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The real cycle class map

Jens Hornbostel, Matthias Wendt, Heng Xie and Marcus Zibrowius

The classical cycle class map for a smooth complex variety sends cycles in the
Chow ring to cycles in the singular cohomology ring. We study two cycle class
maps for smooth real varieties: the map from the I-cohomology ring to singular
cohomology induced by the signature, and a new cycle class map defined on
the Chow—Witt ring. For both maps, we establish compatibility with pullbacks,
pushforwards and cup products. As a first application of these general results,
we show that both cycle class maps are isomorphisms for cellular varieties.
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1. Introduction

Classically, for smooth varieties X over a field F with a complex embedding
o : F < C, there are cycle class maps CH*(X) — H?(X(C), Z) from Chow
groups to singular cohomology, and these are compatible with pullbacks, pushfor-
wards and intersection products.

We consider real cycle class maps in the analogous situation for real varieties.
Note that integral Chow groups alone are not the right object to look at when
studying real varieties. For example, it is known that the rational motivic Eilenberg—
Mac Lane spectrum maps to zero under real realization. Rather, the general phi-
losophy due to Morel, Fasel and others is that we should study I-cohomology:
sheaf cohomology with coefficients in the sheafified powers I* of the fundamen-
tal ideal of the Witt ring (see Definitions 2.31 and 2.36 below). It is this theory
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that is to singular cohomology of real varieties what Chow groups are to singular
cohomology for complex varieties.

Concretely, for varieties X over a field F with a real embedding o : F — R
(or more generally, an embedding into a real closed field) there are real cycle class
maps H*(X, I*) - H*(X (R), Z). These were discussed in [Jacobson 2017], and
they lift the more classical maps constructed by Borel-Haefliger and Scheiderer.

The main goal of this article is to study this real cycle class map in detail. In
particular, we will show that it is compatible with all the structure we are interested
in, notably pushforwards, pullbacks and ring structures. We also study the cycle
class map with twisted coefficients I¥(£), whose target is singular cohomology
with coefficients in local coefficient systems arising from real realization of the
twisting line bundle.

One important application of the compatibility results for the real cycle class
maps is that for a smooth cellular variety X over R, the real cycle class map induces
a ring isomorphism

P v x. 1°(0) - P HE,, (X (R). Z(L)),
kL n,L

where Z(L) denotes coefficients in the local system associated to the line bundle L.
More generally, the result holds over real closed fields, using semialgebraic coho-
mology instead of singular cohomology.

Another important goal of the present article is to extend the real cycle class
map to a full cycle class map on the twisted Chow—Witt groups CTJ"(X , L) and
establish the compatibility of the cycle class maps with pushforwards, pullbacks
and intersection products in Chow—Witt theory. The target of this full cycle class
map combines both the singular cohomology of X (R) with integral coefficients
(possibly twisted by a local system) and the C»-equivariant cohomology of X (C),
in the same way that Milnor—Witt K-theory combines the sheaves I* and K lg’l , and
the full cycle class map refines the recently defined C,-equivariant cycle class map
of [Benoist and Wittenberg 2020].

The results concerning real realization and real cycle class maps discussed here
were motivated by recent computations of Chow—Witt rings and I-cohomology
rings of classifying spaces [Hornbostel and Wendt 2019], Grassmannians [Wendt
2018] and split quadrics [Hornbostel et al. 2020]. In particular, we discuss the
compatibility of real realization with the characteristic classes left open both in
[Wendt 2018] and in [HW 2019]; see in particular [HW 2019, Remark 9.2].

For most of our considerations we deal only with “geometric” bidegrees, that
is, we concentrate on H*(X, I*) or CH* (X) = HY (X, K}CVIW) and ignore the full
bigraded theories (Milnor—Witt motivic cohomology H' (X, Z( J)), etc.) that have
recently been developed and studied by Fasel and others.
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1.1. Remark. The focus of this article is on schemes over R and realization to
classical topological manifolds. However, several results refine to the real-étale
site and the real topology; see Sections 2.D and 2.E.2, Remarks 4.2 and 5.10 and
the Appendix. To start with, there are evident extensions of the results to the case
of real closed fields, using the theory of semialgebraic cohomology as discussed
in [Delfs 1991]. It is also possible to go beyond the real closed case for parts of
the results. In full generality, one has to replace singular cohomology by real-étale
cohomology as in [Scheiderer 1994]. In this setting, it is possible to define cycle
class maps H' (X, 1’y — H ! (X,Z) and prove all the relevant compatibilities. For

ret
a formally real field F, the kernel of the natural homomorphism

W(F) = [[W(Fp) = HL(F.Z)
P

is equal to the torsion subgroup of W (F'), where the product runs over all order-
ings P of the field F and Fp denotes the real closure for F with the ordering P.
In particular, to determine an element up to the torsion, it suffices to consider all
the signatures. Consequently, claims concerning the image of an element in real
cohomology over a formally real field may then be deduced from the corresponding
claims for real closed fields (whose proofs can be obtained from the case R dis-
cussed in the present article). Lacking significant applications for this extension,
we won’t go into further details here.

1.2. Remark. At least for smooth varieties over R, taking real points is expected to
induce a morphism of spectral sequences from the Gersten—Witt spectral sequence
defined in [Balmer and Walter 2002] to the Atiyah—Hirzebruch spectral sequence
for topological KO-theory, each potentially twisted by a line bundle in an appro-
priate sense. On E;-terms in degree zero, this morphism is the (twisted) signature
map studied here, and on E.-terms it is expected to be (a twisted version of) the
“signature map” that appears in Brumfiel’s theorem [Brumfiel 1984; Karoubi et al.
2016]. It thus seems plausible that variants of Brumfiel’s theorem could be obtained
by such a comparison of spectral sequences. However, a careful implementation
of such arguments requires higher signature maps, which are beyond the scope of
this paper. We refer to [Jacobson 2015] for some work in this direction, and for
related questions.

Structure of the paper. We provide a review of the various cohomology theories
involved in Section 2. Section 3 discusses sheaf-theoretic and geometric construc-
tions of the real cycle class maps and shows that they agree. The compatibil-
ity results with pullbacks, pushforwards and intersection products are proved in
Section 4. The special case of cellular varieties is discussed in Section 5. The com-
parison of algebraic and topological characteristic classes is established in Section 6.
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2. Preliminaries and notation

All schemes are assumed to be separated of finite type over a field F' which has a
real embedding o : F — R, although many results obviously hold in greater general-
ity. In particular, the conditions of being perfect, infinite and of characteristic 7 2
which frequently occur in the literature on A'-homotopy and Chow—Witt theory
are automatically satisfied. Occasionally, we might refer to reduced schemes as
varieties.

We write Ab(X) for the category of sheaves of abelian groups on a topological
space X. Given a continuous map f : X — Y, we write f, and f* for the compo-
nents of the canonical adjunction Ab(X) = Ab(Y). (Note that some authors prefer
to write f~! for the left adjoint and reserve the notation f* for @-modules over
ringed spaces.)

2.A. Reminders on sheaf cohomology. The sheaf cohomology of a topological
space X with coefficients in a sheaf of abelian groups F on X is given by the right
derived functors of the global sections functor I': H (X, F) := (R'T)(F). Thus,
sheaf cohomology depends on a pair (X, F) consisting of a topological space X
and a sheaf of abelian groups F, and we refer to such a pair (X, F) as coefficient
datum. We define a morphism of coefficient data (f, ¢) : (X, Fx) — (Y, Fy) to be
a pair consisting of a morphism of spaces f : X — Y and a morphism of sheaves
¢ : f«Fx < Fy. There’s an obvious notion of composition of such morphisms:

(g, ¥)o(f.9)=(gf g«poy). 2.1

2.2. Example. A morphism of ringed spaces (X, Ox) — (Y, Oy) is, in particular,
a morphism of coefficient data in the above sense.

2.3. Example. For any morphism of spaces f : X — Y and arbitrary sheaves
Fx and Fy on X and Y, respectively, we have canonical associated morphisms of
coefficient data (X, Fx) — (Y, fuFx) and (X, f*Fy) — (Y, Fy).

2.4. Remark. In [Bredon 1997], the component ¢ of a morphism of coefficient
data (f, ¢) is referred to as an * f-cohomomorphism”.

In order to compute sheaf cohomology with coefficients in F from the definition,
one needs to first find an injective resolution of 7. However, one gets the same re-
sult using resolutions by flasque or more generally by acyclic sheaves [Hartshorne
1977, Proposition III.1.2A], and this additional flexibility is often useful. The Gode-
ment resolution at the center of this section is one particularly well-behaved choice
of flasque resolution.

2.A.1. Godement resolutions. We refer to the classical and established sources for
the Godement resolution 7 — GJF of a sheaf F: [Godement 1958; Iversen 1986;
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Bredon 1997]. Here, we are mainly interested in a good definition of cup and cross
products. Note that a morphism of coefficient data (f, ¢) : (X, F) — (Y, G) induces
a morphism of resolutions (see [Bredon 1997, 11.8] for a direct construction):

f.GF < GG.

2.5. Definition. Given a morphism of coefficient data (f, ¢) : (X, F) — (¥, G),
we define the pullback in sheaf cohomology

to be the morphism induced by passing to global sections above.

2.A.2. Cohomology with supports. Suppose i : V < X is a closed embedding.
Then the pushforward i, : Ab(V) — Ab(X) has a right adjoint i' [SGA 4 1972,
Exposé IV, Proposition 14.5]. Both functors i, and i and the global sections func-
tor I on X are left exact, hence so is the composition I'i,i Y

2.6. Definition. Given coefficient data (X, F) and a closed embedding i : V — X,
as above, we define the global sections functor with support on V as the compo-
sition I'y := TI'i,i', and the cohomology with support in V via the right derived
functors of 'y as Hy, (X, F) := R°T'y F.

2.7. Lemma. Consider a continuous map f : X — Y. Suppose iy : V — X
and iy : W < Y are closed subsets such that V. O f~'W. Then we have a
canonical natural transformations of functors (iy )i 'W fe— fo(iy)si {, and, hence,
a canonical natural transformation Ty f.. — Ty. If V.= f~'W, then this natural
transformation is an isomorphism. O

2.8. Definition (pullback with support). Suppose we have a morphism of coeffi-
cient data (f, ¢) : (X, F) — (¥, G), and suppose we have closed subsets V C X
and W C Y such that f~'W C V. Then the pullback with support along (f, ¢) is
the morphism

Hy (X, F) Gor Hy, (Y, G)

induced by the composition

Lemma 2.7

Fvﬁf wa*G.F < FWGQ

The first arrow, on the right, is essentially the same morphisms as used in the
definition of pullback without support (Definition 2.5).

2.9. Proposition (universality of the pullback). In the situation of Definition 2.8,
suppose we have resolutions F — Ry and G — Rg on X and Y, respectively,
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together with a morphism of complexes of sheaves qAb : ¥ Rr < Rg such that

f*R]-'<A_RQ
I
f*]'-<¢—g

commutes. Then also the following square commutes:

H*(Fva) — H*(Fng)

l l

Hy (X, F) W Hy (Y, G)

Here, the vertical arrows are the canonical maps, the upper horizontal arrow is
induced by ¢ and the canonical transformation of Lemma 2.7, and the lower hori-
zontal arrow is the pullback of Definition 2.8. ]

2.10. Proposition (functoriality of pullback). Sheaf pullback is functorial with
respect to morphisms of coefficient data. That is, given two composable morphisms
of coefficient data (f, ¢) and (g, y) and adequate choices of support,

(fi ) og,v) =g y)o(f.d)" O

2.11. Proposition (localization sequence). Let X be a topological space, and let
i:V < X be the inclusion of a closed subspace with open complement j : U — X.
With the definition of cohomology with support from Definition 2.6, we have a long
exact sequence of cohomology groups as follows:

= Hy (X, F) = H (X, F) - H*(U, j*F) - H 7' (X, F) - ---.

The maps preserving cohomological degree are the obvious pullback maps, as de-
fined in Definition 2.8. ]

2.12. Proposition. Given a short exact sequence of sheaves 0 - & - F — G — 0
on X, we have an associated long exact sequence of cohomology groups:

o= Hy(X, &) - Hy (X, F) - Hy(X, G) KN H‘S,H(X, E)— -,

The maps preserving cohomological degree are the obvious change-of-coefficient
morphisms. Moreover, given a continuous map f : X — Y such that 0 — f,.F —
f«G — fiHl — 0 is still exact on Y, and given a closed subset W C Y such that
f~'W C V, the pullback along f and the two long exact cohomology sequences
fit together to a commutative ladder diagram. U



THE REAL CYCLE CLASS MAP 245

Finally, we note that on Noetherian spaces cohomology commutes with sequen-
tial colimits. Note that all schemes considered in this article are Noetherian, as
they are assumed to be of finite type over a field.

2.13. Lemma. Let X be a Noetherian topological space, V C X a closed subset.
For any sequence of abelian sheaves Fy — F» — F3 — --- on X, the canonical
maps colim; Hy, (X, F;) — H;,(X, colim; F;) are isomorphisms. ]

2.A.3. Godement’s cup and cross products. Of course, the above pullbacks could
also be constructed using injective resolutions. For the following cup product struc-
ture on sheaf cohomology, however, we know of no construction using injective
resolutions.

2.14. Theorem (cup product [Godement 1958; Bredon 1997]). Let X be a topo-
logical space or, more generally, a site with a conservative set of points. Let
V, V' C X be closed subsets. Consider a sheaf of commutative rings A on X and
the ring of global sections over V N V', which we abbreviate to T’ A := TyqyrA.
For A-modules M and N, there exists a unique cup product

HY (X, M) ®@pa HE (X, N) — HIHL (X, M@AN),
a@®b+— aUb.

That is, there exist unique such homomorphisms that are natural in M and N and
satisfy the following properties:

(i) Forp=q=0,TyM Q@4 Ty N — Cyay (M Q4 N) is the canonical map.

