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VANISHING THEOREMS FOR REAL ALGEBRAIC CYCLES

JEREMIAH HELLER AND MIRCEA VOINEAGU

ABSTRACT. We establish the analogue of the Friedlander-Mazur conjecture
for Teh’s reduced Lawson homology groups of real varieties, which says that
the reduced Lawson homology of a real quasi-projective variety X vanishes
in homological degrees larger than the dimension of X in all weights. As an
application we obtain a vanishing of homotopy groups of the mod-2 topological
groups of averaged cycles and a characterization in a range of indices of the
motivic cohomology of a real variety as homotopy groups of the complex of
averaged equidimensional cycles. We also establish an equivariant Poincare
duality between equivariant Friedlander-Walker real morphic cohomology and
dos Santos’ real Lawson homology. We use this together with an equivariant
extension of the mod-2 Beilinson-Lichtenbaum conjecture to compute some
real Lawson homology groups in terms of Bredon cohomology.
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1. INTRODUCTION

Let X be a quasi-projective real variety. The Galois group G = Gal(C/R) acts
on Z,(Xc), the topological group of g-cycles on the complexification. Cycles on the
real variety X correspond to cycles on X¢ which are fixed by conjugation. Inside
the topological group of Z,(X¢)® of cycles fixed by conjugation is the topological
group Z,(Xc)* of averaged cycles which are the cycles of the form o + @. The
space of reduced cycles on X is the quotient topological group

24 (XC)G
RQ(X) Zq(XC)aU.

Homotopy groups of some of the above abelian topological groups are related
to classical topological invariants. For example for X a projective real variety
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we obtain the singular homology groups 7. Ro(X) = H.(X(R),Z/2) [Teh05] and
T 20(Xc)® = H.(Xc(C)/G, Z) [LLEMO3], as well as Bredon homology 7, Zy(X) =
H, o(Xc(C);Z) [LE9T]. Other homotopy groups are related to classical algebraic
geometry invariants. For example 7o (Z,.(Xc)¥) computes the group of algebraic
cycles of dimension r on X modulo real algebraic equivalence [FW02al and conse-
quently with Z/n coefficients equals the Chow group CH,.(X)®Z/n (see Proposition
ET). However most of these homotopy groups remain a mysterious combination of
topological and algebraic information of the real variety X.

These homotopy groups are hard to compute and examples are few. Nonetheless
an examination of existing computations shows that these homotopy groups are all
zero in large degrees. For example, in ([Lam90]) Lam proves that

Rq(PR) ~ [[ K(Z/2,4).
=0

In particular m;(R4(PE)) = 0 for k > n — ¢. Similar vanishing results are seen
in the computations of [LLFMO05| for a real variety X with the property that its
complexification is the quaternionic projective space (see Example [6.14]).

In [TehO§] Teh proves a conditional Harnack-Thom type theorem for the homo-
topy groups of reduced algebraic cycles on X which holds under the assumption
that these homotopy groups are all finitely generated and they are zero in high
degrees. In the case of divisors he shows that

Wdefl(X) = 0

when k > 3 for any smooth projective real variety X of dimension d.

The main theorem of this paper provides this vanishing in general and should be
viewed as a massive generalization of both the classical vanishing of singular homol-
ogy groups of a manifold in degree larger than the manifold and of the vanishing
results discussed above.

Theorem 1.1. Let X be a quasi-projective real variety. Then
TERe(X) =0
fork>dimX —q+ 1.

In the case of divisors our result improves the previously known vanishing range.
The case of real projective space described above shows that the theorem’s vanishing
range is optimal.

The homotopy groups of reduced algebraic cycles R,(X) define a homology the-
ory for real quasi-projective varieties X introduced in [Teh05] which is defined by
RL,H, (X) = mp—q(Rq(X)) for n > g and called reduced Lawson homology. In this
notation our vanishing result reads RL,H, (X ) = 0 for any n > dim(X). Thus our
vanishing result shows that the Friedlander-Mazur conjecture holds for the reduced
Lawson homology of real varieties.

The homotopy groups of R,(X) fit into a long exact sequence

+ = M1 Rg(X) = meZg(X)™ — LeHRg_,q(X) = mRg(X) — -

where LyHR, 1 4(X) = m:2,(Xc)? is the real Lawson homology introduced by
dos Santos in [dS03a]. As a consequence of Suslin rigidity the homotopy groups of
Rq¢(X) are also related to motivic cohomology of X

Mg szequi(Agjvo)(XC X A(E)av - H/Q\;I[ik(sz(q)) - ﬂ-qu(X) .
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Thus an immediate corollary of the vanishing theorem is an identification of the
homotopy groups of the space of averaged cycles and of the complex of averaged
equidimensional cycles.

Corollary 1.2. Let X be a smooth quasi-projective real variety. Then for any
k>dimX —qg+1
LgHRq—k,q(X) = meZq(Xc)®
and
HY (X3 2(0)) = mozequs (AL, 0)(Xe x A2)™.

Theorem [[1] also implies that the mod-2 homotopy groups of the topological
group of average cycles satisfy an optimal vanishing (see also Example [6.19]).

Corollary 1.3. Let X be a smooth projective real variety of dimension d. Then

- ZP(XC)M _
" QZP(X@)‘W

form >2d—2p+1.

An essential ingredient in the proof of our vanishing theorem is the Milnor con-
jecture proved by Voevodsky in [Voe03]. The Milnor conjecture relates motivic
cohomology and etale cohomology while real morphic cohomology naturally com-
pares with Bredon cohomology. We need to know that these cycle maps are suitably
related which is done in Theorem 5.9

Theorem 1.4. Let X be a smooth quasi-projective real variety. The diagram com-
mutes

IR

LIHRI%4(X;7,/2) HY (X Z/2)

H1™80(Xe(C); 2/2) — HE ™" (Xe(C); 2/2) — H " (X 15'7),

where HP~99(Xc(C);Z/2) denotes Bredon cohomology and HE(Xc(C);Z/2) de-
notes Borel cohomology.

This suggests that there are possible advantages in replacing the map on Chow
groups of real cycles into Borel cohomology with the map into Bredon cohomology
since in many respects Bredon cohomology behaves better than Borel cohomology.
An application of this idea will be given in a forthcoming paper.

Together with the mod-2 Beilinson-Lichtenbaum conjecture for real and complex
varieties (which is a consequence of the Milnor conjecture by [SV00a]) we conclude
an equivariant Beilinson-Lichtenbaum type theorem for an equivariant extension of
Friedlander-Walker’s real morphic cohomology groups (see Definition B.I3]).

Theorem 1.5. Let X be a smooth quasi-projective real variety and k > 0. The
cycle map

@ : LIHR™(X;Z/2%) — H"*(X¢c(C); Z/2%)

is an isomorphism if r < 0 (and s < q) and an injection if r =1 (and s < q).
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Using Friedlander-Voevodsky duality for bivariant cycle theory we show in Corol-
lary that the equivariant morphic cohomology and real Lawson homology
groups are isomorphic through a Poincare duality. As a consequence the equi-
variant Beilinson-Lichtenbaum says that in a range we may compute the mod-2
real Lawson homology groups in terms of mod-2 Bredon cohomology. This allows
a computation for curves with integral coefficients.

Corollary 1.6. Let X be a smooth real curve. Then
LYHR"*(X;Z) — H™*(Xc(C); Z)
is an isomorphism for any ¢ > 0, r < q, and s < q.

The space of reduced cocycles on X, related via Poincare duality with the space
of reduced cycles, is defined as

_ 29(Xc)®

Rq(X) - Zq(X(C)(w

where Z9(X¢) is the space of algebraic cocycles on X¢ and 29(X¢)® agrees with the
space of real cocycles introduced by Friedlander-Walker in [FW02a] (see Proposition
B7). There is a natural comparison map

RI(X) — Map(X(R), Ro(A7))
and since Ro(A?) = K(Z/2, q) this provides a natural map
(1.7) cyer : meRI(X) — HIF (X (R); Z/2)

sing

which is the cycle map for reduced morphic cohomology groups defined in [Teh05].
Via Poincare duality the vanishing theorem is equivalent to the statement that cycy,
is an isomorphism for k > q.

Via the Milnor conjecture over C and over R we can deduce an isomorphism
T RYU(X) — mRY,,(X) for k > q. Here R{,,(X) is the group of “reduced topolog-
ical cocycles”. For a precise definition see Section[7] but essentially this is a version
of the quotient group Map(Xc(C), Zo(A2))¢/Map(Xc(C), Zo(AL))*” which has
reasonable homotopical properties (such as fitting into a homotopy fiber sequence
involving Map(X¢(C), Zo(A))¢ and Map(Xc(C), Zo(AL))*).

The final ingredient for our vanishing theorem is now provided by Corollary [[.14]
which shows that for X projective,

®: mRYX) — T Riop(X)
agrees with the cycle map m,RY(X) — H;ZZ(X(R); Z/2) for k > 2.

Here is a short outline of the paper. In the second section we review the equi-
variant homotopy used in the paper. The third section is dedicated to introducing
the topological spaces of cycles we study and proving some basic properties that
we use and for which we don’t find exact references in the literature. In the fourth
section we prove a Poincare Duality between equivariant morphic cohomology and
real Lawson homology. In the fifth section we discuss the cycle maps from equivari-
ant morphic cohomology and Bredon cohomology and equivariant applications of
the Beilinson-Lichtenbaum conjecture. The sixth section is devoted to the proof of
our main vanishing Theorem. One of the main technical ingredients of this proof is
left for section seven where we reinterpret the cycle map [I.7] from reduced Lawson
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homology groups to the singular homology in a manner needed to prove our van-
ishing theorem. The paper ends with two appendixes where we prove and recollect
a few results on topological monoids used in the paper.

The authors would like to thank Eric Friedlander, Christian Haesemeyer and
Mark Walker for helpful discussions.

Notation: By a quasi-projective k-variety we mean a reduced and separated
quasi-projective scheme of finite type over a field k. We write Sch/k for the cate-
gory of quasi-projective k-varieties and Sm/k for the subcategory of smooth quasi-
projective k-varieties. Except in section 2, G always denotes Gal(C/R) and o € G
denotes the nontrivial element.

2. EQUIVARIANT HOMOTOPY AND COHOMOLOGY

We recall the basic definitions and theorems we need from equivariant homotopy
theory. For more details see [May96]. In this paper we will only work with G =
Z/2, but since no simplification results in the basic definitions, we let G denote
an arbitrary finite group. The category Top® of G-spaces consists of compactly
generated spaces equipped with a left G-action and morphisms are continuous G-
equivariant maps. If X is a G-space and H C G is a subgroup write X for the
subspace of all points fixed by H. The category T'op$ of based G-spaces consists of
G-spaces X together with a G-invariant basepoint x € X and maps are base-point
preserving equivariant maps. A space together with a disjoint, invariant base-point
will be denoted X .

Equivariant homotopy theory. Let I denote the unit interval with trivial G-
action. A G-homotopy between two equivariant maps f,g : X — Y is an equivariant
map F': X x I — Y such that F|x oy = f and F|x 1} = g. An equivariant map
f: X =Y is an equivariant homotopy equivalence provided there is an equivariant
map ¢ : Y — X such that both fog and go f are G-equivalently homotopic to the
identity. An equivariant map f : X — Y is a G-weak equivalence provided both
fH . XH — YH is a non-equivariant weak equivalence for all subgroups H C G.
Formally inverting the G-weak equivalences gives the homotopy category of G-
spaces. Similarly inverting the based G-weak equivalences between based G-spaces
we obtain the based G-homotopy category. Write [X,Y]q for classes of based maps
in the homotopy category of based maps.

A G-CW complex X is a topological union X = UX,, of G-spaces such that X
is a disjoint union of orbits G/H and X,, is obtained from X, _; by attaching cells
of the form D" x G/H via attaching maps o : "~ ! x G/H — X,,_1.

The equivariant Whitehead theorem holds for G-C'W complexes. That is, if
f: X — Y is a G-equivariant weak equivalence between G — C'W-complexes then
f is a G-homotopy equivalence.

A map A — X is said to have the homotopy extension property with respect to
Z if for any equivariant partial homotopy H : X x {0} HAX{O} A x I — Z there is
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an equivariant map H' making the diagram below commute
X x {0} Taxqop 4 XIL;Z

l E)
X x1T

An equivariant cofibration A — X is an equivariant map which has the homo-
topy extension property with respect to all Z in Top®. Inclusions of sub-G-
CWecomplexes A C X are equivariant cofibrations.

Let V be a real representation of G, write SV for the one-point compactification
of V. The Vth homotopy group of a based G-space X is

mvX =[SV, X]e.

Note that SV always has at least two fixed points, 0 and occ.

When G = Z/2 and V = RP9, where V = RPT? with G acting trivially on the
first p-components and on the last g-components the G action is multiplication by
—1 we use the notation

7Tp7qX = 7T]Rp,qX-

Borel homology and cohomology. The Borel-equivariant cohomology of X
with coefficients in an abelian group A is defined to be the ordinary singular coho-
mology of the homotopy orbit space of X:

HY(X;A) = HP((X x EG)/G; A).
Similarly the Borel-equivariant homology is defined to be
HE(X;A) = Hy((X x EG)/G; A).

When X has free G-action then (X x EG)/G — X/G is a homotopy equiv-
alence and therefore when X has free G-action H?(X/G;A) = H{(X;A) and
Hy(X/G; A) = HS (X; A).

Mackey functors. Bredon homology and cohomology take Mackey functors as
coefficients. There are several equivalent ways to define a Mackey functor [May96].
Classically for G a finite group one defines a Mackey functor as follows . Let
Fc denote the category of finite G-sets as objects and with equivariant set maps
as morphisms. A Mackey functor M consists of a pair of abelian-group valued
functors M = (M*, M,) on Fg, with M* contravariant and M, covariant. The
functors M* and M, satisfy the following requirements.

(1) M*,M, take the same value on objects and convert disjoint unions of G-sets

into products of abelian groups.
(2) When
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is a pull-back square of finite G-sets then

m(8) X% arery
M*(B)T
M, (o)

M) vy

M*(B')T
M(U)

is a commutative square of abelian groups.

Given an abelian group A, the constant Mackey functor A is the Mackey functor
which on objects A(G/K) = A and on amap f: G/H — G/K, M*(f) = id and
M. (f) is multiplication by the index [K : H].

Bredon homology and cohomology. Bredon cohomology (homology) with co-
efficients in a Mackey functor M is a cohomology (homology) theory H*(—; M))
(H.(—; M) graded by RO(G). For V € RO(G) there is an equivariant Eilenberg-
Maclane space K (M, V) which represents the reduced cohomology HY (X; M) for
a based G-space,

HY(X; M) = [X, K(M,V)]e.

When G = Z/2 then RO(G) = Z & Z with generators R? and R%!. We use the
convention that HP4(X; M) = H®"*(X; M) (and similarly for homology).

If A is an abelian group (with trivial G-action) then HP?(X; A) = HY, (XG5 A).
More generally, Borel and Bredon cohomology are related by the natural isomor-
phism

HPY(X x EG; A) = HG™(X; A(g))
where A(q) is A with o acting by (—1)7 (see [dSLF04, Proposition 1.15]).

Equivariant Dold-Thom theorem. Let X be a compactly generated Hausdorff
space. The free abelian group on the points of X is defined to be Z¢(X) =
1, SPYX)]T, where SP¥(X) is the dth symmetric product on X and (—)T de-
notes group completion of the displayed monoid which is topologized via the quo-
tient topology.

