) N
From this decomposition we see that an arguably more logical pairing for

P L7 HR* 7 (X)

q=20
could be given by the join pairing

#:2ZP(X) x 29(X) — ZPT(X), (8.9)

defined for all p,q > 1. Here, (8.9) is defined by choosing a homotopy inverse for
the suspension map in the diagram

Morg(X, Z9(PR)) x Morg(X, Zo(Pg)) _#* Morg(X, Zl(PﬁJrq"’l))

suspension T ~

Morg(X, Zo(P5H7)),

where # is defined by embedding P} and P in ]P’ﬁ;qurl via the first p + 1 and last
q + 1 homogeneous coordinates, respectively, and then taking linear join of cycles.
The following proposition asserts that these two potentially different product

rules for @ LYIHR??~%(X) are indeed equivalent, and that an analogous result
q>0

holds for both @ H3% *(X,Z(q)) and @ Hg/_;’q(XR((C),Z). One way to view this
q>0 q>0

result is that it asserts that the join pairing that gives Z x Zo(X,Pg°); the structure
of an H-space is a graded pairing with respect to the decomposition (8.8), at least up
to homotopy. Alternatively, one can view this result as asserting that the Whitney
sum formula holds for the pairing (8.9).

Proposition 8.10. The middle vertical maps in (8.8.1) are homomorphisms of
groups where the group law for the target is given by the pairings

LPHR*™Y(X) x LY1HR?*T™(X) — LPTIHR?PT2171(X)
induced by the pairings (8.9). Thus, writing sq; for the composition of s; with
projection to LYHR?*1~1(X), given x,y € K?lg(At’op xg X), the familiar Whitney
sum formula holds:
sqilr+y) = Z sk.i(2)#s1:(y),
k+l=q

for alli,q. The other two vertical maps also satisfy the Whitney sum formulas with
respect to the analogous pairings.

Proof. This is proven just as is [FW2; 6.6] by using the real analogue of [FW1; 5.3].
The Whitney sum formula holds since the proof of [FW1; 5.3] carries over, word

for word, to the real context, replacing Morc(—, —) with Morg(—, —) everywhere.
|
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Remark 8.11. Recall the pairing on higher homotopy groups (i.e., on w; fori > 0)
induced by an H-space structure necessarily coincides with the usual product rule
for homotopy groups. It follows immediately that in the case i > 0, the formula of
Proposition 8.10 has to be simply

Sq,i(x +y) = Sq,i(m) +54,i(Y)-

This seeming contradiction is explain by the fact that for any p,q > 1 the join
pairing (8.9) factors through ZP(X)A Z9(X) and thus induces the trivial pairing
upon applying m;(—), i > 1. However, the pairing induced by (8.9)

#: 2ZP(X)AZYUX) = ZPT9(X), p,q>0,

is of interest even when considering higher homotopy groups, in that by taking smash
product of maps in the usual fashion, one defines multiplicative pairings

LYHRP(X) ® L°HR"(X) — LIT* HRP*T"(X).
These pairings give the “cup product” for real morphic cohomology.

§9 THE PANIN-SMIRNOV AXIOMS

In a recent preprint [PS], I. Panin and A. Smirnov discuss “oriented multiplicative
cohomology theories” on smooth algebraic varieties over a field. Their general
discussion shows how such a structure naturally associates to a projective map of
smooth varieties a push-forward map on the theory. Furthermore, they analyze
how such push-forward maps compare with respect to a natural transformation of
such theories. The latter is exactly the Riemann-Roch problem, as formulated by
A. Grothendieck.

In this section, we verify that the theory K8 (A$,, xr —) satisfies the axioms
of Panin and Smirnov. We then observe that the push-forward maps associated for
this theory arise naturally from the discussion of localization in Section 6. Finally,
we point out that one would have a Riemann-Roch theorem relating this theory to
real morphic cohomology provided that one could verify that the Chern character
is multiplicative. (The multiplicativity of a Chern character map in the complex
setting is asserted in [CL1; 4.11].)

Recall that we introduced in Definition 2.3 the spectrum Kz(Aj,, xg X), repre-
senting the theory ICalg(A;Op xg —) with “supports” in a closed subvariety Z C X.
We write Sm3 for the category of pairs (X, U) where X is a smooth, quasi-projective
real variety and U C X is a Zariski open subset.

Theorem 9.1. Consider the graded-abelian-group-valued functor

(X, X = 2) = K35(A7,, x X)),
defined on SmZ and equipped with the external cup product operation introduced
in Theorem A.1. Then this theory satisfies the Panin-Smirnov axioms of a strictly
commutative multiplicative cohomology theory. Specifically, letting (X, U) and (Y, V)
denote any two smooth pairs with Z = X — U W =Y —V, the following hold:
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(a) There is a natural long-exact sequence
i K:Ig(AZOp X X) — Kflg(At.op

— K8 (A X X)—---.

top

X U) i Kgli—l(A;op X X)

(b) Nisnevich excision holds — i.e., if there is an étale map 7w : X' — X such that
the inclusion Z — X factors through m, then the natural map
K5 (a7

top

x X) = K35 (A, x X)
is an isomorphism for all *.
(¢) Homotopy invariance holds — i.e., the natural map

K28(A;

top

x X) = K¥8(A?

top

x X x Ab)

is an isomorphism for all *.
(d) The cup product operation of Theorem A.1 is associative — i.e., we have a U (bU
¢) = (aUb) Uc for all appropriate a, b, and c.

(e) The element 1 in Kglg(At'op x SpecR) 2 Z is a two-sided identity for cup product.

(f) For all a € K38(As,, x U), b € Kyf (AL, xY), c € Ky8(A?,, x X) and

top top top

d e KM8(As,, x V), the formulas

top

hold in K52y, o 1(Af,, x X x V).

(g) The formula a Ub = (=1)P9b U a holds for all a € K;li(At'op x X) and b €
Ky (AL, X Y).

top

Proof. Property (a) follows from Corollary 6.7; property (b) is given by Proposition
3.5; and property (c) is given by Proposition 2.6.