(i) The cup product is compatible with the boundary maps 0 in the long exact co-
homology sequences associated with short exact sequences of sheaves: given
an A-module N and a short exact sequence of left A-modules 0 — M’ —
M — M" — 0 that remains exact after tensoring over A with N', we have
d(aUb) = (da)Ub.

(iii) The cup product is graded commutative: a Ub = (—1)P9t*(b U a), where
T NOM — MQN denotes the canonical isomorphism.

(iv) The cup product is associative. O

For the comparison theorems of this paper, we will need a few further properties
of the cup product in sheaf cohomology.

2.15. Proposition (naturality of the cup product). The cup product is natural with
respect to continuous maps: Given a continuous map f : X — Y and closed subsets
V.,V CXand W, W' CY suchthat f~'W C V and f~'W’' C V', the following
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square commutes:

Hi (Y, foM) @pia Hi (Y, fN) —— Hiym (Y, M ® 4 fuN)

lf*@f* lf*

H (X, M) ®pa Hi (X, N) ———— H (X, M@ N) 0

We also have a cross product in sheaf cohomology. Given two topological spaces
XandY,letmy: X xY — X and wy : X x Y — Y denote the canonical projections.
For sheaves of abelian groups M over X and N over Y, we write M XN :=
3y M@ myN for the exterior tensor product sheaf over X x Y, and similarly for
complexes of sheaves.

2.16. Definition (cross product). For sheaves M on X and A on Y, and for closed
subsets V C X and W C Y, the cross product

x : HY (X, M)® Hi, (Y, N) — HI 9 (X x Y, MEN) (2.17)
is given by a x b :=nmwyaUmyb.

Alternatively, this cross product can be obtained directly by a construction en-
tirely analogous to the construction of the cup product, but we will not need this.
If we take X = Y in Definition 2.19 and write A : X — X x X for the diagonal,
we clearly have a Ub = A*(a x b) in H*(X, M ® N), by the naturality of the cup
product; see Proposition 2.15.

Now suppose X and Y are schemes over our base field F. Then we need to dis-
tinguish (the underlying topological space of) the scheme-theoretic product X x 7 Y
from the topological product X x Y. Letnr x : X XrY = Xandnpy : X xpY =Y
denote the respective scheme-theoretic projections. As these morphisms are con-
tinuous, we have an induced continuous map

u:XxpY—>XxY (2.18)

such that mxu = wx r and myu = my r. Given closed subsets V C X and W C Y,
we have V xp W C u='(V x W). Now consider sheaves M and A/ on X and Y,
respectively. The scheme-theoretic exterior tensor product of M and N is given by
MAp N =15 yMmp y N
SZur(xMmyN).
2.19. Definition (cross product for schemes). For F-schemes X and Y, closed
subsets V C X and W C Y, and sheaves M and AV on X and Y, respectively, the

sheaf-theoretic cross product x g is the composition of the usual cross product with
the pullback along u:

H) (X, MY@H, (Y, N) 2> HY T (X x Y, MRN) S BT (X xp Y, MERN).
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We clearly have the following analogues of the formulas relating the cup and
the usual cross product:

axpb=mny raUny b, (2.20)

aUb= Aj(axpb) when X =Y. (2.21)
Here, Ar : X — X x g X denotes the scheme-theoretic diagonal.

2.22. Theorem (universality of the cross product). Suppose we have resolutions
M—=> Ry, N>Ry and MNpN — Rg,
together with a homomorphism
RumEp Ry -5 Ry

that is compatible with the two augmentation maps from M Xg N. Then the fol-
lowing diagram commutes:

H*(TyR ) ® H*(TywRy) ——— H* Ty, wRz)

| |

Hy (X, M) ® Hiy (Y, N) ——— Hij Ly (X x5 ¥, MBI N)

Here, the top horizontal map is induced by the pairing of complexes, while the two
vertical maps are induced by the augmentations. O

From now on, whenever dealing with schemes over F, the product X x Y and
the cross product will be understood to be taken over F, even when the subscript F
is suppressed.

2.A4. Twisted coefficients. So far, we have been considering arbitrary sheaves
of abelian groups on arbitrary topological spaces (or even sites) in this section.
We now consider an operation on coefficient sheaves that requires slightly more
structure: ringed spaces (X, Oy), and coefficient sheaves of abelian groups F that
come equipped with a Gyy-action. We always assume this action to be linear in the
sense that sections of Gy, act on F as automorphisms of abelian groups.

2.23. Definition. Consider a ringed space (X, Ox) equipped with a line bundle L,
i.e., with a locally free Ox-module of rank one. Given an abelian sheaf F over X
with a (linear) Gp-action, the twisted sheaf F (L) is defined as F ®zg,,] ZIL*],
i.e., as the sheafification of the presheaf U +— F(U) ®Z[o;(U)] ZIL(U)*]. Given an
equivariant morphism of sheaves with Gp,-action ¢ : F — G, the twisted morphism
¢(L): F(L) — G(L) is defined as ¢ ® id.

Here, Z[G,,(U)] denotes the free abelian group generated by the invertible
functions on U and Z[L(U)*] denotes the free abelian group generated by the
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nowhere-vanishing sections of the line bundle £ over U. (See [Asok and Fasel
2016, Definition 2.6], where the notation £° is used to denote the complement of
the zero section of the line bundle £; £°(U) = L(U)*.)

2.24. Lemma. Consider a morphism of ringed spaces f : (X, Ox) — (¥, Oy).
For any sheaf Fx over X with Gy-action and any line bundle L over Y, we have a
canonical isomorphism of sheaves of abelian groups f,,(Fx(f*L)) = (fiFx)(L),
natural in Fx and L.! ]

More generally, we can twist an arbitrary morphism of coefficient data. To
formalize this, let us a call a pair ((X, Oy), F) consisting of a ringed space (X, Ox)
and a sheaf of abelian groups F on X with a linear Gy,-action a ringed coefficient
datum. Note that F is not assumed to be an O-module; when we write f*F in
the following, we still mean the pullback of F as a sheaf of abelian groups. If we
forget the structure sheaf and the Gy,-action, we obtain an underlying coefficient
datum (X, F). A morphism of ringed coefficient data

(fs ) : (X, Ox), Fx) = ((Y, Oy), Fy)

is a pair such that (f, ¢) : (X, Fx) — (Y, Fy) is morphism of coefficient data in
the previous sense, and such that f : (X, Ox) — (Y, Oy) is a morphism of ringed
spaces whose structure morphism f,Ox < Oy is compatible with the given actions
of Oy on Fx and Oy on Fy.

2.25. Example. Suppose F is an abelian sheaf with linear G,,-action on the big
Zariski site Sm /F. Then any morphism of smooth F-schemes f : X — Y can be
viewed as a morphism of ringed coefficient data ((X, Ox), F|x) — ((Y, Oy), Fy).

2.26. Definition. Consider a morphism ( f, ¢) : (X, Ox), Fx) — (Y, Oy), Fy)
of ringed coefficient data. Given a line bundle £ over Y, the twisted morphism of
ringed coefficient data

(/s 9)(L) = ([, ¢r) : (X, Ox), Fx(f*L)) = ((¥, Oy), Fy (L))

has the same underlying morphism of ringed spaces f, while the structure mor-
phism ¢ is defined as the composition of the canonical isomorphism of Lemma 2.24
with the morphism ¢ (L) of Definition 2.23:

FeFx (7)) = (LFx)(L) <57 Fr(L).

2.27. Lemma. Twisting is compatible with composition: given two composable
morphisms of ringed coefficient data

(X, 0x). Fx) L5 (v, 0y), Fy) £25 (2, 0,), Fz)

!In the context of line bundles, /L denotes the pullback of £ as an Ox-module, so that f*L is
again a line bundle.
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and a line bundle L over Z, (g, y)(L) o (f, $)(&*L) = ((&, ¥)(f, $))(L), up 10 the
canonical identification f*g*L = (gf)*L on X. O

We will mostly use this lemma in the following form:

2.28. Corollary. Suppose we are given a commutative square of morphisms of
ringed coefficient data:

(X, Ox), Fx) —27 4 (X', Ox), Fy)

l(f,d)) l(f/,df)
(h,m)

(Y, Oy), Fy) ——— ((Y', Oy), Fy)

Then for any line bundle L on Y', the following square still commutes, where
the isomorphism in the top left corner is induced by the canonical identification
R L= g* f* L
(8.v)
(X, Ox), Fx(g" [ L)) ————— (X", Ox), Fx:(f™*L))
12
(X, Ox), Fx(f*h*L))

(f".¢")
l(ﬂ@

(h,m)

((Y, Oy), Fy(h*L))

2.29. Example. Let F be a field, let f : X — Y be a morphism of smooth F-
schemes, and let £ be a line bundle over Y. Any equivariant morphism of abelian
sheaves with G,,-action ¢ : 7 — G on the big Zariski site Smy induces well-defined
morphisms ¢y (£) : Fly(£) — Gly(£) and ¢x (f*L) : Flx(f*L) = Glx(f*L) of
abelian sheaves such that the following diagram commutes:

((Y', Oyn), Fy /(L) O

Fly (L) e Gly (L)
FFlx (o)) —2PE L e Gl(fr0)

Here the vertical morphisms are the ones induced from the sheaf restriction mor-
phisms as in Example 2.25.

2.B. Reminders on Witt groups and fundamental ideals. Given a scheme with a
line bundle (X, £), let VB(X) denote the category of vector bundles over X and let
#, : VB(X)°? — VB(X) denote the functor sending F to F"£ := Homop, (F, L).

2.30. Definition. The Witt group W (X, £) of the pair (X, £) is the Witt group
W(X, L) := W(VB(X), #,) of the exact category with duality (VB(X), #.),
equipped with the usual double-dual identification.
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To simplify notation, we often omit £ when £ = O. Note that W(X, £) is a
W (X)-module by left multiplication/tensoring with symmetric forms.
There is a well-defined ring homomorphism

rk: W(X) — HN(X,Z/2Z)

which assigns to an isometry class of a symmetric bilinear form the rank of its
underlying vector bundle modulo two. The kernel of the rank homomorphism is
denoted by I(X) and is called the fundamental ideal. Let I/ (X) denote the j-th
power of this fundamental ideal, and let I/ (X, £) := I/ (X) - W(X, L) denote the
W (X)-submodule of W (X, £) generated by 1/(X).

2.31. Definition. We write W to denote the Zariski sheafification of the presheaf
(U C X)) W(U, L) on the small Zariski site of X, and I [J: to denote the Zariski
sheafification of the presheaf (U € X) — I/ (U, L).

Again, £ = O will usually be suppressed in the notation. The I*-cohomology
of a scheme X is by definition the sheaf cohomology of X with coefficients in I,
or with coefficients in the twisted variants é

We can also twist the sheaves I/ using the construction of Definition 2.23.
Indeed, for any scheme U, we have a morphism G,,(U) — W(U) sending an
invertible function to the associated symmetric form of rank one. This defines a
morphism of sheaves of rings G,, — W and hence equips each of the sheaves I/
with a canonical linear Gy,-action. Thus, for any line bundle £ over U, we have
twisted sheaves I/(L). Luckily, twists in this sense agree with twists in the sense
considered above:

2.32. Proposition. For any smooth variety X over a field and any line bundle L
over X there is an isomorphism I (L) = I é of Zariski sheaves which is compatible
with the linear Gy-action on both sides. ]

In the following, we sometimes denote the sheaf W on X by Wy for clar-
ity. The functoriality of the Witt sheaves furnishes us with structure morphisms
¢ : [ Wx < Wy for morphisms of schemes f : X — Y over F. In particular, any
such morphism f induces a morphism of ringed coefficient data

(f. 9) : (X, Ox), Wx) = ((¥, Oy), Wy).

More generally, we have associated morphisms of coefficient data for twists of the
fundamental ideal sheaves as follows:

2.33. Definition. Consider a morphism of schemes f : X — Y over F. Given an
exponent j and a line bundle £ over Y, the induced morphism of coefficient data

(X, 0x), I’ (f*£)) — (Y, Oy), I’ (L))
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is obtained by restricting (f, ¢) to the sheaves I/ and by twisting via the construc-
tion of Definition 2.26.

2.34. Remark (big site). When we work on the big Zariski site Smy of smooth
schemes over F, W may occasionally denote the sheafification of the presheaf
(U +— W (U)) on this big site. The restriction of this sheaf to a scheme X agrees
with the sheaf Wy considered above, i.e., with the sheafification of the restricted
Witt presheaf, so no confusion seems likely.

2.35. Definition (Mahé). Let U be a scheme. The global signature is the ring
homomorphism

sign’ : W(U) — C(U,,7) = H'(U,, 7),
[¢]— (sign([@)) : (x, P) > signp(if9)),

where signp : W(k(x)) — Z sends a form [¢] to its signature with respect to the
ordering P on the residue field « (x) and U, is the real spectrum of U discussed in
Section 2.D.

If U is a scheme over R, we may replace signp by the classical signature for
the closed point x, and we denote the resulting variant W(U) — C(U (R), Z) by
signV as well.

2.C. Reminders on I-cohomology.

2.36. Definition. The I*-cohomology of a scheme X equipped with a line bundle £
is the Zariski sheaf cohomology of X with coefficients in the sheaf of abelian
groups I¥(£) defined in Definition 2.31/Proposition 2.32. We will denote it as
Héar(X ,I5(L)), or simply as H i(X, I*(L)). In general statements that hold for all
exponents k, we simply say I-cohomology in place of I*-cohomology.

In principle, I*-cohomology can be computed using an injective resolution of I*.
However, apart from the existence of pullback maps along morphisms of schemes,
most of the fundamental properties of I-cohomology are difficult to establish using
injective resolutions. Instead, Fasel [2008], in his foundational text, uses explicit
Gersten resolutions to establish the fundamental properties. In Section 9.3 of that
work, pushforwards for proper morphisms and pullbacks for flat morphisms are
constructed. The latter extend to arbitrary maps between smooth schemes; see
Definition 2.5 and Proposition 2.45 below for more details. We have a long exact
localization sequence [Fasel 2008, Théoréme 9.3.4 and Remarque 9.3.5], at least
if the closed complement is smooth. We also have homotopy invariance for vector
bundles over regular schemes; see [Fasel 2008, Théoreme 11.2.9]. Moreover, the
I-cohomology groups form a graded ring [Fasel 2007].

