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Products of real equivariant weight filtrations

Fabien Priziac

Abstract

We first show the existence of a weight filtration on the equivariant cohomology of real
algebraic varieties equipped with the action of a finite group, by applying group cohomology
to the dual geometric filtration. We then prove the compatibility of the equivariant weight
filtrations and spectral sequences with Kiinneth isomorphism, cup and cap products, from
the filtered chain level. We finally induce the usual formulae for the equivariant cup and
cap products from their analogs on the non-equivariant weight spectral sequences.

1 Introduction

In [3], P. Deligne established the existence of a filtration on the rational cohomology with com-
pact supports of complex algebraic varieties, which is trivial on compact nonsingular varieties,
additive and compatible with resolutions of singularities: the weight filtration. Using F. Guillén
and V. Navarro Aznar’s work on cubical hyperresolutions ([5], [6]), B. Totaro introduced in
[17] an analog of the weight filtration for real algebraic varieties, defined on their cohomology
with compact supports and Borel-Moore homology with coefficients in Zg := Z/27. Unlike
the complex case, the spectral sequence associated to the real weight filtration does not de-
generate at page two in general. Moreover, it contains important additive invariants of real
algebraic varieties: the virtual Betti numbers ([12]). In [13], C. McCrory and A. Parusiiiski
proved that the homological real weight spectral sequence and filtration can be induced by
a filtered chain complex, the geometric filtration, defined on semialgebraic chains with closed
supports. The geometric filtration is itself additive, compatible with resolutions of singularities
and furthermore functorial with respect to continuous proper maps with .AS-graph ([7], [8]). In
particular, this last fact allows one to show that the virtual Betti numbers are invariant under
homeomorphisms with AS-graph.

The cohomological counterpart of McCrory and Parusiriki’s work is tackled in [9]: the
cohomological real weight spectral sequence and filtration can be induced by a dualization of the
geometric filtration. This is used to prove in particular that the cohomological and homological
real weight spectral sequences and filtrations are dual to one another. The second part of [9]
deals with the issue of the compatibility of the geometric and dual geometric filtrations and
the induced weight spectral sequences and filtrations with products. Morphisms defined on the
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filtered chain level induce Kiinneth isomorphisms as well as cup and cap products on the weight
spectral sequences. In particular, obstructions for Poincaré duality to be an isomorphism are
extracted.

Let us now consider real algebraic varieties equipped with the action of a finite group. We
can equip the geometric filtration with the action induced by functoriality ([15]). Furthermore,
applying to this “geometric filtration with action” a functor which computes group homology
with values in a chain complex, we can obtain a new chain complex which induces an analog
of the weight filtration on the equivariant homology of real algebraic varieties with action
defined in [18] : the homological equivariant weight filtration ([16]). Significant differences
appear between the associated equivariant weight spectral sequence and the non-equivariant
one. In particular, it is not left-bounded and, even for compact nonsingular varieties, it does
not degenerate at page two in general. Consequently, we can not recover additive invariants
directly from the equivariant weight spectral sequence.

In this paper, we first define and study the cohomological equivariant version of the real
weight filtration. The dual geometric filtration of a real algebraic variety with action can
be equipped with the action induced by functoriality (Definition 2.2). We can then apply
to this “dual geometric filtration with action” a functor which computes group cohomology
with values in a cochain complex (Definition and Proposition 3.1) in order to induce a weight
filtration on the equivariant cohomology of real algebraic varieties with action. In addition,
similarly to what was done in [13], [9], [15] and [16], we show that the dual geometric filtration
with action and the induced cohomological equivariant geometric filtration are unique up to
filtered quasi-isomorphisms with additivity, acyclicity and triviality properties (Theorem 2.3
and Proposition 2.5, Theorem 3.10 and Proposition 3.12), using a version with action ([15]) of
an extension criterion of Guillén and Navarro Aznar ([6]). We also remark that, contrary to
the non-equivariant case ([9]), the cohomological and homological equivariant weight spectral
sequences and filtrations are not dual to one another in general (Example 3.6).

In a second part, we use the work on products of [9] to induce a Kiinneth isomorphism
(Theorems 4.7 and 4.9), a cup product (Theorem 4.11) and a cap product (Theorem 4.11) on
the equivariant weight spectral sequences, via morphisms defined on the filtered chain level.
Precisely, we first check that the filtered chain morphisms used in [9] to define the products
on the weight spectral sequences are equivariant, so that we can apply the functor computing
group (co)homology. We then use the facts that, when the considered groups are of finite order,
this last functor is itself compatible with products (Propositions 4.4 and 4.6), and that it is
also functorial with respect to group morphisms (Proposition 4.10). An important part of the
study consists in proving the usual properties of cup and cap products for the equivariant cup
and cap products on the equivariant weight spectral sequences (Theorems 4.15, 4.16 and 4.18,
Theorems 4.24 and 4.25). To this end, we consider further spectral sequences (induced by group
(co)homology) which converge to the page two of the equivariant weight spectral sequences and
which allow one to carry over the properties of the non-equivariant weight spectral sequences.

We summarize the principal results of the paper in the following statement

Theorem 1.1. Let G be a finite group. There is a functor which associates to any real algebraic
G-variety X a filtration Q on the equivariant cohomology H*(X; G) of [18],

H*(X;G)=QH*X;G) > Q" HYX;G) > --- > Q"H¥X;G) > Q' H*(X;G) =0,



that we call the cohomological equivariant weight filtration. It is induced by a filtered cochain
complex and a spectral sequence, called the cohomological equivariant weight spectral sequence.

The cohomological equivariant weight filtration and the homological equivariant weight fil-
tration of [16] are compatible with Kinneth isomorphisms

QH(X;G) @ QH(Y;G) = QH(X xY;G x G

which are induced by the respective equivariant weight spectral sequences. Furthermore, the
equivariant weight spectral sequences also induce a cup product

—QH"(X;G) @ QH*(X;G) — QH*(X;G)

and a cap product

~:QH*(X;G) @ QH.(X;G) — QH.(X;G).

on the equivariant (co)homologies of any real algebraic G-variety X .

We begin this paper by defining the dual geometric filtration with action of real algebraic
varieties equipped with a finite group action, by functoriality. We then prove its uniqueness up
to equivariant filtered quasi-isomorphism with triviality, acyclicity and additivity properties.

In section 3, we define a functor which computes group cohomology with coefficients in a
cochain complex and equivariant cohomology of real algebraic varieties with action. We apply
this functor to the dual geometric filtration with action and study the resulting filtered cochain
complex, notably the associated spectral sequences and the induced cohomological equivariant
weight filtration on the equivariant cohomology of real algebraic varieties with action.

In section 4, we induce equivariant Kiinneth isomorphisms (subsection 4.1), cup products
(subsection 4.2) and cap products (subsection 4.3) on the equivariant weight spectral sequences,
as well as these products’ usual properties, from the products on the weight spectral sequences
with action. We also use the compatibility of group cohomology with products as well as the
functoriality of group cohomology with respect to homomorphisms of groups.

2 Cohomological weight complex with action

Let G be a finite group.

As in [15], we use the functoriality of the cohomological weight complex of [9] in order
to define a cohomological weight complex with action of G on the category of real algebraic
G-varieties. Its uniqueness up to filtered quasi-isomorphism will be given by Theorem 3.5 of
[15], which is a version with action of the extension criterion of F. Guillén and V. Navarro
Aznar ([6]).

First, we make precise the framework and notations (inspired by the ones in [6]) we are
going to work with throughout this paper. In this article, by a real algebraic variety, we mean
a reduced separated scheme of finite type over R, and by an action of G on a real algebraic
variety X, we mean an action by biregular isomorphisms.



Definition 2.1. We denote by

° Scth(]R) the category of real algebraic G-varieties -that is, by definition, real algebraic
varieties equipped with an action of G- and equivariant regular proper morphisms,

° Regfomp(R) the full subcategory of compact nonsingular real algebraic G-varieties,

o VE(R) the full subcategory of projective nonsingular real algebraic G-varieties.
We also denote by

o CC the category of filtered bounded cochain G-complexes of Zo-vector spaces -that is, by
definition, bounded cochain G-complexes of Za-vector spaces equipped with a decreasing
bounded filtration by cochain G-complexes with equivariant inclusions- and equivariant
morphisms of filtered cochain complezes,

o D the category of bounded cochain G-complexes of Zo-vector spaces and equivariant
morphisms of cochain complezes.

To any real algebraic variety X, we can associate its semialgebraic cochain complex with
Za-coeflicients C*(X) (see [9]): it is by definition the dual cochain complex of the semialgebraic
chain complex with closed supports Cy(X) of X (we refer to [13] for the precise definition of
C«(X)). This cochain complex C*(X) computes the cohomology with compact supports of
X (R) with coefficients in Zg, which we denote simply by H*(X) in this paper. If X is now a
real algebraic G-variety, the action of G on X induces, thanks to the contravariant functorial-
ity of the semialgebraic cochain complex C*, an action on the cochain complex C*(X), which
becomes a cochain G-complex, that is an object of DE.

Furthermore, the semialgebraic cochain complex C*(X) of X can be equipped with the
dual geometric filtration G°®, defined in [9] in the following way :

Grei(X) :=={p € CUX) | ¢ =0 0on G, 1Cy(X)}

where GoC,(X) is the geometric filtration on the semialgebraic chains with closed supports of
X defined in [13]. The dual geometric filtration is a decreasing filtration

CHX)=gFCck(X) o g Mk (x)o - oG CcH(X) o glck(X) =0

on C*(X). Moreover, the contravariant functoriality of the dual geometric filtration allows the
action of G on X to induce an action on the filtered cochain complex G*C*(X), which makes
it into an object of €< :

Definition 2.2. Let X be a real algebraic G-variety. We denote by “G*C*(X) (or simply
G*C*(X) when the context is clear) the filtered cochain complex G*C*(X) equipped with the
induced action of G. We call the functor

¢g*c* : Sch%(R) — ¢¢

the dual geometric filtration with action of G.



In [9] is proved that the dual geometric filtration realizes the cohomological weight complex
and that it is unique up to filtered quasi-isomorphism. Recall that any bounded cochain com-
plex equipped with a bounded decreasing filtration induces a second quadrant spectral sequence
(Er)r>0, which converges to the cohomology of the complex. A filtered quasi-isomorphism be-
tween two such filtered complexes is a filtered morphism inducing an isomorphism at the page
FE of the induced spectral sequences.