To prove property (d), we use the explicit functorial model Az (X) for the spec-
trum lCaZlg (X) given in Appendix A. Then, given three pairs (X,U),(Y,V),(D, E)
with closed complements Z, W, C, the two possible pairings

Az(_X)z /\Aw(Y)j /\Ao(l));c — AZX]RWXRC(X Xr Y Xpg D)i+j+k

are naturally homotopic. Naturality of the homotopy ensures that we obtain a
similar associativity claim by inserting the simplicial direction A}, . The desired
result now follows by using suitable choices for the space-level pairings as given in
the proof of Theorem A.1.

The identity element of K&'5(A?

top X SpecR) is induced by pull-back from an

element ¢ of Kglg(Spec R) = 7, A(SpecR); represented by a map S — A(SpecR);.

This element induces a map

St /\Az(X)Z — AZ(X)Z'+1
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naturally homotopic to the structure map of the prespectrum /Czlg(X ) for all i.
Thus, property (e) follows immediately.

Property (g) is a standard property of the multiplication for prespectra. Property
(f) follows from a standard argument using the fact that there is a commutative
diagram (in the homotopy category of CW complexes)

Az(A;()p XR X)i/\AW(At.op XR Y)J _— AZX]RW(AZOp Xr X XRp Y)i-‘rj

| !

XR X)i/\AW(A;op XR Y)j E— AXX]RW(A;OP Xr X XR Y)i-i-j

A(At.op XR U)z /\Aw(A;Op XR Y)J R Akaw(A;Op xr U Xg Y)i+j

whose rows are homotopy fibration sequences (and such that the null-homotopies
of the compositions of the rows are compatible). [

A(AS

top

From the point of view taken by Panin and Smirnov, the key aspect of an ori-
entation of a cohomology theory is a suitable structure of Thom classes. Adopting
this point of view, we give the following definition.

Definition 9.2. Let (X,U) — H%_;(X) be a graded abelian group valued functor
on Smg equipped with an external product satisfying conditions (9.1.a) - (9.1.g).
Then such a multiplicative cohomology theory is said to be oriented if it is provided
with the data of a Thom class

t(E) € Hx(E)

assoctated to any algebraic vector bundle E over a smooth variety X, such that the
following properties hold:

(i.) For any morphism f:Y — X of smooth real varieties, and any algebraic vector
bundle E on X, we have

[TH(E)) = t(f*(E)).
(ii.) If ¢ : E — E is an automorphism, then
P(H(E)) = t(E).
(#ii.) For any pair of algebraic vector bundles Ey, Es on X,
pr(t(En)) - pa(t(E2)) = t(Ey ® Ep) € Hx (Ey & Ey).
(.) Multiplication by the Thom class
—t(E): H"(X) — H*(F)
is an isomorphism of H*(X)-modules.

In [PS; 5.2], Panin and Smirnov assert that to give an orientation on a multi-
plicative cohomology theory it suffices to endow the theory with less data: namely,
a first Chern class ¢; (L) for each smooth quasi-projective real variety X and each
line bundle L over X. These Chern classes are required to satisfy the following four
conditions: condition (9.2.i), condition (9.2.ii), the condition that ¢1(1) (i.e., the
first Chern class of the trivial line bundle) vanishes, and the condition that

(1,¢1(O(=1)) : H*(X)? — H*(X xg Pg)

is an isomorphism.
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Proposition 9.3. The multiplicative cohomology theory Kflg(A;Op XR —) 5 an
oriented cohomology theory in the sense of Panin-Smirnov provided that one de-
fines for a line bundle L over a smooth variety X the first Chern class ¢1(L) €
Kglg(At'op xg X) to be the image under the natural map K&'8(X) — Kglg(Agop XrX)
of the class [1] — [LV], where LV denotes the dual of L.

Proof. The first three conditions required of the first Chern class follow immediately
from the fact that these conditions are satisfied in K2'(—) with ¢ (L) = [1] = [LV].
The fourth condition follows from the projective bundle theorem (Proposition 2.7).
U

The Thom class t(E) € K, Oa}%( (A3, xr F) resulting from this choice of first Chern
class is that constructed as discussed in the proof of Theorem 6.6.
As observed in the discussion of localization in Section 6 (which is inspired by
[PS]), Thom classes determine a Gysin map
Kalg(Ao

top

xp Z) — KU8(AS

top XR X)

for any closed immersion ¢ : Z < X of smooth varieties. Recall that any projective
map f: X — Y can be factored as a composition of a closed immersion 7 : X —
Y x PY and the projection p : Y x PY — Y for some positive integer N. To define
a push-forward map

fe = PsOiy: Kflg(A°

oy ¥R X) = KY8(A?

top

XR Y),
it suffices to make a choice of projection for

Pt KEB(AY,, xp Y x PV) = KM8(AS, xg Y)
and choose i, to be the Gysin map. In general for an oriented multiplicative
cohomology theory H*(—), Panin-Smirnov define p, using the formal group law

associated to H*. In the case of Kflg(At'op xR —), this choice is given by the
projection

pe s K¥5(A;

top

xpY x PV) = Ka9(A?

top XRy)NJrl N Kilg(A.

top

XR Y)

having the property that the composition of

x V) 25 K¥e(AS,

K8(A}

top xRYx]P’N)

with p, is equal to 0 for 0 < ¢ < N and the identity for i = N (cf. Proposition 2.7).

Remark 9.4. [t seems reasonable to expect in the special case where the projective
map [ : X — Y is finite and étale that f. equals the transfer map introduced in
Section 5. We have not attempted to verify this compatibility.

A key result of Panin and Smirnov is that a natural transformation of multiplica-
tive cohomology theories ¥ : H*(—) — G*(—) each of which is oriented satisfies
the Riemann-Roch relation. Namely, given any morphism of smooth projective
varieties f : X — Y, then

fox(¥(a) Tdy(Tx)) = V(fu«(a) - Tdy(Ty)),
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where fr ., fa « are the push-forward maps for H* and G*, Tx and Ty are the
tangent bundles of X and Y, and T'dy denotes the Todd genus. (Panin-Smirnov
require that either f is a closed immersion or that the inverse Todd genus T' dg,l
satisfies a certain invertibility relation enabling Tdy to be defined.)
One elementary application of the Panin-Smirnov Riemann-Roch Theorem, easy
to verify directly without recourse to their work, is that the natural transformations
K'8(—) = KM¥(Ay,, xr —) — KR ((—)r(C))

top

commute with push-forward maps.

