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Equivariant weight filtration for real algebraic varieties with
action

Fabien Priziac

Abstract

We show the existence of an equivariant weight filtration on the equivariant homology of
real algebraic varieties equipped with a finite group action, by applying group homology onto
the weight complex of McCrory and Parusinski. The group action enriches the information
contained in the induced equivariant weight spectral sequence from which we can not extract
finite additivity directly if the group is of even order.

Still, we manage to construct additive invariants from its elementary bricks, and prove
that they are induced from the very equivariant geometry of real algebraic varieties with
action, and that they coincide with Fichou’s equivariant virtual Betti numbers in some cases.
In the case of the two-elements group, we recover these through the use of globally invariant
chains and the equivariant version of Guillén and Navarro Aznar’s extension criterion.

1 Introduction

In [3], P. Deligne established the existence of a so-called weight filtration on the rational co-
homology of complex algebraic varieties. A real analog of this filtration was introduced by B.
Totaro on the Borel-Moore Zgs-homology of real algebraic varieties in [14]. Using an extension
criterion for functors defined on nonsingular varieties by F. Guillén and V. Navarro Aznar
([6]), C. McCrory and A. Parusinski showed in [12] that this weight filtration for real algebraic
varieties can be induced from a functorial (with respect to proper regular morphisms) filtered
chain complex, defined up to filtered quasi-isomorphism. Considering the associated spectral
sequence (that does not converge on order two, contrary to the complex frame), they highlight
all the richness of the information contained in this invariant. In particular, McCrory and
Parusinski extract from the real weight spectral sequence their additive virtual Betti numbers
([11]). Furthermore, they realize the weight complex from the chain level, using a so-called ge-
ometric filtration based on resolution of singularities ([7]), which coincides on the real algebraic
varieties with a filtration defined on the category of AS-sets ([8], [9]) and continuous proper
maps with AS-graph, using Nash-constructible functions ([10], [12]).

Keyword : equivariant homology, weight filtration, real algebraic varieties, group action, additive invariants.
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In [13], we considered real algebraic varieties equipped with a finite group action. Thanks
to the functoriality of the weight complex, we equipped it with the induced group action
and, using an equivariant version of the extension criterion of Guillén and Navarro Aznar
(a result that we recall as theorem 2.4), we showed the unicity of this weight complex with
action with respect to extension, acyclicity and additivity properties, up to equivariant filtered
quasi-isomorphism (theorem 2.3). Focusing on its realization through the Nash-constructible
filtration, we obtained a filtered version of the Smith short exact sequence for an algebraic
involution (theorem 2.6), relating isomorphically the filtered invariant chains and the filtered
chains of the arc-symmetric quotient in the compact and fixed point free case (proposition 2.7).

In this paper, we apply some functor (definition and proposition 3.4) to the weight complex
with action (definition 3.15) in order to induce a weight filtration on the equivariant homology
of real algebraic varieties equipped with a finite group action. We show the unicity of the
equivariant weight complex, with respect to extension, acyclicity and additivity properties,
similarly to the previous frames (theorem 3.16). Though, taking a particular look at the induced
equivariant weight spectral sequence (subsection 3.3), we understand that the action, embodied
by the group homology of the considered group, enriches considerably the information contained
in the equivariant weight invariants. In particular, some significative differences appear between
the equivariant weight spectral sequence and the non-equivariant one. Indeed, the former is no
longer left-bounded (corollaries 3.19 and 3.20). As a consequence, in the equivariant case, the
long exact sequences of additivity are not finite in general and, even for compact nonsingular
varieties, the spectral sequence does not degenerate on this page either (proposition 3.23). This
prevents us to recover some additive invariants directly from the equivariant weight spectral
sequence’s page 2, unlike the non-equivariant frame.

In the final step of this work, we then propose means to grasp some additivity among
elementary bricks of the equivariant weight spectral sequence, starting from the remark that
its terms on page 2 are no more than the group homology of the considered finite group with
coefficients in the weight spectral sequence (proposition 3.17). Taking the associated spectral
sequences of group homology and considering the Nash-constructible filtration as the realization
of the equivariant weight complex, finite long exact sequences of additivity appear on the rows
of one of them (proposition 4.2). Combining these additivities in a certain way, we produce
additive invariants B,? (definition 4.4). We show that each of them is the Euler characteristic of
some other spectral sequence, constructed from the very equivariant geometry of real algebraic
varieties with action (subsection 4.2 and theorem 4.9). The point here is that, by this approach,
we manage to get some additive invariants of real algebraic varieties with action both obtained
directly from their filtered semi-algebraic chains, and related to the equivariant weight spectral
sequence. It should be stressed that the realization of the equivariant weight complex through
the Nash-constructible filtration is crucial.

In the two-elements group case, computing the spectral sequences inducing the BE’S by
using the Smith Nash-constructible exact sequence, we get a formula that highlights the im-
portance of the consideration of invariant chains (proposition 4.11). Furthermore, we use it to
show that the invariants B,f coincide with G. Fichou’s additive equivariant virtual Betti num-
bers in some cases (theorem 4.14). Would it be the case for all the equivariant virtual Betti
numbers, and we would have a better geometric understanding of these additive invariants from
the equivariant geometric structure at the filtered semi-algebraic chain level.



In the last point 4.4, we take an other point of view, starting from the invariant chains of
a real algebraic variety equipped with an algebraic involution. Using the equivariant extension
criterion 2.4 again, we show the existence of what we call an invariant weight complex (propo-
sition 4.16), inducing a filtration of the homology of invariant chains. The induced spectral
sequence is here bounded and we can extract additive invariants related to the equivariant
virtual Betti numbers through the virtual Betti numbers of the fixed-points set (proposition
4.18 and theorem 4.19). Though, even if we manage to recover the equivariant virtual Betti
numbers by this approach, it is non-effective in the sense that they come from a chain complex
only defined up to filtered quasi-isomorphism, forcing us to consider acyclicity and additivity,
that is resolutions of singularities and inclusions, to compute them, a way that is similar to
what Fichou did in [5] to prove their existence. Consequently, future work will have to be
done to obtain an realization at the chain level of the invariant weight complex. Whether the
Nash-constructible filtration could be such a chain realization for the invariant weight complex
seems furthermore to be the question that links this construction, the construction of additivity
from the equivariant weight spectral sequence, and the equivariant virtual Betti numbers for
the two-elements group. This confirms the central role that seems to be played by the Nash-
constructible filtration.

We start this paper by recalling the principal definitions and properties from [13] about
the weight complex with action that we shall need here. In particular, we give the equivariant
extension criterion and the Smith Nash-constructible short exact sequence for an algebraic
involution.

In section 3, after giving some words about group cohomology and homology, we define
a functor denoted by L together with the equivariant homology and the associated spectral
sequences. Showing the compatibility of L with filtered categories, we apply it to the weight
complex with action to obtain an equivariant weight complex. We then focus on the induced
equivariant weight spectral sequence, extracting the tools that we will use to identify additivities
in the last part. We give also some examples for the computation of the equivariant weight
filtration, and justify that the odd-order group case is the simple one.

Finally, in section 4, we explain how we can construct additive invariants from the ele-
mentary bricks of the equivariant weight spectral sequence, and recover them from spectral
sequences induced by the equivariant geometry of real algebraic varieties with action, embod-
ied by the Nash-constructible filtration (with action). After a computation, we show that in
some cases, they equal the equivariant virtual Betti numbers. In the last subsection, we recover
these for G = Z /27, considering the invariant chains.

Acknowledgements. The author wishes to thank M. Coste, G. Fichou, F. Guillén, T.
Limoges, C. McCrory and A. Parusinski for useful discussions and comments.

2 Weight complex with action

In this section, we recall the important results from [13], in particular the existence and unicity
of the weight complex with action (2.3) and the exactness of what we called the Smith Nash-



constructible short sequence for an involution (2.6).
For the reader’s convenience, we first recall the definition of the complex of semialgebraic
chains with closed supports, before equipping it with a group action.

2.1 Semialgebraic chains with action

We recall the definition from [12], Appendix, of the semialgebraic chains with closed supports
of a semialgebraic subset X of the set of real points of a real algebraic variety. Here, a real
algebraic variety is a reduced separated scheme of finite type on R.

Definition 2.1. For all k > 0, we denote by Ci(X) the quotient of the vector space on Zs
generated by the closed semialgebraic subsets of X of dimension < k, by the relations

o the sum A+ B is equivalent to the closure clx(A <+ B) in X (with respect to the strong
topology) of the symmetric difference of A and B,

o the class of A is zero if the dimension of A is strictly smaller than k.

A semialgebraic chain with closed supports of dimension k is by definition an equivalence class
of Cx(X). Any chain ¢ of Cx(X) can be written as the class of a closed semialgebraic subset A
of X of dimension < k, denoted by [A].

The boundary operator O : C(X) — Cx_1(X) is defined by Oxc = [0A], if c = [A] € Cr(X),
where 0A denotes the semialgebraic boundary {x € A | A14(X) =1 mod 2} of A (A is the link
on the constructible functions, cf [10]).

Consider now a group G acting on X by semialgebraic homeomorphisms. By functoriality
of the semialgebraic chains with closed supports, an action by linear isomorphisms is induced
on the complex C,(X).

The complex C,(X) equipped with this action becomes a G-complex, that is the induced
action of G on C,(X) commutes with its differential. Moreover, the semialgebraic chains with
action are functorial with respect to equivariant proper continuous semialgebraic maps, and
the operations of (equivariant) restriction, closure and pullback are equivariant.