We are going to prove that the dual geometric filtration with action of G is unique up to
equivariant filtered quasi-isomorphism. We actually show the existence and uniqueness, both
up to equivariant filtered quasi-isomorphism, of a cohomological weight complex with action of
G on the category of real algebraic G-varieties, using Theorem 3.5 of [15], which is a version
with action of Theorem 2.2.2 of [6]. We then prove that the dual geometric filtration with
action of G realizes the cohomological weight complex with action of G.

First denote by Ho@C the localization of the category ¢¢ with respect to equivariant
filtered quasi-isomorphisms (we also call such morphisms quasi-isomorphism of €¢) and, if
(K*,0) is a cochain G-complex, denote by ©F.,,K* the canonical filtration of K* (see for
instance Definition 3.3 of [9]) equipped with the induced action of G. We have the following
result, which is the cohomological counterpart of Theorem 3.7 of [15] :

Theorem 2.3. The contravariant functor
CFoanC* : VY(R) = Ho €% ; M +— CF..,,C* (M)
extends to a contravariant functor
SWe* : Sehb(R) — Hoe®
satisfying the following two conditions :

1. For an acyclic square

vy <4 X
N A (2.1)
Yy <& X

mn SchCG(]R), the simple filtered complex of the diagram

WeH(Y) < Wer(X)
Tﬂ'* Tﬂ'*
WCHY) < SWCoH(X)

is acyclic, i.e. isomorphic in Ho€C to the zero complex.

2. For an equivariant closed inclusion Y — X, the simple filtered complex of the diagram
SWCH(Y) +— WC*(X)
is isomorphic in Ho €% to WC*(X \Y).



Such a functor SWC* is unique up to a unique equivariant filtered quasi-isomorphism and
we call it the cohomological weight complex with action of G.

We recall that an acyclic square in Sch(R) is a commutative diagram (2.1) of objects and
morphisms of Sch& (R) such that i is an equivariant inclusion of a closed subvariety, Y = 7= 1(Y)
and the restriction 7 : X \ Y > X \ Y is an equivariant isomorphism.

As for the definition of the simple complex associated to a cubical diagram of cochain filtered
complexes, we refer to [9] Definition 3.1. Notice that, if the cochain complexes are elements
of €€, the associated simple complex can be naturally equipped with the induced action of G,
considering the diagonal action on direct sums.

Proof (of theorem 2.3). As in the proof of Theorem 3.7 in [15], we show the existence of the
functor WC* SchCG(R) — Ho¢% by using the functoriality of the cohomological weight
complex WC* : Sch.(R) — Ho€ of [9] (Theorem 3.4): in particular, if X is a real algebraic
G-variety, “WC*(X) denotes its cohomological weight complex WC*(X) equipped with the
action of G induced by (contravariant) functoriality.

Similarly to the proof of Theorem 3.7 of [15], the uniqueness is then given by Theorem
3.5 of [15], which is a version with action of the extension criterion Theorem 2.2.2 of [6]: the
category €% is a category of cohomological descent, the functor “F,,C* : V&(R) — Ho €% is
®-rectified (since it is defined on the category €¢) and it satisfies conditions (F1) and (F2). To
prove the last assertion, we can use the arguments of [9] Proof of Theorem 3.4 showing that
the functor Fe.,,C* : V(R) — Ho¢€ satisfies the conditions (F1) and (F2): these arguments
remain valid when we consider actions of G on the considered objects and morphisms. 0

Remark 2.4. e If X is a real algebraic G-variety, we have an isomorphism H*(“WC*(X)) =
H*(X), by Proposition 3.7 of [9], and this isomorphism is furthermore equivariant. In-
deed, there is actually an isomorphism of functors between the functors ¢ o WC™ and
C*(-): see the proof of Proposition 3.7 of [9] and see also Remark 3.9 of [15].

e The cohomological weight filtration W?*, induced by WC™ on the cohomology of real
algebraic varieties, as well as the associated cohomological weight spectral sequence (see
Corollary 3.8 of [9]), can be both equipped with the induced actions of G.

e If X is a compact nonsingular G-variety, its cohomological weight complex with action
SWC*(X) is quasi-isomorphic in € to “F.q,C*(X) (we can adapt the proof of Proposi-
tion 3.11 of [9] to our framework with action).

Now, we show that the dual geometric filtration with action realizes the cohomological

weight complex with action. As a consequence, we obtain the uniqueness of “G*C* up to
equivariant filtered quasi-isomorphism.

Proposition 2.5. The dual geometric filtration with action G*C* : Sch%(R) — €& induces
the cohomological weight complex with action WC* : Sch%(R) — Ho €6,

Proof. We denote again by “G*C* the functor Scth(]R) — Ho % obtained by composing the
the functor “G*C* : Schf(R) — €& with the localization ¢ — Ho ¢C.



First, this functor satisfies the conditions 1 and 2 of theorem 2.3. Indeed, the morphisms
of the short exact sequences of complexes of Lemma 4.2 of [9] are equivariant if we consider
G-varieties.

Secondly, we show that “G*C* has the extension property as well. Let X be a nonsingular
projective G-variety. The (equivariant) inclusion of the geometric filtration GoCy(X) in the
canonical filtration F{*C,(X) induces an equivariant morphism between the dual canonical
filtration and the dual geometric filtration

(Fean)yC"(X) = G°C*(X)

which is, because X is compact nonsingular, a filtered quasi-isomorphism (see the proof of
Proposition 4.3 of [9]), that is a quasi-isomorphism of ¢&. On the other hand, there is an
(equivariant) inclusion of the canonical filtration FJ,, C*(X) in (Feen)yC*(X) which is also
a quasi-isomorphism of €¢. As a consequence, G*C*(X ) and F2,C*(X) are isomorphic in
Ho¢C. O

can

As the homological counterpart of [16], the dual geometric filtration will induce the coho-
mological equivariant weight filtration, that we construct in the next section.

3 Cohomological equivariant weight filtration for real algebraic
(G-varieties

Let G be a finite group.

Similarly to what we did in [16], we construct a weight filtration on the equivariant coho-
mology of real algebraic G-varieties. The equivariant cohomology we consider is defined by J.
van Hamel in [18] and coincides with the classical equivariant cohomology (see for instance [1])
for compact varieties. It is a mix of cohomology with compact supports and group cohomology.

Precisely, we define below a functor on bounded cochain G-complexes which computes this
equivariant cohomology, then extend it to the category of filtered bounded cochain G-complexes
and finally apply it to the dual geometric filtration with action.

We will then focus on the induced spectral sequences, which contain rich information about
the equivariant geometry of real algebraic G-varieties.

3.1 The functor L*

We refer to [1] and [2] for background about group cohomology with coefficients in a module
(see also the first part of section 3.1 of [16]). In the following definition, we consider a functor
L* that we use to define the cohomology of the group G in a bounded cochain G-complex; if
X is a real algebraic G-variety, the equivariant cohomology of X will be for us the cohomology
of the complex L*(C*(X)).

First denote by © . the category of bounded below cochain complexes of Zo-vector spaces,
and by Ho® its localization with respect to quasi-isomorphisms.



Definition and Proposition 3.1. Let K* be in DC. Consider ... — Fy % F i Fy —
Z — 0 a resolution of the Z|G]-module Z (equipped with a trivial action of G) by projective
Z|G]-modules (see for instance [1] Chapter I).

We define the cochain complex L*(K*) of © 4 to be the total complex associated to the double
complex

(Homg (Fp, KY))p qez,

that is, for n € Z,
L"(K*) = @ Homg(F,, K9)

(see also [1] Chapter VII, section 5). Notice that the sum is finite since K* is a bounded
complez).

The operation which associates to a complex K* of ©F the complex L*(K*) of ®4 is a
covariant functor.

If K* is in ©%, denote by H*(G, K*) the cohomology of L*(K*). A priori, H*(G, K*)
depends on the chosen projective resolution of the Z[G]-module Z. However, since the cochain
complex L*(K*) is the total complex of the double complex (Homg(F),, K?)), 4z, we have the
following two spectral sequences which both converge to H*(G, K*) :

EY? = HP(G,HYK*

IIIE%{MI _ }(Ip(G’ [((q) ))} — Herq(G,K*)

(see for instance [11] section 2.4). Considering the first spectral sequence (called the Hochschild-
Serre spectral sequence associated to G and K*), since group cohomology with coefficients in
a Z[G]-module is independent of the considered projective resolution of Z (see for instance
[1] Chapters II and III), we see that so is H*(G,K*). We then call H*(G, K*) the group
cohomology of G with coefficients in the cochain complex K*. In particular, the composition
of the functor L* with the localization ®; — Ho®, is also independent of the considered
projective resolution.

Furthermore, this functor L* preserves quasi-isomorphisms of ®%: if f : K* — M* is
an equivariant quasi-isomorphism, then it induces an isomorphism from the page ;Fs of the
induced Hochschild-Serre spectral sequences and therefore between the cohomologies of G with
coefficients in K* and M*.

We also denote by L* the induced functor Ho®% — Ho®,.

Now, we extend the functor L* to the categories of filtered cochain complexes ¢¢ and
¢, where € denotes the category of bounded below cochain complexes of Zs-vector spaces
equipped with a decreasing bounded filtration, and morphisms of filtered complexes.

Definition 3.2. Let (K*,J®) be in ¢C. We define an induced bounded decreasing filtration J°®
on L*(K™) by setting
SaLk(K*) — Lk(:jaK*).



As in [16] Proposition 3.7, we can show that, in Ho €, the couple (L*(K*),J®) is indepen-
dent of the considered projective resolution, and, as in [16] Proposition 3.8, that the induced
functor L* : €& — Ho €, preserves filtered quasi-isomorphisms.

This induces a well-defined functor L* : Ho €% — Ho €.

3.2 Cohomological equivariant weight complex, spectral sequence, filtration

We begin this part by the definition of the equivariant cohomology of real algebraic G-varieties,
for which we use the functor L* :

Definition 3.3. Let X be a real algebraic G-variety. Denote Cf(X) := L*(C*(X)) (considered
in Ho®y, or in 4 if we fix a resolution of Z by projective Z[G]-modules). We call

HY(X;G) == H*(CG(X))
the equivariant cohomology of X.
Remark 3.4. The Hochschild-Serre spectral sequence
EY? = HP(G,HY(X)) = H"(X; Q) (3.1)

allows to interpret the equivariant cohomology as a mix of cohomology with compact supports
and group cohomology, involving the very geometry of the action of the group on the variety.
This equivariant cohomology is the same as the one defined in [18] Chapter III.