The degree homomorphism deg : Z¢(X) — Z is defined by deg(}_ n;x;) = > n;
is a continuous homomorphism. Write Zy(X)o for the kernel of this map. Notice
that there is an isomorphism of topological groups Zy(X) 2 Z¢(X 1 )o.

If X is a G-space then the action on X induces a G-action on Zy(X) and Zy(X)o.
By [LE97, Corollary 2.9] when X is a G-CW complex so is Zp(X).

The classical Dold-Thom theorem says that 7, Zo(X)o = H, (X;Z) and the equi-
variant Dold-Thom theorem proved by Lima-Filho [LF97] and dos Santos [dS03D]
says that .

szQ(X)O = Hv(X,Z)
In particular Zy(S")g is an Eilenberg-Maclane space K (Z,V).

3. TOPOLOGICAL SPACES OF CYCLES

Group completions of monoids. Let M be a compactly generated Hausdorff
topological abelian monoid. The naive group completion of M is the quotient of
M x M by the monoid action of M where M acts by (a,b) — (m + a,m +b).
Write M7 for this abelian group, which is topologized as the quotient of M x M.
Recall that M is said to satisfy the cancellation property if a +m = b+ m implies
that a = b for any a,b,m € M. When M satisfies cancellation then the naive
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group completion can be described as M*T = M x M/ ~, where (a,b) ~ (c,d) if
a+d=b+c.

Naive group completion does not generally behave well topologically. For ex-
ample it may happen that M is not a Hausdorff topological group nor is it clear
how homotopy invariants of M and M™ are related. Friedlander-Gabber [FG93]
and Lima-Filho [LF93] have studied conditions under which the naive group com-
pletion of a topological monoid is a Hausdorff group and M — M is a homotopy
group completion. All of the topological monoids with which we work are tractable
monoids in the sense of Friedlander-Gabber (see Appendix [B]) and in particular the
naive group completion of these groups are homotopy group completions.

Our main objects of interest are the group completions of submonoids of the
Chow monoids of effective algebraic cycles on algebraic varieties. Let k£ be a field
of characteristic 0 and j : Y C P} be a projective k-variety. The Chow variety
Co(Y,5) = [ly0Cqa(Ys4) of effective g-dimensional cycles on Y is an (infinite,
disjoint) union of projective k-varieties. See [Eri91] for details.

Cycle-spaces over C. Let Z be a complex variety. Denote the set of complex
points equipped with the analytic topology by Z(C)®". Since there will be little
chance for confusion we will often simply write this space as Z(C) with the topology
understood. If j : Y C P¢ is a projective variety then C4(Y,j)(C) is a topological
monoid and we will generally omit j from the notation since the homeomorphism
type of this space is independent of j.

The monoid Cq(Y)(C)*" is tractable and therefore the naive group completion
is a homotopy group completion. Write

2,(Y) = (C,(V)(C)"

for the naive group group completion of this monoid. Define the filtration {0} C
€ Zg<a(Y) € Zg<ap1(Y) S -+ € Z4(Y) by

Zq,Sd(Y) = H Cq,d, (Y)(C) x Cq.ds Y)(C) |/ ~C Zq(y)'
di+d2<d
By [LF93] each Z, <4(Y") is a closed, compact Hausdorfl space and Z,(Y) has the
weak topology with respect to this filtration.
When U is quasi-projective with projectivization U C U then define Z,(U) =
Z,(U)/2,(Us) where Uy, = U\U. The images of Z, <x(U) in the quotient Z,(U)
give a filtration by compact subspaces (and Z,(U) has the weak topology with

respect to this filtration). This definition is independent of choice of projectivization
[LF92], [FG93|.

Cycle-spaces over R. Suppose that Z is a real variety. Write the set of R-points
equipped with the analytic topology as Z(R)®" or simply Z(R) with the topology
understood.

Let Y be a projective real variety. Consider the topological monoid C,(Y")(R).
As explained in the proof of [FW02al, Proposition 8.2] (see Proposition [B.]), the
topological monoid C,(Y)(R) is tractable and therefore its naive group completion
is a homotopy group completion. Write

Zq (Y) = (Cq (Y) (R))+

for the naive group completion.
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Suppose that U is a quasi-projective real variety with projectivization U C U.
Define the topological group of g-cycles on the quasi-projective real variety U to be

If X is a real variety and 7 : X¢ — X is its complexification then G acts on
X¢(C) and induces a homeomorphism

X(R) = Xc(C)°.

In particular if X is a projective real variety then by [Fri9ll Proposition 1.1]
Cq(Xc) = Cr(X)c and so we have the isomorphism of topological monoids

C(X)(R) = C(Xc)(©)°.
Proposition 3.1. Let U be a quasiprojective real variety. Then
Z,(U) = Z:(Uc)®

is an isomorphism of topological abelian groups. In particular the group Z.(U) is
independent of projectivization U C U.

Proof. For U projective this follows immediately from Proposition[A.3l The quasi-
projective case now follows by a comparison of short exact sequences of topological
abelian groups

0—— 2.(U\U) Z.(U) Z(U) ——0

| | !

0—— Z.(Uc\Uc)® — Z,(Uc)® — Z,.(Uc)¥ —0,
where the exactness of the bottom row is a consequence of the Lemma [3.3 O

Remark 3.2. Let U be a quasi-projective real variety. Since 4 : Z;(Uc) X Z(Uc) —
Z1(Ug) is closed we see by taking G-fixed points that + : Z,(U) x Z;(U) — Z(U)
is a closed map for any real variety U.

Lemma 3.3. Let Y C X be a closed subvariety of a real projective variety. Then

Z,(X0)?/2:(Ye)? = (2,(Xc)/ 2, (Ye)”
and N

ZT(XC)M/ZT(YC)M — (ZT(XC)/ZT(YC))M
are isomorphisms of topological groups.
Proof. Consider the quotient maps 7 : Z,.(Xc) — Z.(Xc)/Z.(Yc)and ¢ : Z,.(Xc)¥ —
Z.(Xc)9/Z,(Ye)C. Consider the filtration {(7Z,.(Xc)<a}) of (Z-(X¢)/Z.(Ye))¢
and the filtration {q(Z,(Xc)%,)} of Z,(Xc)9/2,(Yc)€. These spaces have the
weak topology given by these filtrations so it is enough to see that

4(Z2,(Xc)Sy) — (n2,(Xc)<a)®
is a homeomorphism for all d.
First we show that Z,(Xc)%, — (72,(Xc)<a)® is surjective. If [n] € (72, (Xc)<a),

we can choose a representative n = > nyV € Z,(X¢)<q such that each V ,CZ Y.
Since n — 7 € Z.(Yc) (and each V & Y¢) we see that n =7 and therefore the map

Z.(Xe)Sy — (n2,(Xc)<a)®
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is surjective. The map
42, (Xc)Sq — (72:(Xc)<a)®

is easily seen to be injective and since ZT(XC)gd is compact this map is closed so
is a homeomorphism. -

The second statement about the topological group of averaged cycles is proved
in a similar fashion. (|

Spaces of algebraic cocycles. In this section we recall the construction of topo-
logical monoids of algebraic cocycles [FL92| [Fri98]. Let X, Y be quasi-projective
real varieties over k = C or R. Write Mory (X, Y') for the set of continuous algebraic
maps between X and Y. When X is semi-normal then Mory(X, Y) = Hom (X, Y).
Friedlander-Walker construct “analytic” topologies on Mory (X, V) in [FWO01b] for
k = C and in [FW02a] for £ = R. The set of continuous algebraic maps with this
topology will be written Morg (X, Y)*". By [FW02al, Lemma 1.2] Morg(X, V)" =
(Mor(c(X(c, Y(c)an)G.

When XY are projective real varieties and W ,Z are projective complex varieties
then this topology coincides with the subspace topology induced by the inclusions

Morg(W, Z) € Map(W (C), Z(C))

and

Morg (X, Y) € Map(X¢c(C), Yc(C))%,
where Map(—, —) denotes the space of continuous maps is with compact-open topol-
ogy. When the domain is only quasi-projective then the analytic topology on the
algebraic mapping spaces is no longer the compact-open topology but rather the
topology of convergence with bounded degree (see [FL97, Appendix Al]).

Let W be a quasi-projective complex variety and Z be a projective complex
variety. Write d = dimW. Let C,.(Z)(W) denote the monoid of effective cycles
on W x Z equidimensional or relative dimension » on W. This is made into a
topological monoid via the subspace topology induced by the inclusion
def Cayr(W x 2)

C.(Z)(W)CC WxZ)= ———
(Z)W) € Casr (W x 2) ! D 22,

where W C W a projective closure with closed complement W,, = W\W. This
topology may also be described as follows. Let

E(Z)(W) C Cria(W x Z)

denote the constructable submonoid consisting of effective cycles whose restriction
to W x Z is equidimensional of relative dimension r over W. By [Fri98| Proposition
1.8] the topology on C,(Z)(W) (given by the subspace topology above) coincides
with the quotient topology given by

E(Z2)(W)

CTer(Woo X Z) '

Define the topological group of equidimensional cycles of relative dimension r
over W as Z,.(Z)(W) = [C,(Z)(W)]T (where as usual the naive group completion
is given the quotient topology). Since C,.(Z)(W) is a tractable monoid the naive
group completion is a homotopy group completion.

In [ETi9I] it is shown that a morphism of varieties f : W — C.(Z) has an
associated graph in Z;y € C.(Z)(W). By [FLI7, Proposition A.1] this defines an

C(2)(W) =
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isomorphism of topological monoids I' : Morc(W, C,(Z)) — C.(Z)(W) for any
normal, quasi-projective complex variety W by [FLI7, Proposition A.1]. Therefore
the graph map I' also induces an isomorphism of topological abelian groups

I : Morc(W, Co(2))T — Zo(W)(2),

for any normal, quasi-projective variety W and any projective variety Z. The
composite of T' and the continuous inclusion Zo(W)(Z) C Zgimw (W x Z) defines
the duality map

D : Morc(W, Co(2))T 5 Z0(W)(Z) € Z4(W x Z).

While this is a continuous injective homomorphism it is not a topological embedding
(see [FLIT]).

Lemma 3.4. (c.f. [Teh05, Proposition 2.9])

(1) If W is a normal quasi-projective complex variety and Z1 C Z is a closed
subvariety of a complex projective variety then

Morc (W, Co(Zl))+ C Morc(W, CO(ZZ))+

is a closed subspace.
(2) If U is a normal quasi-projective real variety and Y C Z is a closed subva-
riety of a projective real variety then

1\/[01’]1@((]7 CQ(Y))+ g 1\/[01’]1@((]7 CQ(Z))+
is a closed subspace.

Proof. For the first statement it is equivalent to show that Z,.(Z1)(W) C Z,.(Z3)(W)
is closed. Using Lemma [AJ] we see that C,1q(W x Z1) C Cryq(W X Zs) is closed
and since C,-(Z1)(W) = Crpa(W x Z1) NC,(Z2) (W) we conclude that C,.(Z1)(W) C
Cr(Z3)(W) is a closed subspace. Write 7 : C,.(Z2)(W)*2 — Z.(Z2)(W) for the
quotient. Then 771 Z,.(Z1)(W) = Cr(Z1)(W)*% 4+ A(C,(Z2)(W)) (where A denotes
the diagonal) is closed by step (1) in Proposition Therefore Z,.(Z1)(W) C
Z.(Z3)(W) is closed.

The second statement follows immediately from the first statement together with
Proposition [A.3] and [FW02al, Lemma 1.2]. O

Definition 3.5. (1) Let W be a quasi-projective complex variety. The space
of algebraic g-cocyles is defined to be

Z9(W) = Morc (W, Co(PE))+
More (W, Co(PE 1)+

(2) Let U be a quasi-projective real variety. The space of real algebraic g-
cocyles is defined to be

ZQ(U) _ 1\/[01’]1{((]7 CQ(]P)]%))JF
N[OI‘]R(U7 Co(]P)]%il))Jr

Proposition 3.6. Let U be a normal quasi-projective real variety then

G
Mor@(Uc, Co (P%))GH’JF
More(Ug, Co(PL))an+

(Morc(Ug, Co(PE))*+)¢
(Morc (Ug, Co(BE™"))am+)G

L
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and

(Morc(Ug, Co(PE))emt)av BN Morc (Ug, Co(PE))*™+
(More(Uc, Co(PL1))an+)av Morc(Ug, Co(PL™1))an+
are isomorphisms of topological groups.

Proof. By Lemma and Proposition [A] it is enough to show that for Y/ C Y
a closed subvariety of a projective real variety and U a quasiprojective real variety

that
C(Ye)(Ue)® <cr<Yc><Uc>)G
C(Y2)(Ue)® C(Y¢)(Ue)
is an isomorphism of topological monoids.
We proceed in several steps.

(1) The map

+: C(Ye)(Ug) x Co(Ye)(Uc) — Cr(Ye)(Ug)

is a proper map. Observe that if a + 3 is equidimensional then both a and
[ are equidimensional and therefore

C(Ye) (Ue) % Co(Ye) (Ue) ——— C,(Ye) (Ue)

| |

Crix(Uc x Yg) X Cryre(Uc X Yr) _*. Cr1x(Uc x Yg)

is a pull-back square. Since addition is a proper map on effective cycles we
see that it is a proper map for effective cocycles as well.
(2) The map

C(Ye)(Ue)® <cr<Yc><Uc>)G
Cr(Ye)(Ue)® Cr(Y¢)(Ue)
is easily seen to be a continuous bijection by an argument similar to the
one used in Lemma 3.3
(3) Finally since C,(Yc)(Uc) — Cr(Yc)(Uc)/Cr(Y{)(Uc) is a closed map by
Lemma [A.T] we conclude that the continuous bijection

C-(Yo)(Ue)® (Cr(YC)(UC) ) ¢
C(Ye)(Ue)® Cr(Ye)(Ue)

is a closed map and therefore a topological isomorphism.

The second statement for average cocycles is proved in a similar fashion, using
Proposition B.I0 and that C,(Yc)(Uc)* C C,(Yc)(Uc) is closed.
O

As with the topological group of cycles on a real variety X we may view the
topological group of real cocycles as the topological group of cycles on the com-
plexification which are fixed by the Galois action.

Proposition 3.7. Let X be a normal quasi-projective real variety. Then

Z9X) = 29(Xc)%.
Proof. This follows from Proposition [A.3] together with the previous proposition
since Morg (X, Co(PE)) = Morc(Xc, Co(PE))C. O
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Remark 3.8. The space Z9(X¢) has the equivariant homotopy type of a G-CW-
complex (see Corollary [B.6)).

When W = X¢ is the complexification of a quasi-projective real variety and
Z = Y¢ is the complexification of a projective real variety the graph map is an
equivariant morphism. In particular the duality map

D Zq(Xc) — Zd(X(C X Ag:)
is an equivariant continuous map.

Definition 3.9. (1) Let X be a projective real variety. Define the topological
group of averaged cocycles to be
ZUXc)" ={f+o-[f|lf € 2(Xc)} € 29(Xc).
(2) Let X be a normal projective real variety. Define the topological group of
reduced cocycles to be the quotient topological group
_ 29Xc)¢
- 24(Xc)™'
Lemma shows that R?(X) is a Hausdorff topological group.

In [Teh05] Teh defines

R(X)

_ Morg(Xc, Co(Ye)) T
Morc(X(c, CQ(Y(c))""‘w
and defines the reduced cocycles are defined as
Ro(P9)(X
Ro(x) - RoE)X)
Ro(Pr=1)(X)
for any real normal projective variety X and real projective variety Y.
By Proposition 3.6 this definition and the one above give isomorphic topological
groups.