For more details about semialgebraic chains, we refer to the appendix of [12], and for their
equivariance, to the second section of [13].

2.2 Weight complex with action

Let G be a finite group.

We give the steps that led us to the construction and the unicity of the weight complex
with action in [13], notably an equivariant version of the extension criterion [6] Théoreme 2.2.2
of F. Guillén and V. Navarro Aznar (2.4).

The next definition is about the notations for the different equivariant categories we are
working in.

Definition 2.2. We denote by



. Schg(R) the category of real algebraic varieties equipped with an action of G by algebraic
isomorphisms -we call such objects real algebraic G-varieties- and equivariant reqular
proper morphisms,

) Regfgmp(]R) the subcategory of compact nonsingular G-varieties,
e VG(R) the subcategory of projective nonsingular G-varieties.
We denote also by

o CC the category of bounded G-complexes of Za-vector spaces equipped with an increasing
bounded filtration by G-complexes with equivariant inclusions -we call such objects filtered
G-complexes- and equivariant morphisms of filtered complexes,

e DC the category of bounded G-complezes and equivariant morphisms of complezes.

Here and from now, an action of G by algebraic isomorphims on a real algebraic variety X
will be an action by isomorphisms of schemes such that the orbit of any point in X is contained
in an affine open subscheme.

In [13] Théoreme 3.5, we defined a weight complex with action of G on the category of real
algebraic G-varieties, by equipping McCrory-Parusinski’s weight complex ([12] Theorem 1.1)
with the action induced by functoriality :

Theorem 2.3. ([13] Théoreme 3.5) The functor
FearC, : VE(R) — HoCY% ; X — FOC,(X)
admits an extension to a functor
W, : Schb(R) — H o C¢

defined for all real algebraic G-varieties and all equivariant proper reqular morphisms, which
satisfies the following properties :

1. Acyclicity : For any acyclic square

Y - X
1 ! (2.1)
Y —» X

n Schg;(]R), the simple filtered complex of the O} -diagram in C¢
WC,(Y) = WC.(X)
) \J
WCO,(Y) — WC.(X)

is acyclic (i.e. isomorphic to the zero complex in H o C%).



2. Additivity : For a equivariant closed inclusion Y C X, the simple filtered complex of the
D(‘]L—diagmm in C

WC,(Y) = WCL(X)
is isomorphic to WC, (X \ V).
Such a functor “WC, is unique up to a unique isomorphism of H o CE.

We denote by H o CY the category C localised with respect to equivariant filtered quasi-
isomorphisms, that we will sometimes call quasi-isomorphisms of C, i.e. the equivariant filtered
morphisms between filtered G-complexes that induce an equivariant isomorphism at the level
E' of the induced spectral sequences.

In order to show the unicity of the weight complex with action “WC,, we used an equivari-
ant version of the extension criterion [6] Théoréme 2.2.2 of Guillén and Navarro Aznar (that
McCrory and Parusiriski used to show the unicity of their weight complex, cf [12] Theorem 1.1),
which justifies the restriction to the case of a finite group for which there exists an equivariant
compactification, a Chow-Hironaka lemma and an equivariant resolution of singularities in the
category Sch%(R) (by [4] Appendix) :

Theorem 2.4. ([13] Théoreme 3.5.) Let C be a category of cohomological descent and
F:VYR)— HoC
be a contravariant ®-rectified functor verifying

(F1) F(0) = 0, and the canonical morphism F(X UY) — F(X) x F(Y) is an isomorphism
(in HoC),

(F2) if X, is an elementary acyclic square of VE(R), then sF(X,) is acyclic.
Then, there exists an extension of F' to a contravariant ®-rectified functor
F,:Sch%R) —» HoC
such that :
1. if X, is an acyclic square of SchS(R), then sF.(X,) is acyclic,

2. if Y is a closed subvariety of X stable under the action of G on X, we have a natural
isomorphism (in H oC)

F(X\Y)=s(F.(X) = F.(Y)).

Furthermore, this extension is unique up to a unique isomorphism.

Remark 2.5. e For every real G-variety, we have an equivariant isomorphism H,,(“WC, (X))
H,(X) for all n € Z.

o~



e The weight filtration and spectral sequence are equipped with the action of G induced
from the G-action on the weight complex.

e McCrory and Parusiiski’s geometric/Nash-constructible filtration on real algebraic va-
rieties ([12] sections 2 and 3), equipped with the action of G induced by functoriality,
realizes the weight complex with action.

e If X is a compact nonsingular G-variety, “WC,(X) is isomorphic to F"C,(X) in HoCY,
and it goes the same for all the realizations of the weight complex with action, in particular
for the geometric/Nash-constructible filtration with action.

For more details about the weight complex with action, we refer to [13] section 3.

In the following, the weight complex with action will be simply denoted WC, if the context
is explicit.

2.3 The Smith Nash-constructible exact sequence in the case G = Z/27Z

In the last point of this section, we recall results from [13] section 5, which claim that we can
use the Nash-constructible filtration to implement a notion of regularity into the Smith short
exact sequence of a real algebraic variety with an involution.

Precisely, let X be a real algebraic variety equipped with an algebraic involution o, then
we can split with some regularity any invariant chain into two parts exchanged by the action
of G:={1,0} = 7Z/2Z (modulo the restriction to the fixed points set of X) :

Theorem 2.6. ([13] Théoréme 5.5.) Let ¢ € (NoCr(X))C be a chain of X of dimension k and
of degree v with respect to the Nash-constructible filtration. Then there exists ¢’ € Nuoi1Cr(X)
such that
c=c¢xo+(1 +ao)d
(the restriction ¢ xa is in NoCr(XG)).
Consequently, for all o, the short sequence of complexes

0= NoCo(XE) @ (14 0) T (X) = NyCu(X) = (14 0)NLCW(X) — 0,

where TP (X) = {c € No31Ck(X) | (1 4 0)c € NoCi(X)}, is ezact. We call this sequence
the Smith Nash-constructible exact sequence of X of degree o.

The last property we recall is an interpretation of the Smith Nash-constructible exact
sequence when the variety X is compact and the action of G is free. In this case, the quotient
of the real points of X by the action of G (that we denote, by an abuse of notation, by X/G) is
an arc-symmetric set and the invariant chains of X correspond to the chains of the quotient :

Proposition 2.7. ([13] Proposition 5.6.) Let X be a compact real algebraic variety equipped
with a fized-point free action of G = 7Z/27. Then the morphism of filtered complexes

NC.(X)C = NC, (X/Q),

induced by the quotient map m: X — X/G, is a filtered isomorphism.



3 Equivariant weight filtration for G-real algebraic varieties

Let G be a finite group.

In this section, we construct a so-called weight filtration on the equivariant homology of
real algebraic G-varieties defined by J. van Hamel in [15], applying on the weight complex
with action (2.3) some functor which computes this equivariant homology, when applied to the
complex of semialgebraic chains (3.4, 3.11).

Significative differences will appear between the equivariant weight complex and the non-
equivariant one. In particular, unlike McCrory and Parusinski’s weight spectral sequence ([12]
section 1.3), the equivariant weight spectral sequence may not be bounded (3.24) and may not
degenerate at level E2, even in the compact nonsingular case (3.23, 3.13).

Nevertheless, tools from equivariant homology, useful to have a better grasp of this invariant,
will provide us new spectral sequences (trivial in the non-equivariant case) to study more deeply
all the information we get in this equivariant frame (3.17).

3.1 Group (co)homology and the functor L

In a first subsection, we recall the basic background about group (co)homology with coefficients
in a module and a chain complex that we will use to define the equivariant homology on a real
algebraic variety with action.

We remind that if M is a Z[G]-module, the n*® group of cohomology of the group G with
coefficients in M is given by

H"(G,M) := Ext%[G}(Z, M) = H"(Homgz g (Fy, M)),
where F, is a projective resolution of Z by Z[G]-modules.
Remark 3.1. e Forn <0, H*(G,M) = 0.
e If k is a ring and if M is a k[G]-module, then for all n € Z,

as an isomorphism of k-modules. In the rest of this paper, we will be considering Zo-
vector spaces equipped with a linear action of GG, so there will be no difference whether
we should consider a projective resolution of Z by Z[G]-modules or a projective resolution
of Zy by Zs[G]-modules
Ezample 3.2. ([1]) Let G a finite cyclic group of order d generated by o. Then, if we denote
N :=3Y".,240"% a projective resolution of Z by Z[G]-modules is given by

716 &5 7161 & z[6] &S Z — o,
and the cohomology of G with coefficients in a module M by

G . . e
%—M if n is an even positive integer,

N
H"(G, M) = W if n is an odd positive integer,
MY ifn = 0.



Ezample 3.3. If G = 7Z/27 and if M is a Zs[G]-module, the cohomology of G with coefficients
in M is

MY sin=0,
H"(G,M) = ME .
m Sln>0.

For more details and background about group cohomology, see for instance [1] or [2].

Now we define the homology of G with coefficients in a G-chain complex of Zo-vector spaces,
using a functorial operation denoted by L. We denote by D_ the category of bounded above
chain complexes of Zs-vector spaces, and H o D_ the category D_ localized with respect to
quasi-isomorphisms.