Furthermore, if X is compact, H*(X;G) coincides with the Borel equivariant cohomology
H*(X xg Eq,Z2) of X, where E¢ is the total space of a universal principal G-bundle and
X xg E¢ is the topological quotient of X x Eg by the diagonal action of G. Indeed, since G
is a finite group, by [14], X admits a (unique) G-equivariant semialgebraic triangulation and
we can use it to relate the cochain complex C*(X) and the cellular cochain complex C¥,,(X)
of X via an equivariant quasi-isomorphism. As a consequence, H*(X;G) is isomorphic to
H*(G,C?,,;(X)), which is itself isomorphic to H*(X x¢g Eg,Z2) (see for instance [1] Chapter
VII, section 7, exercise 3).

Notice also that if the group G is trivial, the equivariant cohomology coincides with the
cohomology with compact supports (in this case, we consider the trivial resolution ... — 0 —

0=2Z%7500f7).

Ezample 3.5. If X is reduced to a single point p (on which G acts trivially), then the complex
C*({p}) is concentrated in degree 0 and reduced to Zg, so that, for all k € Z,

H*({p};G) = H¥(G, Zy).

Example 3.6. Consider the circle S given by the equation z? + y? = 1 in R? and suppose it
equipped with the action of the group G := Z /27 given by the involution o : (z,y) — (—z,y).
We use the Hochschild-Serre spectral sequence to compute the equivariant cohomology of S*
(see also Examples 3.3 and 3.13 of [16]).
The page 1F» is
—V sV —V
Z5[S1) Zo[S1] <o Za|SY
v v —=v
Zo[{p1}] Zo[{p1}] Zo[{p1}]




where p; denotes the point with coordinates (0,1) and " denotes the linear map H*(S!) =
(Hy(SY))Y — Zg which associates to the homology class ¢ the value 1.

We compute the image of the cohomology class m\/ by the differential dy. For this sake,

we first represent @V by the linear map ¢ : C1(S!) — Zs defined as follows. Suppose that A
is a connected one-dimensional closed semialgebraic subset of S' with A # S, then

1 ifped(An{z<0}),

0 otherwise.

p([A]) = {

In particular, ¢([S1]) = ¢([S*N{zx < 0}]) +p([S'N{z >0}]) =1+0=1.
We then apply 1+ o to ¢: by definition, (14 0) - ¢ = ¢ + ¢ o 0 and, if A satisfies the same
assumptions as above,

(sowoa)([A]):{l o€ o4,

0 if P1 ¢ 0A.

Now, we notice that (1 + o) - ¢ = dp(1p) = b o & where, if p is a point of S*,

w(l{}]) = {(1) oo

and finally, (1+0) -1 =1 + 1 oo = 0, since p; is a fixed point under the action of G on S1.
As a consequence, do([S1] ) = 0 and 1Fy = [Fs. As a conclusion, we obtain

0 if £ <0,
H*(SYG) = Zy if k=0,
Zo ® 7oy ifk>1.

Remark 3.7. Since, under the same assumptions,

Zo B Zs if k<O,
Hp(SYG) = { Zy if k=1,
0 if k> 1.
we can remark that, in the general case, there is no “classical” duality between equivariant

cohomology and equivariant homology such as the duality between cohomology with compact
supports and Borel-Moore homology (see Proposition 2.2 of [9]).

Ezample 3.8. Keep the same hypothesis as in example 3.6 and suppose the action is now given
by the free involution o : (x,y) — (—x, —y). Using the same notation as above, we have

1 ifpyedAand AN{x <0} #0, or pp € 0A and AN {z > 0} # 0,

0 otherwise

(p+poo)(A]) = {

10



where ps is the point with coordinates (0, —1).
Therefore, (14 o) - = (1) = 1’ 0 &1 where, if p is a point of S,

1 ifpeStn{z<0}orp=npy,
0 ifpeStn{xz>0}orp=p.

U ([{p}]) = {

and (14+0)-¢' =¢' +¢ oo : [{p}] — 1.
Consequently, da (Wv) = [{p1 }]V and the Hochschild-Serre spectral sequence degenerates
at page 1F3 :

0 0 0 -~~~ 0
Zol{p}]” Zal{p}]” 0 oo 0
and we obtain
0 ifk<o0,
H*SYG)={7Zy ifk=0orl,
0 if k> 1.

We then consider the dual geometric filtration. We can apply the functor L*, extended to
the categories of filtered cochain complexes, to induce a filtration on C§(-) :

Definition 3.9. If X is a real algebraic G-variety, we denote
ACHL(X) == L*(G°C* (X))

and we call this filtered complex of Ho&y (or €1 if we fix a projective resolution of Z by
projective Z[G)-modules) the cohomological equivariant geometric filtration of X.

The operation which associates to any real algebraic G-variety its cohomological equivari-
ant geometric filtration is a contravariant functor, since it is the composition of the functors

G*C* : Sch%(R) — ¢¢ and L* : ¢¢ — (Ho)C,.

We are going to show that the functor A*CY, : Scth(R) — Ho €, is unique up to filtered
quasi-isomorphism (of €, ) in a way similar to theorem 2.3 and proposition 2.5 (see also the
homological counterpart Theorem 3.16 of [16]).

For K* a bounded cochain G-complex, we denote F¢,,

L*(K*) .= L*(F2,, K™).
Theorem 3.10. The contravariant functor

FeanCl - VE(R) = Ho €y 5 M+ FopnCL(M)
extends to a contravariant functor

QC} : Sch¢(R) — Ho ¢,

satisfying the following two conditions :

11



1. For an acyclic square

y <4 X
I I
Yy <4 X

in Sch%(R), the simple filtered complex of the diagram

OCL(Y) 4 QCu(X)
Tﬂ'* ‘ Tﬂ'*
QCL(Y) «— QCL(X)

is acyclic, i.e. isomorphic in Ho €, to the zero complez.

2. For an equivariant closed inclusion Y — X, the simple filtered complex of the diagram
QCL(YY) «+— QCH(X)

is isomorphic in Ho€, to QCH(X \Y).

Such a functor QC¢, is unique up to a unique filtered quasi-isomorphism and we call it the
cohomological equivariant weight complez.

Proof. Ezistence : The composition of the functor WC* : Sch%(R) — Ho €& with the functor
L* : Ho€% — Ho €, has the extension, acyclicity and additivity properties, because so does the
functor “WC* (theorem 2.3), and because the functor L* preserves filtered quasi-isomorphisms
and commutes with the operation associating to a cubical diagram in €% its simple filtered
diagram (it is the cohomological counterpart of Proposition 3.10 of [16], obtained by a direct
computation). We denote this functor SchS(R) — Ho €, by QC%,.

Uniqueness : The uniqueness of the cohomological equivariant weight complex with these
properties can be obtained in the same way as the uniqueness of the equivariant homological
weight complex (proof of Theorem 3.16 of [16]): use Theorem 3.5 of [15] applied to the category
of cohomological descent €, (Proposition (1.7.5) of [6]) and the functor Fr.,,Cgr : VE(R) —
Ho¢,. O

Remark 3.11. If X is a compact nonsingular G-variety, its cohomological equivariant weight
complex QC%(X) is quasi-isomorphic in € to FuanCh(X) (because in this case “WCO*(X) is
quasi-isomorphic in €% to “F,,C*(X)).

Since, by proposition 2.5, the dual geometric filtration with action realizes the cohomological
weight complex with action (and because the functor L* preserves filtered quasi-isomorphisms),
we obtain :

Proposition 3.12. The cohomological equivariant geometric filtration A*CY, : Sch%(R) —
Ho € induces the cohomological equivariant weight complex QC¢, : Schf(R) — HoC,.
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If X is a real algebraic G-variety, we denote by “E,(X) the spectral sequence induced by
the filtered cohomological equivariant weight complex: it is well-defined from page one and
coincides, from page one, with the spectral sequence induced by the cohomological equivariant
geometric filtration. We call it the cohomological equivariant weight spectral sequence of X.
It converges to the equivariant cohomology H*(X; G) of X and we denote by €2 the decreasing
filtration induced on H*(X; G).

Asin [13], [9] and [16], we reindex the cohomological equivariant weight spectral sequence by
setting GEPd — GET__q’lp 24 We can then read the acyclicity and additivity of the cohomological
equivariant weight complex on the rows of the page two of this reindexed spectral sequence :
for instance, if we have an acyclic square (2.1), we have, for all ¢ € Z, a long exact sequence

o+ = OBRU(X) - OBU(Y) @ “EYY(X) — CERI(Y) — CESTMI(X) -

As in [16], Proposition 3.17, we can also express the page two of GE, as the cohomology of the
group G with coefficients in the cohomological weight spectral sequence in the following sense :
for all p,q € Z,

GEg,q — P (G, Era) .
This leads in particular to consider the following (Hochschild-Serre) spectral sequences
75 J— Nﬂ? ~*7 _ GN +B7
W5 ? = H* (G ED7) = HOP (G, B77) = CEg P,
which allows to obtain the following bounds on the cohomological equivariant weight spectral
sequence and filtration :

Proposition 3.13. Let X be a real algebraic G-variety of dimension d. For allr > 2, p,q € Z,
if CEP? £ 0 then 0 < g < d and p > 0, and, for all k € Z, we have the inclusions

H*(X;G)=QH*X;G) > Q™ HYX;G) > --- > QHNX;G) > Q' HY(X;G) = 0.
Proof. For the first part, for p,q € Z, consider the spectral sequence
1B = H* (G, EJ) = B0,

and use the fact that, for « < 0, H*(G,-) = 0 and that, for all g € Z, Eg,q 2 0 implies 8 > 0,
g>0and B+ q <d (see [9]).
Finally, we prove that H*(X;G) = Q 9YH*(X;G) and Q'H*(X;G) = 0 by using the
equalities
OHMNX:G) = @ EE™™

m<—l

Remark 3.14. As in the homological framework of [16],

e the cohomological equivariant weight spectral sequence of a compact nonsingular real al-
gebraic G-variety coincides with its Hochschild-Serre spectral sequence (3.1) (see Propo-
sition 3.23 of [16]),
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e we can extract additivities expressed in terms of the spectral sequences
76 J— Nﬁ’
G = 1o (G EP)
induced by the dual geometric filtration (see section 4 of [16]),

e if G is an odd-order group, these cohomological equivariant considerations coincide with
the study of the invariants under the induced actions of G. Precisely, we have L*(K*) =
(K*)¢ for any cochain G-complex K*, and A°CE, = (WC*)Y, CE, = (E,)Y, H*(-;G) =
(H*)@. Tt is a consequence of Maschke theorem : our ring of coefficients is Zo whose
characteristic does not divide the odd order of G (see section 3.4 of [16]). In particular,

in this case, we can recover the equivariant virtual Betti numbers of [4] on the rows of
“E
2.