Ro(Y)(X)

Lemma 3.10. (c.f. [Teh05, Proposition 2.4]) Let X be a real projective variety.
The subset of averaged cocycles Z9(X¢)*™ C Z9(Xc¢) is a closed subgroup.

Proof. Write f for o - f and V for o - V.

Suppose that {[f.]+[fn]} is a sequence in Z9(X¢)* which converges in Z9(X¢).

Write [y] = limy, oo[fn] + [fn] for its limit. We need to conclude that [4] is an
averaged cocycle.

The set {[fn] + [ful} U{[7]} € Z9(X¢) is compact. Applying the duality map to
this set yields the compact subset

{C([fn]) + T[]} VLT (WD} € Za(Xe x AD).
Since this is a compact subset it lies in Z4 <(Xc¢ x A{) for some k.
The sequence {[gn]} € Zq<i(Xc x AL) has a convergent subsequence. Write
{[gn;]} for this convergent subsequence and write lim,, —.co[gn,] = (9] € Za,<k(Xc X

Al) for its limit. Note that [g] satisfies [g] + [g] = T'(7). Since I is injective and
its image consists precisely of equidimensional cycles, we are done if we can find an

equidimensional cycle [¢'] such that [¢'] + [¢'] = [g9] + [g]-
Choose a representative v € Morc(Xc, Co(P¢))™ of [y]. Choose a representative
g=>nyV € Zy(Xc x PL) of [g] such that if ny # 0 then V ¢ P4~! x X. Since

lg] + 9] = T([7]) € Za(Xc x AL) we see that g+ = > (ny + ng?)V =T(y) + h
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where h € Z4(Xc x ]P’(‘é*l). Write h = Smw W. Since V ¢ P4~ whenever ny # 0
we see that if my # 0 then a term of —my W must appear in I'(y). In particular
h is equidimensional. Consequently g + g is equidimensional.
If ny + nys # 0 then V is equidimensional. Define
g = Z ny V.
ny +ny#0
Since ¢’ is an equidimensional cycle there is an f € (Morc(Xc, Co(P&)) 1) such
that I'(f) = ¢'. Since T'([f] + [f]) = [¢'] + [¢']| = [9] +[9] = T'([c]) and I" is injective,

we conclude that [c] = [f] + [f]- O

A continuous algebraic map f : W — V between two complex varieties induces
a continuous map f : W(C) — V(C). Friedlander-Lawson [FL92| Proposition 4.1]
show that this defines a continuous map
(3.11) B : Z7(W) — Map(W/(C), Zo(AL)),

where the mapping space between two topological spaces is given with the compact-
open topology. If Y is a real variety this provides a continuous equivariant com-
parison map

O : Z"(Ye) — Map(Ye(C), Z0(AZ7))
of topological abelian groups.
Definition 3.12. (Real Morphic Cohomology) Friedlander-Walker [FW02a] define
real morphic cohomology of a quasi-projective real variety by

LIHR™(X) = m2q-n Z29(X)

for 2¢ —n > 0.

We will be using an equivariant extension of their theory for normal quasi-
projective real varieties defined below.

Definition 3.13. (Equivariant Morphic Cohomology) Let X be a normal quasi-
projective variety. Then the equivariant morphic cohomology is (in equivariant
homotopy indexing notation)

LIHRM(X) = myp.q—r 29 Xc),
forq—k,q—r > 0.
By Proposition B.7] we see that
LIHR™(X) = 79y n2%(Xc)®

so Friedlander-Walker’s real morphic cohomology groups are a part of the equivari-
ant morphic cohomology, LIHRY™"4(X) = m, 0 Z9(Xc) = LIHR?~"(X).
In [dSO3a] dos Santos defines real Lawson homology.

Definition 3.14. (Real Lawson Homology) For any quasi-projective real variety
X, the real Lawson homology is defined by

LgHRy i (X) = Ttn—q,m—qZ¢(Xc),
forn—q,m—q > 0.

Definition 3.15. Let X be a quasi-projective real variety. The following definitions
are taken from [LLFMO03].
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(1) Define the space of averaged cycles Z,(X)* to be
2,(Xc)™ = Im(N) € Z,(Xc)®,
s0 Z,(Xc)® C Z,(Xc)Y is the subgroup generated by cycles of the form

Z 4+ Z and given the subspace topology. By Remark this is a closed
subgroup. Here N : Z,(X¢) — Z,(Xc) is defined by N(Z) = Z + Z.
(2) Define the space of reduced cycles Rq(X) to be the quotient group
Z,(Xc)
Ry(X) = ZL—=—.
q( ) Zq(X(C)U‘U

Remark 3.16. These spaces all have the homotopy type of a CW-complex (see
Corollary [B.6)).

Teh [Teh05] defines the reduced real Lawson homology of X to be
RLH,(X) = Tn—qRq(X),

for n > ¢q. According to Lemma this definition coincides with the definition
given in [Teh05)] in the case of a quasi-projective variety.

Example 3.17. Let X be a projective real variety.

(1) [LLEMO3, Lemma 8.4] The space of averaged zero-cycles computes the
singular homology of the quotient of analytic space of complex points

T 20(Xc)" = Hp(X(C)/G; 7).

(2) By the equivariant Dold-Thom theorem [dS03Db] the space of fixed zero-
cycles computes (a portion of) Bredon cohomology

e 20(Xc) = Hyo(X(C); 2).

(3) [Teh05, Proposition 2.7] The space of reduced real cycles computes the
singular homology with Z/2 coeflicients of the analytic space of real points

T Ro(X) = H (X (R); Z/2).
4. POINCARE DUALITY

In this section we use the duality for bivariant cycle homology in [FV00] to
establish a duality between Lawson homology of a real variety and real morphic
cohomology. This together with the duality between Lawson homology and morphic
cohomology [FLI7] gives an equivariant duality between the algebraic cocycle spaces
and algebraic cycle spaces for the complexification of a real variety.

The material and methods used here closely parallel [FW03], Section 3] where
Friedlander-Walker reformulate Lawson homology and morphic cohomology for
complex varieties.

Recognition Principle. Let F(—) be a presheaf sets (respectively simplicial sets,
or abelian groups) on Sch/R. If T is a topological space then define F(T) by the
filtered colimit

F(T) = colim F(V).
(T) = colim (V)

In particular we obtain a simplicial set (respectively a bisimplicial set, or sim-
plicial abelian group) by

(4.1) d— F(A}).
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We record an analogue of the recognition principle [FW03, Theorem 2.3] which is
needed to move the duality for bivariant cycle homology to a duality for real Lawson
homology and morphic cohomology. Friedlander-Walker’s proof in the complex case
uses the uad-topology which is essentially due to Deligne.

Definition 4.2. (1) A continuous map of topological spaces f : S — T is said
to satisfy cohomological descent if for any sheaf A of abelian groups on T
the natural map

H*(T,A) — H*(Nr(S), f*A)

is an isomorphism. Here Np(S) — T is the Cech nerve of f, i.e. Np(S) is
the simplicial space which in degree n is the n + 1-fold fiber product of S
over T. A map f:S — T is said to be of universal cohomological descent
provided the pullback S x7 T/ — T’ along any continuous map T — T is
again of cohomological descent.

(2) The uad-topology on Schg is the Grothendieck topology associated to the
pretopology generated by collections {U; — X} such that [[U;(R)*™ —
X(R)*™ is a surjective map of universal cohomological descent.

Example 4.3. (1) A proper and surjective map of real varieties X — Y which
induces a surjective map of real points is a uad-cover. Indeed, in this case
X(R)*™ — Y(R)*™ is a proper surjective map of topological spaces, and
therefore is a map of universal cohomological descent (see [Del74, 5.3.5]).

(2) Any Nisnevich cover is a wad-cover. Any cdh-cover is a uad-cover. In
particular every real variety X is locally smooth in the uad topology because
resolution of singularities implies there is a cdh-cover X’ — X, with X’
smooth.

(3) Unlike the complex case not every etale-cover is a uad-cover (e.g. Spec C —
SpecR is an etale cover but not a uad-cover).

Here is the recognition principle.

Theorem 4.4 ([FW03, Theorem 2.2]). Suppose that F — G is a natural transfor-
mation of presheaves of abelian groups on Schyr. If Fyaq — Guad 1S an isomorphism
of uad-sheaves, then

F(AS

top

) = G(AL,)
is a homotopy equivalence of simplicial abelian groups.

Proof. Friedlander-Walker’s proof given in [FWO03] works by changing the space
X (C)*™ associated with a complex variety with the space Y (R)*" associated to a
real variety together with the fact that Y (R)** may be triangulated. O

Corollary 4.5. Suppose that f : F — G is a map of presheaves of simplicial
abelian groups such that F(V) — G(V) is a homotopy equivalence for any smooth
V. Then the map of simplicial abelian groups diag F(A},,) — diag G(A},,) is a
homotopy equivalence.

Poincare Duality. Let X be a variety over a field k of characteristic zero. Re-
call the presheaf zequ:(X,r)(—) of equidimensional r-cycles. This is the unique
qfh-sheaf on Sch/k such that for a normal variety U the group zequi(X,r)(U) is
the free abelian group on closed, irreducible subvarieties V' C U xj X which are
equidimensional of relative dimension r over some irreducible component of U.
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If X and Y arereal varieties then G = Gal(C/R) acts on the group zequi (Xc, 7)(Uc)
by o[V C Uc x¢ X¢| = [0V C U x¢ X¢l.

Lemma 4.6. Let X and U be real varieties. Then
Zequi (X, m)(U) = (Zequi(Xﬁch)(UC))G

is a natural isomorphism where ©: (U xg X)¢c — U xg X.

Proof. Tt suffices to check this for U normal, since normalization is a ¢ f h-cover. By
[SV00D, Lemma 2.3.2] 7* : Cycl(U x X) — Cycl((U x X)¢)® is an isomorphism,
where Cycl(W) denotes the group of cycles on W. We are done if we see that
f:V — U is equidimensional if and only if f : Vo — Ug is equidimensional. By
[Gro66, Proposition 13.3.8] if f is equidimensional then so is f. Suppose that f :

Ve — Ug is equidimensional. Since Ug is normal, f : Ve — Ug is an open mapping
and for all v' € V the local rings Oy, are equidimensional by [Gro66l, Corollaire
14.4.6]. By [Gro65, Corollaire 2.6.4, Proposition 7.1.3] the map f : V — U is
open and Oy, is equidimensional for all v € V since Ug — U is faithfully flat and
therefore f is equidimensional. O

In the proof of [FW02a, Proposition 2.4] it is shown that for any presheaf F(—)
of sets on Sch/C and any topological space T' the natural map

lim F'(Vq lim F(U
<ol FOVe) = colim, F(O)

is an isomorphism. In the first indexing set V' ranges over real varieties and in the
second U ranges over complex varieties.
In particular zequi (Xc,7)(Ye xXc T') may be computed via the filtered colimit

Zequi(Xc,m)(Ye xc T) = TCEEI(%) Zequi(Xc, 1) (Ye xc Vi),

which equips zequi (Xc,7)(Ye X T') with an action of G. Filtered colimits commute
with fixed points and so

Zequi(X; r)(YX]RT) - (Zequi(XﬁCar)(YC XCT))G = TCOI‘ir(n)(Zequz(XﬁCa )(YC X(CV(C))G

is an isomorphism.
For X projective we have the natural isomorphism of presheaves (in fact of ¢ fh-
sheaves) of abelian groups on Schg (see [SV00D, Lemma 4.4.14]

Zequi(X, 1) (=) = Morg(—, C(X))™.
The following is the real analogue of [FW03|, Proposition 3.1].
Proposition 4.7. Let T be a compactly generated Hausdorff topological space and
X a quasi-projective real variety. There is a natural map of abelian groups
Zequi (X, 7)(T) — Homes (T, Z,.(X))

given by sending (f : T — U(R), & € zequi(X,7)(U)) to the function t — o).
This map is contravariant for continuous maps of compactly-generated Hausdorff
spaces T' — T, covariant for proper maps X — X' and contravariant for flat maps
X' — X (with a shift in dimension).
When X is a projective real variety the induced map of simplicial abelian groups

Zequi (X, 1) (A},,) — Sing, Z,(X)

top
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is the natural homotopy equivalence
[Sing, (C(X)*")]" = Sing, Z,(X).

More generally, for a quasi-projective real variety X with projectivization X C X
this map fits into a comparison of homotopy fiber sequences

(4.8) Zequi (X N X,r)(AL) — Zequi (X,r) (A

top top) — Zequi (X7 T) (A;op)

| | |

Sing, Z.(X \ X) Sing, Z.(X) Sing, Z,(X).

Therefore the map
Zequi (X7 T) (A;op) - Sing. ZT‘ (X)

is a natural weak equivalence for any quasi-projective real variety X .
Proof. The map
Zequi(Xc, r)(T) = Tco{l/%/rg%:) Zequi(Xc, ) (W) — Homes (T, Z,(Xc))

given sending (f : T — W(C),a € zequi(Xc,7)(W)) to the function ¢ — oz
is shown to be well-defined in [FWO03| Proposition 3.1] and to satisfy the stated
naturality properties. Observe that if W = V¢ is the complexification of a real
variety then ;) = a5 Therefore composing with the natural isomorphism

Tcg%é | Zequi (Xc,r)(Ve) — T@%% | Zeaui (Xc,m)(W)

gives a well-defined equivariant map
Zequi(Xc, 7)(T) — Homes (T, Z,(Xc))
which by taking fixed points induces the map
Zequi( X, )(T) = zequi(Xe,r)(T)? — Homes (T, Z(Xc))” = Homers (T, Z:(X))

which is the map of the proposition and satisfies the stated naturality properties.

When X is a projective real variety and T is a compact Hausdorff space, the map
zsgi(X(c,r)(T) — Homgs (T, Cr(Xc)) is an isomorphism by [FWO02b, Corollary
4.3]. Since this is an equivariant map, taking fixed points yields the isomorphism
of monoids

200 (X ) (T) S5 Homgys (T, Cr(X)).

equi

Therefore the map

Zequi (X, ) (AL,y) =N [Hom, s (A'

top?

Zop Cr (X)an)]—i- — Sing, Zr (X)
is a homotopy equivalence by Quillen’s theorem [FM94, App Q] on homotopy group
completions of simplicial abelian monoids.

Finally the diagram (A8) commutes by the naturality properties of the map
Zequi(X,7)(T) — Homes (T, Z-(X)) . By [EV00, 5.12,8.1], Proposition .12 (ho-
motopy invariance), and Theorem 4] (recognition principle) the upper row of the
diagram (£8) is a homotopy fiber sequence. Comparing the upper and lower ho-
motopy fiber sequence yields the final statement of the proposition.