Definition and Proposition 3.4. Let K, be in DC. Let ... > By ﬁ F A1—> Fh—>72— 0
be a resolution of Z by projective Z|G|-modules.
Then, the complex L.(K,) is the total complex associated to the double complex

(Hom(;(F_p, Cq))pvqez

The operation L : DE 5D ; Ky — L.(K,) is functorial.

Remark 3.5. For G = {e}, considering ... - 0 — 0 — Z W7 50 asa projective resolution,
we obtain L.(K,) = K,.

The homology of the group G with coefficients in a G-complex K, is then defined as the
homology of the complex L,(K,) and denoted by H,(G, K).
The two spectral sequences associated to the double complex (Hom(F_,, Cy))p qcz converge
to this homology :
2 _
iy, = HP(G Hy(Ky))
UEL, = HPGK) [T Hy+o(G, K)

The first spectral sequence is the so-called Hochschild-Serre spectral sequence associated to the
group G and the G-complex K,. In particular, we can see here that, as the group cohomology
with coefficients in a module does not depend on the considered projective resolution (of Z by
Z|GJ-modules or of Zg by Za|G]-modules), neither do the group homology with coefficients in
a complex of DE and the functor L : D¢ — HoD_ ; Ky — L.(K,) (for convenience, we use
the same notation L%).

Hochschild-Serre spectral sequence allows us to prove that L preserves quasi-isomorphisms
as well :

Proposition 3.6. An equivariant quasi-isomorphism f : K, — M, induces an isomorphism
H,.(G,K,) — H.(G, M,).

Proof. The equivariant quasi-isomorphism f induces an isomorphism from the level E? of
the induced Hochschild-Serre spectral sequences, which converge to the homologies of G with
coefficients in K, and M, respectively. O



We denote again by L the induced functor H o D¢ — H o D_.

Furthermore, we show that if we apply the functor L to a complex of C“, we can obtain a fil-
tered complex (bounded above), and that this operation preserves filtered quasi-isomorphisms.

Define the category C_ of bounded above complexes of Zs-vector spaces equipped with an
increasing bounded filtration, and morphisms of filtered complexes.

Proposition 3.7. Let (K., J) be in C&. The equivariant increasing bounded filtration J of the
G-complex K, induces an increasing bounded filtration J on the complex L.(K,), defined by

jaLk(K*) = Lk(JaK*)
In HoC_, the couple (L.(K.),J) is independent from the chosen projective resolution.

Proof. We show that two projective resolutions give quasi-isomorphic filtered complexes in C_.

Let (F;); and (Fj); be two resolutions of Z or Z by projective Z[G]-modules, respectively
Zs|G]-modules. We denote by JL.(K,) and J'L(K,) the respective associated filtered com-
plexes, and by E" and E'" the respective induced spectral sequences.

We have
o _ Ivlptq _ Da-to=pq Home (Foa, JpKp) _ EB Homg <F Ip Ko >
pa jpflLIH*q @a-ﬁ-b:p-{—q HOI’HG(F,G, prle) “ prle

a+b=p+q

because the G-modules F; are projective. Then we have EI(,]’* = Lpts« <M) and E;S* =

Jp*lK*
L. (%) for all p € Z. The homologies of these two complexes give the homology of the

group G with coefficients in the complex ij ﬁ*(*, inducing an isomorphism between E' et E'L.
O

We use this computation to show that the functor L preserves filtered quasi-isomorphisms :

Proposition 3.8. The operation L induces a functor
HoCY 5 HoC_ ; (K,,J)— (L.(K.),J)
that we denote again by L.

Proof. Let ¢ : K, — M, be a quasi-isomorphism in C% and J and I be the respective filtrations
of K, and M,. We just computed

0 (K. (M. 0 (M,
EO (KD — 1, (Ep,*(,p>> and EQ (M) — (wa,p )> .

But, for all p € Z, the morphism ¢ : K, — M, induces an equivariant quasi-isomorphism
Eg,*(f; ) Eg,*(f/[;), and then we use the fact that L preserves quasi-isomorphisms to conclude.

O
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We apply L to the canonical filtration. We notice that the induced spectral sequence
coincides with Hochschild-Serre spectral sequence :

Lemma 3.9. Let (K,,0s) be a G-complex equipped with the canonical filtration F*". We con-
sider the induced filtered complex F“"L,(K,), and denote by E the induced spectral sequence.
We have, for all p,q € Z,

Ey,=H 79(G, H_,(K.)),

and, for allr > 1,
r oo r—+1
Epq = Eopig—p

Proof. Let (Fy,A,) be a projective resolution on Z[G] of Z (or on Z3[G] of Z3). Let p in Z.
By a direct computation and using the fact that the F;’s are projective, we find that the

complex ES’*_p is the mapping cone of the morphism

¢ : Homg (F_(p+*), K_piq/ker 6,p+1) — Homg (F_(p+*), ker (9,p) .
On the other hand, again because the F;’s are projective, the short sequence of complexes
0 — Homg (F_(p+*), K_py1/ker 3_p+1) — Homg (F_(p+*), ker 8_p) — Homg (F_(p+*), H_p(K*)) -0

is exact.
Then, considering the two respective induced long exact sequences in homology, and using
the five femma, we obtain that, for all p,q € Z,

Ez%,q = Hptq (ES,*fp) = Hpyq (HomG (F,(er*), H—p(K*))) = HﬁQpiq(Gv H—p(K*))-

Thereafter, the spectral sequence E and the Hochschild-Serre spectral sequence are nat-
urally isomorphic (modulo reindexing) because of the naturality of the last isomorphism and
because the differential of the two spectral sequences are induced by the same morphisms. [

We end this subsection by an essential point : the functor L commutes with the operation
that associates to a cubical diagram in C& (resp. C_) its simple filtered complex. For the
definition of a cubical diagram and the associated simple filtered complex, see [12] section 1.

Proposition 3.10. Let K be a cubical diagram of type O} in CY, then s(L.(K)) = L.(sK)
(in C_ if we consider the same projective resolution).

Proof. Direct computation.

3.2 Equivariant weight complex

Applying the functor L to the weight complex with action, we obtain the equivariant weight
complex which will induce the equivariant weight filtration on the equivariant homology we
define below.

11



Definition 3.11. Let X be a real algebraic G-variety. We denote C&(X) := LE(C.(X)) and,
forn € Z, we associate to X

its n' equivariant homology group, where Cy(X) is the G-complex of semialgebraic chains with
closed supports of the set of real points of X .

Remark 3.12. e The Hochschild-Serre spectral sequence
IEg,q = H7P(G, Hy(X)) = Hp4(X;G)

allows us to take a grasp of this equivariant homology from a geometric point of view.
It takes into account the geometry of the real points of the considered real algebraic
G-variety, the geometry of the action of G on it, and the structure of the group as well.

e This equivariant homology is the same as J. van Hamel’s equivariant homology defined
in [15] Chapter III Definition 1.2 (at least for compact G-real algebraic varieties).

e Pour G = {e}, H,(X;G) = H,(X).

Ezample 3.13. We use the Hochschild-Serre spectral sequence to compute the equivariant ho-
mology of the 2-dimensional sphere X, given by the equation x? 412+ 22 = 1 dans R?, equipped
with the action of G = Z/2Z given by o : (z,y) — (—z,y).

The page [F?(X) is

To[X] ... Io|X]  Zs|X]
0 0 0
Zo[{po}] .- Z2[{po}] Za[{po}]

where py is a point of X, that we choose in the fixed points set X“. Then, since the differentials
of the rows of the double complex inducing the spectral sequence are 1 + o, we have [F?(X) =
E>*(X) and

Zo[X]if k=1ou?2,

HulX;G) = {zm & Zal{po}] it k < 0.

If we consider now the fixed point free G-action on X given by o : (z,y) — (—z, —y), the
page [F?(X) is the same (with py being any point of X), but the differentials d* are non-trivial
(we have d®([{po}]) = [X]). Consequently, the Hochschild-Serre spectral sequence degenerates
at the page [F*(X) :

0 ... Zo[X] Zo|X]
0 ... 0 0
0 ... 0 0

for this action and
Zo|X]if k=0,1 ou 2,

B (X:6) = {o if k<0

12



The second spectral sequence
1B, = HP(G,Co(X)) = Hpg(X;G)
associated to the equivariant homology can also be useful, as in the following case :

Lemma 3.14. Let G = 7Z/27. Then, for all real algebraic G-varieties X and all k € Z,

Hy(X; G) = (ker 0)C (04 ((Crin (X)) & @D H; (X€).
i>k+1

Proof. The equivariant homology is the homology of the total complex associated to the double
complex

CaX) =5 CuX) 5 CuX) -

194 1 04 1 04
Cor(X) 25 cp(x) 22 (X)) —
1041 1041 104
i (92 i, 82 i/ a2
ax) 25 oo S oo -
1o 1o 1o

Co(X) =% Go(x) =5 CpX) -

where d is the dimension of X. Using the Smith short exact sequence
0= Cu (X9 @ (1+0)Cu(X) = Cu(X) = (1 +0)Cu(X) =0

we compute the page 1 of the spectral sequence rF :

(Ca(X)®  Ca(X9)  Ca(X9)
1 94 1 04 1 04
(Ca—1(X))®  Ca1 (X)) Gy (X9)
1 0q—1 1041 1041
10y 10 10y
(X)) a(x9)  a(x9)
10 1o 1o
(Co(X))“ Co (X) Co (X)

13



The term j7F? is

(ker 92)¢ Hy (X) Hy (X%)

(ker 83_1)C /0a ((Cd(X))G> Hy oy (XG)  Hyo (X6)

(ker 00)° /05 ((C2(x)) B (X9)  Hy (X6

(Cox) /o1 ((Co(x))  Ho(xC)  Ho(xC)

But then, the differentials ;d” for r > 2 are all trivial so the spectral sequence degenerates at
the degree 2. Consequently, as fF converges to the equivariant homology of X, we have

H(X;G) = (ker 0)°/0a((Cha (X)) & P Hi(XY)
i>k+1

for all k € Z.
O

We finally define the equivariant weight complex. Recall that the weight complex with
action has values in H o C%, as a consequence we can apply the functor L : HoC% — H o C_
to it to get an element of H o C_.