4 Products of equivariant weight filtrations

In the last section of [9], the Kiinneth isomorphism as well as the cup and cap products on
homology and cohomology are shown to be induced from the weight spectral sequences (more
precisely, a natural morphism on semialgebraic chains is defined and, on compact real algebraic
varieties, it induces the Kiinneth morphism on cellular chains). In this part, we show how
these products on the weight spectral sequences induce their equivariant counterparts on the
equivariant weight spectral sequences.

4.1 Equivariant Kiinneth isomorphism

Let G and G’ be two finite groups.

In this paragraph, we show the equivariant analog of Theorem 5.13 of [9]: if X is a real
algebraic G-variety and Y is a real algebraic G’-variety, then the G x G’-equivariant geometric
filtration of the product X x Y is filtered quasi-isomorphic to the tensor product of the equiv-
ariant geometric filtrations of X and Y. In order to prove this, we establish the equivariance
of the quasi-isomorphism of Theorem 5.13 of [9] and we apply the functor L, considering a
particular projective resolution of Z, namely the bar resolution.

We also give the cohomological counterpart of this filtered quasi-isomorphism, with respect
to the cohomological equivariant geometric filtration.

If E and F are respectively a Z[G]-module and a Z[G']-module, we can equip the tensor
product F ®z F with an action of G x G’ by setting

(9,9) (z@y):=g-2@4¢ -y.

If C¢ denotes the category of filtered bounded chain G-complexes of Zy-vector spaces, and
if (K., F) is now a filtered complex of C% and (M,,J) a filtered complex of C%, then the
tensor product (K ®z, M), can be equipped with the induced action of G x G’. Furthermore,
the induced filtration F' ® J (see [9] Definition 5.10) as well as the induced differential are
equivariant with respect to this action :
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Lemma 4.1. The filtered complex (K ®z, M), F ® J) can be considered as an element of
CGxG"

Proof. We check that the action of G x G’ commutes with the differential. Let n be an integer,
z2=3;%®y; € (K®z, M), and (g,9') € G x G
If we denote by 9 and @’ the respective differentials of K, and M,, we have

d((g,9")-2) = d[d g-md -y
i

= Y lotg-a)0g y gm0 (g )]
_ Z[g-a(xi)®g’-yj+g~ﬂcz®g’-3'(yj)]
= (9:9')-d(2)
0

As a consequence, if X is a real algebraic G-variety and Y is a real algebraic G’-variety, the
tensor product GeCy(X) ® GoCk(Y) is a filtered G x G'-complex of CE*E  We show that the
filtered quasi-isomorphism of Theorem 5.13 of [9] from GeCy(X) ® GeCi(Y) to GoCi(X X Y) is
(G x G')-equivariant.

Proposition 4.2. The morphism of chain complezes
u goC*(X) ® goc*(y) — Q.C*(X X Y) ; CX @cy = cx X ¢y
is a filtered quasi-isomorphism of CE*C",

Proof. If ¢ is a semialgebraic g-chain of X represented by a closed semialgebraic set A and ¢/
is a semialgebraic ¢’-chain of Y represented by a closed semialgebraic set B, then the product
¢ x ¢ is by definition the ¢+ ¢’-chain represented by the product A x B (see [13] Appendix and
[9] Definition 5.1). If furthermore (g,¢") € G x G’, we have

(9,9) - ecxcd =(g9,9) [AxBl=[g-Axg -Bl=g-cxg -c.
Therefore, if z =37, . ¢; ® ¢ € (C(X) ®@ Ci(Y))n,

(9:9)-u(z) = (9.9)- | D _eix¢

Z’?j

/ /
= g g-CixXg ¢
i,j

= u Zg-ci®g'-c;-
]
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As a direct consequence, the weight complex with action “*FWC, (X xY) (see [15] Theorem
3.5) is isomorphic to the filtered complex WC,(X) ® “WC.(Y) in HoCE. Moreover, the
equivariance of the filtered quasi-isomorphism u induces the equivariance of the isomorphism
on spectral sequences from page one

P B (X)QEL(Y) < Ej(GeCi(X) @ GaCu(Y)) = By (X X Y)
p+s=a, q+t=b

and in particular the equivariance of the Kiinneth isomorphism
WH,.(X)@WH.(Y) > WH.(X xY)

(see [9] Corollary 5.14).

Now, we apply the functor L&*¢’ (see [16] section 3.1) to the equivariant filtered quasi-
isomorphism u. If we denote AyCE := L, 0 G,C,, this provides us a filtered quasi-isomorphism
of C_

Li(GeCi(X) ® GoCi(Y)) = ACE*Y (X x V).

We are going to show that the filtered complex L, (GeCy(X)®GeC(Y)) is isomorphic in HoC_
to the tensor product of the equivariant geometric filtrations AyC%(X) ® A,CE (Y) of X and
Y. Actually, we prove that, if we consider a particular projective resolution of Z, these filtered
complexes are isomorphic in C_.

The resolution we consider is the bar resolution. The definition of the bar resolution we
consider can be found in [2]. The important point is that, if G is a finite group, all the modules
of the bar resolution are finitely generated.

Definition 4.3. Let G be a (not necessarily) finite group and k be a commutative unitary ring.
If n is a nonnegative integer, denote by B, the tensor product of n + 1 copies of k[G] over k.
We make each B, into a k[G]-module by considering the action of G on the first term k[G] of
B, : it is a free k[G]-module, generated by the elements e @ g1 @ -+ @ gn.

If we define the morphisms

€: By =k[G] =k ; ZaggHZag

geG geG
and, forn > 1,
Bn — Bn,1
9 - n—1 .
" g® @gn = > (-1 ® @ i1 ®Gigin1 @ gis2 @ ® gn+ (190 @+ @ gn1,
i=0

we can form a free (in particular projective : see for instance [1] Chapter I Lemma 7.2) reso-
lution 5 5

of k by k[G]-modules, called the bar resolution of k over G.
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Now, let us come back to the finite groups G' and G’ we have considered from the beginning
of this section and consider the bar resolutions of Z over G and G’, which we denote by B,
resp. B’. The tensor product of B and B’ is a projective resolution of Z by Z[G x G']-modules
(see for instance [1] Chapter V, Proposition (1.1)) and we are going to show the following :

Proposition 4.4. Let K, be a chain complex of DS and M, be a chain complez of DE' . Then
we have a natural isomorphism

LE(K.) @ LG (M.) — LEXG (K. @ M.)

of D_ (D% and D_ are the homological analogues of D¢ and D : see [16]).

To prove this property, we will use the fact that the resolutions B and B’ are finitely
generated together with the following :

Proposition 4.5 ([10] Chapter VI - 8, (8.10) and Proposition 8.3). Let B and B’ be respectively
finitely generated free Z|G]| and Z|G']-modules and let A, resp. A’, be a Z[G]-module, resp. a
Z|G']-module.

The canonical morphism
Homg(B, A) ® Homg/(B’, A/) —  Homgxgr (B & B/, A® A’)
fef = et = f() @ f(Y)}
18 an isomorphism.

Proof (of Proposition 4.4). Let k € Z. Then

(LfuyeLfon) = @ LéK)eLf (L)
i+j=k

= P | P Homa(B,, K,) | @ | € Home (B, My)
i+j=k \p+q=i p'+q'=j

R $ Homgyer (B—p ® B, Kq® My)
i+j=k, p+q=i,p'+q'=j

= @ Homeg (B_p & Blf(kfifq’y Ki_p ® Mq/)

,0,q’
On the other hand, we have
LY (K.@M,) = P Homgxe b B,9B,. P KoM
r+s=k —p—p'=-r q+q'=s
- @ Homexcr (B—p ® B/—(r—p)’ Kiprq @ Mq’)
m.p,q
= D Homgxer (B_p 9 B i gy Kiop ® Mq,) (we set i:=k — 7 — ¢ +p).
,0,q’
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For each k € Z, we then denote by v, the isomorphism
(L) @ 19 () = 1 (K@ M)

and we can show by a direct computation that the morphisms v, commute with the differentials
of the two complexes Lg(K*) ® Lg;(M*) and ngg,([(* ® M,), using the naturality of the
isomorphisms

Homg(B,p, Ki,p) ® Homgy (B/—(k‘—i—q’)’ Mq/) — Homgy (B,p & Bl—(k;—i—q’)? Ki,p & Mq/).
O
It remains to show that the above morphism ), is a morphism of filtered complexes :

Proposition 4.6. Suppose that K, is a chain complex of C¢ and M, is a chain complex of
CY". Then the natural isomorphism

LE(K.) ® LG (M.) — LGZ5, (K. ® M.)

is a filtered morphism of C_ with respect to the induced filtrations (see [16], as well as [9]
Definition 5.10 for the definition of the tensor product of filtered complezes that we can extend
to the category C_).

Proof. Let J, and I, be the respective equivariant filtrations of K, and M, and denote by 7,
and Z, the induced filtrations on LS (K,) and L (M,). Then, if k,l € Z, we have

(T RINLEE) @ LEM))e == @ Y JuLE(K.) @ LLE (M)
i+j=k a+b=l

= > P LK) @ LY (I,M,)

atb=li+j=k

= Y LY (JuK. @ I,M,)
a+b=l

= Lk_GXG/ ( Z J, K. ® IbM*> (B and B’ are finitely generated)
a+b=l

= LY (T Di(K.® M,)).
We can finally apply this result to obtain the quasi-isomorphisms of C_

ACC(X) @ ACE (V) <= LEXC(GoC(X) @ GoCi(Y)) — ACE*E' (X x V).

As a consequence :
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Theorem 4.7. Let X be a real algebraic G-variety and Y be a real algebraic G'-variety. There
is an isomorphism of HoC_

ACE(X) @ ACE (V) = ACE*Y (X x V).

Consequently, the tensor product of the equivariant weight compleres QO (X) ® QCe’ (Y)
of X andY is isomorphic in HoC_ to the equivariant weight complex QC*GXG, (X xY) of the
product variety. In particular, we obtain a filtered isomorphism

OH(X;G) @ QH.(Y;G') — QH.(X x Y;G x G').

Remark 4.8. The complexes QCE(X)®@QCE (V) and QCE*E (X x Y) are isomorphic in HoC_
regardless of the considered representative of the equivariant weight complex in C_ and of the
considered projective resolutions of Z, by spectral sequences arguments: see Lemma 5.11 of [9]
and Proposition 3.7 of [16].

We end this part with the cohomological counterpart of theorem 4.7 :

Theorem 4.9. Let X be a real algebraic G-variety and Y be a real algebraic G'-variety. The
complezes ACE(X) @ ACE, (Y) and ACS*E' (X x Y) are isomorphic in Ho€,.