O
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Proposition 4.9. For a quasi-projective real variety U, projective real variety Y,
and compact Hausdorff space T, there is a natural map of abelian groups

Zequi (Y, 0)(U xg T) — Homeys (T, Morg(U, Co(Y))™)
given by sending (f,a) to the function t — orq).
Proof. The map
Zequi(Ye, 0)(Uc x¢ T') — Homes (T, More(Ue, Co(Ye))™)

from [FW03, Proposition 3.3] is equivariant and therefore taking fixed points in-
duces the natural map of abelian groups

Zequi(Y,0)(U xr T') — Homeys (T, Morg(U, CO(Y))+) .
]

Let Y be a projective real variety and U a normal quasi-projective real variety
of dimension d with projectivization U C X and closed complement X, = X \ U.
Write £.(Y)(U) C Cryq(Y xr X) for the submonoid consisting of those cycles of
dimension r + d on Y x X whose restriction to U is equidimensional of relative
dimension r over U. This is a constructable embedding. This can be seen by
arguing as in [Fri98] for the complex case. The subspace topology on this monoid
agrees with the quotient topology C,(Y)(U) = &-(Y)(U)/Cr+4(Y X X ) by the same
reasoning as in [EFri98, Proposition 1.8]. The topological group of equidimensional
cycles is the naive groups completion Z,.(Y)(U) = C.(Y)(U)". Since these are
tractable monoids, they are related to equidimensional cocycles via the homotopy
fiber sequence

ZrpdY X Xoo) = (E-(V)O)NT — Z,.(Y)(U).
Define the presheaf e(U,Y,r)(—) to be the pull-back of presheaves

e(U,Y,r) (=) —— 257 (v x X, r +d)(—)

equi

| |

2T (Y, ) (U x =)= 20 (v x U, r + d)(-).

equi equi
We have for each quasi-projective real variety V the short exact sequence of abelian
groups
0 = zequi (Y X Xoo, 7 +d)(V) = (e(U,Y,r) (V)T = 2equi(Y,7)(U x V) — 0.

Proposition 4.10. Let Y be a projective real variety, U a normal quasi-projective
real variety, and T a compact Hausdorff space. Then

e(U, Y, T) (T) _%_) Homcts (T7 g?“ (Y)(U))
is an isomorphism.

Proof. Observe that if V is a quasi-projective real variety then the isomorphism
Morg(V, Cria(Y x X)) = z:gJZ(Y x X,r 4 d)(V) restricts to give the isomorphism
Morg(V, E(Y)(U)) = e(U,Y,r)(V). Here if E C W is a constructable subset then
Mor(V, E) C Mor(V, W) is the subset consisting of those continuous algebraic
maps whose image is contained in E.

The isomorphism e(U, Y, r)(T) =, Homs, (T, &-(Y)(U)) now follows as in [FWO01b]
Corollary 4.3]. O
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Proposition 4.11. Let U be a normal quasi-projective real variety and Y a pro-
jective real variety. The map of simplicial abelian groups from Proposition [{.9

Zequi (Y, 0)(U x AL, ) — Sing, (Morg (U, Co(Y)) ")

top

is a homotopy equivalence.

Proof. By proposition IO we have e(U, Y, 7)(A},,) = Sing, &-(Y)(U). Now by tak-

ing group completions, tractability of the monoid &,.(Y)(U) and Quillen’s theorem
[FEM94, App Q] we conclude that

e(U,Y,r) (A},

top

)t = Sing, (&:(Y)(U)")

is a homotopy equivalence.
We conclude the proposition by comparing homotopy fiber sequences of simplicial
abelian groups

Zequi(y X X007 r+ d)(AZop) - (G(U, Ya T)(A;op))+ - Zequi(Yv T)(U X A;op)

| | |

Singy Z,44(Y X Xo) —— Sing, (£-(Y)(U)+T) ——— Sing, Z"(Y)(U).

The left arrow is a homotopy equivalence by Proposition .7, we have just seen
that the middle map is a homotopy equivalence, the right horizontal maps induce a

surjection on 7y and so we conclude that zeq.: (Y, 7)(U x Ap,,) — Sing, Z7(Y)(U)

is a homotopy equivalence. ([l

Proposition 4.12. The presheaves zequi(X,7)(A},, X —) are homotopy invariant
in the sense that the map of complezes
Zequi (X, T)(A;op) — Zequi (X,7) (A;Op XR A]llx)
is a quasi-isomorphism.
Proof. The same argument as in [FW01lal Lemma 1.2]. O

The duality theorem for bivariant cycle theory [FV00, Theorem 7.4] says that
for real varieties X, U with U smooth of dimension d, the natural inclusion

(413) D . Zeqm'(X, T)(U XR —) — Zeqm'(X xr U, T+ d)(—)
induces a quasi-isomorphism of complexes
D Zequi(X,7)(U xg AR) = zequi(X xg U, + d)(AR).

Proposition 4.14. For a smooth real variety U and a quasi-projective real variety
X the map

L[] D L]
Zequi(X, ) (U xr A%,,) = Zequi(X X U, 7+ d)(Af,,)
is a quasi-isomorphism.

Proof. Consider the commutative diagram

Zequi (X, (U xr A;op) -2 Requi (X xr U,r +d) (A;Op)

”*l l”*

Zequi( X T) (U X AY Xg Adyy) —2— Zequi (X Xz U, + d)(AR Xk Al,)-

L]
top
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The vertical arrows are quasi-isomorphisms by homotopy invariance. The bottom
right arrow is a quasi-isomorphism by Corollary since

Zeqm'(X,T)(U XR AD.Q X W) — Zequi(X XR U,T-i—d)(AD.Q XR W)

is a quasi-isomorphism for all smooth real varieties W by [EV00, Theorem 7.4] and
therefore the top horizontal map is a quasi-isomorphism as well. O

Lemma 4.15. Let Y be a projective real variety and U a smooth real variety. The
following diagram commutes

2equi(Y,0)(U xr AY,)) —2— zequi(U xz Y, d)(AS,)

| |

Sing, Morg (U, Co(Y))* —2—  Sing, Z4(U xz Y)
where the vertical maps are the ones from Proposition [{.9 and Proposition [{. 7}

Proof. By [EWO03|, Proposition 3.3] the diagram of equivariant maps of simplicial

sets
Zequi(YC7 O)(U(C Xc A ) T’ Zequi(U(C Xc Y(C, d)(A;OP)

top

! !

Sing, Morc(Uc, Co(Ye))"™ ———  Sing, Za(Uc xc Ye)
commutes. Taking fixed points yields the result. ]
Write
Zequi(PY T, 0)(U) = coker(zequi(PL,0)(U) = zequi (PS,0)(U))
for the cokernel of the map of presheaves induced by P%_l C Pf.

Proposition 4.16. Let U be a smooth real variety of dimension d. The sequence
of natural maps of complexes below consist of quasi-isomorphisms.

(417)  Zequi (AL, 0)(U xg Ady,) — Zequi(PY I, 0)(U xz Af,,) —

Sing, (Morg (U, Co(PP§)) "
Sing, (Morr (U, Co (Pﬂq@_l )T

— Sing, Z9(U).

Proof. That the first map of diagram ([@I7T) is a quasi-isomorphism follows from
consideration of the comparison diagram

(B (U X A,y) —— 2B 1)U X Af,) —— (A7, 1)U X Al,)

I I I

2B X Uyr + d)(AL,y) — 2(B" x Ui + d)(A,,) — 2(A" x Uyr + d)(Af,)

top top

| | |

Sing, Z,1q(P"! x U) —— Sing, Z,44(P™ x U) — Sing, Z,44(A" x U).

The vertical arrows are all quasi-isomorphisms by Proposition 414l and by Propo-
sition 71 Because Ci(V) is a tractable monoid, the bottom row is homotopy
equivalent to a short exact sequence of simplicial abelian groups and therefore the
top rows are as well. It follows immediately that the first arrow of diagram .17 is a
quasi-isomorphism. The second arrow of diagram (£I7)) is a quasi-isomorphism by
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Proposition E.11] and the last arrow of the diagram is a quasi-isomorphism because
Morg (U, Co(PR)) is a tractable monoid. O

Definition 4.18. If k < 0 then define Z;(X) to be Zo(X x A~F).

We can now conclude the duality for real morphic cohomology and real Lawson
homology.

Corollary 4.19. Let U be a smooth real variety of dimension d. Then
Z9U)Y B Z4(AL xc Ue)® & 24 ,(Ue)®
is a natural homotopy equivalence.
In particular it induces the natural isomorphism
LYHR™(U) = Lq_gHRy_ 4(U).

Proof. This follows from Proposition 14 Lemma [£T5] Proposition E.7, Proposi-
tion [£.16] and homotopy invariance [dS03al, Proposition 4.15]. Indeed these show
that the following diagram is commutative and the left hand maps are homotopy
equivalences,

Zequi (Aﬂq{a O)(U X A;op) =~ Zequi (Pg{/q_l ) 0)(U X A;op
\LD |D

Zequi(A]% X U7 d)(A;op) < Zequi (P]}Z{/q_l X Ua d)(A.

top

)4>
)4>

Sing, (Morg (U, Co(PE)) " ;
Sing, (Morg (U, CO(PI%%l))Jr Slng. Zq(U)

%2 lD

Sing, Z4(PIxU) .
smszdfpﬁlxm Sing, Z4(AY x U).

Therefore the right hand map is also a homotopy equivalence (|

Combining Friedlander-Lawson’s duality between Lawson homology and morphic
cohomology over C and the duality over R immediately gives an equivariant duality
theorem.

Corollary 4.20. Let U be a smooth real variety of dimension d. The sequence of
maps
Z9(Uc) — Z24(Uc x¢ Agj) — Z4-4(Xc)

consists of G-equivariant homotopy equivalences. In particular
LIHR""™(U) = Lg_qHRyp.g—m(U).
for all smooth quasi-projective real varieties U.

Remark 4.21. A smooth G-manifold M equipped such that the action of G on
its tangent bundle makes it into a real n-bundle satisfies an equivariant Poincare
duality,

P HPY(M;Z) = Hypnq(M;Z).
In a forthcoming paper we prove that the duality D is compatible under the cycle
maps with the duality P.
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5. COMPATIBILITY OF CYCLE MAPS

Generalized cycle maps. Let X be a smooth real variety. The generalized cycle
map relates motivic cohomology and etale cohomology,

cye : HAY M(X;2/2) — HEF (X p5).

By [CoxT79] the etale cohomology of a real variety is equal to the Borel equivariant
cohomology of its space of complex points,
2¢—k ®q\ ~v 7729—k
Hetq (X§N2 q) = Hz?z (X(C(C);Z/2)'

On the other hand morphic cohomology and motivic cohomology agree with
finite coefficients (see Proposition B.1]).

Combining the generalized cycle map in morphic cohomology and the comparison
map between Bredon and Borel equivariant cohomology

_ _ 2g—k
LIHRTM(X;2,/2) — HI™"(XR(C); Z/2) — Hy}, " (X(C); Z/2)

together with the isomorphism Hi‘fl_k’q(X;Zﬂ) =, LYHRI%4(X;7/2) gives an-
other map

H (X5 2/2) = LYHRTM9(X; 2/2) — Hy%, M (Xe(C); 2/2) = HEE (X5 p5),

In this section we verify that these two potentially different cycle maps are equal
and we explore a few consequences. In particular this allows compatibility of cycle
maps allows us to conclude that LIHRI"P9(X;Z/2F) — HIP9(Xp(C);Z/2F) is
an isomorphism for p > ¢ and for any smooth X.

Before continuing, we show that motivic cohomology and morphic cohomology
for real varieties agree with finite coefficients. This is a well-known to the experts,
but because of the lack of a good reference we prove it below.

Proposition 5.1. Let X be a smooth real variety. Then for any n > 0
H24 49X Z/n) = LIHRT%9(X; Z/n).
Proof. We show that the natural map of simplicial abelian groups

Zequi (A, 0)(X X AR) ® Z/n — Zequi (AT, 0)(X X AR X A} ) ® Z/n

top

is a quasi-isomorphism which implies the result by Proposition[£.1T]and Proposition
T2 Write F(U) for the presheaf

U — 7k (Zequi(A?,0)(X X Ag x U) @ Z/n)
on Sch/R and Fy(U) for the constant presheaf
U+— Wk(zeqm'(Aq,O)(X X Aﬂ.{) (9 Z/n)

Restricted to Sm/R these are homotopy invariant presheaves with transfers.
Recall [FW02al, Lemma 3.8] that if F(—) is a homotopy invariant presheaf with
transfers, ¥ is smooth, and y € Y (R) then F(Spec O{I/y) — F(R) is an isomor-
phism, where O?y is the Henselization of the local ring Oy .

Let H(—) denote either the kernel or the cokernel of the natural transformation
Fyo(=) — F(—). Let Y be a quasi-projective real variety and v € H(Y). Let
Y — Y be a cdh-cover with Y smooth (in particular it is a uad-cover). Since
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H (Spec (91’3/ u) = 0 for any y € Y(R) there are finitely many etale maps Y, — Y

such that 7|y, =0 and [] Y, — Y is a uad-cover.
Therefore Hyqq = 0 and (Fp)uad — Fuad is an isomorphism. By Theorem [£.4] we
conclude that

Tk (Zequi (A, 0)(X X AR) @ Z/n) — m(2equi (A%, 0)(X X Af x Af,,) ® Z/n)

is an isomorphism.
An application of the Bousfield-Friedlander spectral sequence finishes the proof.
O

Friedlander-Walker introduce in [FW02a] the equivalence relation of real alge-
braic equivalence. Briefly two cycles «, 0 on a real variety X are real algebraically
equivalent provided there is a smooth real curve C, two real points cg, ¢; in the
same analytic connected component of C(R), and a cycle v on X x C such that
a =%le and B = vle,. Since LIHR%4(X) is the group of codimension ¢ cycles on
X modulo real algebraic equivalence we obtain the following corollary.

Corollary 5.2. Let X be a smooth real variety and 0 < r < dim(X). Rational
equivalence and real algebraic equivalence yield the same equivalence relation on the
group of r—cycles on X with finite coefficients.

Recall that zegu:(PY7710)(U) = zequi (P4, 0)(U)/ 2equi(PT~1,0)(U). Write

X) = Homess (Xc(C) x AL, Z/20(A%)) [~24]
Z/2(g)%"(X) = Homess (Xe(C) x EG x AY,,, Z/20(A%)) [=2q]

where we identify a simplicial abelian group with its associated bounded above
cochain complex. These form presheaves of cochain complexes on Sm/R. These
chain complexes compute respectively motivic cohomology, real morphic cohomol-
ogy, Bredon cohomology, and Borel cohomology. Note that Z/2(q), Z/2(q)*°P and
7/2(q)B" are in fact complexes of etale sheaves on (Sm/R).

There are natural maps between these complexes,

7)2(q)(X) & Z/2(q)**t (X) 2, Z)2(q)"°P (X) N 7)2(q)5°" (X)

obtained as follows. From Proposition and the projection Ay — SpecR we
obtain

Zequi(PY9710)(X xg Af) — Sing Z9(X xg A}) = Sing 29(Xc xc AL)C
which induces Z/2(q)(X) — Z/2(q)***(X). The second map ® is the map (B.I1)
and the third map 1 is induced by the projection X¢(C) x EG — X¢(C).

Nisnevich hypercohomology and descent. These cohomology theories may be
computed as Nisnevich hypercohomology groups. This allows us to view these cycle
maps as maps in a derived category where we can use a computation of [SV00a].
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Say that a cartesian square

(5.3)

%Y

|l

U~ X

is a distinguished Nisnevich square provided the map Y ERp gt etale, 1 : U C X
is an open embedding, and f : (Y\V) — (X\U) is an isomorphism. The Nisnevich
topology is the Grothendieck topology on Sm/k generated by covers of the form
UJJY — X where U C X and f : Y — X form part of a distinguished square as
above.

Given a presheaf of chain complexes F' and a closed i : A C B and open comple-
ment j : U C B define

F(B)a = cone(F(B) 1> F(U))[~1],
which fits into the exact triangle
F(B)a— F(B) L F(U).
Say that a presheaf F'(—) of chain complexes satisfies Nisnevich descent provided

that for a distinguished square as in (B.3]) the square
F(X)——=F(Y)

L

F(U) ——= F(V)

is homotopy cartesian. Recall this means that this square induces the Mayer-
Vietoris exact triangle (in the derived category of abelian groups):

F(X) > F(Y)® FU) — F(V).