Definition 3.15. Let X be a real algebraic G-variety. We denote
QCY(X) := L.WC.(X)) e HoC_,

and we call this filtered complex the equivariant weight complex of X .

For any real algebraic G-variety X, we denote F"C%(X) := L,(F®“"C,(X)). As its non-
equivariant analog, the equivariant filtered weight complex is an acyclic and additive extension,
in H o C_, of this equivariant canonical filtration, unique up to a filtered quasi-isomorphism :

Theorem 3.16. The operation
QC% :Sch¢(R) — HoC_ ; X — QCY%(X)
is a functor, extension of the functor
FercG . VE(R) = HoC_ ; X — FCY(X),

and verifying the following properties :

14



1.

Acyclicity : For any acyclic square (2.1) in SchS(R), the simple filtered complex of the
Df—diagmm in C_
QCE(Y) — QC%(X)
I I
QCE(Y) — QCY(X)

s acyclic.

Additivity : For any equivariant closed inclusion Y C X, the simple filtered complex of
the Dg—dz’agmm in C_
QCE(Y) — QCY%(X)

is isomorphic to QCE (X \Y) in HoC_.

Furthermore, any other functor Sch?(R) — HoC_ verifying these three properties is isomorphic
to QCC in H o C_, up to a unique quasi-isomorphism in C_.

Proof. The equivariant weight complex QCC is the composition of the weight complex with
action functor ©WC, and the functor L : Ho C¢ — Ho(C_. Then, it is an extension of the
composition of the functors F**C, : VF(R) — HoC% and L: HoC% — HoC_.

Moreover, it verifies the acyclicity and additivity properties because so does the weight
complex with action and the functor L commutes with the operation consisting in taking the
simple filtered diagram of a cubical diagram.

Now, we show the unicity of the equivariant weight complex with respect to these properties,
using the theorem 2.4 applied to the category C_ and the functor F*"C% : VE(R) — HoC_.
Indeed,

The category C_ is a a category of homological descent ([6] Propriété (1.7.5)).

The functor F"CY : VE(R) — H o C_ is ®-rectified because, fixing a projective resolu-
tion, it is defined on C_.

It verifies condition (F1) : the functor F"C, : VE(R) — H oCY verifies (F1) on H oC%
and, for all complexes K, M of H o C%, we have L(K ® M) = L(K) ® L(M).

It verifies condition (F2) : the functor F*"C, : V&(R) — H oCY verifies (F2) sur HoC%
and we apply the functor L, using its commutativity with with s.

O

The homology of the equivariant weight complex of a G-variety X is the equivariant ho-
mology of X. Indeed, let us consider the forgetful functor of the filtration C_ — D_, which
induces a functor ¢_ : HoC_ — H o D_. We have

p—0QCY = Lo (¢ 0 9WC.)

(where @ : H o C% — H o D% is the functor induced by the forgetful functor C¢ — D).
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But, the functor % o WG, is quasi-isomorphic to C, in DY (see remark 2.5 and [13],
Remarque 3.9.), then the complex ¢ (QCE (X)) = L.(p%(“WC.(X))) is quasi-isomorphic to
L.(C.(X)) = CY(X) (the functor L preserves quasi-isomorphisms) and for all n € Z,

Consequently, the equivariant weight complex induces a filtration on the equivariant ho-
mology of real algebraic G-varieties, called the equivariant weight filtration. We denote it
by €.

3.3 Equivariant weight spectral sequence(s)

The equivariant weight complex induces a converging spectral sequence, that we call the equiv-
ariant weight spectral sequence and denote by {GET, Gdr}. According to the last remark of the
previous subsection, it converges to the equivariant weight filtration. We reindex it, just as in
[12] section 1.3, putting

pP'=2p+q ¢ =-p r"=r+1,

to get a new spectral sequence denoted by GEg,7q,

As in the non-equivariant frame, we can read the acyclicity and additivity conditions of the
equivariant weight complex on it : for instance, if Y C X is an equivariant closed inclusion, we
have a long exact sequence

= OB (V) = OB (X) = CE2 (X \Y) = CE2_, (V) — ...

for all ¢ € Z (proof is going the same way as in the non-equiv case : see again [12] section 1.3).
Nevertheless, some significative differences between non-equivariant and equivariant weight
spectral sequences appear because of the influence of the cohomology of the group G. In
particular, the equivariant weight spectral sequence is no longer left bounded (as a consequence,
the additivity spectral sequences are not bounded either), and, on the compact nonsingular
varieties, it does not degenerate on page 2 anymore (3.19, 3.20, 3.23).

The richness of the group action on the variety provides much information and the study
of the sole equivariant weight spectral sequence is not enough to grasp it all. However, looking
deeper at two other spectral sequences, constituting the elementary bricks of the first one, will
allow us to have a better understanding of the equivariant weight filtration and to extract some
(bounded) additivity.

The property that we use to construct these new spectral sequences is the following one :

Proposition 3.17. For all p,q in Z,
G2 _ =1
B2, = H, (G, EL,).

Proof. : We have GE;q = Hpq (“EY,_,) and

p*—p
G0 _ 0 (LeWCK(X))) _ 0 WC(X))
Eprp = Eps"p = L. (Ep,*fp >
then “E! = Hyq (G, E). ). O
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Saying that the term GE? can express as the homology of the group G with coefficients in
the non-equivariant weight spectral sequence allows us to consider the two associated spectral
sequences

(}Ei,ﬁ =H™" <G7 E%H)
I%Eé,ﬁ =H" <G7 EEM)
which converge both to Hy.p (G, Ei’q> (= GE§+B q).

Remark 3.18. The spectral sequence ;1E depends on the considered representative in CY of the
weight complex (with action), contrary to the spectral sequence JE.

Let X be a real algebraic G-variety of dimension d. As a particular case of these last facts,
we can look at the terms of the d*® row of the reindexed equivariant weight spectral sequence :

Corollary 3.19. For allp € Z,
B2, = H (G, B,)
Proof. We consider the spectral sequence
B2 =1 (G.Bha) = Blipa
We have Eé 4 = 01if B# 0 ([12] section 1.3) so the spectral sequence converges at ¢£2 and
“Epq= iEas=H" <G, Eg,d) :
a+f=p

O

In particular, we notice that, in the general case, there is an infinity of non-zero terms in
the row g = d of the reindexed equivariant spectral sequence. This is also the case for the other
rows, that is, they are not left bounded :

Corollary 3.20. For allr > 2, p,q € Z, if GE;,q Z20then0<g<dandp+q<d.

Proof. For all q € Z, we have the spectral sequence
2 - 2 G2
2, = H <G, Eﬁvq> = CE2 5.

If « >0, H %G, ) = 0 and, according to [12] section 1.3., for all 8 € Z, if qu # 0 then
82>0,g>0and S+ q < d. But, if p+q > d, for all o, € Z such that a4+ 5 = p, we have
a+ B+ q > d, and either 8+ ¢g > d or a > 0. O

Nevertheless, the equivariant weight filtration on the equivariant homology is bounded but,
contrary to the non-equivariant weight filtration, the first degree on the left which is always
zero is only depending on the dimension of the considered variety for all homology spaces.
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Corollary 3.21. The equivariant weight filtration on the equivariant homology of X is a
bounded increasing filtration

0= Q_d_lHk(X;G) C Q_de(X;G) cC...C Qon(X; G) = Hk(X; G)
Proof. We prove QoH(X;G) = Hp(X;G) and Q_4_ 1 Hi(X;G) = 0 using the equalities

QpHp(X;G) = EB GEliip—qv—(p—q)

q>0

and the previous corollary 3.20. U

Remark 3.22. The fact that the weight spectral sequence was left-bounded was a key tool to
extract additive invariants from its page 2, namely the virtual Betti numbers (see [12] section
1.3). Because this is not the case in the equivariant frame, the equivariant weight spectral
sequence’s additivity long exact sequences are not finite and furthermore, the condition of
compacity-nonsingularity does not imply the convergence of the equivariant weight spectral
sequence on page 2 in general.

Proposition 3.23. Assume X to be compact and nonsingular. Then the equivariant weight
spectral sequence O of X coincides, from page 2, with the Hochschild-Serre spectral sequence

1By (X) = HP (G, Hy(X)) = Hyy4(X;G)
associated to X and G.

Proof. If X is compact nonsingular, the weight complex with action “WC, (X) is quasi-isomorphic
to Fe"C,(X) in CY (remark 2.5). The functor L preserves filtered quasi-isomorphisms, so
the equivariant weight complex QC is quasi-isomorphic to Fe™"CE = Fen [, (C,) in C_ on
compact nonsingular G-real algebraic varieties (it goes the same for any realization of the
equivariant weight complex in C%).