As a consequence, the tensor product of the cohomological equivariant weight complexes
QCL(X) ® QCEL(Y) of X and Y is isomorphic in HoC to the cohomological equivariant
weight complex QCE, (X X Y) of the product, and we obtain a filtered isomorphism

QH*(X;G) ® QH*(Y;G') = QH*(X x Y;G x G).

Proof. First, we show that the cochain complexes G*C*(X) ® G*C*(Y) and G*C*(X x Y) are
isomorphic in Ho€%. Referring to the proof of Proposition 5.17 in [9], we have the following
quasi-isomorphisms in € :

G*C* (X X ¥) 55 (GuCu(X) © GoCW(Y))” ¢ G*C*(X) @ GC*(Y),

Since the morphism u is equivariant (proposition 4.2), so is 4*. The morphism w is equivariant
as well: if (g,9) € GX G, p@1p € C*(X)@C*(Y) and 3, ;¢;®@c; € Cu(X) @ Ci(Y), we have

(9.9") - (w(p @) ZCZ®C = w(p®1) Zg q@g T

— Z<p ) <9’_1‘C;>
- Z(g-w(cz-)) (9 v(c))

ihj

= wliad) (pou) | Seoy
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As a consequence, G*C*(X) ® G*C*(Y) and G*C*(X x Y') are isomorphic in Ho €% via the
equivariant filtered quasi-isomorphisms «" and w of €©.

We can then apply the functor L7, ., to obtain an isomorphism of Ho€, between the

cohomological equivariant geometric filtration ACY XG/(X x Y) of the product X x Y and the
cochain complex Lf,, ~ (G*C*(X) ® G*C*(Y)). We then use the natural isomorphism of €

Lg(K*) & Lgl(M*) — LGX(;/(K* & M*)

for K* € €% and M* € ¢&', obtained as in proposition 4.6 considering bar resolutions over
G and G, to show that Lf, . (G*°C*(X)® G*C*(Y)) is isomorphic to the tensor product
ACEL(X) ® ACE,(Y) of the cohomological equivariant geometric filtrations of X and Y.

O

4.2 Equivariant cup product

Let G be a finite group and let X be a real algebraic G-variety.

In this part, we will prove that the cup product on equivariant cohomology of real algebraic
G-varieties, defined in [18] Chapter III - 3, is filtered with respect to the cohomological equiv-
ariant weight filtration, actually with respect to the cohomological equivariant weight spectral
sequence. It will be induced by the cup product defined on the cohomological weight spectral
sequence (defined as the composition of the Kiinneth filtered quasi-isomorphism with the mor-
phism induced by the diagonal map : see [9] Propositions 5.20), through the application of the
functor L.

An important point of the study will consist in carrying over the usual properties of cup
product to the equivariant cup product.

In [9], the cup product is defined in the localized category Ho € as the composition

- G CH(X)®GCHX )(”—O>g C*(XxX)—>Q C*(X)

where A* is the morphism of € induced by the diagonal map A : X — X x X ; =z +— (z,x).
The isomorphism (u")~! o w of Ho€ is equivariant with respect to the actions induced by
the action of the product group G x G on X x Y, and induces an isomorphism

ACH(X) ® ACEH(X) — AC, (X x X)

of Ho®, (see theorem 4.7). We are then going to show that the morphism A* induces a
morphism

ACG (X x X) — ACL(X)
using the functoriality of L with respect to the group :

Proposition 4.10. Let G’ be a finite group and let p : G — G’ be a morphism of groups. Let
K* be a cochain complex of ", resp. €. Then K* can be considered as an element of D%,
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resp. €&, via ¢ (if g € G and x € K*, we set g-x := ¢(g) - ), and ¢ induces furthermore a
morphism
T:Li(K*) — LE(KY)

of ®4, resp 4.

Proof. Let F < 7, resp. F’ LN Z, be a resolution of Z by projective Z[G]-modules, resp. Z[G']-
modules. There exists an augmentation-preserving G-chain map 7 : F' — F’, well-defined up
to homotopy, that is there exists a morphism of complexes 7 : F© — F’ such that for g € G
and z € F, 7(g-x) = ¢(g) - 7(x) and € o 7 = ¢, and 7 is unique up to homotopy with these
properties (see [1] Chapter II - 6 and Chapter I - 7, Lemma 7.4).

The morphism 7 then induces, for each k € Z, a morphism

Ty : L& (K*) = @D Home (F), K9) — P Homg(F,, K7) = L§(K),
p+q=k pt+q=k

given by the right-composition with 7: if g € G, ¢ € Homg (F), K9) and x € F,

w(g) - Wor(x) =v(plg) - 7(x) =y or(g-x)).

Moreover, these morphisms commute with the differentials of the complexes L, (K*) and
L{(K*) (because 7 : F' — F’ is a morphism of complexes). As a consequence, we obtain a
morphism of complexes of ©

T:Li(K*) — Li(K™).

If now K* is a complex of €% with filtration J, then it is also a complex of € via ®,
and we check that T is a morphism of filtered complexes. Let @ € HomG/(Fé, JoK?), then
T(¢) =9 o1 € Homg(F), JoK?), and therefore T'(Jo L (K*)) C JoLf(K™).

O

Consider the group homomorphism § : G -+ G X G ; g — (g,9). According to proposition
4.10, § induces a morphism

ACH (X X X) = Ly qo(G°C* (X x X)) — LE(G°C* (X x X)) = ACEL(X x X),

the action of G on G*C*(X x X) being induced by the diagonal action of G on X x X. Since
the diagonal map A is equivariant if we consider the diagonal action of G on X x X, A induces
a morphism

ACEH(X x X) — ACL(X).

We then call cup product and denote by — the composition
ACH(X) @ ACH(X) — ACG (X X X) — ACH(X x X) — ACH(X)

of HOQ:+.
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Theorem 4.11. The cup product
—  ACH(X) @ ACH(X) — ACH(X)
in Ho &y induces a morphism of spectral sequences

—: P EX)RCEMX) — “BM(X)
p+s=a,q+t=b

forr >1, and a cup product in equivariant cohomology
— ' (X;G)® H*(X;G) — H*(X;G)
which is filtered with respect to the cohomological equivariant weight filtration.

Remark 4.12. The cup product — on the equivariant cohomology coincides with the cup prod-
uct of [18] (III - 3 - (28)).

The cup product on the cohomological equivariant weight spectral sequence and filtration
is actually induced by the cup product on the cohomological weight spectral sequence through
the Hochschild-Serre spectral sequences

rped — go (G, Ef’ﬁ) = Pt = HOMP (G ERY) p e I

Indeed, consider the functor L, : D¢ — ®, induced by the bar resolution B over G.
If K* € ©%, we can consider the bounded filtration F'* on L*(K*) which gives rise to the
Hochschild-Serre spectral sequence F,, and L*(K*) can then be considered as a complex of
¢,. We obtain a functor ;L* : D¢ €., which preserves quasi-isomorphisms (since V7 =
Homg (B, H1(K*))) and then induces a functor

L :Ho®% — HoC,

If p is an integer, the Hochschild-Serre spectral sequence PE, is then the spectral sequence
induced by the filtered complex [L*(E}™).

Now, fix two integers p and p’. The isomorphism G*C*(X) ® G*C*(X) — G*C*(X x X)
of Ho@%*% induces an isomorphism E§™(X) ® Egl’*(X) — Engpl’*(X x X) of HoD*E, We
apply the functor [Lg,, , to get a morphism

1L (B (X)) @ e (B (X)) > e (BY(X) @ B (X)) = i (BFY (X x X))
(4.1)
of Ho& . The left-hand arrow is a natural isomorphism of € given by the following lemma :

Lemma 4.13. If K* € ©¢ and M* € ’DG/, there is a natural isomorphism
Lo (K™) @ [ILgy(M™) — Ly (K* @ M”).

of filtered complezes of €.

22



Proof. The morphism is given by proposition 4.5, as in the proof of proposition 4.4. We check
that the filtrations coincide on the two complexes above. On the one hand, we have

FULG(KY) @ Ly (M) = @ D FLe(K*) @ FP L, (M*)
i+ji=k a+b=l
= P > |PHome(B, K'") | @ | € Home (B, M)
i+j=ka+b=l \r>a s>b

= @ Z @@HomeG'(Br@B;aKi_r@)Mj_s)

i+j=k a+b=Il r>a s>b

= Homey e (Br @ BL, K" @ MF=3
>. DDD (B, @ B, )

a+b=lr>a s>b 1

= Z@ @ @HOmeG/ (Br ® B;,KV ® Mk—’Y—T—S)

a r>as>l—a Y

- DY B oo (B0 By KA
7

a r>a N>l4+r—a

and on the other hand,

FLE (K9 M*) = @ Homexe | @ Ba®Bjs, P KoM
N>I a+p=N y+o=k—N

= @ @ @ HOH]GX(;/(BOC(@B%,K’Y@M&)

N>l a+B=N v+6=k—N

= P P PHomexe (Bo® By, K¥ @ M*N77)
N>la+p=N ~

- @@@HomeG/(Br ® By _,, K7 @ MFN=),
Yy N>L r

Since the two sums are equal, we get the result.
O

We then use the fact that the morphism 7" : Lf, (K*) — L§(K*) of ©4 of proposition
4.10 is compatible with the filtrations (F'*. This provides a morphism

Lo (EE™ (X x X)) = L (EFY (X x X)) (4.2)

of Ho€,, induced by the group homomorphism 6 : G - G x G ; g — (g,¢9). Finally, the
diagonal map A : X — X x X induces a morphism

L (Egﬂ"’*(x X X)> L (E(’)’er,’*(X)) (4.3)

by functoriality.
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Definition and Proposition 4.14. We denote by — the composition
i (BY (X)) @ e (BY*(X)) — i (B ()

of the morphisms (4.1), (4.2) and (4.3) of Ho €.

It induces well-defined morphisms
- @ PESS @ p’Egﬁ N p+p’Eg,b7
a+y=a,B+0=b
on the spectral sequences PE,, p € Z, from page r = 1, which induce the cup products
— : Opp* @ Cpr' . Cprt's
and the cup products on CE,., forr > 1, and H*(X; G), since all the cup products — are induced
by the same morphisms u", w, 6 and A.

Inducing the equivariant weight spectral sequence’s cup product from the weight spectral
sequence’s cup product will allow us to carry the usual properties of the cup product on the
equivariant cup product :

Theorem 4.15. Let v > 1. The cup product

—: P EX)eEMX) — “BM(X)
p+s=a,q+t=b

18 commutative.