Equivalently, it means that F(Y)z — F(X)z is an isomorphism in the derived
category of abelian groups where Z = X\U and Z' = Y'\V.

When a presheaf of chain complexes F'(—) (with F()) = 0) satisfies Nisnevich
descent then the Nisnevich hypercohomology of a smooth X with coefficients in F'
is computed as

HP(F(X)) = H(Fnis(X)) = HY;, (X5 Fyvis)

(see for example [CTHK97, Theorem 7.5.1] for presheaves of chain complexes,
[Nis89] for descent in the case of presheaves of spectra, [BGT73] for descent in the
Zariski topology).

Note that

H29P (X (Z/2(q)**" ) wis) = LYHTP(X;Z,/2),
H.P(X5Z/2(q)"P) = HTP(Xg(C); Z/2),
HYP (X5 2/2(q)P) = H29(X(C)Z/2).

In the first case this follows because the motivic complex Z/2(q) satisfies Nisnevich
descent and Z/2(q)(X) — Z/2(q)**(X) is a quasi-isomorphism of chain complexes
for all smooth X.
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Given i : A C B a closed subvariety with open complement j : U C B and write
C(j) for the mapping cone of j : U(C) C B(C). Then by a comparison of exact
triangles we see that

Z/2(q)""(B) a = Homess. (C(j) A Afy 1y Z/20(AL)) [=24]
and
2/2(q)"" (B)a ~ Homes, (C(j) A EGy A AL, 1, Z/20(A%)) [-2q]
Let F(—) denote either Z/2(q)"°(—) or Z/2(q)?°"(—) and let

VL>Y

L,

U——X
be a distinguished Nisnevich square in Sm/R then

V(C) —=Y(C)

L,

U(C) —1= X(C)
is an equivariant homotopy pushout diagram of G-spaces (see for example [DI04]

). Therefore C(j') = C(j) is an equivariant homotopy equivalence. Consequently
F(X)z — F(Y)z is an isomorphism in the derived category of abelian groups and
therefore

F(X)——=F(U)

|

FY)——=F(V)

is homotopy cartesian. This means that both Z/2(q)!*P(—) and Z/2(q)?°"(-) sat-
isfy Nisnevich descent.

Compatibility of cycle maps. We are now ready to show that two cycle maps
discussed in the beginning of this section are the same map.

Lemma 5.4. Suppose that V is a quasi-projective complex variety considered as a

real variety. Then mpZ/2(q)B°m (V) = H2Z*(V(C);: Z/2).

sing

Proof. It V is a complex variety then (V xg C)(C) = V(C) II V(C) and G acts
by interchanging the factors. In particular G acts freely on V¢ (C) and (V¢ (C) x
EG)/G — V¢ (C)/G = V(C) is a vector-bundle which immediately implies that
mZ/2(a)P (V) = Hif ) (V(C): 2/2). O

Write g : (Sm/R)er — (Sm/R)nys for the canonical map of sites.

Proposition 5.5. The complex of etale sheaves 77Z/2(q)B°" on (Sm/R)e; is canon-
ically quasi-isomorphic to u?q.
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Proof. Write H® for the etale sheafification of the ith cohomology presheaf of
Z/2(q)P°". First we show that H* = 0 for i # 0. It is enough to show that
for each real variety X and v € H*([Xc(C) x EG]/G;Z/2) that we can find an
etale covering (U; — X) such that v|y; = 0 for each j. The map ¥ = X¢ — X
is an etale cover for any real variety X. Write v/ = 7|y. By the previous Lemma
H'(Ye(C) x EG/G;Z/2) = H,;,,,(Y(C);Z/2). Since Y has an etale cover Uj — Y
such that +'|y, = 0 for each j (see e.g. [Mil80, Lemma II1.3.15] ) we conclude that
H! =0 for i # 0.

When Xc¢ is connected then HO([X¢(C) x EG]/G;Z/2) = Z/2. More generally
if X = I1X; is the disjoint union of ¢ connected real varieties then H([X¢(C) x
EG]/G;Z/2) = Z,/2%¢. This shows H° = Z/2 = pd.

Finally since H® = 0 for i # 0 we have canonical isomorphisms

7/2 = Home (H°, p5'") = Homp- ((sm/m)..) (7*Z/2(q)%", p5?)
[l

Recall [SV00a) Section 6] that there is an injective etale resolution 0 — u?q — J*
such that 7y, J® is a complex of Nisnevich sheaves with transfers with homotopy in-
variant cohomology sheaves. Proposition [5.5] gives a canonical map 737 /2(q)B°" —
J*® and by adjointness we obtain a map

7)2(q)P" — R(WO)*M?I = (m0)«J°*.
Consider the following sequence of maps of complexes of Nisnevich sheaves
(5:6)  Z/2(q) = (Z/2(a)*")wis = Z/2(0)'" — Z/2(0)"" — R(mo)p5™.

The complex of Nisnevich sheaves with transfers Bz(q) is defined in [SV00al,
Section 6] to be the truncation

Bs(q) = TSq(TrO)*J. = Tﬁq(Rﬂ'O*N?q)v

in particular H . _(X; Ba(q)) = H?,(X; u5?) for p < ¢ and all smooth X. Since the
cohomology sheaves of Z/2(q) (and therefore of Z/2(q)*$* as well) vanish in degrees
i > ¢q and so the sequence of maps (5.6) factors through the truncations,

(5.7) Z/2(q) — (Z/2(q)**" ) Nis — T<qZ/2(q)"" — T<Z/2(q)"°" — Ba(q).

Remark 5.8. Tt is important to note that the composites (5.6l and [5.7] are non-trivial.
This can be seen, for example, by evaluating on SpecC. The map Z/2(q)(X) —
(Z/2(q)**")nis(X) is a quasi-isomorphism for any smooth real variety X by Propo-
sition 5.1l The comparison map (Z/2(q)**")nis(C) — Z/2(q)'*?(C) is an equality.
By Proposition E.I7 below, for any X, the map Z/2(q)!°?(X) — Z/2(q)P°"(X) in-
duces an isomorphism on cohomology in degrees p < ¢. Finally since Z/2(q)?°" —
Ro« u?q is obtained as the adjoint of a quasi-isomorphism and Spec C is an etale

point (of (Sm/R)e;) the map Z/2(q)5" (C) — R, s ?(C) cannot be zero.

Write D~ (Nis) (respectively D~ (NSwT /R)) for the derived category of bound
above complexes of Nisnevich sheaves (respectively Nisnevich sheaves with trans-
fers). Write DM~ (R) C D~ (NSwT/R) for the full subcategory consisting of com-
plexes with homotopy invariant Nisnevich cohomology sheaves.
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Theorem 5.9. Let X be a smooth real variety. The diagram commutes

o

(5.10) LYHRIT%4(X;7/2) H (X 2/2)

HTF4(Xc(C); 2/2) — HE (X (C); Z)2) — HX 5 (X u$?),

)

Proof. By [SV00al, Corollary 6.11.1] and the vanishing of the cohomology sheaves
of Z/2(q) above degree ¢,

Z/2 = Homp - (r) (Z/2(q), B2(q)) = Hompar- ) (Z/2(q), mo+J*).
Also by [SV00al Lemma 6.5] the inclusion of bi-complexes
Homyis (Z/2(q), mo«J*) € Homnswr (Z/2(q), moxJ*)
is an equality. Therefore
Z/2 = Homp - (w) (Z/2(q), mo+J*®) = Homp- (nis) (Z/2(q), m0xJ®) .
Finally, the map Z/2(q) — mo.J* obtained from (&) is not trivial by Remark (.8

and so we conclude that it must be the cycle map.
O

Applications and computations. As a result of the compatibility of cycle maps
we can conclude some Beilinson-Lichtenbaum type theorems for morphic cohomol-
ogy which we need to prove the vanishing theorem. We also use these to make a
few computations of equivariant morphic cohomology.

Corollary 5.11. Let X be a smooth real variety. The map
®: LTHRY M X;7,/2") — HI™"9(Xc(C); Z/2")
is an isomorphism for ¢ < k and a monomorphism for ¢ =k + 1.

Proof. Consider the commutative diagram (G.I0). By [SV00a] the Milnor conjec-
ture, proved by Voevodsky [Voe03], implies that cyc is an isomorphism for k > ¢ and
an injection for £k = ¢ — 1. This immediately implies the statement for injectivity.
If £ > ¢ then since cyc is an isomorphism we conclude that Héqfk(X@((C); Z)2) —
H thQ _k(X ; u? ?) is a surjective map between finitely dimensional Z/2-vector spaces.
By [Cox79] these are isomorphic Z/2-vector spaces and therefore the map is an iso-
morphism. Since H?%4(X¢(C); Z) — Héqfk(Xc(X); Z/2) is also an isomorphism
for k > q by Proposition 5. 17 we conclude that ® is also an isomorphism for k > q.
This yields the result for Z/2-coeflicients.
We have the following diagram of distinguished triangles in D™ (Nis) :

L]2(q)%is ——= L/ ANl —— Z/2(0) %} ——=Z/2(q) Vi, (1]

| | l |

T<qZ/2(q)"? —= T<qZ/4(q)"*? — 7<Z/2(q)"*" — T<,Z/2(q)""[1],

To see that the bottom row is a triangle in D~ (Nis) it is enough to check that the
map on cohomology sheaves HY(7<,Z/4(q)"P) — H(1<4Z/2(¢)"P) is a surjection.
This follows from the surjectivity of the composition

HU(Z(q)) — H(1<qZ/4(0)"") — H(T<4Z/2(q)""").
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which is a consequence of the local vanishing of Z(g) and the quasi-isomorphisms
Z/2(q) — Ba(q) and 7<4Z/2(q)'"? — Bs(q). Now the conclusion follows from
the long exact sequence in hypercohomology associated to the diagram. Using
induction on n we conclude that @ : (Z/2"(q)*")nis — T<4Z/2™(q)'P is a quasi-
isomorphism. (I

Corollary 5.12. Let X be a smooth complex variety. For any n > 0 the map
®: LIH* % (X;2/2") — H?T *(X(C); Z/2")

sing

is an isomorphism for any q < k and a monomorphism for q =k + 1.
Proof. Follows immediately from Corollary 5.11] by viewing X as real variety. O

Corollary 5.13. Let X be a smooth real variety and k > 0. The cycle map

®: LYHR"*(X;Z/2") — H™*(Xc(C); Z/2%)
is an isomorphism if r < 0 (and s < q) and an injection if r =1 (and s < q).
Proof. Write F; = hofib(27/2%(X¢) — Map(Xc(C), Z/2§(AL))) for the homotopy

fiber of the cycle map. The homotopy fiber construction is equivariant and yields
an equivariant homotopy fiber sequence

Fy — 29/2"(Xc) — Map(Xc(C), Z/26(AL)).

By Corollary5.I2and Corollary B.ITboth 7 (F,) = 0 and 7 (F) = 0 for k > g—1.
Therefore Q41 F, is equivariantly weakly contractible for ¢ > 1 and if ¢ = 0 then Fy
is equivariantly contractible. The result follows now from the long exact sequence
of homotopy groups applied to the equivariant homotopy fiber sequence

QUF, — Q171 29/2F (X)) — QI Map(Xc(C), Z/28(AL)).

Corollary 5.14. Let X be a smooth real curve. Then
LIHR™*(X;Z) — H™*(Xc(C);Z)
is an isomorphism for any ¢ > 0, r < ¢, and s < q.

Proof. By Poincare duality for real Lawson homology and equivariant morphic
cohomology and Remark B2I, LYH™(X;Z) — H"™*(X¢(C);Z) for ¢ > 1. By
Corollary 5.13] LOHR"™*(X; Z/2%) — H™*(X;Z/2F) is an isomorphism for r,s < 0.
When A is an abelian group and 2 is invertible in A then a transfer argument shows
that

LOHR™(X; A) = H™*(X; A).
This isomorphism and the one with mod-2* coefficients give the result of the corol-
lary. ([

Corollary 5.15. Let X be a smooth real surface. Then for any k >0
LHR™*(X;7Z/2F) — H™*(Xc(C); Z/2%)

is an isomorphism for g =0 and r,s < 0 and it is an injection forr =1 and s < 1.
Moreover LYHRYS(X;Z/2%) = 0 for s < —2.

Recall that mpZ9(X¢)® is the group of codimension ¢ cycles on X modulo real
algebraic equivalence.
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Corollary 5.16. Let X be a smooth real variety of dimension d. Then for any
k>0

L*HR™(X;Z/2%) — H™*(X;7/2%)
is an isomorphism for any r < 0 and s < 1 and it is an injection for r = 1 and
s < 1. Moreover

L'HRY(X;7Z/2%) = CHY (X)) ® Z/2F € HY (X (C);Z/2%)
L*HRY(X;Z/2%) =0  for s < —2

Proof. All statements follow immediately from Corollary except the last one.

The first part of the last statement follows from Proposition 5.1l For rest of the

last statement, by Corollary B.13] together with Proposition [5.17] we have
L'HRY(X;7Z/2%) — H*(Xc(C);Z/2%) — HL T (Xc(C); A) =0

for 1 +s < 0. O

We finish this section with the computation used in Corollary [B.11] that Bredon
and Borel cohomology agree in the range relevant to the Beilinson-Lichtenbaum
conjecture.

Proposition 5.17. Let W be a G-CW complex, M a G-module, and M the asso-
ciated constant Mackey functor. The map
H™(W;M)— H™(W x EG; M)
is an isomorphism for m <0 and it is an injection for m = 1.
In particular for ¢ < p the map

HTPUW;2/2) — Hy95P (W, Z/2)

is an isomorphism and an injection for p = q — 1.
Proof. Define EG = colim,, S%". This space fits into a homotopy cofiber sequence
EG, — S° - EG

and EG/G ~ S0 A BG.
First we consider the case that G acts trivially on W. From the previous homo-
topy cofiber sequence we obtain the homotopy cofiber sequence

(5.18) Wi AEG, — W, — W, AEG.

Since G acts trivially on W we have that (W, AEG)/G =W NEG/G ~ W{ASWOA
BG and therefore H**(W, A EG; M) = Hfi;}](WJr ABG; M) =0if k < 1. Notice

that SO A EG = S%1 A colim,, SO™ = colim,, SO+ =~ FG. Since EG = SO A EG
is an equivariant equivalence this induces an isomorphism

H** (W, A EG; M) = A (W, A EG; M)

for all s and therefore H**(W, A EG,M) = 0 for k < 1 for all s. Now from the
long exact sequence associated to the cofiber sequence (B.I8) it follows that for all
g the map H™4(W; M) — H™Y(W x EG;M) is an isomorphism for m < 0 and
an injection for m = 1.

Consider now a general G-CW complex W and consider the quotient W/W¢&.
Since G acts freely on the based space W/W & we have the isomorphism

H'(X/X% M) S HY(X/XE N EGL; M).
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Applying the five lemma to the comparison of long exact sequences obtained from
the cofiber sequences W& — W, — W/W% and (WY x EG)y — (W x EG)4 —
W/WY% A EG, yields the result.

O

6. VANISHING THEOREM

Let X be a real variety. Continue to write G = Z/2 and ¢ € G for the nontrivial
element. Recall that the reduced real cycle group is defined to be the quotient
topological group
Zq (XC)G
24 (X(C)lw .

This is the free Z/2-module generated by closed subvarieties Z C X such that both
Z and Z¢ are irreducible. In particular, if X is a complex variety viewed as a
variety over R then Rq(X) = 0.