Remark 9.5. It is more interesting to apply the Panin-Smirnov Riemann-Roch
Theorem to the natural transformation

Ch* : K:lg(A. XR —) — @L(IHR2Q—*(_7Q)7

top
q=>0

where the Chern character ch, is defined in the usual way in terms of the individual
Chern classes (constructed in Section 8) cq; : Kflg(A;op Xg —) — LIHR27¢(—)
using universal polynomials (with rational coefficients). We expect to investigate

such a Riemann-Roch theorem in the future.

APPENDIX A: MODELS FOR ALGEBRAIC
K-THEORY AND MULTIPLICATIVE PROPERTIES

In this appendix, we use the the strictly functorial model of the algebraic K-
theory spectrum of a variety with supports in a subvariety introduced in [F'S; App.
B] to rigorously define the infinite loop space %2 (A}, x X) as well as the external
cup product operation of such spaces. We then establish the compatibility of this
cup product operation with the analogous operations in algebraic and topological
K-theory.

As in [FS; App. BJ, for any quasi-projective real variety X and closed subscheme
7, there exits a prespectrum K}lg(X ), by which we mean a sequence of pointed CW
complexes

AZ(X)O,AZ(X)M...

together with maps
ElAz(X)Z‘ — AZ(X)H-L

In the notation of [op. cit.], we define Az(X); to be the geometric realization of
the multisimplicial set w(Se)'CzP(X), where CzP(X) is (a suitably strict model
for) the Waldhausen category of bounded chain complexes of vector bundles on X
which are acyclic on U, S, denotes Waldhausen’s S-construction, and w denotes
the class of quasi-isomorphisms of chain complexes. The prespectrum K}lg(X ) has
the property that the adjoint map

Az(X)l — QAz(X)H_l

is a homotopy equivalence of CW complexes for all ¢ > 1, and gives the homotopy-
theoretic group completion of Az(X)o in the case i = 0. The space IC}lg(X) used
throughout the body of this paper is formally defined as Q1 Az (X);.
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By a pair of varieties, we mean a pair (X,U) with X a quasi-projective real
variety and U an open subvariety. The (reduced) complement of U in X is typically
written as Z. The assignment (X, U) — ICang(X ) is a natural contravariant functor
from such pairs to prespectra. (A map of pairs (X,U) — (X’,U’) is a morphism
f: X — X’ such that f(U) C U’ and a map of prespectra is a sequence of maps
on the constituent spaces compatible with the structure maps.) In particular, this
functor respects compositions exactly, not just up to natural homeomorphisms.

For each 4,j > 0 and pair of pairs (X,U),(Y,V) with Z=X -UW =Y -V,
there exists a continuous pairing of spaces

Az(X)iNAw(Y); = Azxuw (X xg Y)j;

for all 4,5 > 0, defined by tensor product of chain complexes. These pairings
commute with the structure maps of the prespectra in the evident manner. Thus,
there is a pairing of prespectra

K58(X) x KE(Y) = K52 (X xp Y).

(For our purposes, a pairing of prespectra E x F — @G, is a family of pairings
E; NF; — G;yj such that the appropriate diagrams commute strictly — see [F'S;
B.3]) To define a multiplication pairing on total spaces and thus an external cup
product operation on homotopy groups, one chooses an inverse to the displayed
homotopy equivalence in the diagram

QlAz(X)l /\QlAw(Y)l E— Q2(Az(X)1 /\Aw(Y)l)

Q2AZ><R{/V(X XRr Y)2
QlAZXR‘/V(X XR Y)l.

Since the original pairings were compatible with the prespectrum structures, we
can equivalently define this pairing by choosing a homotopy inverse in the diagram

QpAz(X)p/\Qqu(Y)q e QP+Q(AZ(X)p /\Aw(Y)q)
QPHIAz 0w (X XR Y )ptq

XR
M Azw (X xg V),

for all p,q > 1. Thus, any choice of p,q > 1, determines a unique homotopy class
of maps
al al al
KZE(X)ANKRH(Y) = K35 w (X xr Y).

Given a pair (X,U) and a compact CW complex T, define Ary,z(T xg X); as
the direct limit
lig  Aprspz(M xg X)i,
T— M (R)
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for all 7 and let /Ci}lik 4 (T'xrX) denote the associated prespectrum. One may readily
verify that T — IC;%R (T xg X) defines a functor from compact CW complexes
to prespectra. We write this functor more briefly as T' — K}lg(T xg X). Now

associate to a pair (X, U) the sequence of spaces

‘Az(A XRX)A, ’LZO

;op
One may check this gives a functor as before and that the induced structure maps
determine a prespectrum. Thus, we obtain a functor from pairs to prespectra,
written

(X, U) = KZ5(A;

top

XR X),

which satisfies properties analogous to ICaZ"Ig(X ).

It follows from [TT], that for any pair (X,U), with U an open subscheme of
X, and for all 7 > 0, the sequence (induced by the evident maps of pairs (U, ) —
(X,0)  (X,0))

is a homotopy fibration sequence for all ¢ > 1. This means that there is a cho-
sen null-homotopy for the composition of the above maps and the induced map
from Q°Az(X); to the homotopy fiber of Q*A(X); — Q'A(X — U), is a homotopy
equivalence. As establish in Corollary 3.4, when X is smooth, the sequence
Az(A. XR X)z — A(A. XR X)z — A(A.

top top top

xr U);

is a homotopy fibration sequence for all ¢ > 1. Thus, the prespectrum ICaZ"Ig(At'Op XR
X) really can be said to represent the theory Kalg(A;Op Xg —) with supports in a
closed subscheme (at least for smooth pairs).