Proof. The commutativity of the cup product

P EUxX) @ ENX) — EFY(X)
p+s=a,q+t=b

on the cohomological weight spectral sequence (Proposition 5.20 of [9]) is given by the commu-
tativity of the diagram

EPI(X) @ ESN(X) ki ESY(X) @ EPY(X) (4.4)
(uv)lowl i(uv)low
EY(X x X) v EP(X x X)
EM(X)

where

e p+s=aand q+1t=0>b,
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e the morphism & is defined by ®(p ® ) := 9 ® ¢,
e the morphism ¢ is defined by ¢(z,2') := (2/, z) if (z,2') € X x X.

The commutativity of the lower part is induced by the equality ¢ o A = A, while the upper
part is induced by the commutative diagrams

C(X) ® Cu(X) ki CL(X) ® Cu(X)

and

<I)V

(C.(X) ® Cu(X))Y

on the filtered chain complexes.
We then apply group cohomology to the diagram (4.4) for » = 1 and we set up the following
one

(C.(X) ® Cu(X))Y

HM(G, EP(X)) ® H(G, B (X)) HP(G, Ey'(X)) © HM(G, EP(X))
K K
HO(G x G, EPY(X) @ ESY(X)) —2—~ HYG x G, EM(X) @ EX(X)) —== H(G x G, B (X) ® EPI(X))
(u¥) tow (uv)lowi (u¥) tow
H(G x G, B (X x X)) — = HY(G x G, E“(X x X))
T / T

H®(G, Ep"(X x X)) - H®(G, Ef*(X x X))

(4.5)

where
® p+p=aq
e the morphism
K : H*(G, EM(X)) ® H (G, EY (X)) — H*(G x G, EP"(X) @ EY'(X))

is the composition of the Kiinneth isomorphism of cochain complexes with the natural
isomorphism of proposition 4.4 (we consider E?(X) and EJ'(X) as cochain complexes
concentrated in degree 0),
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e the morphisms © are induced by the morphism 6 : F, ® F), = F,® F, ; 2t Qy—y®x
if F'is a projective resolution over G,

e T is the morphism given by proposition 4.10, induced by the augmentation-preserving
G-chain map 7 : FF — F ® F, which is itself induced by the group homomorphism
0:G—GxG.

We show that the diagram (4.5) is commutative.

First, we have To© =T Indeed, o7 : F — F® F is also an augmentation-preserving G-
chain map and therefore, by the uniqueness up to homotopy of such a map, there is an homotopy
between 7 and 6 o 7, which induces an homotopy between (fo7)* and 7* : Homg(F ® F, M) —
Homg (F, M), for any Z[G]-module M.

The other diagrams constituting the diagram (4.5) are also commutative, thanks to the
commutativity of the diagram (4.4) and the functoriality of group cohomology.

As a consequence, the cup product
N p C\{,ﬁ p/ 776 p+p’ azb
@ rEYPRPE} 5 PES”
a+vy=a,B+5=b

is commutative and so are the induced cup products on *E,., from r = 2, and “E,., from r = 1,
since all the morphisms of the diagram (4.5) are induced by morphisms defined on the filtered
chain complexes (the differentials of the spectral sequences *F, and GE, are therefore compatible
with these morphisms).

O

Theorem 4.16. Let r > 1. The cup product

—: P EX)RCEMX) — “BI(X)
p+s=a,q+t=b

18 associative.

Proof. The associativity of the cup product on the cohomological weight spectral sequence is
given by the commutative diagram
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Effl"“ (X) ® E,I«;2’q2 (X) ® ETIBS,!]S(X)

(w¥) owwid id®(u) " tow

EP1+p27ql+q2 (X % X ® Ep3,q3 Epl’ql ® Ep2+p3’Q2+Q3 (X > X)
A*®idl \ / lid@A*
E£1+p2,q1+q2 (X) Ep3 q3 Ep1+p2+p3,q1+qg+q3 (X % X % X Ep1 q1 E7132+p3,q2+q3 (X)
(AXZdX (’LdX ><A
(uv)_lowl / () tow
Ep1+p2+p37Q1+qz+q3 X % X E7131+p2+p3,q1+q2+q3 (X % X)

Egl+p2+p37q1 +q2+q3 (X)

(4.6)

where, if (z,2') € X x X, A x idx(z,2') = (z,z,2') € X x X x X.
We first make precise why the diagram (4.6) is indeed commutative. The commutativity
of its upper part is given by the commutativity of the following diagram, on the filtered chain

complexes,
(Cu(X))Y @ (Cu(X))Y ® (C(X))"
(Cu(X) ® Cu(X))¥ & ® (Cu(X) ® Cu(X))Y
v®idT \ / Tzd@u
(C(X x X)) ® Ci(X)® ® (Cu(X x X))¥
lw y W wl
(Cu(X x X))@ Cu(X X)®Cu(X x X))V

(Cu(X x X x X))

where w(p ® ¥)(c1 ® c2 ® c3) = p(c1 @ c2) - P(c3).

The lower part of (4.6) is commutative by functoriality, since (A xidx)oA = (idx x A)oA.
The commutativity of the left and right parts of (4.6) is then given by the following property
of the cohomological weight spectral sequence :

Lemma 4.17. Let f : Y — Y' and h : Z — Z' be two morphisms of Sch.(R). Then the
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following diagram of spectral sequences is commutative, from r =1,

EPUY"Y @ ESL(2) TE grayy o B2 (7)

l(uv)low J{(uv)low

E£+S,q+t(yl % Z/) (fxh)* E7117+37Q+t(y % Z)

It is induced by the commutative diagrams

O.(Y) @ Cu(2) Z2

iu

Cu(Y x 2)

C.(Y') ® C.(2')

(fxh)« C*(Y/ % Z/)

and
(C.)Y @ (C(2) £ (. (v)Y @ (Cu(21))

. .

() ® Cu(z2) L2 vy @ Cu( 2

on the filtered chain complezes.

Now, we want to show the associativity of the cup product

b / 76 / 7b
_: @ pE§B®pE; — P RS
a+y=a,B+0=b

that is the commutativity of the following diagram (4.7). For the sake of readability, we denote
o Hi(-):=H*(G,-),
® E1 = E1 (X),

® pij:=pi+p;and p:=p1 + p2+ p3if p=p,qor p.
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HE (Ei’l»ql) ® HI? (Efzv‘m) ® HU3 (EfaﬁqS)

K

%

Hglx’c; (Elflvql ® Ef2’q2) ® Hgs (Efg’%)

(uv)_low®id

P12 P1,2,41,2
Heole (E

T®id

Ht2
A*Qid

Hél,z (Ezlo1,2,<11,2

K

GxG 1

v (X x X)) ® HE3 (Ef3'q3)
- (Ei’l,2vq1,2(x % X)) ® Hg?, (Efg,,%)

) ® ng (Ef3"I3)

" P1,2-91,2 P3,43
H, (e ® B}3'93)

(2) o

HE o (BY (X x X))

T

HE (BY9(X x X))

In order to prove that the diagram (4.7) is commutative, we fill it with commutative dia-

HE (BD?)

Hg1 (Eflv‘Zl) ® ngx,zé (Efz"” ® E?gy%)

Hgl (Efl’ql) ® H"?

i

,3

GxG

d®(uv>_10w

(Ef2'3’q2'3(x x X))

1d@T

Hél (thtn) ® ng,?, (Ef2‘3'q2‘3(X % X))

id@QA*

B1 P19l K23 (.P2,3:92,3
He (By7 ) @ Hg (El )

K

" P1,491 P2,3-492,3
Heva (E1 ®F )

Hgyg (BY

T

1

(2) o

(X x X))

HE (BY9(X x X))

(4

7)

grams in the following way. We show below the left part of the obtained diagram, the right
part being symmetric :
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(87)

1) O *V 1) 9
(pead) WH ((x x X)pegd) 9m
0
v Z
v

(X X X X X)pead) TH ((x X X X X)pead) 2700 (X X X)peaa) 2 Dm

Z Iy

@m0 _(,m)
(ep2d@ © (X X X) gy qen0) TH mop— (A mop—(A™)
Pr®mo (1) L
1 1 1) O T 1 1) x5 1 1) X5 1 1) x5
A@Tﬂ&@@ zpzad @ Hm;&mv nH <———— Amv.mmm ® zpezad ® ﬁu@nmv nH ———— Amwtmmm ® (x % XVNJTNJ&QV nH ———— A@Tm&@@ NJTNJRQV nH
I Pr@mo () PR,V
ST S >
T ) 1 1 2] T ) 1 [2) T o) 1 2]
0z Amv,mamv enH © Amm&am ® :&Em«v zinH > Amv,m&mv enH © QX x va,;&,gmv gt > Amu,m@mv enH ® AN,Q,N,EQV zinH
Pr@mo (1) Pr® Vv
PRI PQ.L
o ® o ® 1) OXOXD 1 o0 ® o ® 1) XD
epcead @ gpegad @ 1pergd nH -~ epeead ) enH epead @ 1pe1ad

o g ——

DXD

Amw,mmmv g H ® ACm X Kvm,:ﬁm;ﬁmv zn

d
pr@mo _(,n)

P31
?Tm%hv enH ® Amw&mm& H® A:.;va H
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In the diagram (4.8) above and in the symmetric diagram,
o for (z,y) € XxX,Ai(z,y) = (z,z,y) € XxXxX and Ay(z,y) := (z,y,y) € X xXxX,
o for x € X, Ag(x) := (z,z,x),

e Tj is the morphism given by proposition 4.10, induced by the augmentation-preserving
G-chain map 79 : F — F ® F'® F, which is itself induced by the group homomorphism
G>GxGxG;5 g—(9,9,9),

e T is the morphism given by proposition 4.10, induced by the augmentation-preserving
G x G-chain map 71 : F® F — (F ® F) ® F, which is itself induced by the group
homomorphism G x G = (G x G) x G ; (9,9") — (9,9,9),

e T5 is the morphism given by proposition 4.10, induced by the augmentation-preserving
G x G-chain map 7 : F® F — F ® (F ® F), which is itself induced by the group
homomorphism G x G = G x (G x G) ; (9,9") — (9,9, 9")-

Notice that, by uniqueness up to homotopy of the augmentation-preserving G x G-chain map
F®F — (F®F)®F induced by the group homomorphism G x G — (G x G) x G ; (g,9') —
(9,9,9"), 71 is homotopic to T®id. In the same manner, 79 is homotopic to id®7. Furthermore,
7o is homotopic to 7 07 and mpo7, by uniqueness up to homotopy of the augmentation-preserving
G-chain map F' — FRF®F induced by the group homomorphism G - GXxGXG ; g — (g, 9, 9).