Then, we use lemma 3.9 to say that, after reindexing, the equivariant weight spectral
sequence of X is isomorphic to the Hochschild-Serre spectral sequence of X from page 2. [

In particular, even in the case of a compact nonsingular variety, the equivariant weight
spectral sequence may not converge on page 2 : see example 3.13.

Below, we compute the equivariant weight spectral sequences and filtrations of a singular
real algebraic variety equipped with two different algebraic involutions.

Example 3.24. Let X be the real algebraic curve given by the equation y? = 22 — 2 in R2.

1. We consider the action of G = Z/2Z on X given by o : (z,y) — (—z,y). The E2(X)

page of the reindexed weight spectral sequence is given by
Ly X]
Zo[{po}] Za[Xi]

where pg = (0,0) is the unique fixed point of X under the action, and X; and X5 are the
two 1-cycles of X (here exchanged by the action).
We have
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o GEil =HP (G, ENI(%J) = Z[X] if p <0, 0 otherwise.
e the terms GES,O(X )Nare given by the Hochschild-Serre spectral sequence associated
to the G-complex E;O(X) : the page 2 writes
Zo|X1] -+ Zo|Xi]  Zo[Xi]
Zol{po}] -+ Zol{po}] Z2[{po}]
and since the differentials are trivial, we have
ZQ[Xl] lfp = 1,
GE;%,O(X) = Zo[X1] ® Zao[{po}] if p <0,

0 otherwise.

Consequently the page GEQ(X ) is
Zo[X] Zo[X] Zs[X]
Zo[X1] ® Zo[{po}] -+ Zo[X1] ® Za[{po}] Zo[X:1]® Zo[{po}] Za[X]
and the page CE3(X) writes
0 . 0 Zo[X]
Zo[{po}] -+ Zo[{po}] Z2[{po}] O
because “d2([X1]) = 0@ (1 + 0)([X1]) = [X] and “d*([{po}]) = 0.

Consequently, the equivariant weight spectral sequence “E (X)) converges at GE?’(X ) and
the equivariant weight filtration of X with respect to the action o of G is given by

Q_lHl(X; G) - QoHl(X; G) - ZQ[X]
and
0=Q_1H,(X;G) CQHL(X;G) = Za2[{po}]
for k <0.
. If we consider now the action of G given by (x,y) + (¥, ~y), going the same way, we
obtain the same page “E%(X)
Zo[X] Zo[X] Zs[X]
Zo[X1] ® Zo[{po}] -+ Zo[Xa] ® Zo[{po}] Zao[X1] ® Zo[{po}] Zo[Xi]
But here, “d%([X1]) = 0 because the cycle X is globally invariant under the action. As
a consequence, the differential d? is trivial and the equivariant spectral sequence of X

converges at GE2 (X). The equivariant weight filtration on the equivariant homology of X
is then given by

Lo X] = Q_1H1(X;G) C QoH1(X; G) = Za[X1] & Zo[Xo]

et
Lo[X] = Q1 Hp(X;G) C QoHp(X;G) = Za[X1] © Zo[X2] @ Z2[{po}]

for k <0.
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3.4 The odd-order group case

We just saw that, in general, the action of G complicates the excavation of additive invariants
from the equivariant weight spectral sequence. Though, if the order of G is odd, the equivariant
weight objects correspond to the invariants of the non-equivariant objects under the action of G,
allowing us to extract additive invariants easily. This is based on the fact that our chains have
coefficients in Zs : if the order of G is odd, the ring Zs[G] is semi-simple according to Maschke
theorem (see for instance [2] Theorem 2.1.1).

Consequently, every Zs[G]-module is projective (and injective). Then a projective resolution
of Zo on Z3[G] is simply given by

o > 0= Zy — Zy — 0, (3.1)

and the cohomology of G with coefficients in a Zs[G]-module M is H" (G, M) = Homy,g)(k, M) =
ME for n =0, and 0 otherwise.

Furthermore, the semi-simplicity of Z3[G] is equivalent to the condition that every short
exact sequence of Zy[G]-modules is split. In particular, the functor I' that associates to any
Z2|G] the set of its invariant elements is exact.

Let G be a group of odd order. Taking the trivial resolution (3.1) of Zs as a projective
resolution on Zs[G], we have that the double complex associated to the functor L is reduced
to the sole non-zero column p = 0, and then, for any G-complex K,

L. (K.) = (K.)©
and
H. (G, K.) = Hy (Ls (K.)) = Hy ((K.)) = (Hp (K2)
(the functor I'“ is exact on the category of Zs[G]-modules).
Finally, the spectral sequences [F et jiF associated to a G-complex K, coincide and converge
at page 2 :
(Hy(K.))" = Hy ((K.)9) if p =0,

E? = H7?(G,H,(K,)) =
g ( ¢ (K+)) {O otherwise,

Hy (K%)= (Hg(K.)) if p =0,
0 otherwise.

B, =Hy (HP(G,K,)) = {

Now, if we consider a G-real algebraic variety X, we have
H.(X;G) = H, (C.(X))%) = (H(X))“ , QCY(X) = WC.(X))¢ , CB(X) = (E(X))“.

In particular, we can surround the non-zero terms of the reindexed equivariant spectral
sequence of X into the triangle of vertices (0,0), (0,d) and (d,0) (if d is the dimension of X).
Consequently, we are able to recover the equivariant virtual Betti numbers (see [5] and section
4.1 below) in case of the group G being of odd order.
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Proposition 3.25. Let G be an odd-order finite group. For all real algebraic G-varieties X
and all g € 7, the ¢ equivariant virtual Betti number of X ([5]) is the alternating sum of the
dimensions of the row q terms of the equivariant weight spectral sequence :

BY(X) = (-1)"dimg, “E2 .
p

Proof. In this frame, the (¢'") additivity long exact sequence for an equivariant closed _inclu-
sion is finite and gives us the additivity of the ﬁqG 's. If X is compact nonsingular, GEI%’q =

<E~7§,q)G = 0if p# 0 and

2, = (an)G = (Hy (X)) = Hy(X; G).

4 Additive invariants

4.1 Additivity

Let G be a finite group.

In this section, we realize the equivariant weight complex through the Nash-constructible
filtration. This will allow us to find some additivity on one of the spectral sequences converging
to the equivariant spectral sequence (4.2). From this, we then define some additive invariants
BkG on real algebraic G-varieties (4.4). They are actually the Euler characteristic of some other
spectral sequences kE, constructed from the equivariant geometry embodied by the Nash-
constructible filtration (4.9).

If G = Z/2Z, we compute the spectral sequences *E and obtain a formula (4.11) that allows
us to prove that the B,?’s coincide with G. Fichou’s equivariant virtual Betti numbers ([5])
in some cases (4.14). These are the unique additive invariants defined on the category of real
algebraic G-varieties that equal the dimensions of equivariant homology groups on compact
nonsingular varieties.

Definition 4.1. For X a real algebraic G-variety, we denote by AC(X) the complex L(NCy (X))
of C_ (choosing a projective resolution of Z or Zs on Z[G], resp. Z3|G|), that we call the equiv-
ariant Nash-constructible complex. Since the Nash-constructible filtration with action realizes
the weight complex with action (2.5), the functor

ACY : SchS(R) = C_ ; X — ACY(X)
realizes the equivariant weight complex (in H oC_).

The realization of the equivariant weight complex at the chain level leads us to find an
additivity that we could not read directly on the equivariant weight spectral sequence :
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Proposition 4.2. Let Y C X be an equivariant closed inclusion in SchS(R). For any q and i
in 7, there is a finite long exact sequence

S I(}Ezz,j(y) - I?’Ez?,j(X) - I?’Ez?,j(X \Y)— I?Ezz,jfl(y) =y

where I(}EZ?J = H; (H_i <G, Ei,q)) describes the page 2 of the spectral sequence IE (3.17 and

following), computed from the Nash-constructible filtration, which converges to the " row of
the term CE? of the equivariant weight spectral sequence.

Proof. We have ([12] Proof of Theorem 3.6. and [13] Remarque 3.9.) equivariant short exact
sequences

0 —= NpCi(Y) = NpCr(X) = NpCr(X\Y) = 0

which are split by the closure morphism ¢ € N,Cy(X \Y) — ¢ € N,Ci(X) (it is an equivariant
morphism by [13] Proposition 2.4.), and induce equivariant split short exact sequences

0— Ey (V)= E) (X) = Ep (X\Y)—0.

Fix p and q. There is a group cohomology long exact sequence :

S (B,(x\Y)" =

0— (D, (V) = (Ef (X))
- H' (G, Ep (Y)) = H' (G,E) (X)) = H' (G,E) (X \Y)) = ...

But the (equivariantly) split morphism EJ (X) — Ej (X \Y) induces split morphisms
H* (G, E) (X)) — H* (G,E} (X \Y)) for all k € Z, which are in particular surjective.

Then, the short sequences of complexes
0— H"(G,E}.(Y)) = H" (G,E) (X)) = H" (G,E) (X \Y)) =0
are exact for all k£ and p in Z, as well as the short sequences
0= H (G, E® ,0(Y)) = H (G, E® 1 9y(X)) = H " (G, E°,19,(X\Y)) >0

for all © and g. Taking the long exact sequences in homology and reindexing, we obtain the
desired result.