For the comparison results in later sections, in particular those regarding the ring
structure, the sheaf-theoretic constructions are more suitable than the constructions
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using Gersten complexes. We therefore discuss and compare both. We begin by
briefly recalling the approach using Gersten complexes in Section 2.C.1, noting
in Theorem 2.38 that the I*-cohomology groups defined in this way indeed co-
incide with the sheaf cohomology groups with coefficients in I* for smooth X.
In Section 2.C.3, we verify, following [Asok and Fasel 2016], that pullbacks con-
structed using Gersten complexes coincide with the sheaf-theoretic pullbacks of
Section 2.A.1. In Section 2.C.4, we verify that, likewise, products constructed
using Gersten complexes coincide with the products constructed via Godement
resolutions in Section 2.A.3. Lastly, in Section 2.C.5, we recall the construction of
Thom classes and pushforwards.

Everything in this section applies verbatim to J-cohomology, where J* = KMW,
with one notable exception concerning the commutativity of the ring structure (see
Remark 2.53). In fact, all arguments and almost all references below apply to
Chow—Witt groups or their bigraded extension.

2.C.1. Gersten resolutions. We recall the basic construction of Gersten resolu-
tions from [Balmer and Walter 2002]; see also [Gille 2007b] and [Fasel 2008].
Other constructions of the Gersten complex for W and GW are known to agree
with this one: the construction in [Morel 2012] agrees with the one of Schmid,
and the latter one agrees with the ones of Fasel et. al. discussed in [Fasel 2008,
Section 7].

Let X be a regular scheme of dimension n. Let £ be a line bundle. We denote by
(DY (X), v, wy) the derived category with duality, where v : D?(X)°P — D?(X)
is given by V +— Homp, (V, £) and @, is the double-dual identification. Let
DY < DP(X) be the triangulated subcategory of objects whose homology is sup-
ported in codimension > i, and let D' denote the triangulated category D@ / DU+
The augmented Gersten—Witt complex on X has the form

0> WX, L)L w’, o)L wp,o)d...4 wi(bp" )0,

where W' denotes Balmer’s derived Witt groups. The terms of the complex can be
identified via isomorphisms

WD o= P Wkx), of) (2.37)
xeXx®
obtained from localizations and dévissage, where a)f = Ext’bx (k(x), Ly) is a one-
dimensional vector space over k(x) for each point x € X @,

Denote by 1"/ (X, £) C W/(D', L) the subgroup corresponding to the sum of
the j-th powers of fundamental ideals in the Witt groups W (k(x), wf) under the
isomorphism ¥, and by IZJ the sheafification of U — I/ (U, £|y) on X. Note
that IZ’ is a flasque sheaf. The Gersten—Witt complex is compatible with the
fundamental ideal in [Gille 2007b] or more precisely [Fasel 2008, Théoreme 9.2.4]
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and [Fasel 2013]; i.e., the differential d in the Gersten—Witt complex satisfies
d(I" (k(x), @) C I (k(y), wf) forany m € Z, x € XV and y € XU+D. We
thus obtain, by restriction, a complex of abelian groups,

C(X, I(L): I™(X, L) = I NX, L) — - — I"T"(X, L) > 0,
and a complex of flasque sheaves on X,
C(— @) I} - I = 5 I 0,
which we also refer to as Gersten—Witt complexes.

2.38. Theorem. Let X be a smooth F-scheme of dimension n. Then, for any i and
any j, we have canonical isomorphisms

H'(C*(X, I'(£))) = Hp, (X, I/ (L)) = H{, (X, I’ (L)).

We therefore simply write H (X, 1/ (L)) for the above cohomology groups from
now onwards.

Proof. For the first isomorphism, the augmented Gersten complex provides a
flasque resolution of the sheaf I, i.e., the complex

0— Ig — Ig’j — Ié’j_l — > IZ’j_" -0
is exact. This is shown for j = 0, i.e., for the sheaf W, in [Balmer et al. 2002,
Lemma 4.2 and Theorem 6.1]; for the general case of fundamental ideals and
twisted line bundles see [Fasel 2008, Proof of Theorem 9.2.4] and [Gille 2007b,
Corollary 7.2]. So the first isomorphism is the canonical isomorphism coming
from the uniqueness of sheaf cohomology. The second isomorphism is [Morel
2012, Corollary 5.43], using that the sheaves I/ satisfy the conditions of Morel’s
framework by [Morel 2012, Example 3.34 and Lemma 3.35]. O

2.C.2. Supports. For a closed subset i : Z — X of a smooth F-scheme X, we
have a definition of I-cohomology with support in Z as the derived functors of
I'y =T'(Z,—) oi'; see Definition 2.6. This can also be expressed in terms of
Gersten complexes, as follows.

2.39. Proposition. Let j : U < X denote the open complement of i : Z — X.
Consider the natural transformation I' (X, —) — I'(U, —) o j*. Following [Fasel
2008, Définition 9.3.3], define the Gersten complex with support on Z as the kernel
of this natural transformation applied to the Gersten complex on X:

C(X, I (L)) 7 :=ker(C*(X, I' (L)) — C*(U, I (L))).

There is a natural isomorphism H} (X, 1'(L)) = H* (C'(X, Ij(ﬁ))z).
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Proof. We need to derive the functor 'y = I'(Z, —) oi'. We can compute
(R°T'z)(I7) by evaluating 'z on a flasque resolution. Choosing this resolution
to be the flasque resolution C*(—, I/(L)) of I/(L), we can identify ', with the
functor ker(I'(X, =) — T'(U, -)). O

In the above situation, we have a short exact sequence of Gersten complexes
0— C*(X,I/(L))z — C*(X, I/(L)) — C*(U, I’ (L)) — 0. The associated long
exact cohomology sequence is the localization sequence of [Fasel 2008, Théoreme
9.3.4], and coincides via the isomorphism above with the localization sequence in
Proposition 2.11.

2.40. Remark. The boundary map in this localization sequence is induced by a
morphism of complexes 3 : C*(U, I/(L)) — C*'(X, I/(L))z, at least up to a
sign. To see this, one notes that, in each degree, C' (U, I/ (L)) is a direct summand
of C'(X, I’/ (L)). The differential on C' (X, I/(L£)) thus has a component that maps
the direct summand C! (U, I/(L)) to the direct summand C' (X, I/(L))z. See
[Asok and Fasel 2016, Lemma 2.10] for more details.

2.41. Theorem (dévissage). Suppose i : Z — X is a closed embedding of codi-
mension r of regular schemes. Let wz denote the determinant line bundle of the
normal bundle of this embedding, and let L be an arbitrary line bundle over X. We
have an isomorphism of complexes C*~"(Z, I ™" (i*L ® wz)) = C*(X, I/ (L)),
inducing isomorphisms in cohomology

H™(Z, U™ (" L®wz)) = HY(X, I’ (L)).

Proof. This is stated in [Fasel 2008, Remarque 9.3.5]. We add some details for
the reader’s convenience. As Z is regular and thus Ici, it follows that the index
sets Z8~") and Z N X are in bijection. Using the notation as in [Fasel 2008,
Définition 9.2.1 and Remarque 9.2.2], the direct sums in degree s of the relevant
Gersten complexes have summands //~% (Oz.;)and I j=s (Ox.x). Under the above
bijection, for corresponding points z and x there is a chain of isomorphisms

WOz = W(k(2), weyyr) = Wk (x), 0coyr) = WHOx )

given by applying [Fasel 2008, Corollaire 6.2.8], and this isomorphism restricts to
an isomorphism of the respective powers of fundamental ideals. To see that this
is indeed an isomorphism of complexes, one has to check that these degreewise
isomorphisms respect the differentials. For Witt groups, this follows using the two
commutative squares in the diagram [Gille 2007a, page 339] in which the horizon-
tal maps compose to the boundary of the Gersten complex. For the fact that the
differentials respect I-powers (up to a shift of one) see [Gille 2007b, Corollary 7.3].
The proofs in [Gille 2007b] and in [Fasel 2008] rely on the identification of each
term of the Gersten—Witt complex as a direct sum of Witt groups indexed on points
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of codimension p; see (2.37) above and [Gille 2007b, diagram (14) in Section 5.8].
We observe that the vertical maps Tr in the diagram of [Gille 2007a] yield the
(zigzag) pushforward maps we described above. This can be seen combining the
commutative diagram in the proof of [Gille 2007a, Lemma 3.4] with the commu-
tative diagram in [Gille 2007b, Proposition 3.6]. This also shows that for f =i
as above, the map f, of [Fasel 2008, 5.3.6, 6.3.10] is precisely the one we study
above composed with forgetting the support. U

2.C.3. Pullbacks.

2.42. Definition. Given a morphism of schemes f : X — Y, closed subsets V C X
and W C Y such that f~!'W C V and a line bundle £ over Y, the pullback in
I-cohomology

Hy (X, I°(FrL)) <225 [y (v, 14(C)),

is defined as in Definition 2.8 from the morphism of coefficient data induced by f
according to Definition 2.33. We will denote this pullback simply by f*.

The pullback along a morphism of smooth schemes f : X — Y can also be
constructed in terms of Gersten complexes. To this end, one factors f as X —
X x Y — Y, where the first morphism is the graph of f and the second is the
projection onto Y. The graph of f is a regular embedding and the projection to Y
is flat, so it suffices to treat these two classes of morphisms separately.

For flat f, it is possible to define a pullback directly on the level of Gersten
complexes [Fasel 2008, Section 3]:

C (X, IN(F*L)) <= c* (v, I*(L)).

To define a pullback with support, note that this construction is functorial and,
in particular, compatible with restriction to open subsets. Thus we obtain a mor-
phism of complexes of sheaves, f.C*(—, I§(f*£)) <« C*(—, I’;(ﬁ)). For any
closed subset W C Y, we have an induced morphism of complexes of abelian
groups C*(X, Ik(E))f_lw < C*(Y, I*(L))w. Passing to cohomology, we obtain
a pullback with support as in Definition 2.42.

For a regular embedding of smooth schemes i : Z — X, and a line bundle £
over X, a pullback via Gersten complexes is constructed in [Fasel 2007, Section 5].
This is more delicate: it does not seem possible to define i* directly on the level
of Gersten complexes. However, it is possible to define on the level of Gersten
complexes a morphism ® that induces the pullback (ig)* along the composition
ig:NzX - Z — X, where q : NzX — Z is the bundle projection of the normal
bundle of the embedding. As g is flat, we can then consider the following zigzag
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Z ZxA ¢ ZxGpe—T1Z

s i ixid i

Figure 1. Deformation to the normal bundle.

of morphisms of complexes:
)

/\

C*(NzX, I*(q*i*L)) A C*(Z, I*(i*L)) C* (X, I*(L))

Once we pass to cohomology, ¢* becomes an isomorphism by homotopy invariance
[Fasel 2008, Théoréme 11.2.9] and can be inverted, so we can define the pullback
along i in I-cohomology as i* = (¢*) "' H*(®).

The construction of ® is based on the deformation to the normal bundle, for
which we summarize our notation in Figure 1. The deformation space D(Z, X)
is obtained by blowing up X x A! in Z x {0} and then removing the blowup of
X x {0} along Z x {0}. By construction, it comes with a natural morphism to X x Al
Composing with the projections, we obtain morphisms 7 : D(Z, X) — A! and
b:D(Z, X)— X. The deformation space also comes with a natural embedding i of
Z x A, and the composition of the central vertical arrows 7 and 7 is the projection
onto A'. The fiber of i over 0 is the zero section s of the normal bundle Nz X, and
the fiber over all  # 0 is the given embedding i : Z — X. In other words, the first,
third and fourth vertical columns are obtained from the second column by base
change along the inclusions of {0}, Gy, or {1} into A!, respectively. In particular,
the restriction of the normal bundle N, 41 (D(Z, X)) to any fiber is isomorphic
to Nz X.

The morphism of complexes ® is constructed as a composition

® = (io,) ' dm, .
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the factors of which we now describe. The first factor is simply the pullback along
the flat projection px : X x G, — X. For the second factor, let ¢ denote the
coordinate in G, = Spec(k[t, t~1). Left multiplication with the form (z, —1) €
W9%(G,,) induces a morphism of complexes

C*(X X Gy, I (pi£)) <22Y= 04 (X x G, T*(pL)). (2.43)

The required morphism m, of complexes up to a sign is given in degree j by
(—1)7(t, —1) U —; see [Fasel 2007, Lemma 5.1]. For the third factor of ®, con-
sider the boundary map in the localization sequence associated with Nz X <
D(Z,X) <= X x Gp. As mentioned in Remark 2.40, this map can be realized
as a morphism of complexes

CUD(Z, X), I' (b L)), x <= C*(X X Gy, I" ' (p L))

up to a sign. Hence, the composition dm; becomes a morphism of complexes.
Finally, since Nz X is a Cartier divisor of D(Z, X), we have the dévissage isomor-
phism described in Theorem 2.41:

C*(NZX, I¥(g*i* L)) 2 CH(D(X, Y), I (0" L))y x.

2.44. Lemma. Fasel’s morphism © defines a morphism of complexes of sheaves
on X:

1445 C* (=, I 4 (q"iL)) <2 C*(—, I%(L)).

Proof. Consider an open subscheme U C X. Pull back the spaces and morphisms
in the upper half of Figure 1 along the inclusion of U into the copy of X that is the
target of pyx and b. This yields another such diagram in which X is replaced by U
and Z by ZNU ; the restriction of D(Z, X) to U can be identified with D(ZNU, U)
since blowing-up commutes with flat base change [Stacks 2005—, 0805], and the
restriction of Nz X to U N Z can be identified with N7~y U. We need to check that
each factor of ® is compatible with the restriction to U. For the first factor p%, this
has already been discussed. For the second factor m;,, see [Fasel 2007, Lemma 5.4].
The boundary map 0 commutes with flat pullback, hence in particular with the two
inclusions U x Gy, C X x Gy and D(ZNU, U) C D(Z, X). Finally, ip, commutes
with the inclusions D(Z NU,U) C D(Z, X) and NznyU C NzX by the base
change formula [Fasel 2013, Corollaire 12.2.8]. ]

The lemma implies that, for any closed subset V C X, we have an induced
morphism of complexes Oy : C*(Nz X, Ik(ﬁN))NZX\V <~ C*(X, I*(L))y. We can
thus define the pullback along i with support in V as we did for support in X, as
i*=(q") "' H(®y).
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2.45. Proposition. Let f : X — Y be a morphism between smooth schemes over F.
Suppose we have closed subsets V. C X and W C Y such that f~'W C V, and a
line bundle L on Y. The induced pullback on I-cohomology in terms of Gersten
complexes described above agrees with the sheaf-theoretic pullback with support
of Definition 2.42 under the identifications of Proposition 2.39.