Reduced real Lawson homology of X is defined by the homotopy groups of this

space,

Rq(X) =

RL,H,(X) = mp—gRy(X).
In this section we prove our main theorem which we state now.

(Theorem [6.10). Let X be a quasi-projective real variety. Then
kR (X) = RL,Hp1n(X)=0
fork>dimX —n+ 1.
To avoid difficulties with point-set topology below we work simplicially. Note

that if X is a G-space then Sing, X is a G-simplicial set and Sing, (X “) = (Sing, X)¢.
If A, is a G-simplicial set then |AS| = | 44| (see for example [Dug05, Lemma A.5]).

Definition 6.1. (1) Let W be a G-space. Write
Z{,,(W) = Homeys (W x A, Zo(AL))

top top>

and B

Z9/240p(W) = Homers (W x A3, Z/20(A2)) .
These are simplicial abelian groups and G acts on them by the standard
formula (o f)(z) = o f(ox).
(2) Let X be a normal quasi-projective real variety. Write
29(Xc) = Sing, 29(Xc)
and
27/2(Xc) = Sing, 27/2(Xc).
We have
2o (Xc(C)F = HI™M(Xc(C), 2)
and
mZ29(Xc)% = LTHR**(X; Z)

and similarly for the mod-2 groups. In particular if X is a complex variety viewed

as a real variety then X¢(C) = X(C) [ X (C) (with G-action switching the factors)
and so

T2, (Xe(C)C = H2F(X(C),Z) and  m,29(Xe)® = LIH?7F(X;Z)

sing =
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and similarly for the mod-2 groups.
The comparison maps (B.I1)) of simplicial abelian groups

d: Z9(Xc) — Z8

top

(Xc(C)) and @ :Z7/2(Xc) — £9/240p(Xc(C))

are G-equivariant for any quasi-projective real variety X.
If M, is a simplicial G-module write N =1+ o : M, — M, and define M{" to
be

M =Im(N)=1Im(l+0: M, — M,).

Definition 6.2. Let W be a G-space. Define the group of reduced topological
cocycles (of codimension ¢q) to be the quotient simplicial abelian group

_ Home (W x A}, Z/20(A0)¢ Z4/2,,(W)C
Homcts (W X A;op) Z/2O(Agj))av gq/ZtOP(W)(w .

Riop(W)
To relate the space of reduced algebraic cocycles with the reduced topological
cocycles we introduce the following auxiliary simplicial set for X a quasi-projective
normal real variety:
~ Z4/2(Xc)?
Ri(x) = ZH2Xe)”
Z4/2(Xc)®
Proposition 6.3. Let X be a normal quasi-projective real variety. The following
diagrams commute and the horizontal rows are short exact sequences of simplicial
abelian groups (and therefore in particular the horizontal rows are homotopy fiber
sequences of simplicial sets)

(6.4) 29)2(Xe)G ——— 29/2(X¢) ——— 29/2(Xc)™

lqﬁ lq) lw
29240, (Xe(C))E —= 29/2,,,(Xc(C)) —> £9/240,(Xc(C))™,

and

(6.5) Z9/2(Xe)™ ———— 29/2(X¢)¢ ————= RI(X)

l@‘” l@c l@
Z9/240p(Xc (€)™ ——> Z9/240p(Xc(C))¢ —= R, (Xc(C)).

Proof. These diagrams commute because ® is a G-homomorphism.

Whenever M is a G-module whose underlying abelian group is 2-torsion then
the sequence of abelian groups 0 — M¢ — M N, Mo - 0 is exact.

In particular the underlying sequences of simplicial abelian G-modules in the
first diagram form short exact sequences of simplicial abelian groups.

In the second diagram the horizontal rows form short exact sequences by defini-
tion of RY(—) and ﬁgop(—). O

By definition we have

(Sing, 27/2(Xc))™ = Im(Sing, 29/2(X¢) ~ Sing, 2/2(Xc)).
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There is a natural map i : (Sing, Z29/2(X¢))*” — Sing,(Z29/2(Xc)*) which is
simply
i(f+H=r+r
for a continuous map f : A ~— Z9/2(X¢). The map i : (Sing, 29/2(X¢))* —

top
Sing, (29/2(X¢)*) induces a map

(6.6) i:RY(X) — Sing, RI(X).

Lemma 6.7. Let X be a normal real projective variety. The map (6.8) of simplicial
abelian groups
RI(X) — Sing, RI(X)
is a homotopy equivalence.
Proof. By Proposition [A.5] the maps 29/2(X¢)/Z2/2(Xc)Y — Z9/2(Xc)*’ and
Z9(X¢)™/229(X)¢ — 29/2(X¢)? are isomorphisms of topological groups. There-
fore both
0— 29/2(Xc)% — 29/2(Xc) — 29/2(Xe)™ — 0
and
0— 29/2(X¢c)™ — 29/2(Xc)Y — RI(X) =0
are short exact sequences of topological abelian groups. These groups all have the
homotopy type of a CW-complex and therefore these sequences are homotopy fiber
sequences [Teh05]. Applying Sing, to these homotopy fiber sequence and comparing

with the homotopy fiber sequences of the top rows of [6.4 and [6.5] gives commutative
diagrams of homotopy fiber sequences of simplicial sets:

(6.8) 29/2(Xc)¢ ———— Z9/2(Xc) —— Z9/2(Xc)™
Sing, Z/2(X¢)¢ — Sing, Z/2%(Xc) —= Sing, Z/27(Xc)™,
and

(6.9) 29/2(X¢)™ ——= 29/2(Xc)¢ ——> R(X)

Sing, Z/2(X¢)* — Sing, Z/2%(X¢)¢ — Sing, R?(X).
From the first diagram we sce that i : 29/2(X¢)® = Sing,(27/2(X¢)™) is a
weak equivalence of simplicial sets and consequently from the second diagram we
conclude that B
RI(X) = Sing, RY(X)
is a weak equivalences of simplicial abelian groups and therefore is a homotopy
equivalence of simplicial sets. (|

We now prove our main theorem.

Theorem 6.10. Let X be a quasi-projective real variety of dimension d. Then
RL,Hp1(X) =mRn(X) =0
fork>d—n+1.
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Proof. We first consider the case when X is a smooth projective real variety.
In case n = d = dim(X) we have that

B Z4(Xe)C

Zd(X(C)av
where ¢ denotes the number of irreducible components of X which are not defined
over C.

Therefore mo(Rq(X)) = Z/2*¢ and 7;(Rq(X)) = 0 for ¢ > 0.

Consider the comparison of homotopy fiber sequences ([6.4) for ¢ > 0.

Rd(X) :Z/2><c7

(6.11) 29/2(Xc)¢ Z9/2(Xc) Z9/2(Xc)™

e 5
29/240p(Xc(C))E —= £9/2,,(Xc(C)) —> 29/2{,,(Xc(C)™

By the Milnor conjecture (see Corollary [(12) the comparison map ® induces an
isomorphism on 7 for £ > ¢ and induces an injection for £k = ¢ — 1. By Corollary
[E.11 the map ®€ induces an isomorphism on 7 for k > ¢ and induces an injection
for k = ¢ — 1. We now conclude by the 5-lemma that ®*¥ induces an isomorphism
on 7y for k > ¢+ 1. When k = ¢ we have the comparison diagram:

(6.12) 1y 2/20 ——= 71,29/2 ——> 1,29/2% ——> 7, Z7/2C

lz lz lqm

7226y ——= 12 200y —= W22, —= 11 27/25,,

and so ®*¥ induces an injection for k = gq.

Considering now the comparison diagram ([6.5]) and using the five-lemma we have
that ® induces an isomorphism on 7 for k > ¢ + 2 and an injection for k = g + 1.

By Corollary 14 m,R{,,(Xc(C)) = HI*(X(R),Z/2) for k > 2. In partic-
ular wkﬁq(X ) =0for k > g+ 1, when ¢ > 1. By the homotopy equivalences
RI(X) ~ Sing, R(X) (sec Lemma B.7) and the duality [Teh05, Theorem 5.14]
between reduced cycle and reduced cocycle spaces RY(X) = Rq_4(X) the vanish-
ing mRI(X) = 0 for k > ¢+ 1 is equivalent to the vanishing 7R, (X) = 0 for
k>dimX —n+1.

Now let X be a smooth quasi-projective variety and let X C X be a projective
closure with closed complement Z = X\ X. The result follows from the projective
case and the long exact sequence in homotopy groups induced by the homotopy
fiber sequence

Ru(Z) = Ru(X) — Ru(X).

Finally let X be an arbitrary quasi-projective variety. There is an increasing

filtration of closed subvarieties

=X 1CXoCX;C---CXy=X

such that X1\ X, is smooth and dim X; = i. We proceed by induction, the case
1 = 0 is done. Consider the long exact sequence which arises from the homotopy
fiber sequence

Rn(Xi) = Rn(Xit1) — Ru(Xig1\Xi).
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Since the result holds for X; by induction and for X;;1\X; because it is smooth we
obtain the result for X; ;. O

Remark 6.13. If X is a projective smooth real variety of dimension d it is proved
in [Teh05l Theorem 6.7] that 7 (R4—1(X)) = 0 for any k > 3. Theorem [G.10 in
case n = d — 1 improves this vanishing bound.

Example 6.14. If n = 0 and if X has no real points then Ro(X) = 0 and so
RLoH,.(X) = m.Ro(X) = H:™(X(R),Z/2) = 0.

Let P(H) denote the space of complex lines in the quaternions H = C® jC where

j% = —1. Multiplication by j defines an involution on P(H) and write @ for the

corresponding 1-dimensional real curve. We know that @) is the smooth real curve
X?+Y?%+ 7% =0in P%. This is the Severi-Brauer variety corresponding to the
non-trivial element of Br(R) = Z/2 and has no real points. This means Ro(Q) =0
and R1(Q) = Z/2. Thus in this case,

0= RLoHy(Q) = RLoH1(Q) = Ho(Q(R),Z/2)
and
72 = RL1H.(Q).

Let X = SP?*1(Q) be the smooth projective real variety given by an odd
symmetric power of Q. Because X¢ = Pc(H4*?), we have R?4(X) = Z/2 and
R+ (X) = 0 for any 2¢ < 2d+1 (see [LLFMO05, Theorem 2.3]). This implies that
the only nonzero reduced Lawson homology groups of X are RLg,1Har41(X) =
Z/2 for any r < d. Notice that in this case dim(X) = 2d + 1.

These computations show that the vanishing in the above theorem is best pos-
sible, even in the case of a real variety with no real points.

Example 6.15. According to [Lam90], RL,H,,(Pd) = Z/2 for any 0 <r <n <d
and RL,H,(P%) = 0 for any n > d.

We also obtain the following vanishing result.

Corollary 6.16. Let X be a smooth projective real variety of dimension d. Then
Zp (Xc)™ _

" 2ZP(X(c)‘“’
form >2d—2p+1.

Proof. By the Corollaries 5.12] 5111, [A.5] and we conclude that
T Zp (X(C)lw _

"2Z,(Xc)¢
for n > 2d — 2p + 1 from the long exact sequence in homotopy groups induced by
the short exact sequence [Teh08| Proposition 4.3]

ZP(X(C)G N ZP(XC) N ZP(XC)M

2Z,(Xc)¢ 2Z,(Xc) 2Z,(Xc)¢

Consider the short exact sequences of topological abelian groups

G av av

N 22,(Xc) N Zp(Xc) R Zp(Xc) -
2ZP(X(c)‘“’ 2ZP(X(c)‘“’ 2Zp(Xc)

(6.17) 0— 0.

0 — 0.
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Multiplication by 2 induces a homeomorphism
_ ZP(XC)G ~ 2ZP(XC)G

RoX) =z Xo™  22,(X0)™

and plugging the vanishing for homotopy groups of R,(X) into the above exact
sequence yields the result. O

Remark 6.18. Using the same arguments as in Theorem [6.10] shows that the van-
ishing in Corollary [6.16] holds for any quasi-projective real variety.

Example 6.19. Let X = ]Pﬁ‘é. Then
z d \av
o (ZE Y
22, (P¢)™
for any n > 2d —2p+ 1. If p = d, then

Za(PE)™
_ —— | =7Z/2
T2d—2p (2Zd(Pg:)av /

If p = 0 then, for any real projective variety X,

These computations show that the vanishing bound of Corollary [6.16] is the best
possible. For these computations see [LLEMO05].

The following corollary shows that in a range the morphic cohomology of a real
variety X can be computed by the homotopy groups of average cycles on X.

Corollary 6.20. Let X be a real quasi-projective variety. Then
Wq(Zp(XC)G) ~ 7 (Zp(Xc)™)
for any ¢ > dim(X) —p+ 1.

Proof. This follows from Theorem [6.10] together with the long exact sequence of
homotopy groups associated to the homotopy fiber sequence

0 — Z,(Xc)™ — Z,(Xc)¥ — Ry(X) — 0.
(]

Example 6.21. (1) In case of divisors p = dim(X) — 1, Corollary [6.20] and
[Teh08| Proposition 6.2] show that

mq(Zp(Xc)™) =0
for any ¢ > 2.
(2) In the case of zero-cycles p = 0, we get
H&Q(X((C),Z) >~ Hk(X((C)/G, Z)
for any k > dim(X) + 1.
We conclude this section by observing that the vanishing theorem also shows that

motivic cohomology of a real variety can be computed in a range via the complex
of averaged equidimensional cycles on the complexification.
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Let X and Y be a quasi-projective real varieties. The group of reduced equidi-
mensional cycles is defined to be the quotient group
Zequi(Ye, 7)(Xe)®
zequi(Ye, 7)(Xc)™

It is essentially a consequence of Suslin rigidity that the complex of reduced
equidimensional cycles computes the reduced Lawson homology.

Pega (Vo1 (X) =

Proposition 6.22. Let X be a quasi-projective real variety.
(1) The diagram

Tequi (Aqa q) (X X A.

top) (_E Tequi (PQ/Q?la q)(X X A.

top

) = Sing, RI(X)
consists of homotopy equivalences of simplicial sets.
(2) The map
Tequi P77, 0)(X X A®) =5 1equi (P71 0)(X x A® x A],,)
is a homotopy equivalence of simplicial sets.
Proof. The proof is similar to other proofs in this paper so we only provide a sketch.

First observe that the simplicial abelian group of reduced equidimensional cycles
may be computed as

(Zequi (Yo, ) (Xc) ® Z/2)¢
(Zeqm' (YC, T) (X(C) ® Z/Q)av :

Using Proposition [£11] and the appropriate analogues of the homotopy fiber se-
quences ([6.4) and (63 we see that

Tequi(P?, 0)(X x A}

top

Pega (Vo1 (X) =

(Sing, Morc(Xc, CO(P?C))+/2)G
(Sing, Morc(X¢, Co(Pg))*/2)av
is a homotopy equivalence. The first part follows now in a similar fashion as Propo-

sition[4.16l The second part follows from the fact that both over C and over R with
finite coefficients motivic cohomology agrees with morphic cohomology. O

) —

Corollary 6.23. Let X be a quasi-projective real variety. Then
H (X3 2(q)) = T2g—pZequi (A, 0)(Xc xc AR)™
Jorq—=1=p
7. REDUCED TOPOLOGICAL COCYCLES

For typographical simplicity throughout this section we write Z = Z/2¢(5%%),.
This section is devoted to the computation that m R (W) = HL k(WS 7/2), for

top sing
k > 2, where R{,,(W) is the quotient simplicial abelian group
G
~ Homes, (WAAL, L, 2
Rgop(W) _ t ( top,+ )

 Homes, (WAAS, . 2)™

and W is a based finite G-CW complex.