O
Remark 4.3. The equivariantly split short exact sequences
0— Nka(Y) — Nka(X) — J\/'ka(X \Y)—=0

induce also the long exact homology sequences of the pairs ((NV,Cy)¢, (N,Cy)%) for all p € Z :

(N, C.(V))° (N, (X))C (N, CL (X \ Y))° (N, C.(V))S
i ((Nplc*w))(;) — ((Nplc*<x>>6‘> - ((Nplcxx ) Y))G) = M (wplw»&‘)
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Based on the finite long exact sequences of proposition 4.2, for all ¢ and i in Z we define

Bi(X) =Y (—1) dimg, 1B} ;(X)
J

for any real algebraic G-variety X. Each of these additive invariants is contructed from the
very geometry of real algebraic G-varieties -geometry of the object (embodied by the Nash-
contructible filtration) and geometry of the action- up to some degree and dimension depending
on q and i.

Now, taking diagonal sums of the 9B;’s, we obtain other invariants B,f for all k£ in Z.
We will give some geometric meaning about these in 4.9, realizing each of them as the Euler
characteristic of a spectral sequence.

Definition 4.4. For every real algebraic G-variety X, for oll k € Z, we put

BY(X):= Y Bi(X).
q+i=k

Remark 4.5. We can define 9B;(X) and BY(X) only if the involved spaces IqIEiQ,j(X) =

H; (H — (G, Eiq(X )) are finite-dimensional. In future work, the next important step will be
to decide if this is indeed the case for any real algebraic G-variety and any index.

This question should be paired with the grasp of the complexes (NyCi(X))¢ and their
homologies, which arise regularly during our present work (3.14, 4.11). In particular, we will
see in subsection 4.3 how, in the case G = Z/2Z, these invariant chains come out into the
spectral sequence we construct to recover in a geometric way the equivariant invariants B,f.

This study should require even more geometric understanding of the semi-algebraic chains
with action, and the use of equivariant subtle tools and techniques on these.

Consequently, in the following, we will restrict to the cases of varieties for which the terms
I%EZ-% ; are finite-dimensional, keeping in mind that in future work, we plan to show that this
assumption is automatically verified for all real algebraic G-varieties.

Theorem 4.6. The invariants B,?() are additive on real algebraic G-varieties on which they

are well-defined.
Proof. Consequence of 4.2. O

Remark 4.7. Tt should be stressed that the additivity of these invariants strongly depends on
the use of the Nash-constructible filtration to realize the different weight complexes.

Ezample 4.8. 1. Let X be the real algebraic curve defined by the equation y? = z? — 2*

in R? and consider the Z/2Z-action given by (z,y) — (—z,y). Keeping the notations of
3.24, we have

Zs[X]ifqg=1,i<0and j =0,
Zs|X1]ifg=0,1<0and j =1,

Zo{po}] if =0,i <0 and j =0,

0 otherwise.

IqIEZQ,](X) =
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Then
lifg=1and <0,
By(X) = > (=1) dimg, j4F7;(X) =S 0if ¢ = 0,
J 0 otherwise,

and

BOX) — 3 :{1ifk§1,

ik 0 otherwise.
2. Take the same variety X and equip it with the action (z,y) — (x, —y). Here we have

Zo[X]ifqg=1,i<0and j =0,
Zo[X1]ifq=0,i=0and j =1,

OB (X)=10ifg=0,i<0and j=1,

Zo[{po}] ® Zo[{p1}] if ¢ =0, < 0 and j =0,
0 otherwise,

where p; is one of the two invariant points under this action other than py. Therefore,
we have

lifg=1and <0,

lifg=0andi=0,

2ifg=0and i <0,

0 otherwise,

iB;(X) =

and

lif k=1,
2if k=0,
3if k<0,

0 otherwise,

B (X) =

In the next subsection 4.2, in order to understand the invariants BE in a geometrical way,
we realize each of them as the Euler characteristic of a spectral sequence, constructed from
the equivariant geometry of G-real algebraic varieties. Precisely, for each k € Z, this spectral
sequence will be induced from a double complex Ko , arised itself from short exact sequences
induced by the Nash-constructible filtration (with action) and long exact sequences induced by
the cohomology of the group G.

4.2 The double complex C and the spectral sequence E

We construct a double complex in a more general frame, using the Ext functor from which
group cohomology is a particular case (see the beginning of subsection 3.1).
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Let A be an abelian category on Zy. We take M € A and K, a bounded chain complex in
A, equipped with a bounded increasing filtration. For all k € Z, we construct a double complex

~

F K
'CO(M,FK,) = e

<ExtA’““ (M,

Fo1Kp ) > (,B)EZXZ

—k—(a+1) Fq 1Kﬁ do —f— FoKg do —k—(a—1) Fo_1Kg
—— Ext) (nr, Bpfes) Ext 3 (M, it ) Ext M, gl
dt dt d*
—k—(a+1) Fay1Kp d’ —k— FoKpg d° —k—(a—1) Fo_1Kg
— Ext, <M, FuKs ) Ext "~ (M, Fa—lKB) Ext 4 M, oy
dl dl dl
—k—(a+1) Fa+1Kﬁ,1 d° —k— FaKﬁ,1 d° —k—(a—l) Fa_1K3,1
— Bxt,, (M, — ) Fxt ;F <M, ol K5_1> Ext M, gl
Let k € Z. The differential
F.K F.Kgs_
d': Ext e (M, a8 >—>Ext;{“—a (M, - )
Fo 1Kp Fo 1Kp 1

is induced from the functoriality of Ext;lk_o‘(M ,+), and the differential

d’: Ext;lkfa (M,

FoKg >
Fo1Kg

is given by the commutative (by definition) diagram

—>ExtA

k—(a—1) <M

Fa_1K5>
Fo 2K

(o —k—(o— For K
Ext 7 (M, Fou1 Kj) — Ext 7Y <M, FM;KZ>
/

—k— FoK
Ext a (M, Fa—lfgﬁ)
x
ke k- Foi1K
Ext = (M, F\K3) Ext Y (0, Bt )

The morphisms Ext;lk <M , F;:}(IZB > — Ext;\k_a (M, F,,Kg) are connecting morphisms
from the long exact sequences ([2], [1])
Ext F (M, Fa_1 K5) — Ext (M, FaKg) — Ext 3+~ ( a7, 2282
e — Xt.A ( s P B)—) Xt.A ( , Po 5)—) XtA ,m —
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— Ext " (M, Fy Kg) — -

induced from the short exact sequences

folis

0— Fy 1Kg— F,Kg > ——— .
a—1481p afrpg Fa—lKB

The fact that d; and dy commute comes from the following diagram

k—a FoKg d° —k—(a—1) Fa_1Kg
Ext <M, roa Kﬁ) Fxt <M, e

\ /

—k—(a—1
Ext * Y (M, F, 1 Kp)

dt \L d!

Ext ) (M, Fy 1 K5 1)

/ \

—k—a FoKg_1 do —k—(a—1) Fo_1Kg_1
Ext 3 (M, 7ot ) Ext M, ge=te=t

which is commutative, thanks to the naturality property of the long exact sequence induced by
Ext 4(M, ) (2], [1]).

Since the complex K, and its filtration F' are bounded, the double complex K (M, FK,) is
bounded and the two spectral sequences it induces converge to the homology of the associated
total complex.

Now, take A to be the category of Zs[G]-modules, M := Zy and F K, := NC.(X), where
X is a real algebraic G-variety. For all k € Z, we denote simply by kC(X) the double complex
KC(Z9, NC.(X)), and we have

k@aﬂ(X) — ko (G NaCp(X) > .

" Na1Cp(X)
The term I’}E1 of the “second” induced spectral sequence is then given by

ksl —k—a NCVC*(X)
IIEOz,B — Hﬁ (H (G, ./\/'704710*()() .

Theorem 4.9. Let k be in Z. When all the terms I’}Eéﬁ are finite-dimensional, we have

v (/iE") = BE(X).
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Proof. For all g and i such that ¢ + ¢ = k, we have

B; = Y (—1)dimg, JE7;(X)
j

_ X<H* <H‘i <G%>>>
= (-1)% (H (H_i (G/\%») '

Bf(X) = Z B;

C 3 o (1 (0 20%))

q+z k

- Y- >x(H*(H“<G i)

Thus

O

Since the Euler characteristic of a spectral sequence does not depend on the page where we
compute it (at least from the first page where it is well-defined), we simply write

BE(X) = x (/E).

Furthermore, it is equal to the Euler characteristic of the “first” spectral sequence induced by
the double complex *C' (through the Euler characteristic of the homology of the total complex
the two spectral sequences converge to) :

BE(X) = x (1E).

These realizations of each BE are of great interest. It shows that these invariants come
from the very equivariant geometry of real algebraic G-varieties, an information held by these
spectral sequences and their computation.

In the next subsection, we focus on the case G = Z/2Z and compute the spectral sequences
]}E’ , obtaining in particular a formula for the B,?’s of real algebraic varieties equipped with an
algebraic involution.

4.3 The case G =7Z/27

Let G :=7Z/2Z.
Even the action of the smallest non-trivial group enriches considerably the structures of
G-real algebraic varieties (3.24), even compact nonsingular ones (3.13). The consideration of
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algebraic involutions already makes more difficult the extraction of the equivariant informa-
tion from the equivariant weight spectral sequence, in particular of additive invariants which,
in analogy with the without-action frame, would coincide with equivariant Betti numbers on
compact nonsingular varieties. However, the two spectral sequences that we just pulled out
will allow us, as a new tool, to untangle all this information.