To extend the multiplication pairing for ICE"Z]g (X) to lCaZlg (Af,p Xr X), we define
a pairing

Az (A

top X]RX)i/\AW(A. XRY)j - AZX]RW(A

top Xg X XR Y)H—j?

L]
top
for each 4,5 > 0, by first defining for each d,e > 0 a pairing of the form

Az(AL, xr X)i N Aw (Af,, xe Y); = Azwuw (AL, x Af,

top top top XR X XRY)iyj.

This latter pairing is defined by associating to a pair of indices involved the direct
limits, Afop — U(R) and Af,, — V(R), the index Afop x Af,, = (U xr V)(R).
Letting d and e vary, these pairings are readily verified to give pairings of bisimplicial
spaces. The geometric realization of the bisimplicial set

de— Az (AL x A

top top XR X XR Y)i+j7

is naturally homeomorphic to the geometric realization of

d— Azka(Ad X Ad

top top XR X Xr Y)i+ja

which in turn is naturally homotopy equivalent to to the geometric realization of

d— AZX]Rw(Ad

top XR X XRr Y)i+j
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under the map induced by the diagonal Af, = — A ~x A¢ . The desired multi-
plication pairing is thus defined by choosing an inverse of the displayed homotopy
equivalence in the diagram

Az (AS

top

x A?

top

dl

AZXL{W(A;O]) XR X XR Y)i+j'

XR X)i/\AW(AZop XR Y)j e AZX]RW(At.Op Xr X Xp Y)i+j

Compatibility of these pairings up to homotopy with the structure maps of the
prespectra is readily verified. Finally, the external cup product operation for

K#&(As,, xgr —) is defined by choosing a homotopy inverse to the map

QlAZXRW(AZop XRX XR Y)l ’N—> QzAZX]R{/V(A X]RX XR Y)g

L[]
top
just as before. We can equivalently define this pairing using the spaces QP Az (A7, Xg
X)p, QqAW(AZop XR Y)qa and Qp+qAZ><w<W(At.op xg X XR Y)p+qa for any p,q > 1,
instead.

We summarize our results with the following theorem. Note that since we choose

a homotopy inverse to the map induced by the diagonal map Af,, — A7, x A,

we cannot obtain a pairing of prespectra as defined above. However, we do obtain a
pairing on the level of spaces, unique up to homotopy. This suffices for our purposes,
although with more work, one could presumably obtain a pairing of prespectra.

Theorem A.l. For any p,q > 1, by choosing inverses of homotopy equivalences
as needed in the diagram

QM AZ(AL,, Xz X1 AQ A (A}

top

XR X)p A Qqu(A.

top

XR X)P /\AW(At.Op XR Y)q)

l

x A?

top

QerqAZ xgW (A;op

dl

L]
top

XR Y)l

QP Az (A

top XR Y)q

QP""I(AZ(A’

top

QPHIA g w (AL, XR X XR Y )piq

XR X XR Y )piq

QIAZX]R{/V(A XRX XRY)l,

we obtain a pairing of spaces

U KHE(AL,, xr X)AKRE(AY,, xr Y) — K52 (A

top XR X XRr Y),
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which is independent up to homotopy with the choices made. In particular, we
obtain well-defined maps on homotopy groups

Ut K58 (AL, xr X) @ K5E (AL, x2 V) = K32 1 (A, xg X xp Y)

in the usual manner.

By replacing Af,, with A® in the preceding discussion, we obtain in a parallel
manner a pairing arising from the diagram

QlAz(A’ XR X)l /\QlAw(A’ XR Y)1 SN QpAz(A. XR X)p/\Qqu(A. XR Y)q

|

QI)-H](AZ(A' XR X)p /\Aw<A. XR Y)q)

l

QerqAZX]Rw(A. XR A® XRX XR Y)p+q

QlAZXRw(A. X]RX XR Y)l ;> Qp+quka(A;Op XRX XR Y)p+q
(A.2)

for each p,q > 1, which determines a unique homotopy class of maps
U KHE(A® xr X) AKRE(A® Xz V) = K5 1 (A® xp X xp Y).
As we have already seen, there is a unique homotopy class of maps
al al al
U: KZEX)AKRE(Y) = K55, w (X xr Y),

giving the standard cup product pairing for algebraic K-theory with supports. It
is clear that these pairings fit into a homotopy commutative diagram

U]

K5E(X) AKCHE(Y) —— KR (X xzY)

l l

’CaZlg(A. X]RX) /\IC?/[I/g(A. XR Y) L) IC}%RW(A. XRX XR Y)

| !

K55(AL,, xr X) AKCRE(AS,, X Y) —— K52 (A%, xg X xp Y).
Thus, the cup product operation for /Calg(At'op Xg —) is compatible with the usual
cup product operation in algebraic K-theory.

We proceed to give a sketch of a construction of Real topological K-theory
with supports which is analogous to the above constructions. To avoid point-
set topology complications, we restrict attention to pairs of Real spaces of the
form (Xg(C), Ur(C)), where X, Z are quasi-projective real varieties as before and
U = X —Z. Note that by [H2], in this case there exists an equivariant triangulation
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of Xg(C) and a closed subcomplex U’ C Xg(C) which is a strong deformation
retract of Ug(C).

We may replace CzP(X) used in the definition of ICaZlg(X ) with the topological
category Cz, c)P'?(Xg(C)) consisting of bounded complexes of Real vector bundles
on Xg(C) which are acyclic upon restriction to Ug(C) (equivalently, upon restric-
tion to U’). Here, the topology on the objects and morphisms of Cz, ¢y P*?(Xg(C))
is given by using the compact-open topology on the collection of Real vector bun-
dle maps (cf. [Se; end of §2]). Moreover, this topology is such that if we apply
Maps(A},,; —) to the objects and morphisms of CxPP(X), we obtain a simplicial
category Cas  xz,(c)P(Af,, x Xr(C)), which in degree n is the discrete category of

bounded complexes of Real vector bundles on A,/ x Xg(C) acyclic on Af,, x Ug(C).
As in [Pal; 1.12 and 2.2], one may show that the prespectra defined by
w(S.)iCZR(@)P“’p(XR((C)), i >0,
and ‘
w(Se)'Cas, xz:(C)P(Afyp x Xr(C)), @20, (A.3)

are homotopy equivalent, and each gives a natural model for the homotopy fiber of
ICRtOp(XR(C)) — ’CRtop(UR(C)> ~ ’CRtop(U/).