The idea is to reduce to the case of trivial action. Before doing this we sketch
what happens when G acts trivially on W. By [LLFMO03| Proposition 8.3] the short
exact sequence

0 — Z/20(S)8" — Z/20(S9)§ — Ro(S%9)g — 0
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is a fibration sequence (in fact principle fibration sequence) of topological spaces.
Applying Homs, (W NAL 45 —) to this sequence yields a homotopy fiber se-
quence of simplicial sets. Now we compare the homotopy fiber sequences of simpli-
cial abelian groups

Hom (W A AL, . 2)* — Hom (W AAS, ., 2)% — R, (W)

| I= |

Hom (W A A3, ., 2%°) — Hom (W AAS,, ,, 29) — HI(W),

where H?(W) = Homs, (W AAS,, 1, Ro(S7%)g). We will see that when W has
trivial G-action then the left vertical arrow induces an isomorphism on 7y, for k > 1
(see Corollary [Z). Therefore mRL (W) = mHI(W) = qui:l;(W;Zﬂ) for i > 2
when W has trivial G-action.

For a based G-CW complex W and a topological G-module Z, write

Hom,s. (W, Z)§

q
top

for the set of based equivariant maps which are equivariantly homotopic to the
0-map (via a based homotopy).

Lemma 7.1. Let W be a based G-CW complex and let Z be a topological G-module.

The simplicial set
G

d — Homers, (WAAL,, L, Z),

is the path-connected component of the verter 0 € Homgys, (W ZAWA Z)G.

Proof. A vertex g € Homyys, (W NALp 4 Z)G is in the same path component as
the O-map if and only if there is a 1-simplex F' € Homgs, (W A A%OP)JF, Z)G such
that F(0) = 0 and F(1) = g. This happens exactly when g € Homg, (W, Z)g.

A d-simplex, f: W A Afop)Jr — Z is in the path-component of 0 if and only if its
restriction to a vertex is in the path component of 0. Since Aﬁm . is equivariantly
contractible and the restriction f|y (v}, to a vertex is equivariantly homotopic to
the constant map 0 we conclude that f itself is equivariantly homotopic to 0.

O

Definition 7.2. Let W be a based G-CW complex.
(1) Define Hom,ys, (W TAWA Z) gv to be the path-connected component of

the vertex 0 in the simplicial set Hom,;s, (W A A;ozonLv Z) “.

(2) Define
a

 Homeys. (WAAL,, 4 Z)o

 Homs, (W AA,, 4 Z)o

here the quotient is in the category of simplicial abelian groups.

54
Rtop

(W)o

Restricting to W gives rise to the comparison map

Ry (W)o — Ry, (W) — Homeys, (WEAAL,, ., 2/20(S9)).

top top

Note that mﬁgop(W)o — mﬁfop(W) is an isomorphism for ¢ > 2 and an injection
for i = 0,1. To compute wiﬁfop(W) we will show that ﬁgop(W)o — ﬁgop(WG)o is

an isomorphism. The surjectivity is easy but the injectivity takes some work.
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Proposition 7.3. Let i : A — W be an equivariant cofibration between based
G-CW -complezxes and let Z be a topological G-module. Then

i* - Homes, (W, Z)§ — Homs, (A, Z)§
18 surjective.

Proof. Suppose that f: A — Z is a based equivariant map which is based equiv-
ariantly homotopic to the 0-map. Let H : AAI; — Z be an equivariant homotopy
such that H(—,0) =0 and H(—,1) = f.

By the homotopy extension property of cofibrations, an equivariant map H’
making the diagram below commute exists

W A{0} 4 T anqoy, AN 2L 7

—
—~

—
-~ H’

—

WAL

The restriction of f" = H'(—,1) to A is equal to f and H' is an equivariant homo-
topy between f’ and the 0-map. O

Corollary 7.4. Leti: A — W be an equivariant cofibration between based G-C'W -
complezes. The induced map

R, (W)o — RE,,(A)o

top

18 a surjection.

Proof. Consider the square

Homtiers, (W AAS, 4, Z)g — Homers, (AAAS,, ., Z)

i :

Ry (W)o R, (Ao.

top top

G
0

By the previous proposition, the top horizontal arrow is surjective. The vertical
arrows are surjective by definition and therefore the bottom horizontal arrow is also
surjective. (Il

For a based CW-complex W and a topological abelian group Z we will write
Home,, (W, Z),, for the set of based continuous maps which are based homotopic
to the 0-map. Note that the simplicial set

d — Hom,ss, (W A Agop.,Jrv Z)o

is the path-connected component of the vertex 0 € Homs, (W TAWA Z) (for
example consider W and Z with trivial G-action and apply Lemma [1)). If Z and
W have a G-action write (Homs, (W, Z),)*" for the image of N = 1+ o. This
set consists of maps h : W — Z which can be written as h = f + f where f is a
continuous map which is nonequivariantly homotopic to 0.

We now justify the use of similar notation for two potentially different simpli-
cial sets. Previously we wrote Homs, (W NAY, 4 Z) gv for the path-component
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of the vertex 0 € Homgs, (W/\Azop#, Z)av. We now verify that this path-
component can be described explicitly as the image under N = 1 + ¢ of the path-
component of 0 € Homys, (W A A;OP)JF, Z). In otherwords Hom,s, (W A At'op7+, Z)gv =
(Homs, (W TARA Z) 0)‘“’. This explicit description will be fundamental to our

proof of Proposition below.
Proposition 7.5. Let W be a based G-CW -complex. The simplicial set
d— (Homeys, (WAAL, 5 Z))™

is the path-connected component of 0 € Homgys, (W NAL,, 4 Z) “

Proof. First we identify (Home, (W, Z),)%" as the set of vertices of the path-
connected component of 0 € Homs, (W, 2)*. Any f + f € (Homes, (W, 2),)*°
is in the path component of 0. Suppose the vertex h + h € Homg,, (W, Z)* is in
the same path component as 0. This means there is a map of simplicial sets

F:I— Homes, (WAAS,, ., 2)
such that F(0) =0 and F(1) = h + h. Consider the diagram of simplicial sets,

{0} —2 > Homes, (WAAS,, ., Z)

7
P i
~ - N

—~

I i> Homcts* (W A AZO;D,-F’ Z)av .

A surjection between simplicial abelian groups is a fibration and therefore an F’

exists to make the above square commute.
The map F'(1) : W — Z is in Hom,s, (W, Z), and satisfies
F'(1)+ F'(1) = N(F'(1)) = F(1) = h+ h.
We conclude that (Homs, (W, Z),)* is the set of vertices of the path-connected
component of the 0 € Homs, (W, Z)*".

Now to conclude that the simplicial set d — (Homgss, (W A Afop7+, Z)O)‘“’ is
the path-connected component of 0 we need to see that if the restriction glwa v},
of g € Homes, (WAAL, ., Z) “ to a vertex v € A}, lies in (Homes, (W, Z))*"
then g € (Homes, (W A AL, 1, Z),)*. Thatis, if g € Homes, (W AAL, ., Z)*"
and that there is a map f : W — Z which is homotopic to 0 such that the restriction
of g to some vertex v € A}, satisfies glywa(o), = f + f then we need to see that g
can be written g = f’ 4 f’ for some f’: W A AY,, + — Z which is homotopic to 0.
For this we consider the lift f of g,

{v} —L > Hom,y,. (WAAS,, ., 2)

7
o’ —
o~ j// iN

—
—

A" = Homy,. (WAAS,, 4, 2)™.

The map f': WAA},, | — Z satisfies f’ + f"= N(f") = g, the restriction of f’ to
v € A, is homotopic to the 0-map and, since Af,, is contractible, f’ is homotopic
to the 0-map as well.
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Therefore we conclude that
d — (Homes, (WAAL,, 1, Z) )™
is the path-component of 0 in Homs, (W A A‘tiop)Jr, Z) “. (|

Proposition 7.6. Leti: A — W be an equivariant cofibration. Then

(W)o = RL_(A)o)-

top

Ry (W/A)g — ker[RY,

top
Proof. Suppose that [f] € ker(ﬁ?op(W)o LN ﬁgop(A)o) is a d-simplex. Then [f]
is represented by an equivariant map f : W A Afoﬂ 4 — Z which is equivariantly
homotopic to 0. Since i*[f] = 0 this means that i* f € Homeys, (A A Afop_*, Z)gv.
Thus there is a continuous map h : A A Afoﬂ 4+ — Z, (nonequivariantly homotopic
to 0), such that i* f = flAAAfop)+ = h+ h. Since h is (nonequivariantly) homotopic

to the 0-map, h : A/\Agop,+ — Z extends to a continuous map h’ : W/\Afopﬂr — Z
which is (nonequivariantly) homotopic to the 0-map.

Explicitely, let H : AANA{, . A I, — Z be a homotopy such that H(—,0) =0
and H(—,1) = h. By the homotopy extension property for cofibrations, the dotted

arrow exists in the diagram

AN Agop-l— A I+ HAAA?DP’+A{O}+ WA Agop,-i— A {0}+ % Z

—
—

, —
—
H" _
—
—
—

—
—

WAANL, AT

Now H'(—,1) = b’ is the desired extension of h, H' is a homotopy between h'

and the O-map and F def f — (' + I) represents the same class as [f]. Since
F|srnd =0 the map F defines the map F': W/AANA{ . — Z such that
top, ,

F=p'F': WS W/ANAL, . — 2.
Therefore B N B
Riop(W/A)o — ker(i* : RE,,(W)o — Riy,(A)o),
because p*[F'] = [p*F'] = [F] = [f]. O

Lemma 7.7. (c.f. |[LLEMO03| Lemma 8.8]) Suppose that Ae is a simplicial G-
module. Then

A" = [Aq|*

Proof. Let fo : Be — Co be a map between simplicial sets, then | Im fo| = Im | f,|.
The lemma follows since (—)*? is defined to be the image of the map N = 1+o0. O

Proposition 7.8. Suppose that Y = |Y,| is the realization of a based G-simplicial
set. Then Zo(Y)o — Z0(Y)3¥ and Z/20(Y)o — Z/20(Y)8" are Serre fibrations.

Proof. IfY is a based set and A is an abelian group then define A®Y = ©yey\ (1 4.
If Y, is a based G-simplicial set then A ® Y, is a G-simplicial set. In case A =
Z or A = Z/2 we have Z(|Yq|)o = |Z ® Y,| and Z/2¢(|Ys|)o = |Z/2 @ Y| (see
[dS03Dbl McC69]). The map Z ® Yo — (Z ® Y,)*" is a surjection between simplicial
abelian groups and so is a fibration of simplicial sets and similarly for Z/2 ® Y, —
(Z/2®Y,)™.
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The realization of a Kan fibration is a Serre fibration and therefore both Zy(Y )y =
Z&Y| = [(Z@Ya)™| = Zo(Y)§* and 2/20(Y)o = [Z/20Ya] = |(Z/20Y.)"| =
Z/29(Y)av are Serre fibrations of topological spaces. O

Below we apply this proposition to the cases Y = S%% and Y = S?9 ANZ/2;
so we make explicit that these are realizations of G-simplicial sets. We consider
7/2 as a simplicial set in the usual way. The simplicial set S™¥ is the ordinary S*
with trivial action. The simplicial set S%! is the simplicial whose nondegenerate
simplices are two vertices {0} and {oo} and two 1-simplices. The G-action fixes
the vertices and switches the 1-simplices. The realization of this simplicial set is
the usual S®!. Now SP? is the G-simplicial set SP4 = (S0P A (SO and its
realization is the usual SP+9.

Lemma 7.9. Let W be a based G-space with trivial action. Suppose that Z is a
topological G-module such that Z N, Zw s q Serre fibration. Then

Homys, (W TAWAN . Z) = Hom,ys, (W NAYop 4 Z‘w)
Proof. Since W and Atop
Homers, (W AAS,, 1+ 2/20(Y)o), € Homews, (WAAS,, 1, Z/20(Y)5")

and we wish to see that it is onto.
Suppose that f: W A Atdop_’Jr — Z* is a map which is homotopic to 0. Let H
be a homotopy between 0 and f and let H' be a lift of H,

have trivial actions,

0 )

WAAL, A0} —— 7

H 7
~ - N

Ps

WAAL, AL — s Z0v,

which exists because the right-hand vertical map is a fibration. Finally the map
f'(=) = H'(—,1) satisfies f’ —i—f/ = f and H’ is a homotopy between 0 and f/. O

Proposition 7.10. Suppose that W has trivial G-action. Then for all n > 0 and
all ¢ > 0,
Rq

top

(WAZ/24)o = {0}

Proof. First recall [dS03b, Lemma 2.4] that given a finite G-set Z then there is a
G-homeomorphism

Hom, (Z, Zo(Y)o) = Zo(Y A Z4)o
defined by f+— > ., f(2) A z. This yields

G
e Homess, (WAZ/24 ANAY,, o, Z2/20(S)0),
top )a

W AZ/24)0 =
( [2+)o Homys, (W AZL/24 NS, . Z/20(S79)

v

0
G
0

v

)

)
Homeys, (WAAS,, 1, Z/20(ST9 ANZ[24)0)
" Homes, (W AR, .. 2/20(S%1 AZ/2,)o):
Hom,i.. (W A AL, . Z/20(51 AZ/2,)§)
 Homgs, (WAAS,, ., 2/20(S99 AZ/2,)37)

0

3

0
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where the last equality follows from Lemma and Proposition [Z.8] because W
has trivial G-action. But since the action of G on S%? AZ/2, is free we have the
isomorphism

Z/20(STNLJ24)5" = Z/20(STT AZJ24)§
and therefore
Homy s, (S” NAY,, 1 Z/20(ST1A Z/2+)8¥)

7 -
Homcts* (W A A;op,-i-? 2/20(8(1’(1 A Z/2+)SU)

top

(WAZ[24)o ¢ ={0}.

0

O

Recall that the action of G on a based set (Y, *) is said to be free if Y& = x.

Corollary 7.11. Suppose that W is a based finite G-CW complex with free G-
action. Then

Rip(W)o = {0}.

Proof. First we observe that ﬁfop(WnH)o — ﬁgop(Wn)o is an isomorphism for any
n. Indeed since W is a free G-CW complex W,,/W,,_1 is a wedge of spheres of the
form S™ A Z/2,. By the previous proposition ﬁgop(WnH/Wn)o = ﬁfop(\/S""’l A
Z/2+)o = {0} N N N

By Proposition [L8, R{,,(Wn+1/Wn)o — ker(R{,,(Wni1)o — Ri,,(Wn)o) is
surjective and therefore R{, ,(Wy11)o € RY,,(Wn)o. By Corollary [L4l this map is
onto as well and therefore R (Wy41)o = Riop(Wh)o. Since W = Wy for large N

" topN
we conclude that R, ,(W)o = R{,,(Wo)o = {0}. O

Corollary 7.12. Suppose that W is a finite G-CW -complex. Then
Rgop(W)O — Rgop(WG)O
is an isomorphism of simplicial abelian groups.

Proof. Consider the cofibration sequence W& <« W — W/W¢. The space W/W¢
has a free G-action and so Proposition and Corollary [[.1T] imply that

{0} =RL_ (W/W)g — ker[RL (W) — RL_(W),]

top top top

is surjective. Therefore ’ﬁfop(W)o C ﬁgop(WG)o. Since it is also a surjection by

Corollary [T4] it is an isomorphism. O

For a based G-CW complex W define
Hq(W) = Homcts* (WG N A;op7+, Ro(Sq"q)o) .