Proof. As noted, a morphism between smooth schemes can be factored into a
regular embedding followed by a flat morphism. Compatibility of the pullbacks
can be checked separately for each factor.

For a flat morphism f, it suffices by Proposition 2.9 to check that the degree-
zero part of the pullback morphism constructed on the level of Gersten complexes
of sheaves is compatible with the usual pullback on I*-sheaves. This is indeed the
case, as in degree zero this pullback is the usual pullback on function fields.

For a regular embedding i : Z — X, a proof of the desired compatibility in
the context of Milnor—Witt sheaves is given in [Asok and Fasel 2016, Section 2].
The argument for I-cohomology that we need here is analogous. Let us provide
some details, concentrating for simplicity of notation on the case I¥ = W. In
the notation above, it suffices to check that H*(®y) is the usual pullback along
the composition ig. By Proposition 2.9, it suffices to verify that the degree-zero
part of the morphism of complexes of sheaves ® constructed in Lemma 2.44 is
compatible with the usual pullback ¢g*i*. To verify this, we construct another,
auxiliary, morphism of presheaves ®P™. We then show firstly that ®P™ is indeed
compatible with the degree-zero part of ®, and secondly that ®P™ agrees with the
usual pullback ¢*i* on Witt presheaves. The compatibility of ® with the sheaf
pullback ¢*i* then follows.

The auxiliary morphism ©P* : j,.q. W (—; ¢*i*L) < W(—; L) of presheaves
on X is defined over an open subset U C X as the composition along the top row
of the following diagram:

jo—1 . m, "
Wz, U) Wk, u(D(Zy, U)) WU XGy) 2 WU XGr) 2 W (U)

J (a) (b) J
ioy! v (2.46)

W) ¢t Wi (Dg) 4 W(Up)

J(id) (c) l(id)
1

WhNZX)) 2 WV X)) ' WX xB)) €2 W k(X X)) 25 W k(X))

We have suppressed all twists in this diagram, but it should be clear what the
correct twists are by comparison with the definition of ®. The notation Z; is short
for ZN U, the morphism py is the obvious projection, m, again denotes multipli-
cation with the form (1, —¢), the boundary map 9 in the top row is the boundary
map of [Balmer 2000, Theorem 6.2] in the localization sequence of Witt groups
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associated with NznyU < D(ZNU,U) <> U x Gp, and iy, in the top row is
the dévissage isomorphism of [Gille 2007a, Theorem 4.4]. The composition of ig,
with the morphism that forgets support agrees with the pushforward considered in
[Calmes and Hornbostel 2011] (compare [Gille 2007a, Remark 4.5] and [Calmes
and Hornbostel 2011, §7.2]), so we can use the base change and projection formulas
of [Calmes and Hornbostel 2011] in the following.

The composition along the lower row of diagram (2.46) is the degree-zero part
of ®(U), while the vertical morphisms/compositions are the natural morphisms
from the Witt presheaves to the Gersten complexes. We need to show that this
diagram commutes. This is clear for the two squares on the right. For the big
square on the left, we introduce the auxiliary central row. We denote by Dy the
local ring of D(Z, X) at the generic point of Nz X, by A the local ring of Nz X
at its generic point, and by Uy the field of fractions of Dy. Clearly Ny = k(NzX)
and Uy = k(X x Gp). On the other hand, as Nz X is a Cartier divisor, Dy is
a discrete valuation ring with A as residue field, and the spectrum of Uy is the
open complement of the spectrum of Aj in the spectrum of Dy. Thus, square (b)
commutes by naturality of the localization sequence, while square (a) commutes
by the base change formula [Calmes and Hornbostel 2011, Theorem 6.9]. The
composition i, 'd along the central row can be identified with the residue map
using [Balmer and Walter 2002, Lemma 8.1], and hence agrees with the composi-
tion ip; !9 in the lower row that is used in the construction of @.

To prove that ®P™ agrees with the usual pullback ¢*i* on Witt presheaves, we
need to evaluate over each open subset U C X. For simplicity of notation, we spell
this out only for U = X. We first check that

i0, (1) = 9 (m, (1)) (2.47)

when £ = Oyx. To see this, we can pass to coherent Witt groups using [Gille
2002, Lemma 3.2]. We leave it as an exercise to chase through Balmer’s cone
construction of 0 and the construction of iy, in [Gille 2007a, Theorem 3.2]; the
main additional input is the short exact sequence 0 — Op(z. x) - Opiz.x) —
i0+On,x — 0on D(Z, X).
Using (2.47), we now find for arbitrary o € WOX, L):
i0+q 1ot = i (1 Uigb* )

=ip 1 Ub*x (by the projection formula)

=d(m,(1)) Ub*a (by (2.47))

=9d(m;(1)U*b*a) (by the Leibniz rule)

= d(m;(pxa))

= i0, O (a).
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(For the projection formula, see [Calmes and Hornbostel 2011, Theorem 6.5], and
for the Leibniz rule, see [Gille and Nenashev 2003, Theorem 2.10].) This shows
that ®P™ agrees with ¢*i*, for arbitrary £, as claimed. O

2.C.4. Products. Taking X to be a scheme, A := W to be the Witt sheaf and
M and N to be powers of I, possibly twisted by line bundles £ and £’ over X,
Godement’s construction described in Theorem 2.14 furnishes us with a product

HP (X, I(L)) ®rw HY (X, I'(L) — HPM (X, 1(0) @w I'(£))
— HPM(X, 1" (L& L')).
In particular, for trivial twists we obtain:
2.48. Corollary. Godement’s cup product
HP (X, I @ HI(X, I') — HPTI(X, [T
turns o H P(X, I*) into a bigraded ring. It is graded commutative with respect
to the p-grading and commutative with respect to the k-grading.

We can also construct a cross product for I-cohomology in this way, as follows.
For schemes X and Y over F, Godement’s cross product (Definition 2.19) gives us
amap H*(X, I*) x H*(Y, I') - H*(X x Y, I*"®I"). We suppress the subscript F
here to lighten notation, but of course all products considered are scheme-theoretic
and taken over F. On the other hand, on X x Y, we have a morphism of sheaves

Iy RIy — I,y ® Iyy = Iyl
So by changing coefficients along this morphism, we obtain a product
HP (X, I" x H1(Y, I') > HPT9(X x Y, I*).
More generally, given line bundles £ on X and £’ on Y, this product takes the form
HP (X, IM(L)) x HU(Y, I'(L))) - HPM(X x Y, "' (LR L)), (2.49)

We now compare these products to the products defined by Fasel via Gersten
complexes. Fasel first defines a cross product, and then pulls back along the diag-
onal.

2.50. Theorem. Consider a product of smooth F-schemes X X Y. Let Lx and Ly
be line bundles on X and Y respectively. Define Lxy := Lx X Ly. For open subsets
U C XandV CY, the exterior product on Witt groups induces a morphism of
complexes of abelian groups,

*x:C (U, I'(Lx) @C(V, I’ (Ly)) — C(U x V, I'' (Lxy)),

as well as a morphism of the corresponding complexes of flasque sheaves on X x Y.



THE REAL CYCLE CLASS MAP 261

Then the following square (in which the vertical arrows are the canonical augmen-
tations) commutes:

i J < i+j
Iﬁx X I/;y IL'xy

! !

C*(—, I'(Lx))®C*(—, I/ (Ly)) —— C*(—, I'*V (Lxy))

Proof. The product on the Gersten complexes is constructed in [Fasel 2007,
Theorem 4.16] by replacing G-cohomology with I-cohomology. This can be
done by following the argument in [Fasel 2007, Lemma 4.1 to Proposition 4.7].
By construction, the product is compatible with the augmentation W (—, Lx) —
C*(—, I’(Ly)), so the same is true after restriction to I/. ]

2.51. Definition. The product of Gersten complexes in Theorem 2.50 induces a
product on cohomology of the form

*: HP(C(X, I'(Lx))) @ HI(C* (Y, I/ (Ly))) = HPT(C*(X x Y, I' (Lxy))).

2.52. Proposition. Fasel’s cross product on I-cohomology is compatible with
Godement’s cross product. Likewise, Fasel’s cup product on I-cohomology is
compatible with Godement’s cup product.

Proof. The compatibility of the cross products follows from Theorem 2.22: the
necessary assumption, namely the compatibility of the cross product on Gersten
complexes with the cross product on the I/-sheaves, has already been verified in
Theorem 2.50. The compatibility of the cup products follows from the compati-
bility of the cross products and Proposition 2.45, since both cup products can be
obtained from the corresponding cross product by pulling back along the diagonal;
see (2.21) before Theorem 2.22. ]

2.53. Remark. As the Witt ring is commutative, the only signs appearing in the
ring structure on I-cohomology are those arising from point (iii) of Theorem 2.14.
For J-cohomology we have additional signs coming from the graded commutativ-
ity of @, J k=~ D, K }CVIW: for the cup product

HP (X, J Q@ HI(X, J) — HPYI (X, J*H),

one finds that a Ub = (—1)?4ekp U a with e = —(—1).

2.C.5. Thom class and pushforward. Leti : Z — X be a regular embedding of
regular schemes of codimension r, with normal bundle p : N'— Z. Denote the
dévissage isomorphism of Theorem 2.41 as

i HY(Z, I (*L ®det V) => HS" (X, I7T7(L)).

The composition of i, with extension of support agrees with the usual pushforward
map in I-cohomology, as pointed out at the end of the proof of Theorem 2.41.
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However, a more indirect definition of i, will be more useful for the comparison
with topology. For this alternative definition, we first consider the case when i is
the zero section of a vector bundle:

2.54. Definition. Let p : V — X be a rank d vector bundle with zero section
s: X < V. The Thom class th(V) € H)‘f(V, I? (p* det V")) is the image of the unit
element 1 € H°(X, W) under the isomorphism of Theorem 2.41 and the canonical
trivialization of s*p* det VY ® det V.

We now define the pushforward in I-cohomology as follows:

2.55. Definition. Let i : Z — X be a regular embedding of codimension r be-
tween regular F-schemes, with normal bundle p : ' — Z. The pushforward in
I-cohomology is defined as the composition

iy HY(Z, 1 (" £ ® det ) BE2ZC0 prstr (A7 104 (p*i* L))

A0, H (XL (L)),

where d(Z, X) is the deformation isomorphism induced by deformation to the
normal bundle. The same name and notation are used for the composition of this
map with the extension of support Hy™" (X, I'*7 (L)) — HS*" (X, I/ (L)).

For the deformation to the normal bundle, see Section 2.C.3 above, in partic-
ular Figure 1 on page 256. The deformation isomorphism d(Z, X) is defined as
the zigzag d(Z, X) =ij o (ig)_l, in view of the fact that both pullbacks with
support i and i} are isomorphisms; see [Fasel 2009] or [Asok and Fasel 2016,
Theorem 2.12]. In the context of A!-homotopy theory, the existence of d(X, Z) is
a manifestation of homotopy purity. See [Asok and Fasel 2016, Section 3.5.2] for
a more detailed discussion.

In any case, the definition of pushforward using this deformation isomorphism
and the Thom class is known to agree with the usual one:

2.56. Lemma. The dévissage isomorphism of Theorem 2.41 agrees with the com-
position in Definition 2.55.

Proof. In this proof, we reserve the notation s, and i, for the dévissage iso-
morphisms of Theorem 2.41. Let s : Z — N denote the zero section of the
normal bundle p : N — Z. The projection formula [Fasel 2013, §2.2] shows
that s, = th(V) U p*(—). It remains to show that d(Z, X)s, = i,. This follows
from the excess intersection formula of [loc. cit.], applied to the top two squares
in the description of deformation to the normal bundle in Figure 1 on page 256
above Proposition 4.12 below. (Note that the normal bundles of the inclusions
Z — Z x Al at 0 and 1 are trivial, so the Euler classes appearing in the excess
intersection formula are also trivial.) ]
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2.D. Reminders on real-étale cohomology. Recall from [Scheiderer 1994] that
the real spectrum of a scheme X is given as follows. For a commutative ring A,
the real spectrum sper A is the topological space of pairs (x, <,) where x € Spec A
is a point and <, is an ordering of the residue field « (x). A subbasis for the topol-
ogy is given by domains of positivity D(a) = {(x, >,) € sper A |a >, 0 in k(x)}
for a € A. These data can be glued giving rise to the real spectrum X, of a
scheme X. Forgetting the orderings of the residue fields yields a continuous map
supp : X, — X of topological spaces, called the support map.

The real-étale topology for a scheme X is then obtained by defining real-étale
coverings to be those families { f; : U; — X};c; of morphisms where each f; is
étale and the induced family (f;), : (U;), — X, of morphisms on real spectra is
jointly surjective. For a scheme X, the real-étale site X4 associated to X is the
small étale site of X equipped with the real-étale coverings.

By [Scheiderer 1994, Theorem 1.3], the topos of sheaves on the real spectrum X,
is equivalent to the topos of sheaves on the real-étale site X,¢. The equivalence is
induced by sending a sheaf F on X, to the real-étale sheaf

(f:Y = X) € Xeqo > H(Y,, f5F).