Finally, the diagrams

HEL (Efycn) ® H? (Efmtm) ® HE3 (Efsqqs)

H1,2 P1,41 P2,92 ©3 P3,43 K P1,491 P2,92 P3,493 K I P1,91 K23 P2,92 P3,93
Heole (El ® By )®HG (E1 ) > H By ® By ® By < Heg (E1 )®HG><G By ® By )

I
GxGxG

and

m P1,491 P2,42 P3,93
mY (BY1 @ EY2192 @ B398

P1,2:91,2 P3, P, P2,3:92,3
HY (El (X x X) ® EP3 ‘13) HY (Efl 1 @ B (X x X))

M %

HE (BP9(X x X x X))

connecting the left and right parts of diagram (4.7) are also commutative: the first one by asso-
ciativity of the Kiinneth isomorphism and the second one by functoriality of group cohomology
applied to the topmost part of the diagram (4.6).
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The associativity of the cup product

. ppB o P70 _ ptp pasb
- P ey ePE} - PES
at+vy=a,B+06=b

then induces the associativity of the cup products on *E,, r > 2, and on ®E,, r > 1, by the
same arguments as for the commutativity. O

We conclude this section by showing that the cup product is functorial in the following
meaning :

Theorem 4.18. Let Y be a real algebraic G-variety and f : X — Y an equivariant morphism.
For allr > 1 and all p,q,s,t € Z, the diagram

GEP(Y) @ OB (v) T2 Gpra(x) @ GBS (X)

vl lv

GE7}?+S’Q+t(Y) fr GE7P+S7q+t(X)

18 commutative.

Remark 4.19. It is just the usual formula
frle—d)=fc)— f(c)

of cup product.

Proof. The functoriality of the cup product on the cohomological weight spectral sequence is
given by the commutativity of the diagram
Dyd 85t "o mpg 55t
EPNY)® EN(Y) —= Er1(X) @ E°(X)
(uv)_lowl \L(uv)_low

E?‘FS:Q‘H‘/(Y % Y) M_ E113+s,tI+t(X % X)

A*l lA*

E;H—S’q_‘_t(Y) I E71?+57q+t(X)

for r > 1 (it is commutative thanks to lemma 4.17 and the equality Ao f = (f x f) o A).
The commutative diagram establishing the functoriality of the cup product on *FEs is then
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HA (G, EPY(Y)) @ HO(G, BP(Y)) Z25 Hi(G, BP(X)) @ HP(G, B (X))

K K

HYG % G, EPU(Y) ® EX(Y) 200 go(G x 6, BM(X) @ EX(X))

(uV) Low (u¥) " Low
a a,b (fxf) @ a,b
HYG x G,E™(Y x 1)) HYG x G, E™(X x X))
T T
a a.b (fxf)x a a,b
(@, BN % V) HY(G, B (X x X))
A* A*
f*

HY(G, E{(Y))

(with a:=pu+p,a:=p+sand b:=q+1).
O

Remark 4.20. The commutativity, the associativity and the functoriality of the cup product
on “E,, r > 1, induces the commutativity, the associativity and the functoriality of the cup
product on the equivariant cohomology H*(X; G).

4.3 Equivariant cap product

In this last paragraph, we define a cap product on the Hochschild-Serre spectral sequences *E,
and *E", r > 1, of X, induced by the cap product on its weight spectral sequences (see [9]
Propositions 5.20). This equivariant cap product will induce one on the equivariant weight
spectral sequences of X, which itself induces a cap product on the equivariant cohomology
and homology of X, showing in particular that this last cap product is filtered with respect to
the equivariant weight filtrations. Similarly to what we did for the equivariant cup product,
we carry over the usual properties of cap product from the weight spectral sequences to the
equivariant weight spectral sequences.

We consider the definition of the cap product given in Remark 5.24 of [9]: if A denotes the
filtered morphism of C

GoC*(X) ® (GoCi(X) ® GaCx(X)) — GoCi(X)
PR (a®b) = pa)-b

(see Definition 5.21 of [9] for the definition of the tensor product of a complex of €, resp. €4,
and a complex of C, resp. C_), then the cap product of X can be defined in the localized
category Ho € as the composition (analogous to the cap product in singular (co)homology)

GO (X)BG L (X) 1EA, GoOH(X)@GuC (X % X) “2U G20 (X)@(GaCi(X)2GCr (X)) 25 GuCL(X).
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If we take into account the action of G on X, the leftmost morphism id ® A, induces a
morphism

ACH(X) @ ACY(X) — ACKH(X) ® ACY (X x X).

Furthermore, if K* is cochain complex of €% and M, is a chain complex of %, then the tensor
product of K*® M, can be naturally considered as an element of C&*¢’
isomorphism of C_

and we have a natural

LE(K*) ® LG (M,) — LEXG (K* ® M.),

so that the group homomorphism ¢ : G — G x G ; g — (g,9) induces (by the homological
version of proposition 4.10) a morphism

ACH(X)RACT (X x X) S LEC(G*C*(X) ®GaCh (X x X)) = LE(G*C*(X) ®GoCiu( X x X)).

Finally, since the above morphism id ® v~! and h are equivariant with respect to the diagonal
actions of GG, they induce morphisms

LE(G*C*(X) ® GoOu(X x X)) = LI(G°CH(X) ® (GaCi(X) ©® GoCi(X))) = ACT(X),
and we call cap product, and denote by —, the composition
ACH(X) @ ACY(X) = ACEH(X)RACY (X x X) — LE(G°C*(X) ® GoCi (X x X)) = ACY(X).
Theorem 4.21. The cap product
~:ACH(X) @ ACY(X) — ACY(X)
in HoC_ induces a morphism of spectral sequences

~: P ERUX) 0 B (X) — B (X)
s—p=a,t—q=b
forr >1, and a cap product in equivariant cohomology and homology
~:H*(X;G)® H(X;G) — H.(X;G)
which s filtered with respect to the cohomological and homological equivariant weight filtrations.

Remark 4.22. We do not know if the above cap product on equivariant cohomology and ho-
mology is the same as the one of [18] (III - 3 - (31)).

We now induce the cap product from the cohomological and homological weight spectral
sequences through the Hochschild-Serre spectral sequences *E,. and *E", r > 1.

First, we define the homological analog 7L, : D¢ — C_ of the functor ;L*, and extend it into
a functor HoD® — HoC_: it associates to a complex K, of D¢ the complex L, (K,) equipped
with the filtration Fy which induces the Hochschild-Serre spectral sequence

BV = Homg(F_p, HY(K,)) = Hptq(Li(Ky)) = Hpiq(G, Ky).
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We then apply this functor L, to the equivariant morphism A,, which induces a morphism
LG (BY (X)) @ LS (BY (X)) = L (EF (X)) ® LS (EY (X x X)),

and we use a natural isomorphism of C_ similar to the one in lemma 4.13 to induce, via §, a
second morphism

L (EY*(X))@LS (EY (X x X)) = L& (EP™(X) @ BS (X x X)) = LS (Ey*(X) © BS (X x X)).
Finally, h o (id ® u~!) induces a third morphism

LS (BY(X)® EY (X x X)) = (LS (EY_, (X)),

and we obtain a cap product

~: L (B (X)) ® LS (EY (X)) — LS (EY

p’—p,* (X))

in HoC_ which induces well-defined cap products

/ /
—~ @ PEXP QVE! s — P PE!

a7
y—a=a,6—p=b

on the spectral sequences *F, and *E*, from page one, which induce the cap products

Grop,* Gl Gl

P @ OB, - CEL_,,
and the cap products on “E, and “E", for » > 1 and the cap product on H*(X;G) and
H,.(X;G) (all the cap products are induced by the morphisms A, §, v and h).

We now induce the usual properties of cap product from the weight spectral sequences onto
the equivariant ones. Notice that, since there is no duality between the cohomological and
homological equivariant spectral sequences (remark 3.7), we have no hope to obtain a formula
of the type ¥(¢ —~ ¢) = (¢ — ¢)(c). Nevertheless, such a property is satisfied for the weight
spectral sequences and we will use it to establish the other formulae of the cap product :

Proposition 4.23. Let r > 1 and let p,q,s,t € Z. Now, let p € EP? and ¢ € Ef,. Then

© — c is the unique element of E7 such that for all ¢ € ES P = (B pi—g)”

—pit—q
(e ~c) = (¥ —¢)(c).
Proof. If u=Y(A,(c)) = EB Ao, Dby s € @ B 5 ® E7 5 then
at+y=s,8+5=t at+y=s,8+5=t
Y ~C= h Y& @ Qo3 & bv,(i = @ So(aa,ﬁ) : b'y,é'
a+vy=s,B8+0=t a+vy=s,B+0=t
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Therefore, if ¢ € Ef P = (E7_ pieq) s
be~a= B aas) Y(bys).
at+vy=s,8+6=t
On the other hand, since (u")™' = (u‘l)v7 we have
(b —@)c) = (¢ —1)(c)
= A*o (u_l)v ow(p ®Y)(c)
= wlp®)outoAle)
= D eltap) vlby)
a+vy=s,B+0=t
= Ylp~¢

The uniqueness comes from the fact that the linear space E,

Theorem 4.24. Let r > 1 and let p,q,p’,q
then

(W —p) ~c=9 ~

O]

_pt—q 18 finite-dimensional.

(st € Z. If o € CBPY, ¢ € CET, and v € RV,

(b~ o). (4.9)

Proof. We first show formula (4.9) on the weight spectral sequences, using proposition 4.23: if

01 € EPY™ and @9 € EF*% | then, for all ¢ € E,

P(p1 ~ (p2 ~ )

t_
(p1+p2), (q1+q2), we have

(¥ — p1)(p2 ~ ¢)
= (( — p1) — p2)(c)

(¥ — (1 — ¥2))(c)
Y((p1 — p2) ~¢).