(For the first of these two prespectra, the S,-construction is applied to a topolog-

ical additive category in the obvious manner, resulting in a simplicial topological

category.) We write the total space of the prespectrum (A.3) as ICRiRp(C) (Xr(C)).
There is an evident natural map of simplicial categories

Cae

top

xzzP(Afop Xr X) = Cap, xz:(0)P(AL, X Xr(C))

defined by taking the Real topological bundle on A}, x Xg(C) associated to an
algebraic vector bundle on M xr X and a continuous map Ay, — M(R). This
defines an map of prespectra
alg/ A e Zr(C
K5 (Alop X2 X) = KRG (Xa(C)).
Moreover, using an argument similar to that found in [GW], one can show that this
map is equivalent to the map of Proposition 4.3 in the case Z = X.
Finally, we can repeat the construction of the cup product pairing for /Czilg(A;op XR
—) to obtain a pairing
C C (o (o
U KRG (Xe(€)) AKRgy (Ya(C)) = KRGO (Xa(C) x Yr(©))
which is compatible up to homotopy with the cup product pairing on lCilg(At'op XR
—). In the case Z = X and W =Y, the diagram

i PP (XR(C))| X [is P*P (Y (C))| — [iaP*P(Xr(C) x Ya(C))]

l l (A.4)

’CRtt)p(XR((C)) X ’CR‘EOP(YR(C)) L) ’CRtOP(XR(C) X YR(C))7
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commutes up to homotopy, where isP*°?(—) denotes the topological symmetric
monoidal category consisting of Real vector bundles and isomorphisms of such.
(The objects of this category form a discrete space and the morphisms are topolo-
gized using the compact-open topology as usual.) Here, the top horizontal map in
(A.4) is given by tensor product of bundles and the vertical maps are induced by the
evident inclusion of topological categories. Using [CCMT; 1.4], the homotopy com-
mutativity of (A.4) and the fact that its vertical maps represent homotopy-theoretic
group completions imply that the lower horizontal map of (A.4) is well-defined up
to weak homotopy. Thus, the cup product pairing we have defined coincides (es-
sentially by definition) with the usual cup product pairing for KR¢ep, up to weak
homotopy.

Theorem A.5. For any quasi-projective real variety X, the natural map

’Calg(Ao

top

xR X) = KRyop(Xr(C))

of Proposition 4.3 is compatible up to weak homotopy with the cup product pair-
ing for Kalg(A;Op xr —) defined above and the standard cup product pairing for

KRyop(—). In particular, the natural map

P KAy, xr X) = D KR (XR(C))
q>0 q>0

is a ring homomorphism.
If in addition X is smooth and Z is any closed subvariety, there is a natural
homotopy commutative diagram

Ky8(AL,, xp X) —— KY8(AS, xg X) —— K¥8(AS,,

| | l

KRE (X2(C)) ——  KRuop(Xe(C)) —— KRuop(Ur(C)),

top

XRU)

all of whose arrows are compatible with cup product up to weak homotopy.

APPENDIX B: Z/2-EQUIVARIANT SPECTRA AND
7,/2-EQUIVARIANT COHOMOLOGY THEORIES

In this appendix, we briefly recall some basic definitions and results concerning
7. /2-equivariant stable homotopy theory. The application of this machinery we
have in mind is the construction, for a quasi-projective real variety X, of a “Z/2-
spectrum” KZ/27semi( X)) (essentially, a spectrum equipped with a suitably defined
notion of a group action by Z/2) whose fixed point subspectrum gives KR%™ (X))
and whose total spectrum gives K™ (X¢). However, as we explain below, there is a
gap in the literature concerning the “recognition principle” for Z/2-spectra. Modulo
this gap, we indicate briefly how the results of this paper could be more naturally
reworked and generalized into the Z/2-equivariant setting. Basic references for
the material in this appendix are [LMS], [M2], [CW]. This appendix benefitted
significantly from correspondence with Pedro dos Santos.

In general, given a finite group G, a complete G-universe is an infinite dimen-
sional real inner product space Y upon which G acts through isometries, satisfying
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the properties that U is a direct sum of finite dimensional G-invariant sub inner
product spaces and that every finite dimensional irreducible real representation of
G is contained in U as a G-invariant sub inner product space infinitely often (up to
isomorphism). Starting with this definition, one can define the notion of G-spectra,
i.e., spectra equipped with G-actions in a suitable sense. In the remainder of this
appendix, only the group G = Z/2 is considered and the only example of a complete
Z/2-universe is given by the infinite dimensional complex space U = C* regarded
as a real inner product space using the identification RGR = C, (z,y) — x+1iy and
using the canonical real inner product. We let Z/2 act on C* via componentwise
complex conjugation — i.e., by sending (x1,y1,Z2,¥y2,...) to (X1, —y1, T2, —Y2,... ).
Observe that this action is isometric. Moreover, the only finite dimensional irre-
ducible real representations of Z/2 are given by multiplication by +1 on R, and
thus C* is clearly a complete Z/2-universe in the sense defined above. Although
this appendix focuses exclusively on G = Z/2 and U = C*°, note that the results
and constructions cited here are really special cases of a broader theory.

We call a real inner product space V' equipped with an isometric Z/2 action (i.e.,
equipped with an isometric involution) a Z/2 inner product space. For any finite di-
mensional Z/2 inner product space V, write SV for the one-point compactification
of V endowed with the evident Z/2-action which fixes the point at infinity. The
space SV is viewed as a pointed Z/2-space with the point at infinity serving as the
base point. For any pointed Z/2-space X, write ¥V X for SV A X equipped with the
evident Z/2-action. Additionally, we write QY X for the Z/2-space Maps, (SV, X)
of pointed maps, where the action is given by conjugation. Finally, given an inclu-
sion V' C W of finite dimensional Z/2 inner product spaces, we write W —V for the
orthogonal complement of V' in W. Note that W — V is also a Z/2 inner product
space.