In particular, sheaf cohomology can be computed either using the real spectrum or
the real-étale site.
For a scheme X, the support map supp : X, — X induces a direct image functor

supp, : Ab(X,) — Ab(Xza) : F = ((U S X) > F(supp~ ' (U))).

By [Scheiderer 1994, Theorem 19.2], this functor is exact and faithful. For any
scheme X and any sheaf 7 on X,, [Jacobson 2017, Lemma 4.6] provides natural
isomorphisms

H?(X,, F) <= H} (X,supp, F) for p>0

which arise as edge maps for the Grothendieck spectral sequence for the compo-
sition of supp, and the global sections functor. (In [loc. cit.] the above arrow is
drawn in the wrong direction.) It can be shown that this arrow is given by supp*
constructed as in Definition 2.5 above.

2.E. Reminders on singular cohomology. We write H*(—) for singular coho-
mology with integral coefficients and 42*(—) for singular cohomology with Z/2-
coefficients. Similarly, CH*(—) denotes Chow groups, and Ch*(—) denotes Chow
groups modulo two.

There are several well-known related definitions of cohomology for topological
spaces, using singular cochains, sheaf cohomology, Cech cohomology, Eilenberg—
Mac Lane spectra, etc. Even better, each of these comes with at least one and
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often several different constructions of fundamental structures such as pullbacks,
pushforwards along closed embeddings, or (cup) products. In this article, we will
always use the sheaf cohomology variant and usually restrict to locally constant
sheaves. We will not discuss the comparison with all the other wonderful construc-
tions in topology in detail. Standard textbook references for sheaf cohomology
include [Bredon 1997; Godement 1958; Iversen 1986].

We briefly recall the definition and key properties of Thom classes, notably the
Thom isomorphism; see [Iversen 1986, Sections VIII.2-3] for sheaf cohomology
and [Milnor and Stasheff 1974, Sections 8—10] for singular cohomology. Other
textbook references on Thom classes in singular cohomology include [Spanier
1966; Switzer 1975; Hatcher 2002; tom Dieck 2008].

2.57. Definition. For any real rank d topological vector bundle V — X, a Thom
class th(V) € H}‘g(V, Z(p*det V")) is a cohomology class th(V) such that for any
point x € X its restriction to the fiber V, is a generator of Hf (Vi, 2).

Most references only consider the case of an oriented vector bundle. In this case,
or when passing to Z/27-coefficients, the local coefficient system Z(p* det V") in
Definition 2.57 is constant. For topological Thom classes with twisted coefficients
for nonoriented vector bundles, we refer to [Spanier 1966, Chapter 5, Exercise J.4].
In the present article, twisted coefficients in classical topology are described by
twisting the locally constant sheaf Z with a line bundle £ as in Definition 2.23. As
explained in Section 2.E.1, these Z(£) may be translated to other descriptions —
e.g., back to local coefficient systems — of twisted coefficients as used, e.g., in
[Spanier 1966] and [Milnor and Stasheff 1974] whenever necessary.

Thom classes and local generators — if they exist— are unique up to sign, and
this ambiguity disappears if we choose compatible orientations; see, e.g., [Milnor
and Stasheff 1974, Theorem 9.1]. Finally, observe that some topology textbooks —
but not [Adams 1974, Chapter II1.10] and [Switzer 1975, Chapter 14] — work
with disk and sphere bundles, rather than vector bundles and complements of zero
sections. By excision and homotopy invariance, this doesn’t change the relevant
cohomology groups with support: we have

Hjy®4,7)=H' R R {0}, 2) = H'(D?, 87", 7),

and the “topological Thom space” of the free real rank d bundle over a point is
D/si—t =54,
The existence of a Thom class for a rank d vector bundle V — X leads to a
Thom isomorphism
H*(X,Z) — Hi ™V, Z(p* det VV)),
u+— th(V)U p*(u),
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as explained in any of the references above; see, e.g., [Spanier 1966, Theorem
5.7.10], [Hatcher 2002, Corollary 4D.9] or [tom Dieck 2008, Theorem 17.9.1]. In
particular, the image of 1 € H(X, Z) under the Thom isomorphism is th(V).

Composing the Thom isomorphism H*(Z) — H; " (N) for a closed embedding
i : Z — X of codimension r with an oriented normal bundle A with a “deformation
to the normal bundle” or “tubular neighborhood” isomorphism and then forgetting
the support H>(X) — H*(X) is one of the standard definitions of the pushforward
both for cohomology of abelian sheaves and for singular cohomology, which in this
setting is sometimes called the “Gysin map”. Some further details are provided in
the proofs of Theorem 4.7 and Proposition 4.12 below.

2.E.1. Reminders on line bundles and local systems. Recall that a local system
on a topological space X is a functor from the fundamental groupoid of X to the
category of abelian groups; see [Spanier 1966, Exercises 1.F]. For path-connected
spaces, local systems with values in a fixed abelian group A are equivalent to group
homomorphisms f : 71 (X, x) — Aut(A). For reasonable spaces like topological
manifolds, local systems are moreover equivalent to locally constant sheaves of
abelian groups; see [Spanier 1966, Exercise 6.F] or [Iversen 1986, Theorem 1V.9.7].

We will be mainly interested in locally constant sheaves of rank one, i.e., sheaves
whose stalks at all points are isomorphic to Z. These correspond to rank-one
local systems (or, for path-connected X, to homomorphisms f : (X, x) —
Aut(Z2) =7/27).

Any real line bundle £ over X determines a rank-one locally constant sheaf Z (L),
as follows. Let Cx denote the sheaf of continuous real-valued functions on X. For
any nowhere-vanishing function f on an open subset U C X, the sign map defines
a locally constant map sign(f) : U — {£1}. We thus obtain a morphism of abelian
sheaves Cy — {%1}. As {£1} acts on any sheaf of abelian groups .A in a canonical
way, we obtain an induced action of Cy on A. So any sheaf of abelian groups A
on X can be viewed as a Z[Cy]-module. We can therefore apply the construction
of Definition 2.23 to A and any line bundle £ over X to obtain a twisted sheaf
A(L) := A®zic(x)<) ZIL*]. In particular, taking A to be the constant sheaf Z,
we obtain a locally constant sheaf Z(L£), as promised, and we write Z(L) for the
associated local system.

2.58. Proposition. For any paracompact Hausdorff space X, the assignment that
associates with a line bundle L the locally constant sheaf Z(L) induces a bijec-
tion between the set of isomorphism classes of real line bundles over X and the
set of isomorphism classes of rank-one locally constant sheaves on X. Both sets
can moreover be identified with the (sheaf) cohomology group H (X, 7/27) in a
natural way, such that the tensor product of line bundles/sheaves corresponds to
the addition of cohomology classes. ]
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Over a scheme X /R, an algebraic line bundle £ has an underlying real line
bundle Lk over X (R). Let y : Pic(X)/2 — HY (X (R), Z/27) denote the natural
homomorphism that sends the isomorphism class of an algebraic line bundle £ (up
to squares) to the isomorphism class of the real topological line bundle L.

2.59. Proposition. For any scheme X /R, the map
y 1 Pic(X)/2 > HY (X (R), Z/27)

described above is a group homomorphism. The map is an isomorphism for smooth
projective cellular varieties.

Proof. The assignment that maps an algebraic line bundle £ over X/R to the
real line bundle Lk over X (R) is functorial and hence gives rise to a well-defined
morphism on sets of isomorphism classes. The tensor product of algebraic line
bundles is induced from the multiplication in G,,, and the tensor product of real line
bundles is induced from the multiplication in R*. The above map from algebraic
to real line bundles takes the algebraic transition functions to the corresponding
continuous functions on real points. This is obviously compatible with the multi-
plication, and consequently with the tensor product of line bundles. This proves
the first statement.

The second statement is a special case of Proposition 5.3 below. O

2.60. Remark. The natural homomorphism y : Pic(X)/2 — H' (X (R), Z/2Z) is
in general not surjective. For example, when X =A%\ {0} we have Pic(A2\ {0})/2 =
Ch'!(A?\ {0}) = 0 by the localization sequence for Chow groups. On the other hand,
(AZ\ {0))(R) ~ S' and H'(S', Z/27) = 7 /27. Thus there exists a nontrivial local
system on the real points of AZ\ {0}. In particular, the isomorphism for smooth
projective cellular varieties does not extend to “linear” varieties.

To see that in general y is not injective either, consider an elliptic curve E/R
such that E (R) is isomorphic to §' x Z/27, e.g., the completion of the affine curve
given by Y2 = X3 — X. Then there are rational points on E which are not 2-divisible,
and hence Pic’(E)/2 will be nontrivial. Any corresponding nontrivial line bundle
will map to O under y.

2.E.2. Comparing real-étale and singular cohomology. For F = R, we wish to
identify real-étale cohomology with singular cohomology over R. A general ref-
erence is [Scheiderer 1994]; some further discussion can be found in [Jacobson
2017, Remark 4.4].

The inclusion ¢ : X(R) — X, sending x to (x, R>0) is continuous. Let F be a
locally constant sheaf on X,. Consider the sheaf (*F on X (R). This is a locally
constant sheaf. If X is separated of finite type over R and M is an abelian group,
then we have a canonical isomorphism H'(X,, M) = Hsiing(X([R), M); see, e.g.,
[Jacobson 2017, Remark 4.4]. This is generalized by the following lemma.
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2.61. Lemma. If X is a scheme over F = R, then the map * : H{(X,, 1,.F) —
H (X (R), F) is an isomorphism for any locally constant sheaf F on X (R). More-
over, L, defines an equivalence of categories between the category of constant
sheaves on X, and the category of constant sheaves on X (R). For an abelian
group M and associated constant sheaves M, and My on X, and X (R), respec-
tively, we have 1, Mg = M,.

Proof. For the first statement, see [Delfs 1991, Chapter I, Theorem 5.7]. For the
second statement, see [Jacobson 2017, Remark 4.4]. ]

To establish the desired compatibility results of the above isomorphism ¢* with
various functors (see Remark 4.2), one employs sheaf-theoretic arguments. In par-
ticular, given a map f : X — Y of schemes, we have a commutative square of
continuous maps f, oty =ty o f(R) which still commutes when applying (—)*.

3. Cycle class maps for real varieties

In the following section, we will discuss real cycle class maps for real varieties and
schemes. We fix a scheme X over R, and we write X (R) for the set of real points
of X equipped with the analytic topology, and p : X (R) < X for the inclusion of
the real points into the underlying topological space of the variety X.

To define a cycle class map with target the singular cohomology of X (R), there
are three approaches one could pursue:

(A) A sheaf-theoretic approach to the definition of cycle class maps has been devel-
oped, for mod 2 coefficients in [Scheiderer 1995] and for integral coefficients
in [Jacobson 2017]. This factors through real or real-étale cohomology as an
intermediate step.

(B) A more “geometric” approach would be through a definition of fundamental
classes in Borel-Moore homology of the real points. This is similar to the
cycle class map for complex varieties [Fulton 1998] and was done for mod 2
homology in [Borel and Haefliger 1961].

(C) On a formal homotopy-theoretic level, one can also define a cycle class map as
follows. The cohomology theory &, ; H (=, I’) (here with a full bigrading)
is representable in the stable homotopy category SH(F) by the Eilenberg—
Mac Lane spectrum for the homotopy module I°. Associated with the real
embedding o : F < R there is a real realization functor Real : SH(F) — SH
which maps a smooth F-scheme X to X (R) equipped with the usual euclidean
topology; see [Bachmann 2018, Section 10]. Formally, the real realization
functor will induce a cycle class map

H (X, I’) = [X, HI/[i1]s3r) — [X(R), Real(HI7)[i]]s3.
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In this section, we will consider the first two of these possible definitions of
real cycle class maps and show that they agree. (See Remark 3.9 for the third
approach.) We explain the sheaf-theoretic construction of the cycle class map
in Section 3.A, along with modifications involving twists and cohomology with
supports in Section 3.B. Then we will discuss a more geometric description of
the cycle class map (related to fundamental classes in Borel-Moore homology) in
Section 3.C. Finally, we will discuss an extension of the cycle class map to the
Chow—Witt ring in Section 3.D. Compatibilities of these identifications and the
basic operations in sheaf cohomology (pullbacks, pushforwards, products etc) will
be established in Section 4.

3.A. Sheaf-theoretic description of cycle class map. We first consider the sheaf-
theoretic approach where the real cycle class map is obtained as the following
composition:

H"(X, I")

can real cycle class
(3.1)

~

H"(X, colim; I) ; H"(X, pxZ) ——— H"(X(R), Z)
sighs P
We first discuss the map can in the diagram which is induced by the canonical map

of Zariski sheaves can : I' — colim il J.

3.2. Definition. Multiplication with ((—1)) induces morphisms (—1)) : I/ — I/ +
These maps give rise to a diagram,

o i 8D g D g

We denote the colimit of this system by colim; I/.

3.3. Proposition. The morphisms (—1)) : I' — I’ as well as the canonical map
can: I' — colim; I I are Gy -equivariant morphisms of sheaves with Gy,-action on
the big site Smp 7, In particular, the results of Section 2.A.4 apply.

Proof. Multiplication by ((—1)) is compatible with residue maps for I’/ because
it is a global unramified symbol. This implies that (—1)) : I/ — I/*! induces
a morphism of unramified Zariski sheaves. It is also compatible with the G,,-
action, because both ((—1)) and multiplication by (u) arise from the KMY-module
structure of I*. Consequently, the colimit colim; I J is a sheaf of abelian groups
with G,,-action on the big site Smf, z,, and the canonical map can : I i — colim il J
is compatible with these structures. U

3.4. Remark. There is a more sophisticated interpretation of this map. Namely,
the collection of Gy,-sheaves I' may be interpreted as a homotopy module, as stud-
ied in detail in [Morel 2012]. See Examples 3.33 and 3.34 as well as Lemma 3.35
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there; the relevant contractions are computed in [Asok and Fasel 2014, Lemma 2.7,
Proposition 2.8]. Then the map I’ — colim; I/ is nothing but the localization of
the homotopy module I’ with respect to —[—1] € K %’IW(F ). Using results and
techniques from [Morel 2012] and [Bachmann 2018], it is possible to obtain many
of the results in the following sections using the theory of homotopy modules. We
do not pursue this approach here.