We then express formula (4.9) on the non-equivariant weight spectral sequences with the

following commutative diagram

Eg’vq’ ® EPM @ E;“’t

/ !
E71?+P ,q+q (X X X) ® Eg,t
A*®idl
/ !
Ef-‘rp ,q4+q ® Eg,t
z’d®A*l

EP+P ,.q+q ®Er X % X

m

1dRIARA

Ep a ®qu®ETt(X><X)
J{id@ho(id@ul)
EP .4 ®Es Cpig

lid@A*

EP q ® Er

pit— q(X x X)

—(p+p'),t—(a+d")
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The next step consists in showing that formula (4.9) is true on the Hochschild-Serre spectral
sequences’ pages two *Ey and *E?, that is we are going to prove that the following diagram is

commutative :
HH/ Ep/,q/ H}i EP«(I H*P El
a \F1 ® Hg (BYY) @ Hg ( s‘t)

’ ’ ’ ! ’ ’

+ D, , —p 1 P59 P4 —P 1
HE G (Ef @y q) w HG' (BL,) HY, (E1 ) ® HY (BD) © HG? (BL (X x X))

(uv)7101u®id P

’ ’ ’ ’ ’ ’

+ +p,q"+ — 1 s —pt+p P.q 1
i (s ) o (51) i (51 ) o st (s 51,05 )
TQid id@T

’ / R ! _ 1 ’ /‘ ’ —ptpn ) 1
HE T (Ef tratax X)) wHg" (BL,) m (BP9 ) @ HGPMH (BD T @ BL (X x X))
A*®id id®@ho(id@u 1)
! ’ ’7 !’ !’ !’
uotp P +p,q +q —p 1 % J Y —ptu 1
HY (E1 ) ®@HG (Esyt) HY (El > ®@HG (Esfpytfq)
1@ A 1d® A
’ ’ ’ ’ ’ ’
, - , - 1
HE TH (Ef +roa +Q> ® Hg? (Bl (X x X)) HY (Ef 4 ) @ HG T (BL, (X x X))
K K
’ ’ ’ _ ’ o
Hai-gu +p (Ef +r.a'ta g E;t(X X X)) HG/;‘EM‘FM (Ef 4 g E:—p,t—q(X % X))
T T
_ ’ ’ ’ _ ’ o
Hcp+u +n (Ef +p,q" +q ® E;,t(X x X)) HGp+;L+u (Ef 4 g E‘:sl—p‘t—q(x x X))
M 4%
—(p— (W +1) (g1
He (Bl i—tar o))

Similarly to what we did to prove the properties of the cup product on *Fy, we show the
commutativity of previous diagram (4.10) by filling it with commutative diagrams. We do in
the following way. The left and right parts of (4.10) become respectively :
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(b+ ,b)—3‘(d+ ,d)—s
(o DTE) (ot iy OH

({_n®p1)oy
*vepr
28 1 I} 28 T I} 25 T DXD
- _
A 14 ® (X % va+\vi+\amv it o= H Nﬂv A 14 ® v+\vi+\amv it o= H 7 A @ TJm;Tf&mv 4 riro=H P
Pr®mo_(,n) P,V
L *VR .V
18 T 1 5] 18 T 1 XD 28 1 DXD
A 14 ® pgd @ \u,\amv g o “H <————— A 14 ® pegd ® \u,\nrﬂ«v g o TH —————> A i ®(x X va+\w§+\amv g o ZH
pr@mo _(,n)
e e

¢ T 2
ACm x x)'{a ® vanfnmv At iyoH

L

1's 1 DX D
ACN X X)'1d ® Ffvifamv 4 rito=H

3

1's 2] T D
ACN X X Hmv JZH® Aw..r\wd..r\&mv i.,r\im

*veprr

*V® .V
0 7‘s 2T Ty ® T D 1's O (x X X) T 1) 2's S T 2
L 14) ¢ZH p:all © pe gl ) vy 9H > 1d) g=H X X X)by prat,af ) iy nH > 14) ¢ZH b prdt ,df | vy nH
ﬁ.s®3\oﬁlA>§v Pr® .V
PRI PrO.L
2t T 1 DXDXD s [3) bd btyd_\ DX 2's [2) 1 DXD
.
A 13 ® pgd ® \@,\mmv "y piyd—H o A Hmv JZH® A e’ J@v A gH T A Hmv 9H® ACm % Kuvfmifmmv it i H

pr®mo _(,n)

P31

("1a) 28 ® (da) B © (e fa) 2
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((x xx)?

(

b—3‘d—s
1

—y'd—s o) 1 o
?ﬂv g ZH ® A\u,\amv g

P

(

*vep?

[ T (9] ¢ T D T [ ¢ T [ T
) wio2H® A\ﬁamv o <~—————— (X x )" ® . Ja) 41y 2H ® A\usamv o <~ (" ® . da) 4y OH ® A\ﬁumv ,

(;_n ®PY)Y ® pt

Acm x x)PM g @ \?\va

*vepr

b—3'd—s

(;_n®p1)uQp?

ACm x )V H® . ta

3

I®P?

((xx )" @ pha)

((x xx)"{a) 421 @ (da) Ju ® A\wcm@mv ,

M ®pr

O

D XD

A\v\u\ﬁ\n\n\m

T

4 ritd—H I
T D XD
\nmv et rito = H L

L
1 DXD
® \v,\amv 4 ritd—H

*V ®prQpr

¢ T T
Ag T® pfa® \?hmv

3

b—3'd—s
(st

ACm x X)*E ® g

OXD ‘s T
_— Ag 1T ®pad ® p

et rito—H Z

(e x0"""a e . da)

mv 1+\1+Qm~.~
(1_n@pPHU
i+\1+qwm~
*vepr

MMV 1+\1+qw~.~
(;_n®P1)uRp?

® \u,\va 1+\1+me

*vRprep

T o
,\amv it o “H

oz
(*v ® p1) ® p?
I®P?
% . x ¢ X DX
1&L‘W~.~ ® A\u,\wmv \.wm [ — A« Mm ® w,mmv i&ymmm ® A\u.\wmv \wwm vml Au mm ® m:wm ® \T\va im\imnmm
(*v ® p1) ® p?
3 ®p?
o) 2 f5) T\ O T o)
T H p— A Hmv 02H @ (peqd) GH ® AE(&MV JiH
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Finally, since the morphisms in the above diagrams are defined on the filtered chain com-
plexes, the formula (4.10) is also true on the induced spectral sequences *E, and *E" for r > 2,
and CE, and “E" for r > 1.

O

Theorem 4.25. Let Y be a real algebraic G-variety and f : X — Y an equivariant morphism.
Letr>1 and let p,q,s,t € Z. If o € “EP(Y) and ¢ € “E7(X), then

o~ fule) = fi(f (@) ~©). (4.11)

Proof. We first prove the formula (4.11) on the non-equivariant weight spectral sequences:
suppose ¢ € EP(Y) and ¢ € Ef,(X), then, for any ¢ € ESPI9(Y)| we have

P~ fule)) = (¥ —9)(ful0))
= ffW—9)()
= (7)) — 7 (#)) (e)

F @) (f(p) ~ ¢

= V(£ (p) ~ o).

We then express formula (4.11) with the commutative diagram

Y)®

EPUY Eg,
y W

EPO(Y) & EPI(X) @ E7,(X)
id®A*l lid@A*
EPUY) @ EL(Y x Y) EPU(X) @ EL,(X x X)

lh(id@u_l)
h(idgu="1) By pi—q(X)

/

Finally, we prove the formula (4.11) on *Ey and *E?, showing that the following diagram is

‘s
Es —p,it— q
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commutative :

HE(EYY(Y)) @ Hi” (B34 (X))
HE(EYY(Y)) @ Hg” (B34 (Y))
1dRA
HE (EYUY)) @ HS (E;’t(y xY))
K
Hgh i (BP(Y)

® B (Y xY)) Held' (BY(X)

T

H ™M (BPI(Y) @ EL (Y x Y)) H ™ (EPY(X)

h(id@u—D) G
7
Hame (E;fp,tfq (Y))

H_pﬂL (Esl—p,t—q(X))

HE (EP9(X)) © Hg" (EL,(X))

1d® A«

HY (BPI(X)) @ Hy (EL, (X x X))

K
® ElL(X x X))
T
® EL(X x X))

h(idou~1)

To this end, we fill it by commutative diagrams as follows. Since the involved morphisms are
defined on the filtered chain complexes, the formula (4.11) is induced on *E, and *E" for r > 2,

and on FE, and ¢E" for r > 1.
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b—y'd— o
(CO" "% 21
(;_n®p2)y
(X x X)"78 @ (X) g o <——
A T b‘d v 4d ©yQp?
P
((x < x)"a @ (X)pda) 500 <——
*veprr

M
QX X X ﬁmmv JPH ® ((X)peat) DH

*vep?r

(0*5a) 21 © (x),4a) Ju

(0" @ (X)pd) yio”H

L

(0" @ () pda) 25%H

PR . F

PR F

(P 5a) yo2H

(CO¥58 © (R e d@) wyoH

Qk e Ccu;wmv A 2H
M

(()¥51) 421 ® (0. da) Fu

Q\ﬂ g ® A\c?wmv

(4—_n®P1Y

*F®pr

ritd—

(018 ® (R)pd@) yio2H ——— (X x 058 © (K 4@ ) yyo2H

*v®p
Z
2 T DXD
H— oz (kx g e W,da) 2521
>

Q\w X A ﬂmmv oPH ® (K padd) JH

*vep?r

(@) o21® (R)pda) Jn
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O

Remark 4.26. Let X be a real algebraic G-variety of dimension d. The semialgebraic chain
[X] belongs to G_4C4(X). Notice that the complex G_;C,(X) is concentrated in degree d and
therefore, we have

o A_4Cf(X) = Homg(F_qtk, G-qCa(X))

H_a(G, Q,dC’d(X)) if =0,

° dEa’ﬂ — dEa7B —
2 > 0 otherwise,

o CEDY — HP(G,G_qCq(X)).

In particular, the semialgebraic chain [X| can be considered as a class of dEg,o = GE% 4=
GEl d2d = GEE"d,Q 4= (G_4C4(X))¥ and we can consider the equivariant cap product with [X

PD : PEXP _y d=pRT

—a,—
on *E,., for r > 2,
“D:CEPT 5 CET g g
on “E,, for r > 1, and
D¢ : QPHM(X;G) = Q_p nH, 1(X;G)
on H*(X; Q).

When X is compact nonsingular,

HY(X) ifq=0,

EPY — EPY —
2 > {0 otherwise,

and the spectral sequences 7/ degenerate at page two, the reindexed equivariant weight spectral
sequences of X being, from page r = 2, the Hochschild-Serre spectral sequences associated
to X and G (remark 3.14 and Proposition 3.23 of [16]). Furthermore, the Poincaré duality
isomorphism

D: H¥X) = H,_p(X),

which is induced by morphisms defined on the (filtered) chain complexes (see section 5.6 of
[9]), induces an isomorphism of Hochschild-Serre spectral sequences from page two :

De : OERY = HP(G, HY(X)) — HY(G, Ha_g(X)) = OE2, 4.,

This isomorphism of spectral sequences then induces an equivariant Poincaré duality iso-
morphism on the equivariant cohomology and homology of X

D¢ : QPHM(X;G) — Q_p nH, 1(X;G)

(here, the equivariant weight filtration € coincides with the filtration induced by the Hochschild-
Serre spectral sequence), which coincides with the equivariant Poincaré duality of [18] Theorem
4.2 (see also Remark 5.3).
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