The homotopy groups of H4(W) compute singular cohomology of the fixed point
space, Ty HY(W) = HE 8 (W 7/2).

Theorem 7.13. Let W be a finite G-CW -complex. Then
TRy (W)o — mHU(W) = HL (W Z/2)

sing

is an isomorphism for i > 2 and an injection for i =0, 1.
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Proof. Since HI(W) = HU(WE) and RY,,(W)o = R{,,(W)y by Corollary
we immediately reduce to the case that W = W&, Since G acts trivially on W,
Lemma [7.9] and Proposition [.§] give

R

top

(W)o

" Homs, (W AAS,, 1+ Z/20(S99)0)
Homeys, (W AAS,, 1, Z/20(59)§)
Homers, (W AAY,, 1. 2/20(S99)5")

By [LLFMO03], Proposition 8.3] the short exact sequence
0 — Z/20(ST9)5" — 2/20(ST1)§ — Ro(S9)g — 0

is a principle fibration sequence.
Finally comparing homotopy fiber sequences of simplicial abelian groups

0

Hom (W A AS,, ., 2%), —Hom (W AAS,, , 29), —RE (W)

| | |

Hom (W AAS,, ,, Z) — Hom (W AAS,, ,, 29) —= HI(W)

yields the result.

Corollary 7.14. Let W be a finite G-CW -complex. Then
TRy (W) — mHI(W) = HS L (WE Z/2)

sing

is an isomorphism for i > 2.

Proof. The map wiﬁfop(W)o — wiﬁfop(W) is an isomorphism for ¢ > 2 and an
injection for ¢ = 0,1 O

APPENDIX A. TOPOLOGICAL MONOIDS

In this appendix we collect a few simple results on topological monoids. By topo-
logical monoid we will mean a compactly generated Hausdorff topological abelian
monoid (and similarly for the phrase topological group). An abelian monoid M is
said to have the cancellation property if for any n,m,p € M n+p = m + p implies
m=n.

Lemma A.1. Suppose that M is a topological monoid with the cancellation prop-
erty. If +: M x M — M s closed and N C M is a closed submonoid then the
quotient map 7 : M — M/N is closed.

Proof. Suppose that V' C M is closed. Then since 7 : M — M/N is a quotient
map to see that 7V is closed it is enough to see that 717V C M is closed. But
77V = (V + N)N (M + N) which is closed. O

Lemma A.2. Let M be a topological monoid with the cancellation property and
let N C M be a submonoid. Suppose that M/N is a topological monoid, M™ is a
topological group and NV is closed. Then the isomorphism of groups

M\t Mt
My M
(%) =%

is an isomorphism of topological groups.
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Proof. The map M — M*™ — Mt /N7 sends N to 0 and so we obtain the monoid
homomorphism M /N — M™*/N* which is continuous. This induces the continuous
group homomorphism ¢ : (M/N)* — M*/NT.

On the other hand the topological monoid quotient map M — M /N induces the
continuous group homomorphism M+ — (M/N)*. Since N* is mapped to 0 it
induces the continuous group homomorphism ¢ : M+ /N* — (M/N)*.

The continuous maps ¥ and ¢ are easily seen to be inverse to each other. (|

Recall that if A is a topological monoid with G-action we write A*Y C A for the
image of N = 140, so A*Y C A is the topological submonoid consisting of elements
of the form a + oa.

Proposition A.3. Suppose that M is a Hausdorff topological abelian monoid with
the cancellation property and that M+ is a Hausdorff group. Suppose that G acts
on M. Then the isomorphism of groups

(MG)+ i (M+)G
is an isomorphism of topological groups. If (M1)% C M is closed then
(Mav)-i- (M-i-)av

is an isomorphism of topological groups.

L

Proof. We just have to show that the “identity” map
( M+)G N ( MG)+
is continuous.
The group completion M ™ is topologized as the quotient

MxML MY
where q(a,b) = a —b. The map ¢ : ¢~ (M+)¢ — (M*)% is again a quotient map
since (M T)% is closed.

Consider the map M x M ‘272, Af s« M x M 22 pr<4 X5 M x M which
sends (a,b) — (a,b,ob,0b) — (a + ob,b+ ob). This is a continuous map. Its
restriction to ¢~1(M*)% is a continuous map ¢ 1(M*)¢ — ME x MY which
induces the identity map on quotients

(MH)S — (M),
and therefore this is a continuous map.
The second statement for averaged cycles is proved in a similar fashion. O

Lemma A.4. Let M be a topological monoid with the cancellation property. Sup-
pose that M™ is a topological group and 2M™ is closed in M™. Then

M M

—_—

2M 2M+
is an isomorphism of topological abelian groups.

Proof. For m € M write [m] for its image in M/2M. This quotient monoid is a
group since [m] + [m] = 0.

For (m,n) € M™T write [m,n] for its image in M /2M™*. The map M/2M —
M™*/2M™* which sends [m] to [m, 0] is continuous because M — M /2M is a quo-
tient. It is an injection because if [m,0] = [0,0] then there is (2n,2n’) such that
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m+2n’ = 2n which says that [m] = 0. It is surjective since [m,n] = [m+n,n+n] =
[m + n,0]. The inverse M /2M* — M/2M is continuous since it is the map
[m,n] — [m+n,0] = [m+n,n+n]. O

Proposition A.5. Let X be a normal quasi-projective real variety.

(1) The continuous homomorphism N : Z21/2(X¢) — Z9/2(Xc)® induces an
isomorphism of topological groups

27/2(Xc)

Z9/2(Xc)¢

(2) The continuous homomorphism Z4(Xc)® — Z9/2(X¢)* induces an iso-

morphism of topological groups

Z9(Xc)™

2Z9(X)C

— 29/2(Xc)™.

— 29/2(Xc).

Proof. Addition is a closed map for the monoid Co(P¢)(Xc) (see the proof of Propo-
sition [B.6) and therefore we conclude by Lemma [A]] that addition is also closed
for both the effective cocycles C4(Xc) = Co(PL)(Xc)/Co(PL ") (Xc) and closed for
C1/2(Xc) .

By Lemmal[A4l the map C9/2(X¢) — 29/2(X¢) is an isomorphism of topological
groups and therefore addition is closed for Z7/2(X¢). In particular N = 1 +
o 29/2(Xc) — 2%/2(Xc) is closed. Since Z9/2(X¢) is 2-torsion ker(N) =
Z4/2(Xc)¢. Tt now follows that

Z27/2(Xc)
21/2(Xc)?
is an isomorphism of topological groups. For the second statement we need to

conclude that the continuous bijection Z9(X¢)%/229(X¢)Y — Z9/2(Xc)* has a
continuous inverse. Write g for the inverse. Then

X, 29/2(Xc)™

29(X¢) ——= Z9(Xc)™

l 9 Z4( X )
Z4/2(X)aw — 235(;}2)0

is commutative and each map except possibly ¢ is continuous. By the first part of
the proposition the composition £2%(X¢) — Z29/2(X¢) N, 21/2(X¢)* is a quotient
map and therefore g is continuous. We conclude that the map is an isomorphism
of topological groups. O

APPENDIX B. TRACTABLE MONOID ACTIONS

We recall Friedlander-Gabber’s notion of tractability for a topological monoid.

Definition B.1. [FG93]

(1) If M is a Hausdorff topological monoid which acts on a topological space T,
the action is said to be tractable if T is the topological union of inclusions

=T ,1CToyCT1 C---



VANISHING THEOREMS FOR REAL ALGEBRAIC CYCLES 47

such that for each n > 0 the inclusion 7;,_; C T, fits into a push-out of
M-equivariant maps (with Ry empty)

R,xM —— S, xM

(B.2) l l

Tnfl — Tnv

where the upper horizontal map is induced by a cofibration R, — S, of
Hausdorff spaces.

The monoid M is said to be tractable if the diagonal action of M on
M x M is tractable.

(2) If in addition M, T are G-spaces say that the action of M on T is equiv-
ariantly tractable if the action map is G-equivariant, the R, — S, are
equivariant cofibrations between G-spaces, and the pushout squares (B.2)
are G-equivariant.

Fixed points of an equivariant cofibration is a cofibration and fixed points pre-
serve pushouts along a closed inclusion. Therefore if T' is an equivariantly tractable
M-space then it is in particular a tractable M-space and T'C is a tractable M%-
space.

The most important feature of tractability is that the naive group completion
M — M™ of a tractable monoid is a homotopy group completion [FG93].

It is useful to know that all of our topological groups have reasonable equivariant
homotopy types. Below we observe that this is the case by using essentially the same
reasoning as in [FWOIb, Proposition 2.5]. The essential topological property used
here is that Hironaka’s triangulation theorem implies that the complexification of
a real variety may be equivariantly triangulated (see for example [KW03, Theorem
1.3)).

Proposition B.3. Suppose that T is a tractable M -space. If R, S, have the ho-
motopy type of a CW -complez then so does T /M Suppose that T is an equivariantly
tractable M -space. If R,, and S, have the equivariant homotopy type of a G-CW
complex then T /M has the equivariant homotopy type of a G-CW complex.

Proof. We prove the second statement, the first follows in the same manner by
discarding equivariant considerations. Modding out by the M-action in (B.2]) we
obtain equivariant pushout-squares

R, —— S,

I |

Tur/M —— T, /M.

By induction and homotopy invariance of pushouts along G-cofibrations we see that
T,/M has the homotopy type of a G-CW complex and that T,,_1 /M — T, /M is
a G-cofibration. By [Wan80, Theorem 4.9] we conclude that colim,, T;,/M has the
homotopy type of a G-CW complex. We are done since T'/M = colim,, T,,/M by
the proof of [Fri98, Lemma 1.3]. O

Proposition B.4. Let £ C X be a constructable subset of a real projective variety.

(1) The space Ec has the homotopy type of a G-CW complex.



48 JEREMIAH HELLER AND MIRCEA VOINEAGU

(2) Suppose that F — & is a closed constructable embedding. Then Fc — Ec
is an equivariant coftbration.

Proof. Let &, Fc be closures (in X¢) of & and Fc. There is an equivariant
triangulation of E¢ so that Fc and Ec\Ec are subcomplexes [KWO03, Theorem
1.3]. Then & and F¢ are unions of open simplices. The deformation retract of E¢
onto a subsimplicial complex given in the proof of [FWO01b, Proposition 2.5] is an
equivariant retract onto a G-simplicial complex (and similarly for F¢) which gives
the first statement. The construction of a deformation retract onto F¢ of an open
neighborhood U of F¢ in ¢ given in [FLI7, Lemma C1] works equivariantly which
shows that F¢ — & is a cofibration.

O

As shown in [FG93, Proposition 1.3] the Chow monoids associated to complex
varieties are tractable and in [FLIT, Proposition C.3] these results are extended to
certain constructable submonoids of Chow monoids. Their proofs work equivari-
antly to give the equivariant analogue of their result. A submonoid N C M is said
to be full if whenever m +m’ € N then both m, m’ € N. The condition below
on £ C Cx(X) in the proposition is satisfied if &€ is Zariski closed or if it is a full
submonoid.

Proposition B.5. Let X be a projective real variety and & C Cr(X) by a con-
structable submonoid such that + : &€ X &€ — & is a Zariski closed mapping. Then
(1) &c is an equivariantly tractable monoid.
(2) & has the homotopy type of a G-CW complex.
(3) If F C € is a closed constructable embedding then Ec is tractable as an
Fe-space and Ec/Fc is an equivariantly tractable monoid.
(4) Suppose that F — & is a closed constructable embedding. Then F+ C €T
is closed and the sequence

0— Fd =& — (Ec/Fe)T —0

is an equivariant short exact sequence of groups of spaces of the homotopy
type of a G-CW complex.

Proof. In [FLI7, Proposition C.3] the monoid & is shown to be tractable as follows.
Write £(d) = ¢ N Cr,a(Xc) and let v : N2 — N be a bijection such that if a < ¢,
b < d then v(a,b) < v(c,d). Define

Sp = E(an) X E(by), where v(an,by) =n

Ry =Tm [ | &(an—c) x E(bn — ¢) x E(c) — E(an) x E(by) | € Sn
c>0
and

T,=Tm | ( [ &) xE®)xE — & x &
v(a,b)<n
The spaces R, S,, and T}, are G-spaces, fit into the appropriate pushout squares,
and R, — S, is a closed constructable embedding since addition is closed on &¢
therefore by Proposition[B.4the R,, — S,, are equivariant cofibrations. This shows
that £ is equivariantly tractable. The third item follows from similar consideration
of [FL97, Proposition C.3]. The second item follows by applying Proposition [B.3l
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For the last part write R, , S/, and T, for the spaces above giving the tractability
of F¢. Then R], C R, and S], C S,, are cofibrations. Considering the comparison
of pushouts

T, /Fc =T /Fc| S = Tu/éc = Tu1/Ec| ) Sn
R’ R,

we see by induction that T, /Fc — T, /Ec is a cofibration and in particular is
closed. Therefore ]—EL = colim,, T/, /F¢ C colim,, T,,/Ec = E(EL is a closed subspace
[FP90, Proposition A.5.5]. Finally &c/Fc)t = &L /F¢ by Lemma [A2 which gives
the displayed exact sequence. (I

Spaces of algebraic cycles and algebraic cocycles on complex varieties are shown
to have CW-structures or homotopy type of CW-spaces in [LF92, [FW01b] and in
[Teh05] for real varieties.

Corollary B.6. Let U be a quasi-projective real variety. Then the spaces Zi(Uc),
Z /0 (Uc), Z29(Uc), 29/¢(Uc) all have the homotopy type of a G-CW complex.
The spaces Zi(Uc)*™, Z/0(Uc)®, Re(U), Z9(Uc)*, Z9/(Uc)*, and R4(Uc)
all have the homotopy type of a CW -complez.

Proof. That Z;(Uc) has the homotopy type of a G-CW complex follows imme-
diately from the previous proposition. Let U C U be a projectivization. Write
Fo(PE N (Uc) = E(PE ) (Uc) + Ca(PL x Ug). This is a closed constructable sub-
monoid Fo(PE ") (Uc) C E(BE)(Ue) and (E(PE)(Ue)/Fo(PE)(Ue))t = 29(Uc)
has the equivariant homotopy type of a G-CW complex. Since ((Cx(Uc))™ C
Ci(Uc)™ is closed we easily see that (¢Cx(Uc))™ = £(Ck(Uc))™ C Cr(Uc)t. There-
fore Z /0, (Uc) = (Ck(Uc)/€Cik(Uc))™ has the equivariant homotopy type of a G-
CW complex. Similarly one sees that Z9/¢(Uc) = (£(PL)(Uc)/Fo(PL ) (Uc) +
LEy(PE)(Uc))™ has the equivariant homotopy type of a G-CW complex.

The monoid inclusions £C(Uc) NCr(Uc)® C Cr(Uc)®™ C Ci(Uc)® C Cr(Uc) are
all closed and so Z(Uc)®, Ri(U) =2 (Ci(Uc)® /Cr(Uc)®)*, and Z /0 (Ug)® =
(Crk(Uc)™ JLCk(Uc) N C(Uc)®)* all have the homotopy type of a CW-complex.

Similarly Z9(Ue)® 2 (& (PL)(Uc)™ /Fo(PE ) (Ue)NEo (PE) (Ue)) T, Z27/(Uc)™ =
(E0(PE)(Uc)™ / (Fo(PE)(Uc) + L&o(PE) (Ue)) N E0(PE)(Ue)™)*, and R (Uc) =
(Eo(PL)(Ue)C | Fo(PL 1) (Ue)C + Eo(PL)(Uc)®)T all have the homotopy type of a
CW complex. O
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