3.5. Remark. The product I* ® I' — I**! induces a product on colim il J such
that the following diagram is commutative:

Ik ® Il Ik+l

lcan ® can lcan

colim; I’ ® colim; I — colim; I

Next, following [Scheiderer 1994] and [Jacobson 2017], we recall the map of
Zariski sheaves which the latter reference denotes by colim; I/ — supp, o t,Z.
Here ¢ : X(R) — X, is the natural morphism from the real points of X to the real
spectrum, and supp : X, — Xyza is the natural morphism from the real spectrum
to the Zariski topology of X. Since the real spectrum and real-étale topology
are not relevant for our considerations, we will only deal with the composition
p =suppot: X(R) - Xz, taking a real point to the corresponding closed point
in X.

3.6. Definition. As in [Jacobson 2017, Section 8], the signature of Definition 2.35
induces a ring homomorphism sign : W(X) — H(X,,7)= HY (X (R), Z). After
Zariski sheafification and restriction to fundamental ideals, this induces a morphism
of sheaves sign : I" — p,2"Z which we can interpret as morphisms of coefficient
data:

(X, 1) <238 (xR, 2i7).
Since ((—1)) realizes to 2 € W(R) = Z, we get a morphism of diagrams inducing a
morphism
sign, : colim; I - p,7.

The following proposition is a direct consequence of the fundamental work of
Jacobson [2017]:

3.7. Proposition. The morphism sign, : colim, I" — p.Z is an isomorphism of
sheaves of abelian groups with Gy-action on the big site Smp zar. In particular,
the results of Section 2.A.4 can be applied.
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We have a commutative diagram of sheaves with G,,-action on the big site:

r—- colim; I’
can

signJ/ lSignoo

pi217 —— pu(colim; 217) = p,7
A similar statement is true for the mod 2 identification colim, I" = p,(Z/27).

Proof. The isomorphism follows from [Jacobson 2017, Theorem 8.6], keeping in
mind that p, = supp, o, and (,Z = Z. We now explain where the G,,-action
on p,Z comes from. For X a scheme over R, U C X open and u € Ox(U)*
a unit, we get a continuous invertible function U (R) — R*. The G,,-action is
then given by multiplying a section o € (p.Z)(U) = Z(U (R)) by the composition
U(R) - R* — =*1. The compatibility of the signature maps sign and sign_, with
the G,,-actions is then clear. The commutativity of the diagram is then also clear;
see also [Jacobson 2017, Section 8]. O

3.8. Remark. The identification colim, I" = p,Z is also compatible with trans-
fers on fields; see [Bachmann 2018, Lemma 20]. This ultimately implies compati-
bility with pushforwards along finite morphisms, but we won’t discuss this in the
present paper.

The identification is also compatible with residue maps, hence induces a mor-
phism of Gersten complexes. The residue maps for p,.Z are denoted by B and
their compatibility with the residue maps on I" and colim; I J are discussed in
[Jacobson 2017, Section 3].

It should be noted at this point that the left triangle in diagram (3.1) commutes
by definition because the identification sign, : colim; I/ > p,Z is induced from
the signature map. The morphism H* (X, I') — H*(X, p.Z) can either be viewed
as sign,, o can or can o sign in the diagram of Proposition 3.7.

The final morphisms in diagram (3.1) are simply pullback morphisms induced
by the morphism p : X (R) — Xz, as in Example 2.3 and Definition 2.5. The fact
that these pullback morphisms are in fact isomorphisms is established in [Jacobson
2017, Remark 4.4 and Lemma 4.6] and [Delfs 1991, Chapter II, Theorem 5.7].

3.9. Remark. We can already outline how the formal homotopy-theoretic defini-
tion of the cycle class map agrees with the sheaf-theoretic definition. A central
point in the sheaf-theoretic approach to cycle class maps is Jacobson’s identifica-
tion colim, I" = p,Z. Combining this with [Bachmann 2018, Corollary 38], we see
that the Eilenberg—Mac Lane spectrum for I° is mapped by real realization to the
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Eilenberg—Mac Lane spectrum HZ representing integral cohomology. Moreover,
it is possible to trace through the definitions to see that the formal homotopy-
theoretic cycle class map agrees with the sheaf-theoretic, essentially by virtue of
the definition (or [Bachmann 2018, Proposition 36]). For a comparison of Thom
classes obtained this way with ours, the reader may consult [Asok and Fasel 2016,
Section 3.5].

3.10. Remark. Our discussion of cycle classes above makes no assumptions about
singularities of the schemes involved, similarly to the discussion in [Scheiderer
1995] and [Jacobson 2017] for cycle classes with mod 2 and integral coefficients,
respectively. However, some of the compatibility results discussed later will require
restriction to smooth schemes.

3.B. Remarks on twisting and supports. In this section, we discuss the modifica-
tions necessary to add twists by line bundles and supports to the real cycle class
map discussed above. For a scheme X /R with closed subvariety Z < X and a line
bundle £ over X, this extension of the real cycle class map should have the form

Hy(X, I'(£)) = Hyg (X (R), Z(L)).
As previously, the cycle class map is obtained as a composition in a diagram:

Hy (X, I'(L))
can real cycle class
(3.11)

H%(X, colim; I/ (L)) i> Hy (X, pxZ(L)) —— Hy ) (X (R), Z(L))
sign,, P

We will spend the rest of the section explaining why the maps in the above
diagram exist, and discuss some of their properties.

By Proposition 3.3, we know that can : I’ — colim; I/ is a G,,-equivariant mor-
phism of sheaves on the big site. In particular, Definition 2.23 provides, for any real
scheme X with a line bundle £, a twisted canonical map can: I (£) — colim; I (L)
of sheaves on the small Zariski site of X. Note also that the isomorphism of
Proposition 2.32 is compatible with the Gy,-action, and hence we have an induced
isomorphism colim,, I, = colim, I"(£). Consequently, there is no difference be-
tween the two possible ways to twist the map can : I' — colim; 1 J discussed in
Definitions 2.31 and 2.23. Now the first map in the diagram,

can: H3 (X, I'(£)) — H5(X, colim; I'(L)),

is then given by the pullback with supports (see Definition 2.8) for the twisted
canonical map I’ (£) — colim; I J(L). The same argument applies to the identifi-
cation sign,, : colim; I J =5 p,Z, by Proposition 3.7.
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We briefly discuss the middle vertical arrow
Hy(X, I'(L)) — Hz(X, p«Z(L)),

which can be viewed as a twisted version of the signature map. In fact, this mor-
phism is the pullback on cohomology with supports for the morphism of sheaves
I' (L) — psZ(L), and the latter is simply the composition sign o can = can o sign
of Proposition 3.7. It would also be possible to write out in detail how to obtain
this twisted version of the signature from Definition 2.35, but we won’t need this.

The signature is equivariant with respect to the natural G,-actions on both sides,
so we can twist this morphism by an arbitrary line bundle £ over X and get the
following twisted morphism of ringed coefficient data:

(X(R), Z(p*L)) —L2%) 5 (X, colim; I/ (L)).

For a closed subscheme Z C X, Definition 2.8 provides an induced pullback mor-
phism on cohomology with supports

(p, sign,,)* : H; (X, colim; I'(L)) > HE(R)(X(IR), Z(L)).

The real cycle class map in diagram (3.11) is the composition of the previous
twisted signature map with the above pullback with supports.

We briefly mention the following twisted version of Jacobson’s result [2017,
Theorem 8.6(i) and Corollary 8.9(i)]. As in the untwisted case, it holds for schemes X
with 2 invertible in Oy rather than only schemes over R.

3.12. Theorem. Let L be a line bundle on X.

(1) The twisted signature map sign,, : colim, I" (L) — (p+Z)(L) = p+«(Z(p*L))
is an isomorphism. (Here we use the canonical isomorphism of Lemma 2.24.)

(2) The map
signg : H' (X, I’ (£)) = H'(X, psZ(£)) = H' (X (R), Z(L(R)))

induced from the twisted signature map is an isomorphism of groups for j >
dim(X) + 1.

Proof. (1) The map is obtained using Definition 2.23 applied to the map sign,
noting that Proposition 3.7 provides the required Gy,-equivariance. Moreover, it
follows from Definition 2.23 that twisting an isomorphism of sheaves by a line bun-
dle produces an isomorphism. The claim then follows locally from the untwisted
isomorphism sign, : colim; I’ => p,Z of [Jacobson 2017, Theorem 8.6].

(2) This follows from (1), as Corollary 8.9(i) follows from Theorem 8.6(i) in
[Jacobson 2017]. O
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3.13. Remark. It follows easily from the above that the real cycle class maps are
compatible with the maps H} (X, I') — H"(X, I') forgetting the support.

3.C. Geometric description of cycle class maps. In this section, we discuss a
more geometric and explicit description of the real cycle class map which is mostly
based on the coniveau spectral sequence. It produces Gersten—Rost—Schmid-type
complexes which compute the integral singular cohomology of X (R) for a smooth
R-scheme X. This is an integral version of the Gersten-type resolutions in [Schei-
derer 1995].

First, we note that the second part of the real cycle class map is given by an
isomorphism

H*(X, pZ(L)) => H*(X(R), Z(L)).

To make this isomorphism more explicit, we consider the coniveau spectral se-
quence computing H*(X, p,Z(L)) arising from the filtration by codimension of
supports.

3.14. Proposition. Let X be a smooth scheme over R and let L be a line bundle
over X. Then there is a complex of abelian groups

0—> P HEXM®.z(£) — P HIXM®).Z(L))
xeX© xexM
— P HIX®R),Z(L)) — -

xeX®

whose q-th cohomology is canonically isomorphic to H1(X (R), Z(L)). Here, we
use the notation

HY(X(R), Z(L)) := colim H %) (U(R), Z(L))
with the colimit taken over Zariski open neighborhoods U of x.

Proof. The argument is the standard one for coniveau spectral sequences; see
[Scheiderer 1995, Theorem 2.1]. As in that work, let Z7 be the set of closed re-
duced subschemes of X of codimension > p, and Z7/ ZP+1 pe the set of pairs (Y, Z)
with Y € 2P, Z € ZPT! and Z C Y. Defining

HY, s (X(R), Z(£)) = colimy, 7yc 2 zri1 Hiy, 7)) (X \ Z)(R), Z(£)),

the arguments in [Scheiderer 1995] (including the well-known analogue of the
semipurity statement [Scheiderer 1995, Corollary 1.12] for singular cohomology
of real points) imply the existence of a spectral sequence,

EPY = HL T 0 (X(R), Z(£) = H' (X (R), Z(L)).
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For the rest of the argument, the isomorphism

¢ HZp 200 (X(R), Z(0)) = EB HY(X(R), Z(L))
xeX®
is established as in [Scheiderer 1995].

The claim then follows from the vanishing of H' (X (R), Z(£)) for n > codim x.
By considering small enough Zariski neighborhoods of x, we can assume that
x NU is smooth in U, and the required vanishing of such local cohomology groups
follows from the cohomological dimension properties of singular cohomology. []

3.15. Remark. Since the complex is a row in the Ei-term of a spectral sequence
arising from an exact couple, we can describe the canonical morphisms from the
cohomology of the complex in Proposition 3.14 to H? (X (R), Z(L)). We use the
notation from the proof of the proposition. Consider the relevant piece of the
complex:

s P HTE®,Z(0) > P HIXR), (L)
xeX= xex@
L P HITX®).ZEL) >
xeX@+h

The boundary morphism is given by the boundary in the localization sequences.
For a pair (Y, Z) € 29/29%! it maps a class in H(‘IY\Z)(R)((X \ Z)(R), Z(L)) to
its boundary in H;;E)(X (R), Z(L)). Consequently, a class in the kernel of 9 is
actually closed in X (R), and the canonical map kerd — H?(X (R), Z(L)) is given
by lifting the class to Hg(R)(X (R), Z(L£)) and then forgetting the support.

In the complex of Proposition 3.14, we can further identify the local coho-
mology groups. The result is actually the Rost—Schmid complex in the sense of
Morel [2012] for the strictly A!-invariant sheaf of abelian groups colim i1 I =p,Z.
For details on the construction of Rost—-Schmid complexes (in particular, the de-
scription of the differential, which we won’t reproduce here), see [Morel 2012,
Section 5.1].

3.16. Definition. For a point x of a smooth R-scheme X with residue field « (x),
we define

HO(x, pu7) = colimy H((F N U)(R), Z),

with the colimit taken over the Zariski neighborhoods U of x € X. This col-
imit has a natural action of «(x)* defined as follows: A section o of p,Z on a
neighborhood U of x is a section of Z on U(R). For a sufficiently small neigh-
borhood U of x, an element f € «(x)* yields an invertible R-valued function
f :U(R) — R, and the action is given by (f, o) — sgn(f) - o. More generally,
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for a one-dimensional « (x)-vector space L, we define
H(x, pZ(L)) := H*(x, psZ) @71y ZIL™].

3.17. Remark. Given a line bundle £ over X, or over a Zariski open neighborhood
of x in X, let £, denote the fiber of £ at x. For this one-dimensional « (x)-vector
space, we have canonical isomorphisms

H®(x, puZ (L)) = colimy HY((F N U)(R), Z(L)),
where the colimit is again taken over the Zariski neighborhoods U of x € X.

3.18. Proposition. Let X be a smooth R-scheme and let L be a line bundle over X.
For a point x € X of codimension p, we have H'(X (R), Z(L)) =0 for n # p, and
there is a canonical isomorphism

HP (X (R), Z(£)) = HO(x, pZ(L ® AY)),
where Af = /\f:(x)(mx /m)zc)v is the fiber of the conormal sheaf of x in X.