Let X be a real algebraic G-variety. We denote by o the algebraic involution acting on X.
Let k be an integer. We are going to compute the spectral sequence ’}E(X ), using the Smith

Nash-constructible short exact sequence (2.6). We write the double complex (kaa 8(X))(a,p)ezxz :

_ 7—k—(a+1) Noat1Cpq1) _d° —k—a NaCpi1 4 k—(a—1) Na-1Cp41

H <G’ NaCs11 H G, Na-1Cs41 H G, Na—2Cp41
d d d

—k—(a+1 Nat1Cp\ _ d° —k— NaCjp 4 —k—(a—1 Na-1Cp

— BT )<G7 NaCp ) HT G 56 A (€ a-2Cp
dt dt dt

—k—(a+1 Nat1Cp1) _d° —k—a NaCp_1 4% 1r—k—(a—1) Na-1Cp_1

S )(G, e ) H G, el - G, pEteet

|

and we have the following

Proposition 4.10.

| l

NoCs(XCG) .

Niaqgga(XC)*') if —k—a>1,
kgl NaCg)C .
Hop =\ gesals if —k—a =0,

0 otherwise.

Proof. If —k — a < 0 : The group cohomology spaces are zero in negative degree.

If —k —a =0: We have (3.3)

e 50 - (i
"Na-1Cp Na-1Cp
and o
ko) (o Na=1Cs\ _ (Na-1Cs/Na—2Cj5)
’ a—2C3 im(1+ o)
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We denote by [c] (resp. (¢)) the class of a chain ¢ € N,,Cg (resp. ¢ € No—1Cjp) in the quo-

(Na—1Cp/Na—2C3)¢
im(1+0) ’

tient Nﬁfi?—g‘ﬁ (resp. %[Z:;—g‘;) and by < /) the image of an invariant class in
Consider an element

=~ L N, C d° ke (o— N, _1C
kEl — H k—a a“fs H k—(a—1) « B
c] € [E, 5 = ker < <G7 704*16'6 — G, No2C3) )"

that is (1 + o)c € No—1Cs and there exists cg € No—1Cp such that ((1+ o)c) = ((1 + o)cp),
Le. v:=(1+0)(c+co) € No—2Cp.

Then + is invariant under the action of o, and its restriction to X is zero (the action
commutes with the restriction, see [13] Proposition 2.4). By the exactness of the Smith Nash-
constructible short sequence (2.6 and [13] Théoreme 5.5), there exists 79 € No—1Cps such that
v = (14 o)y, thus (1 +0)(c+ co+70) =0 and [¢] = [c + co + Vo).

Consequently, we showed that the natural morphism

Ui (NaCp)" = FEL 55 ¢ [
is surjective. The kernel of ¢ being (./\/'aflCﬁ)G, we have a natural isomorphism

(NaCB)G

~ kD1
(Na_1Cg)G = IEa,B

If -k —a>1: We have

HM( NuCs ) (NaCs/Na1C)C

a—1Cp im(l+ o)
and
H—k—(a—l)( No-1Cg\ _ Na-1Cs/Na- 2Cp)”

a—2C3 im(l+ o)

We keep the previous notations, adding [c] to denote the image of an invariant class in

(Nan//\/'a_1Cg)
im(1+0)
Consider an element

T —k— N,C d° e (c— Noy-1C,
k H k—a a“pg H k—(a—1) « B .
[c] € ker ( <G, N7a105> — G, ./\/'7&,205

In particular,

Nacﬁ “ (Na—ch/Na—2Cﬁ)G
[c] € ker <<Na_105> — im(1+ o) )

and then, thanks to what we have done in the previous case, we know that the class of ¢ in

G
<NA%> can be represented by an element ¢’ of (N,Cs)C.

Using the exactness of the Smith Nash-constructible short sequence, there exists v € Ny41C3
such that

d=C|xe+(1+0o)
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and

e — Na1CgY\ a0 N.C
1 / . H*k*(aJrl) G at+1vg H*k*a G a“p )
[( + U)fy ] €um ( ( ’ Nacﬁ — 9 a_105

Therefore, H = |xc in ’;E’Olé 5 showing that the natural morphism

¥ NyCp(XY) — I}‘Eéﬁ ;e

is surjective. o
Now take an element ¢ € N,Cs(X%) such that [c] = [(1 + o)co] with ¢y € Noi1Cj, that is
there exist ¢; € NoCp, ¢ € Ny—1C3s such that

c=140)cg+ (1+0)cy + co.

Restricting the chains to X, we obtain that ¢ = cy|xye € No—105(X%).
Thus, the kernel of ¥ is Ny—1Cg(X &) and we have a natural isomorphism

NaCp(X )

% kAl .
Naflcﬁ(XG) I~a,p
O
Consequently, the page ’}EQ is given, from the column o = —k on the left, by :
N_pCa) N1 Ca(XY) NaCi(X9)
Hpi ((ML@)G) Hp1 (NHCAXG) Han | 7 onxdy
(N_ C*)G kaflc*(XG) NQC*(XG)
Hg ((N_kilC*)G> Hp <N_k_20*(XG) Hpg Na—1Cx(XG)
N_xC) N_gp—1Cx(X€) NaCp_1(XY)
Hy ((MZC@G) Hp (N“C*(XGU Hp—1 Na—1C5_1(X9)

Thus, the spectral sequence ]I“E degenerates on ]}EQ and we have the following formula :

Proposition 4.11. For G = 7Z /27, for all k € 7Z and all real algebraic G-varieties X for which
the following quantities are well-defined, we have

BECO = (-1 (A, <%)> £ 6 (x9).

q>k+1

Proof. When all the spaces Hg (%) are finite-dimensional, we have

() = o () 5 (. (G,
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(XG) and

G ~
But, for all a, § € Z, Hp (%) — B2, .

X <E§+*7,a (XG)) = (_1)0[/8*04 (XG)
by [12] section 1.3. O
For any G-variety X and any integer k, we then define (when it is well-defined)
N _1C)C
B (X) := (—1)* <H <(7>>+ X
o0 = ot (1 () ) + 2 ()

By the additivity of the virtual Betti numbers and the exactness of the long homology sequence
of 4.3, these new invariants are additive on the varieties where they are defined.

We show below that the ’B,?’s coincide with G. Fichou’s equivariant virtual Betti numbers
([5]) in some cases. Namely, in these cases, we verify that ‘B (X) = dimg, H,(X;G) for any
compact nonsingular real algebraic G-variety X.

Corollary 4.12. Assume k < 0. Then for every G-real algebraic variety X, ’B,?(X) s well-
defined and

G
By (X) =D By (XO) = B (X).
q
Proof. Let X be a G-variety. We have

By (X)= > B (X%) =>4, (x9).

q>k+1 >0

Now assume that X is compact nonsingular. Then the fixed points set X is also compact
nonsingular and

By (X) =Y B (XF) = dimg, Hy (XE) = dimg, Hi(X;G),
q q

since k < 0, by lemma 3.14. O

When X is a compact real algebraic variety equipped with a fixed-point free involution, the
'B,?(X )’s and the 3¢ (X)’s coincide in all degrees, since they are both equal to the virtual Betti
numbers of the arc-symmetric quotient of X by the action of G :

Corollary 4.13. Let X be a compact real algebraic variety equipped with a fixed-point free
action of G = 7Z/2Z. Then, the ’Bg(X) ’s are well-defined for all k € Z, and we have

BY(X) = Be(X/G) = BF(X).
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Proof. Fix k € Z. By proposition 2.7 ([13] Proposition 5.6), there is an isomorphism of com-
plexes

(N_xCu(X))E = N, Cu(X/G).

(N C.)6 ) = H, (75099

Then all homology groups H,, (m W*(X/G)) are finite-dimensional and,

because X = (), we have

By (X) = (~1)Fy (H @_filcc()(()é%)»

= (-DF) (-1 dimg, B2}, 5, (X/G)
B
= B(X/G).

Finally, 81,(X/G) = 8Y(X) by [5] Proposition 3.15. O
We summarize these results in the following statement

Theorem 4.14. For G = 7Z/2Z, we have
B (X) = 67 (X)
if
e k<0 and X is any real algebraic G-variety,

o X is a compact real algebraic G-variety equipped with a fixed-point free action, for all
ke,

o dimX =d and k =d,
o dimX =1 forallk € Z.

Proof. We prove the third and fourth points.
First, let X be a real algebraic G-variety of dimension d. Then

" ( (WG (X)) > _ {wdcdvf))c ifn =d
n ( -

N_g 1C(X))E 0 otherwise,
and
B (X) = dimgz, (N_qCa(X))®

(the space N_4Cyq(X) is included in ker 9; = Hy(X) which is finite-dimensional, and the fixed-
points set X9 is of dimension < d).

Assume X to be compact nonsingular. Then (N_qCq(X)) = (ker 84)¢ = Hy ((C(X))%) =
Hi(X;G) (3.14).
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Now consider X to be a 1-dimensional G-real algebraic variety. Then

_er 008 gy g
C,.(X)C (N_1C (X))@ )
H, (%) =4 Ho ((C.(X))%) ifn =0,

0 otherwise,

(Ce(X))E ) _ 0

and ’BOG (X) is well-defined. Furthermore, if X is compact nonsingular, we have H; <m

and
'BS(X) = dimg, Ho ((C4(X))¥) + dimg, H, (X%) = dimg, Hy(X;G)

(in this case, X is also compact nonsingular). O

These results may be a hint to think that these two groups of additive invariants of real
algebraic G-varieties might constitute the same one. If this is the case, we still have to show that
the invariants B,? coincide with equivariant Betti numbers on compact nonsingular varieties.
If not, these new additive invariants will enrich our toolbox to study the equivariant geometry
of real algebraic varieties with action.