Definition B.1. A Z/2-spectrum E consists of a collection of pointed Z/2-spaces
E(V) for each finite dimensional 7Z/2-invariant inner product subspace V of C*>
together with pointed 7./2-maps

ovw : XVVEWV) = E(W).
The adjoint maps are written
Gvw : BE(V) = QY=Y EW).

These maps are required to satisfy the conditions (1) oyy = id for all V, (2)
owzoXZ Woyw =oyy fordlVCW C Z, and (3) the map 6vw : E(V) —
OW=VE(W) is a equivariant homeomorphism, for all V.C W. A map of 7Z/2-
spectra E — F consists of a collection of equivariant maps E(V) — F(V) compat-
ible with the above structure in the evident fashion.

As shown in [LMS], to define a Z/2-spectrum, one doesn’t need to consider
every Z/2 inner product subspace V of C* as above, but rather just suitably large
collection. In particular, if we take V; to be the (real) 2i-dimensional subspace C*
of C*° defined as the C-span of the first ¢ standard complex basis elements, then
this collection of subspaces forms a so-called indexing space. Consequently, we can
equivalently describe a Z/2-spectrum as a sequence of spaces Fy, E1, ... (where E;
is thought of as being E(V;) in the above definition) together with pointed Z/2
maps

PYC)AE; — Eiy1,
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whose adjoints
FE{ — ./\/laps* (Pl ((C), Ei—i—l)

are equivariant homeomorphisms (cf. [LMS; 2.4]). Here, P!(C) is the Riemann
sphere equipped with Z/2-action given by complex conjugation.

Given a Z/2-spectrum E indexed by the Z/2 inner product subspaces of C*,
we form two spectra in the ordinary sense by taking the fixed points of E with
respect to each of the two subgroups of Z/2. Specifically, let R* C C* be the
fixed point subspace of Z/2 (in other words, this is the subspace spanned by the
real coordinates) and for H C Z/2, define E¥ to be the spectrum indexed by all
the real subspaces of R* given by

Vi BE(V)H.

As is customary with ordinary spectra (and permitted by [LMS; 2.4]), we restrict
V to range over the subspaces R", n = 0,1,..., where R” C R* is the subspace
spanned by the first n standard basis elements. Thus we have a spectrum in the
classically defined sense:

El' = E0)7,E¥(1)=ERHY,....

The only possibilities for H are obviously Z/2 and 0, and we call the associated
spectra the fized point spectrum and total spectrum respectively. Let us write these
as EZ/2 and E°. Thus, E° is the spectrum given by the collection of spaces E(R"™),
n =0,1,..., with the action of Z/2 forgotten, whereas E%/? is the subspectrum
of E? given by taking fixed points of each E(R™). In particular, there is a evident
natural map

E%? 5 B

We now turn to the aforementioned gap in the literature. One would like a ma-
chine to produce Z/2-spectra analogous to the machines used to produce ordinary
spectra (operads, I'-spaces, etc.). There does exist a notion of a Z/2-operad (re-
called below), and ideally given any Z/2-operad Z acting on a Z/2-space X, there
ought to be a functorial construction which produces a Z/2-spectrum related to
X. (In particular, the zeroth spaces of this spectrum ought to be the “equivariant
group completion” of X.) We now develop this (conjectural) framework. All of this
is strictly parallel to the non-equivariant case, and in fact J. P. May assures us that
the construction we describe does have the desired properties, although proofs are
apparently known only to the experts and have not appeared in the literature.

A 7Z/2-E« operad is a collection of Z/2-spaces M(n), n = 0,1,..., each of
which has the Z/2-homotopy type of a CW-complex, together with an action of the
symmetric group ¥,, on M(n) for each n and pairings

vt M) x M(ky) X - x M(kn) = M(kp + - + k)

for all non-negative integers n, ki,...,k,. The data are required to satisfy the
appropriate Z/2-equivariant analogues of the axioms for an ordinary FE..-operad
(cf. [LMS; VIL1)).

Our main example of a Z/2-F,, operad, Z, is given by letting Z(n) denote
the collection of (non-equivariant) C-linear injective maps from (C*)" into C*°,
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where Z(n) is topologized just as is Z(n) of Section 1. The action of ¥,, on Z(n)
permutes the copies of C*® in (C*)" and the action of Z/2 on Z(n) is given by
complex conjugation in the evident manner. The required pairings are defined by
composition in the evident manner. We can also consider the suboperad E(n) -
Z(n), n > 0, defined by taking the space of all isometries (C>)™ — C> with respect
to the standard Hermitian inner product on C*. The operad £ is similar to the
Z/2-operad considered in [LMS; VIL.1.4]. Indeed, the proofs of [LMS; VII.1.4] and
[EKMM; XI.1.7] carry over to show L satisfies all of the required axioms. It follows
that Z also satisfies the required axioms (e.g., each Z(n) has the Z/2-homotopy type
of a Z/2-CW complex) since £(n) < Z(n), n > 0, is a Z/2-homotopy equivalence.
Additionally, since the space f(n) is defined using inductive limits of algebraic
varieties, we may define a sort of algebraic version of the operad Z as follows.
Namely, let A2 denote the standard cosimplicial object in the category of complex
varieties and let Z(n)(A%) denote the simplicial set which in degree d is given by

f(n)(Aﬁé) = LiLnli_n,lHom(c(Aﬁé,f(n)N,M)
N M

where 7 (n) N, is the complex affine variety parameterizing injective C-linear maps
from (CN)™ to CM. Writing |Z(n)(Ag)| for the geometric realization of this sim-
plicial set, we clearly have a natural homotopy equivalence

Z(n)(A2))| = Z(n).

Moreover, Z(n)(A%) admits an evident action of Z/2 given by complex conjugation
and this map is in fact a Z/2-homotopy equivalence. It is easy to check that the
collection |Z(n)(AL)|, n = 0,1,... forms a Z/2-E., operad and the above is a map
of such objects.