Proof. Note that the colimits on both sides have the same indexing sets, the Zariski
neighborhoods U of the point x € X. In particular, for a Zariski neighborhood U
of x and its closed subspace Y := x N U, it suffices to produce canonical isomor-
phisms

H{;(R)(U(R), Z(,C)) = HO(Y(R), Z(ﬁ ® (l)Y/U)),

where wy/y is the conormal sheaf of Y in U. If they are canonical, they’ll assemble
into an isomorphism of diagrams and induce a canonical isomorphism of colimits.
In fact, we only need to establish such canonical isomorphisms for a cofinal system
of such neighborhoods. In particular, we can assume that Y := x N U is smooth
and a complete intersection inside U, defined by p equations. The choice of such
equations provides a section of wy,y, and equips every one of the connected com-
ponents of Y (R) with a choice of orientation. Now we can apply cohomological
purity: the arguments in [Scheiderer 1995, Section 1] go through for singular co-
homology of the real points and show that R”i'F = i*F for a locally constant
sheaf F on Y (R). This isomorphism is not canonical, as it depends on the choice
of orientations of the components of ¥ (R). But we obtain a canonical isomorphism
RPI'FEiI*FQ® wy,y by tensoring with the section of wy,y. For F = Z(L), this
canonical isomorphism of sheaves induces an isomorphism

HY g (U(R), Z(L)) - H'(Y(R), Z(L ® wy,0)).

This map does not depend on the choice of orientation (or presentation of ¥ as a
complete intersection inside U), and hence provides the required canonical isomor-
phisms and proves the claim. In a sense, the twisting by AX takes care of the ambi-
guity of choices of orientations, as discussed in [Scheiderer 1995, Remark 1.8]. [J
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3.19. Corollary. Let X be a smooth R-scheme, let Y be a closed subscheme and
let L be a line bundle on X.

(1) Via the identifications of Proposition 3.18, the complex of Proposition 3.14 is
canonically isomorphic to the Rost—Schmid complex for p,Z twisted by L:

0> P H'Gx. puZ(L: @ ) — €D HG, puZ(Ly @ AS)) — -+
xeXx® yex®

In particular, the q-th cohomology of the Rost—Schmid complex above is
canonically isomorphic to H1(X (R), Z(L)).

(2) The g-th cohomology of the subcomplex
0= P HCpZEL@A) » D HG.pZLy @A) — -+
xeXOny yexny

of the Rost—Schmid complex appearing in (1) is canonically isomorphic to
HY gy (X (R), Z(L)).

(3) For a quasiprojective R-scheme Y, the q-th homology of the homological
Rost—Schmid complex

o= P HG pZ(Ly @A) > @D HOx, puZ(L @ AY)) > 0
yeXamy x€¥()

computes the Borel-Moore homology H,?M(Y (R), Z(L)).

Proof. Claim (1) follows from the computation of Rost-Schmid complexes with the
Gersten-type complexes coming out of the coniveau spectral sequence machinery,
as in Section 5.3, especially Corollary 5.44, of [Morel 2012]. Claims (2) and (3)
follow from (1) as in [Scheiderer 1995, Section 3]. ]

Now we can give a more explicit description of the real cycle class map
H* (X, I'(£)) — H (X (R), Z(L))

for a smooth R-scheme X with a line bundle £. The first morphism H* (X, I' (L)) —
H*(X, p.Z(L)) simply changes the coefficients; on the level of Gersten—Rost—
Schmid complexes, it is induced from the twisted signature maps

sgn: W(k(x), Ly @ AY) — pZ(L, @ AY).
The second morphism
H* (X, p«Z(L)) — H* (X (R), Z(L))

has an explicit description in terms of Rost—Schmid complexes as discussed above.
The real cycle class map is the composite of these two maps.
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3.20. Remark. Although the above results are close parallels of [Scheiderer 1995,
Section 3], we cannot obtain a definition of fundamental classes as in the definition
before Proposition 3.3 there: First of all, an irreducible closed subscheme Z C X
of codimension g with generic point z does not come with a canonical section “1”
of H(z, Z(L, ® Af )). Secondly, and more importantly, there is no reason to
expect any such nontrivial section to be unramified, i.e., to define a cocycle in the
complex of Corollary 3.19(2) and hence a class in Hg(R)(X (R), Z(L)). When Z
is smooth, the line bundle £|z ® wz,x could be nontrivial; worse problems arise
in the singular case. It’s the same orientability problem as always: closed sub-
varieties in X don’t necessarily give rise to cohomology classes for X (R) — this
only works with Z/27-coefficients. On the other hand, even though fundamental
classes generally don’t exist for subvarieties, this is no obstruction for the cycle
class map H*(X, I'(L)) — H*(X(R), Z(L)), since the cycles in I-cohomology
have the solutions to the orientability problem built into their coefficients.

For later use, and for the sake of example, we provide a computation of the cycle
class map for A" \ {0} over R.

3.21. Proposition. For A" = Ay, the real cycle class map H =LAm\ {0}, I") —
H" YR\ {0}, Z) is an isomorphism for all n > 0.

More precisely, equip A" \ {0} with the orientation given by trivializing wan\ (o)
by /\;_, dxi, and similarly equip R" \ {0} with the orientation given by the standard
coordinate functions. For n > 2, these choices of orientations provide isomor-
phisms H" Y (A" \ {0}, I") = W(R) = Z and H"~'(R" \ {0}, Z) = Z such that the
Jfollowing composition is the identity:

Z=H" ' A"\ {0}, I") > H'" '([R"\ {0}, 2) = Z.

Proof. When n = 1, we need to compare H°(A" \ {0}, W) and H°(R \ {0}, Z),
both of which are isomorphic to Z @ Z. We leave it as an exercise to the reader
to verify that the cycle class map is an isomorphism in this case, and assume
that n > 2 for the remainder of the proof. We first investigate the cohomology
group H"~!1(A"\ {0}, I""). The following statements can essentially be found in
[Fasel 2011, Section 3.3]; see also [Asok et al. 2017, Lemma 4.2.5]. A cycle in the
cohomology group consists of codimension-(rn—1) points x, i.e., generic points of
curves in A" \ {0}, and the multiplicities are elements in / (k (x)). By the standard
computations of cohomology of spheres, H"~' (A" \ {0}, I") = W(F), and the
canonical morphism sends a cycle to its residue at the origin in A”. In particular,
an explicit generator for H"~!(A" \ {0}, I") is given by the form (1, X;) on the
line X, = --- = X,, = 0 through the origin; the better way of writing this which
takes proper care of the choices of orientation is using the Koszul complex as in
[Fasel 2011, Section 3.3]. Note that by definition of the boundary map in the
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localization sequence, this class corresponds to the class in H{’B} (A", I'") of the
form (1) supported on the origin. Moreover, the choice of orientation formulated
in the statement of the proposition is such that the above generator is mapped to 1
under the isomorphism H"~'(A" \ {0}, I"") = W (F).

The other cohomology group we want to consider is the one arising from the
Gersten-type complex for integral cohomology of R” \ {0}. The relevant piece of
the complex is

HLZ (R0}, 2) > HLL L (R (0),2) & HE.(R"\ {0}, 2).

The boundary morphism 9 is given by the boundary in the localization sequence,
that is, for a pair (Y, Z) of irreducible closed subschemes of A" \ {0} of codimen-
sions n — 1 and n, respectively, it maps a class in H;‘\’ZI(R) (R"\ ({0} U Z(R)), Z) to
its boundary, which is a class in Hg(R)(IR” \ {0}, Z). The canonical map from the
cohomology of the above complex at H"~! to the sheaf cohomology of R" \ {0} is
the morphism ker 8 — H"~!(R"\ {0}, Z) which forgets the support. In this picture,
we can also identify a generator of the cohomology in the Gersten complex: take
a generator of H "=1(R"\ {0}, Z) and use the canonical identification

H"™\(R"\ {0}, 2) = H""'(R"\ {0}, R"\R', 2) = Hyi1 ) (R"\ {0}, 2),

where the embedding R' < R" is given by the first coordinate axis. As before, the
choice of orientation used here is such that the isomorphism H&f\i 0 (R"\{0}, )=7
takes the section sgn(X) of the sheaf Z on the line X, =---=X, =0to 1 € Z.
Now we can trace through the explicit description of the cycle class map, using
the signature to go from the Gersten complex for I” to the Gersten complex for the
sheaf cohomology of Z on X (R). The generator (1, X;) in the Gersten complex
for I" has signature 2 on the half-line X| > 0 and —2 on the half-line X; <0, viewed
as a generator of the global sections of the sheaf p,2Z on the line X, =---=X,, =0.
Its image under the canonical map can : p,27 — py(colim; 2/7) = p,Z is then
exactly the generator of the global sections of p.Z discussed above; see also the

notational triangle (3.1) at the beginning of Section 3.A. O

3.22. Remark. We can also provide a quick and easy description of the cycle
class map H{'f)} A", Iy — H{’f)}([RR”, 7). The complex computing I-cohomology
with support is simply

e 0> WR(AY ) > 00— -,

where the nontrivial group is placed in degree n, coming from the closed point
0 € A". By Corollary 3.19, the complex computing H, {'f)}(R, Z) is similarly given by

e 05 Z(AY ) 50— -
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The orientations used are in both cases /\;_; X; (which is an element of ASA" and
therefore provides an isomorphism A" = R), so that the morphism W (R)(A}") —
Z(A@") is simply given by the signature morphism W (R) — Z mapping the form (1)
to 1.

In slight variation of the discussion in [Scheiderer 1995, Section 3], the mod 2
cycle class map Ch"(X) — H"(X(R), Z/27) of Borel and Haefliger [1961] has
the following sheaf-theoretic description: H" (X (R), Z/27) can be computed in
terms of a Gersten resolution

0— @ HO(x, p2/27) — EB H(y, p.2)27) — @ H'(z, po2)27)— - - - .
xeX©® yex® 7€X®@

The cycle class map is then induced from mapping an irreducible closed subvariety
Y C X with generic point y to the constant section 1 € H%(y, p,.Z/27).

3.23. Proposition. Let X be a smooth variety over R. Then there is a commutative
triangle

Ch"(X) H"(XR),Z/27)

e

- Hn(X, In/]n—i—l)

where the top horizontal map is the Borel-Haefliger cycle class map, the downward
isomorphism is induced from the identification KM /2 = 1" /1"*! and the upward
arrow is Jacobson’s cycle class map.

Proof. As mentioned above, [Scheiderer 1995, Section 3] implies that the hori-
zontal map is induced on Gersten complexes by mapping an irreducible closed
subvariety ¥ C X with generic point y to 1 € H%(y, p«Z/27). The isomorphism
Ch"(X) = H"(X, I"/I"*") is also induced from a morphism on Gersten com-

plexes: in the relevant degree, we have

P zr2z= P Wke)/ 1)

yEX()l) yex(n)

with the identification (going from right to left) given by mapping a quadratic
form to its rank mod 2. Finally, Jacobson’s cycle class map H" (X, I"/I"t!) —
H"(X(R), Z/27) is induced on the level of Gersten complexes by the direct sum
of signature maps

P W/ — P HG, puZ/22).
yeXx® yeXx®

The commutativity of the triangle then follows from the fact that for a real closed
field F, the two morphisms Z = W (F) — Z/2Z given by rank mod 2 and signature
mod 2 agree. U
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3.24. Remark. Kirsten Wickelgren has informed us that the above identification
of the reduction of Jacobson’s cycle class map with the one of Borel and Haefliger
was already established by Jacobson in unpublished work.

3.25. Remark. At some point we wondered if there could be a real analogue of
Totaro’s factorization [1997] of the cycle class map

CH"(X) — MU*(X(C)) ®uu+ Z — H*(X(C), Z)

for a smooth complex variety X. It now seems that a comparable factorization of
the real cycle class map H" (X, I") — H"(X (R), Z) through MSO would not be
possible (and a factorization of the mod 2 cycle class map through MO would be
useless because MO splits as a wedge of Eilenberg—Mac Lane spaces).

The basic reason lies in orientability issues. To map a cycle in H" (X, I") to an
element of MSO* (X (R)) ®wmso* Z, we would take an irreducible subvariety Z C X,
take a resolution of singularities Z — Z and take the realization Z(R) — X (R)
of the composition Z — Z — X. For this to yield a class in MSO*(X), the map
needs to be orientable, but we don’t have enough control over the resolution of
singularities to guarantee that. Moreover, when we want to show independence
of resolutions, further blowups are required to be able to compare two given res-
olutions Z 1 — Z and Zg — Z. Depending on the (co)dimensions, the real re-
alization of a blowup of a smooth subvariety isn’t orientable, and then there are
no pushforward maps to compare fundamental classes. So the construction of an
MSO-factorization seems to break down at a rather fundamental level.

3.D. Cycle class maps for Chow-Witt rings. In this section, we will discuss a
cycle class map for Chow—Witt rings. We first recall the equivariant cycle class
map on Chow groups of real varieties introduced in [BW 2020] and then combine
this with the cycle class map on I"”-cohomology discussed above.

Based on earlier work of Krasnov and van Hamel, Benoist and Wittenberg
[2020] discuss a cycle class map CH*(X) — Héz (X(©), 2) for X areal variety
which maps from the Chow groups to C,-equivariant cohomology of the com-
plex points with integral coefficients. For an irreducible closed smooth subvariety
i : Z C X of codimension k, the cycle class map takes [Z] to the fundamental class
[Z] € HZ(X(C), Z(k)), which is given as the image of 1 € Z = H2 (Z(C), Z)
under the proper pushforward map

iv: HE(Z(D), Z) = HEE ;o) (X(C), Z(k)) — HZ(X(C). Z(k)).

The general definition of the cycle class map for a potentially singular irreducible
closed subvariety Z C X is obtained by dévissage. The equivariant cycle class map
CH*(X) — H¢,(X(C), Z) is then compatible with proper pushforward, products
and pullbacks; see [Krasnov 1991, Propositions 2.1.3 and 2.3.3]. It is also easy to
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see that the equivariant cycle class map is compatible with the classical cycle class
map via complexification (or, alternatively, forgetting the C»-equivariance), since
the latter also takes Z C X to i,1 with

i.: H'(Z(C), 2) = Hj(,(X(C), 2) > H*(X(©), 7).