In any case, we can see from this study that future work will have to be done to understand
the homology of the complexes (NQC*)G which seem to be central. Geometric consideration
and precise technique seem to be necessary to know in particular if the (equivariant) filtered
quasi-isomorphism NC,(X) — F“"(C,(X), for X compact nonsingular, is preserved by the
functor T'C.

In the following point, we give some way to recover the equivariant virtual Betti numbers
for G = 7Z/27Z, through the existence of what we call the invariant weight complex : from
the induced spectral sequence, we can extract additive invariants, from which we recover the
equivariant virtual Betti numbers if we add the virtual Betti numbers of the fixed-points set.

This construction would be inextricably linked to the equivariant weight complex if the
invariant weight complex could be realized by the Nash-constructible filtration. This would be
the case if we had a filtered quasi-isomorphism (N C,)¢ — (F°"C,)% on compact nonsingular
varieties.

4.4 Invariant weight complex and equivariant virtual Betti numbers

Let G =7Z/27.

Using again the equivariant version of the extension criterion of Guillén-Navarro Aznar (2.4),
we show the existence of an acyclic and additive functor which extends to all real algebraic
G-varieties the functor that associates to a projective nonsingular G-variety its invariant chains
under the induced action, equipped with the canonical filtration. This will be possible thanks
to the short exact sequences

0 = Hy((C+(Y))%) = Hp((Cx(Y))) & Hi((Cu(X)F) = Hi((C(X)F) = 0

for any elementary acyclic square (2.1) in Sch&(R) (4.15).

33



Directly from the spectral sequence induced by this invariant weight complex, we extract
additive invariants on the category of G-real algebraic varieties (4.18), from which we then
recover equivariant virtual Betti numbers for G = Z/2Z (4.19).

Proposition 4.15. Let 7 : X — X be the equivariant blow-up of a compact nonsingular G-real
algebraic variety X along a nonsingular center'Y, globally stable under the action of G. Denote
by Y the exceptional divisor. Then, for all k € Z, there is a short exact sequence

0 = Hp((C«(Y)Y) = Hp((C+(Y)?) © Hi((Cu(X))?) = Hi((C+(X))) = 0.

Proof. Fix k € Z. According to 3.14, we have, for every G-variety Z,

Hy ((Cu(2))9) = HW(Z:G)) D Hi(Z°).
i>k+1

But, by [5] Lemma 3.6, the short sequence
0— Hy(Y;G) — Hy(Y;G) ® Hy(X;G) — Hy(X;G) — 0
is exact, and, by [11] Proof of Proposition 2.1, the short sequences
0— Hy(YY) = H;(Y®) @ Hy(XE) = Hy(X%) =0,
foralli > k + 1, as well. O

This allows us to show that the functor (F"C, )% verifies the condition (F2) of theorem 2.4.
Indeed, if we look at McCrory-Parusiriski’s proof of the existence of the weight complex (proof
of Theorem 1.1 of [12]), we see that the check of the condition (F2) for (F*C,) goes the
same way as its check for F“"C,, and that the true key ingredient is the exactness of the short
sequences of 4.15.

Proposition 4.16. The functor
(FenC,)% : VO(R) — H o G5 X s (F"C(X)C (= F" (C(X))C)
admits an extension to a functor
WC, : SchS(R) — HoC

defined for all real algebraic G-varieties and all equivariant proper morphisms, verifying the
following properties :

1. Acyclicity : For any acyclic square (2.1) in SchS(R), the simple filtered complex of the
O -diagram in C
MWC(Y) — WC(X)

{ {
WCL(Y) — WC.(X)

s acyclic.
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2. Additivity : For an equivariant closed inclusion Y C X, the simple filtered complex of the
D(‘]L—diagmm n C
WCL(Y) = WCL(X)

is isomorphic to MNVC (X \Y).
Such a functor WWCy is unique up to a unique isomorphism of H o C.

Proof. The functor (F"C,)% factorizes through C so it is ®-rectified, and if X and Y are two
G-real algebraic varieties, we have (F"C,(X LUY))¢ = (F"C,(X))¢ @ (FC,(Y))% so it
verifies the condition (F1) of 2.4.

Furthermore, if we apply this functor to an elementary acyclic square, we obtain the same
spectral sequence induced by the associated simple filtered complex as in [12], proof of The-
orem 1.1, provided we replace the homology of the chains by the homology of the invariant
chains. Consequently, the functor (F°C,) verifies the condition (F2) of 2.4 because the
short sequences

0 = Hy((Co(Y)?) = Hp((Cu(Y)?) ® Hi(Cu(X)9) = Hi((Cx(X))7) = 0

are exact.
Thus, we can apply the extension criterion 2.4 to obtain the result. ]

If X is a real algebraic G-variety, we call )/WC,(X) the invariant weight complex of X. Its
homology is the homology of the invariant chains of X :

Proposition 4.17. For every real algebraic G-variety X, we have
HL(VC.(X)) = H, ((C.(X)%).

Proof. The short exact sequences

and
0= Cr(Y) = Cr(X) - Cr(X\Y) =0,
associated respectively to an acyclic square (2.1) in SchS(R) and an equivariant closed inclusion

Y C X, are split through equivariant morphisms (respectively ¢+ 7~ 1c and ¢ + ¢).
As a consequence, the sequences of complexes

0 = (C.(X))? = (C.(Y))% & (Cu(X)T — (Cu(X)) — 0
and
0= (Cu(Y))¥ = (Cu(X)) = (C(X\Y)) =0

are exact, that is the functor (C,)“ : Sch¢(R) = HoD ; X ~— (C.(X))% verifies the acyclicity
and additivity conditions. This also the case of ¢ o VC, : Sch¥(R) — H o D (where ¢ :
HoC — H oD is the functor induced by the forgetful functor of the filtration C — D). Finally,
those two functors are both extensions of (C,)¢ : VE(R) — H o D. Thus, by the unicity
brought by the equivariant extension criterion 2.4, they are quasi-isomorphic. O
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We read the acyclicity and additivity conditions of the filtered invariant weight complex
on the induced spectral sequence, called the invariant spectral sequence and denoted by gF,
which converges to the homology of invariant chains. Having the same boundings as the weight
spectral sequence, we can then extract from this invariant spectral sequence some additive
invariants which coincide with the dimension of the homology of the invariant chains on compact
nonsingular varieties :

Proposition 4.18. We denote by GE the reindexed invariant spectral sequence obtained by
putting p’ =2p+q, ¢ = —p et v’ = r+ 1. For all real algebraic G-varieties X and all q € 7,
we define
&By(X) = (~1)P dim E} ,(X).
p

The invariants B, are additive on the category of G-real algebraic varieties and, if X 1is
compact nonsingular, ¢B,(X) = dimz, H,((C(X))%).

Proof. First of all, the fact that, if X is a G-variety of dimension d, the terms GEiQ(X ) are
all finite-dimensional and bounded in a triangle with vertices (0,0), (0,d) and (d,0) comes
from the isomorphism between the invariant weight spectral sequence and a spectral sequence
associated to an equivariant cubical hyperresolution, analog to the one in the non-equivariant
frame of McCrory and Parusinski (see [12] Proposition 1.8. and Corollary 1.10.), considering
this time invariant chains.

In the same way as in [12] section 1.3, the additivity of the gf,’s is deduced from the
additivity condition of the invariant weight complex, and the second condition comes from the
fact that whenever X is compact nonsingular, the invariant weight complex of X is quasi-
isomorphic in C to (F¢"C,(X))%. To show this, use the extension property of the inclusion of
categories VZ(R) — Rechomp(R), and the additivity and acyclicity of the functor (F¢*"C,)%
in Regy,,,(R). O

Finally, we can use these additive invariants g3, to recover Fichou’s equivariant virtual
Betti numbers :

Theorem 4.19. For every real algebraic G-variety X, we have

BE(X) = aBe(X) + > 8 (XY)

i>q+1
for all g € Z.

Proof. Fix q € Z. The additivity of the right member comes from the additivity of the invariants
By and the additivity of the virtual Betti numbers.
Then, if X is compact nonsingular,

WBe(X)+ D Bi (X9) = dimg, Hy ((Co(X)%) + Y dimg, H; (X) = dimg, Hy(X;G)
1>q+1 i>q+1

(according to lemma 3.14). O
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Remark 4.20. Note that for all G-varieties X and all k in 7Z,

ABu(X) = (=1)*x (H* <%>) '

Consequently, if the Nash-constructible filtration was to realize the invariant weight complex, it
would be the link between the equivariant and invariant weight complexes, spectral sequences,
filtrations. Furthermore, we would have

G
By (X) = cBe(X)+ D B (X9) =pF(X)
i>q+1
for G =17/2Z
From this last result 4.19 and from the previous ones of this subsection 4.4, it should be
again stressed that it seems very important for the study of real algebraic G-varieties (even

with G any finite group) to consider both equivariant homology and homology of the invariant
chains, keeping in mind the strong link between them.
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