If M is any Z/2-E., operad, a Z/2-space X is said to be an M-space if there
are a collection of Z/2-equivariant maps

M(n) x XX = X

satisfying the appropriate Z/2-equivariant analogues of the axioms required of an
action of an ordinary operad on a space (cf. [CW; 2.4]).

The primary construction needed in this paper to form Z/2-spectra is described
in the following conjecture. As mentioned, J. P. May assures us that thus result is
true, but no one has yet to produce a proof in the literature.

Conjecture B.2. A Z/2-space X having the Z/2-homotopy type of a CW com-
plex endowed with an action by the Z/2-Ey operad M determines functorially a
Z/2-spectrum EX. In particular, for such an X, there is a natural “equivariant
homotopy-theoretic group completion”

X — (EX)(0),

by which we mean the map induces ordinary homotopy-theoretic group completions
upon taking 7 /2-fixed points and upon forgetting the 7./2 action.

Moreover, let M%/? denote the Eo-operad obtained by taking fized points of
M(n), n > 0. Then the ordinary spectrum (EX)° (respectively, (EX)%/?) coincides
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up to a natural weak equivalence of spectra with the spectrum obtained from the space
X (respectively, XZ/Q) endowed with the induced structure of an M?%/?-space.

We now discuss the generalized homotopy groups and the equivariant cohomology
theory associated to a Z/2-spectrum. The generalized homotopy groups of a pointed
G-space X are defined as [(G/H)4+ AS™, X]g, where H C G is any subgroup, n
is any integer, and, in general, [—, —] denotes the collection of pointed G-maps
modulo G-equivariant homotopy. In particular, for G = Z/2, we have two families
of generalized homotopy groups

[T AS", X]z/2 and  [S", X]z/2,

where T° denotes the unique two-point space with non-trivial Z/2-action. The
notion of generalized homotopy groups extends to the level of spectra in that one
can define a generalized sphere spectrum S = ((Z/2)/H)+ NS™, where H C Z/2
and S™ is the spectrum %"%>°S% The generalized homotopy groups of a Z/2-
spectrum E, 72 (E), are define as homotopy classes of Z/2-equivariant maps (of
spectra) from S} to E. By [LMS; 4.5], the generalized homotopy groups of E can
be more simply described by the formulas

{ 7H(E) = 7, (E(0)H), for n > 0 and
78 (R) = mo(E(R™)H), for n <O0.
Thus, as for Z/2-spaces, there are just two families of generalized homotopy groups
of Z/2-spectra:

T (E) and m,(E%?).

These definitions extend to negative indices in the usual manner. A weak equiva-
lence of Z/2-spectra is a map inducing isomorphisms on 7 for all n, H C Z/2 — in
other words, a weak equivalence of Z/2-spectra is a map inducing weak equivalences
of ordinary spectra for both the fixed point and total spectra.

We record the following direct consequence of the preceding discussion.

Proposition B.3. Naturally associated to any 7 /2-spectrum E we have the total
spectrum E° and the fized point spectrum EZ/?, between which there is a natural
map

E"? 5 B

A map of 7/2-equivariant spectra E — F is a weak equivalence if and only if the
maps E® — FO and E%/? — FZ/2 gre weak equivalences in the ordinary sense.

Given a Z/2-spectrum E indexed by the universe C*°, the associated cohomol-
ogy theory on Z/2-spaces is a theory indexed by the Z/2-invariant inner product
subspaces of C*. Specifically, to such a V' C C* and a pointed Z/2-space X, we
form the group ~

Eyo(X) = [X, E(V)]z/2-

For unbased spaces, define E%/Q(X ) to bfz E%/ /2(X+). More generally, given a pair of
such subspaces V, W C C*°, the group EZ/%W(X) is defined as [X ASW, E(V)]z)s.

This should be thought of as the cohomology group associated to the “formal dif-
ference” of V and W.
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Since every action of Z/2 on real vector space is a direct sum of the trivial action
on R and the action on R given by multiplication by —1, it turns out that the Z/2-
equivariant cohomology associated to a Z/2-spectrum reduces to a bigraded theory:

EPS(X) = [X, B(RP)g,
for p,q > 0, where R”¢ denotes the Z/2 inner product space with Z/2 acting
trivially on the first p components and by multiplication by —1 on the last ¢ com-
ponents. Taking formal differences as above, we extend this definition to p,q € Z
by defining

B0 = X AS5"" BRrtmain))

where m,n are any positive integers such that p+m > 0,¢ +n > 0. The axioms
of a Z/2-spectrum ensure that this definition is independent of the choice of m,n.
From now on, we write SP¢ for the space S®"*. (Note that SP¢ here is not the
same as the object referred to by the same notation in [At].)

Notation B.4. If E is a Z/2-spectrum and X is a (unbased) Z/2-space, then we
define

EPU(X) = Bppy (X4) = X4, ERP)]g 2 [Xy AT BRV™I)]g,

where m,n > 0 are such that p+m > 0,9 +n > 0.

By [LMS; 1.4.6], a map of Z/2-spectra E — F' is a weak equivalence if and only
it BE(V) — F(V) is a weak equivalence of Z/2-spaces for all Z/2-invariant inner
product subspaces V' C C*>. It follows that the equivariant cohomology theories
E**, F** associated to weakly equivalent Z/2-spectra F and F' are isomorphic.

In this paper, we are primarily concerned with the generalized homotopy groups
of a Z/2-spectrum E —i.e., the (non-equivariant) homotopy groups of the spectra E°
and E%/2. Notice that these groups are encoded as specific equivariant cohomology
groups. Namely, we have the natural isomorphisms

mpEY = ETPYTY) and w,E%/? = EPO(pt).
With this in mind, we now give a completely formal treatment of the transfer map
T EY — ﬂ'nEZ/ 2

of the type established in Section 5 through more explicit means. We begin by
defining a Z/2-equivariant map

7801 & TJ? /\5’0’1,

which in the stable category gives a map from pt, to T_E. To define this map, view
S0%1 as the unit circle in the complex plane equipped with the action by complex
conjugation. Collapse {1,—1} to a single point, forming the wedge product of two
circles. The Z/2-action on this quotient space interchanges the two circles and in
fact is Z/2-homeomorphic to T_E A S%L. We take T to be this quotient map.

Now we use the natural Z/2-homotopy equivalences (of spectra)

Maps, (Y A S E(R™)) 2 Maps, (Y, Maps, (S*!, E(R®1))) = Maps, (Y, E),
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where Y is any Z/2-space. Here, the second equivalence holds since E is a Z/2-
spectrum. In particular, taking ¥ = pty and ¥ = T_(ﬂ, we see that the map 7
determines a natural map of spectra
tr=7":F = Maps%/Q(TJ?, E)— Mapsf/z(pt+, E)= E%/2,

which serves as our transfer map.

The unique map 7% — pt induces a Z/2-map T_? A SO — 891 Note that the
composition of

SO,l ; TO /\50,1 - SO,I
+

gives the standard 2-fold Z/2-covering space map n : ! — S%1. Moreover, under
the equivariant homeomorphisms

MapS*(SO’l,E(RO’l)) i) MapS*(Sl’l,E(Rl’l)) & Maps*(Sl7O,E(R1’O))7

the involution n* on Maps, (S%!, E(R%1)) coincides with an involution on Maps, (S*?, BE(R!?))
induced by a degree two map ' : S — S1.9. Taking Z/2 fixed points, we see that
the involution on

Maps?/?(SM0, E(R'")) = Maps, (S', E(R"0)*/?) = E*/?

induced by 7’ is homotopic to multiplication by two with respect to the H-space
structure on E%/2.
We summarize the preceding observations with the following result.

Proposition B.5. Given a Z/2-spectrum E, the transfer map
tr: B — E%/?

defined as above is a map of spectra. Moreover, the composition of induced maps
of H-spaces
E(0)%/? — E(0) 2 E(0)%/?

is equivalent to multiplication by 2.

In the remainder of this appendix, we indicate how to apply the above con-
structions and results (including the conjectural B.2) to rewrite much of the body
of this paper in an equivariant setting. Recall that for a quasi-projective real va-
riety X, the space Morg(X, Grassg) is homeomorphic to the fixed point space
Morc(Xc, Grassc) under the Z/2-action given by complex conjugation. Moreover,
the action of Z on Morg(X, Grassg) extends in the evident manner to an equivari-
ant action of Z on the Z/2-space Morc(Xc, Grassc). Thus, using B.2, associated
to this action there is (conjecturally) a Z/2-spectrum

ICZ/2fsemi(X)'

Moreover (and still conjecturally), the fixed point spectrum of K%/2-semi(X) is
weakly equivalent to the spectrum KR**™(X) defined in the body of this paper
and the total spectrum of KZ/275°mi(X) is weakly equivalent to ™ (X¢) defined
in [FW2].
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Similarly, we can define (conjecturally) a Z/2-spectrum encoding both K*8(X)
and K*8(X¢) as follows. The Z/2-E., operad |Z(A®)| acts on the Z/2-space
Home (A2 x¢ X¢, Grassc) and by B.2 this gives the Z/2-spectrum which we write
as KCZ/27218(A® xp X).

Finally, as by now should be apparent by the pattern, we can generalize the
construction of KRy, (Xr(C)) to give a Z/2-spectrum

,CZ/Q—top (XR ((C) ) .

(Note that in [M2; XIV] a very similar Z/2-spectrum is defined. The conjectural
recognition principle B.2 should imply that Kz /5.0, (Xr(C)) is equivalent to a con-
nective version of that found in [op. cit.].) Also, the obvious variation on the
construction in Section 1 gives the Z/2-spectrum

’CZ/2fsemi(Ao

top XR X)

We close this appendix by listing equivariant versions of results from the body of
this paper, [FW2], and [FW3] which follow easily from the verification of Conjecture
B.2. We list these all as conjectures so as to avoid misinterpretation by the casual
reader, but we claim they all follow easily from Conjecture B.2 and previously
established results.

Conjecture B.6. For a quasi-projective real variety X, there are natural maps of
7./ 2-spectra

K228 (A sp X) — ]CZ/2—a1g(A;Op xp X) — KP/2semi(x) K2/2-t0p(Xr(C))

such that the induced maps on fized point spectrum coincides with the maps of
Sections 2 and 4 and the induced maps on total spectra coincides with the maps of

[FW2].

Notice that, in particular, the establishment of Conjecture B.6 would eliminate
the need for Section 5 of this paper, since then Theorem 5.8 and Corollary 5.9
would become immediate consequences of this conjecture and Proposition B.5.

Conjecture B.7. In reference to the maps of Conjecture B.6, (i) the first induces
an isomorphism on generalized homotopy groups with finite coefficients for any
quasi-projective real variety X (i.e., induces isomorphisms on homotopy groups
with finite coefficients for both the fized point and total spectra), (ii) the second is
a weak equivalence of Z/2-spectra for any projective real variety X, and (iii) the
third is a weak equivalence of Z/2-spectra if X is as in Propositions 6.1 or 6.2.

Conjecture B.8. For any quasi-projective real variety X, there is a commutative
diagram of |Z(A®)|-spaces

Homc(Aé Xc Xc, Grass(c) Em— H ZT_1(A(E: Xc X([;,P(%O)l
r>0
MorC(A;Op x¢ X¢, Grassg) —— Il Z2r—1 (X, PP)1
r>0

l !

Maps(Xg(C), Grassg(C)) —— ];[O Maps(Xg(C), Z,_1(PF(C)))1,
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which induces a corresponding diagram of Z/2-spectrum. This diagram specializes
to give the statement of Theorem 8.8 by taking fized point spectra and the statement
of [FW2; 6.11] for X¢ by taking total spectra.

[Ad]

[At]

[AH]
[BFM]
[BLLMM]
[BF]
[CCMT)
[CL1]
[CL2]
[CLS]
[CW]
[DF]
[EKMM]

[F]
[F1]

[F2]

(3]

[F4]
[FG]
[FL1]
[FL2]
[Fs]
[FV]

[FW1]

[FW2]
[FW3]

(Fu]
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