The images of algebraic cycles under the equivariant cycle class maps satisty
additional constraints related to the Steenrod squares. Benoist and Wittenberg con-
sider the composition

HX(X(©), Z(k) - HEX®), Z(k) — P H(X(R),Z/22),
0<p<2k,p=k mod 2
where the second map arises from the decomposition
HL,(XR).Z)= @ HP(X®R). H(C2. Z(j))).
pt+q=i

For a class o € Hg’z‘ (X(C), Z(k)), the component of the image in H? (X (R), Z/27)
is denoted by «,. Then the restricted equivariant cohomology is defined as

HE(X(©), Z(k))o = {a | auyi = Sq' () for all i € 27} € HE (X (C), Z(k)).

Due to results of Kahn and Krasnov, the equivariant cycle class map factors through
a morphism CH*(X) — HZ (X (C), Z(k))o.

The following compatibility of cycle class maps is noted in [BW 2020], after
Definition 1.19.

3.26. Proposition. Let X be a smooth quasiprojective variety over R (or more
generally over a real closed field F). Then there is a commutative diagram

CH"(X) —— HZ'(X(C), Z(n))o

| |

Ch"(X) —— H"(X(R), Z/27)

where the top horizontal is the refined equivariant cycle class map discussed above,
and the bottom horizontal is the Borel-Haefliger cycle class map [1961], which we
may reinterpret in our terms using Proposition 3.23 above. The left vertical map is
the natural reduction mod 2, and the right-hand vertical map is the reduction map
[BW 2020, Equation (1.58)].

Finally, we can combine the cycle class maps considered above into a cycle class
map defined on the Chow—Witt ring. Recall that there is a fiber product description
of the Milnor—Witt K-theory sheaves (see [Morel 2004]):

K™YV =K xpu e I,
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where the maps are the natural projection I" — I"*/I"*! and the composition of
the projection KM — KM /2 with Milnor’s homomorphism KM /2 — 1"/1"*!.
(By the solution to the Milnor conjecture, the homomorphism of Milnor that ap-
pears here is an isomorphism.) The fiber product presentation above induces a
commutative square

CH'(X, L) — > kerd

| |

H"(X, I"(£)) — Ch"(X)

where 3 : CH"(X) — H"T1(X, I''(L)) is the boundary map in sheaf cohomology
associated to the short exact sequence of sheaves 0 — I"*1(£) — KMV (£) —
KM — 0, an analogue of integral Bockstein maps in classical topology. By
[HW 2019, Proposition 2.11], the map CTi”(X, L) — H"(X, I"(L)) Xcn(x) ker o
is surjective, and injective whenever the 2-torsion in CH" (X) is trivial.

By Proposition 3.26, the composition of the equivariant cycle class map of
[BW 2020] CH*(X) => Hg;’ (X (C), Z(n))o of Proposition 5.8 with the inclusion
ker 3 € CH"(X) factors through the kernel of the composition

¥ HY(X(©), Z(n)o — H"(X(R), 2/22) & H"™ ' (X(R), 2).

3.27. Corollary. Let X be a smooth quasiprojective variety over R (or more gener-
ally over a field F with a real embedding o : F < R). Then there is a well-defined
cycle class map

CH"(X, £) = H"(X(R), Z(L)) X tin(x(®).2/22) ker .

Proof. The cycle class map is the composition of the above natural projection map
CH" (X, £) — H"(X, I"(L)) X ch (x) ker 0 with the map

H"(X, I"(L)) xcpr(x) kerd — H"(X(R), Z(L)) X gn(x®),z/27) ker
which is the fiber product of Jacobson’s cycle class map
H"(X, I"(£)) > H"(X(R), Z(L))

discussed above, and the refined cycle class map CH" (X) — Hé’; (X(©), Z(n))o
of Benoist and Wittenberg [2020] (restricted to ker 9 — ker i as discussed above).
The result follows from Propositions 3.26 and 3.23 and the commutative diagram

H"(X, I"(£)) —— H"(X(R), Z(£))

l |

H"(X, I"/I""y —— H"(X(R), Z/27)
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where the horizontal maps are Jacobson’s cycle class maps and the vertical maps
are the morphisms induced from the natural projection maps I" — I"/I"*! and
Z — 7]27, respectively. The latter commutative diagram follows directly from
[Jacobson 2017] since both cycle class maps are induced from the signature on
quadratic forms, hence compatible with reduction mod 2. O

3.28. Remark. It would be interesting if this could be refined to a cycle class map
whose target is the cohomology of a fiber product of sheaves in the same way as
KMV = [ x . /I KM . This would require that we state and prove a topological
version of the Milnor conjecture. Then we could hope to detect the 2-torsion in the
kernel of the natural projection

CTT(X, L) — H* (X, I'(£)) Xcne(x) CH* (X).

Of course, for cellular varieties as discussed in Section 5, this doesn’t play any role
at all.

4. Compatibilities

In this section, we prove the main results on compatibility of the real cycle class
maps with pullbacks, pushforwards and the multiplicative structure.

4.A. Compatibility with pullbacks.

4.1. Proposition. Let f : X — Y be a morphism of smooth schemes over R, let
i :Z <Y be a(reduced) closed subscheme and let L be a line bundle over Y. The
morphisms in diagram (3.11) are compatible with pullback along f. In particular,
the following diagram commutes for all nonnegative integers s and t:

Sy X, T (f50) —— HE Ly ) o (X(R), Z(f7 )

Ir Tf*

Hy(Y, I'(L)) —— Hy i, (Y(R), Z(L))

Proof. Recall from Section 2.A.2 that we define the cohomology groups with sup-
port H3 (Y, I' (£)) as the derived functor of I'z :=T'i,i' evaluated on the sheaf I' (L),
and similarly for all the other cohomology groups and sheaves involved. We de-
note by i’ : f~1(Z) < X the base change of i along f. Below, all cohomology
groups are sheaf cohomology groups, and the pullback maps are those defined in
Definitions 2.8 and 2.42. The claim will follow from three commutative diagrams,
involving the maps can, sign, and p* in the definition of the real cycle class map
of diagram (3.11). The commutativity of the diagrams below will be checked using
the functoriality statement for pullbacks; see Proposition 2.10.



284 JENS HORNBOSTEL, MATTHIAS WENDT, HENG XIE AND MARCUS ZIBROWIUS

(1) We first discuss the map can : I' — colim; I J. By Proposition 2.45, the sheaf
pullback f*: Hy (Y, I'(L)) — Hj17)(X, I'(f*L)) agrees with the usual pullback
defined in terms of Gersten complexes. By Proposition 2.10 and Corollary 2.28,
it suffices to show that the following diagram of morphisms of coefficient data is
commutative:

X, I'(F*L)) <= (X, colim; I/ (£*L))

(qus)J/ J(fv(pcolim)

(Y, I'(L)) m (Y, colim; I (f*L))

Hopefully the direction of the horizontal arrows following the conventions in the
definition of coefficient data at the beginning of Section 2 is not too confusing. The
commutativity of the above diagram then is equivalent to the commutativity of the
following diagram of morphisms of sheaves on Y:

I'C) ——2 s £ I(f0)

canl l f«can

colim; I/(L£) —— fi colim; I/ (f*L)
colim
Here, the horizontal morphisms ¢ and ¢coim are the structure morphisms dis-
cussed before Definition 2.33. The commutativity of this diagram follows from
Example 2.29 since the morphism can : I' — colim; I J'is a morphism of sheaves
on the big site.

(2) Now we consider the identification sign,, : colim; I J = p,Z. Asin step (1),
using Proposition 2.10 and Corollary 2.28, it suffices to prove commutativity of
the following diagram of sheaves on Y:

colim, I} (£) ——=— (py),Z(L)

Peolim J/ l T

ficolim, I (f*L) g Jelox)Z(f*L)

The commutativity of this square is again a consequence of Example 2.29 since
Jacobson’s isomorphism sign,, : colim; I J = p,7 is a morphism of sheaves with
G,,-action on the big site and consequently can be twisted; see Theorem 3.12.

(3) The last square concerns the compatibility of pullback morphisms with the pull-
back isomorphism p* to singular cohomology. As before, using Proposition 2.10
and Corollary 2.28, it suffices to show that the following square of morphisms of
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coefficient data is commutative:

(X, poZ(f*L)) +—— (X(R), Z(f*L))

(ﬁr)l l(ﬁf)

(Y, p:Z(L)) +——— (Y (R), Z(L))

Note that here and below we are also tacitly using the canonical isomorphism of
line bundles (f*£)(R) = frL(R) on X (R).

On the level of continuous maps of topological spaces, the relevant input is the
obvious commutativity of the diagram

X(R) —2— Xz

T

Y(R) T> Yzar

On the level of morphisms of sheaves on Y, this commutative diagram also implies
the commutativity of the triangle

P2 (L) —— frpsZ(f*L)

and this implies the claim. O

4.2. Remark. The results and techniques of this subsection obviously apply also
to real cohomology (with pullbacks defined as in Section 2.A.1). More precisely,
they apply to the map supp : X, — X for X over any base field F, instead of
p: X(R) — X and X over R. If F has a real embedding F' < R, the results also
apply to the induced map ¢ : Xr(R) — (XRr),. Note that for F = R, the map p is
simply the composition p = supp o ¢t. Similar statements apply to the compatibility
results on products in the next subsection. For pushforwards, the real variant is
less obvious, as one first would have to establish a theory of Thom classes in this
setting. For other results related to descriptions using Gersten complexes in the
real setting as, e.g., in [Scheiderer 1995], we refer to the Appendix.

4.B. Compatibility with ring structures.

4.3. Proposition. Let X be a smooth scheme over R, let V, W C X be two closed
subsets, and let L and L, be line bundles over X. The real cycle class map with
supports as defined in diagram (3.11) is compatible with the cup product in the
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sense that the following diagram commutes for all integers p, q, k and [:

HY (X, IM(L) @ HY (X, I'(L,)) ———— HUT (X, IFH(£,®L,))

| |

HY gy (X (R, Z(£1) ® Hily gy (X (R), Z(£2)) — HY ity (X (R), Z(L1®L2)

Proof. Both cup products here can be obtained using Godement’s construction;
see Theorem 2.14. For the cup product in I-cohomology, we use the multiplica-
tive structure of the sheaves I/ as in the discussion above Corollary 2.48. Recall
that this agrees with Fasel’s definition of cup product via Gersten complexes by
Proposition 2.52.

As before, the result is the consequence of the commutativity of diagrams in-
volving the maps can, sign,, and the sheaf pullback p*. We ignore the supports
in the following more detailed argument, as these only complicate the notation
without changing the argument.

(1) The map can : I' — colim; I J is multiplicative in the sense that we have a
commutative square as in Remark 3.5. This square still commutes after twisting by
line bundles. Using the naturality of Godement’s cup product in Theorem 2.14 with
respect to morphisms of sheaves, we thus find that the following square commutes:

HP(X, I(£) @ HI(X, I (L3)) ————— HPH(X, I*(£,®L,))

lcan@can lcan

HP(X,colim; I (£1))®H(X,colim; I (Ly)) - HP*4(X, colim; I'(£1®L)))

(2) In the second step, we establish the compatibility of the cup product with the
identification sign., : colim; I’ = p,Z. We claim that the following diagram is
commutative:

HP(X,colim; 17 (£1))® HY(X, colim; I/ (L3)) — HP4(X, colim; 17 (£L1®L,))

| l

HP (X, peZ(LD))Q HI(X, piZ(L2)) ——— HP (X, puZ(L1®QL))

The vertical maps are each the identification sign.,, and the horizontal maps are
cup products. Again, the naturality of Godement’s cup product with respect to
morphisms of sheaves implies the commutativity of the diagram once we verify that
the identification sign., preserves the multiplicative structures on both sides. This
follows because the signature map sign : W(X) — p,Z is a ring homomorphism.
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(3) Finally, we need to check the compatibility of the following diagram, encoding
the compatibility of the sheaf pullback with the cup products:

HP(X, psZ(L£1)) @ HY (X, piZ(L2)) —— HP (X, pZ(L1®L2))

Jp*®p* lp*

HP (X (R), Z(L1) ® HI(X (R), Z(L2)) —— HP (X (R), Z(£1®L2))

The commutativity of this diagram follows from the naturality of the cup product
with respect to continuous maps; see Proposition 2.15. O

4.4. Corollary. For any smooth scheme X over R, the real cycle class map

Prx. 1> PHHX®),2)

is a morphism of graded rings.

4.C. Compatibility with pushforwards and the localization sequence. In this sec-
tion, we will now establish the compatibility of the real cycle class map with sup-
ports with pushforwards. We restrict to the case of pushforwards along closed
immersions, which is enough for our intended applications. This will also imply
the compatibility of the real cycle class maps with the localization sequence.

4.5. Remark. We want to point out that the real cycle class maps should actually be
compatible with arbitrary proper pushforwards; tracing through the Gersten-type
definition of pushforwards for 7-cohomology, the key point is the compatibility of

the identification colim I = p,Z with transfers as established in [Bachmann 2018,
Lemma 20].

4.6. Remark. Another thing to point out before we get started is that there are
differences in the treatment of pushforward maps in algebra and topology, which
could be a potential source for confusion. On the algebraic side, for any point
i :Spec(R) — P!, there is a canonical pushforward i, : HO(Spec(R), I%(wR)) —
H'(P', I'(wp1)). On the topological side, pushforwards generally don’t appear as
frequently, and there is no canonical pushforward i, : H(pt, Z) — H'(RP', Z) in
topology. This is not a contradiction: real realization maps untwisted coefficients O
to untwisted local coefficients Z canonically. But the isomorphism wp1 = O of line
bundles on P! involves a choice, and this choice corresponds to the choice of an ori-
entation on RP', hence of a topological fundamental class, and the latter uniquely
determines the topological pushforward i,. This means that on both the algebraic
and topological sides, the pushforward maps depend on choices of orientations, but
these are treated differently in algebra and topology.
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The main result to be established in this subsection is the following compatibility
of real cycle class maps with pushforwards:

4.7. Theorem. Let X be a smooth real variety and let Z C X be a smooth

closed subvariety of codimension c. We denote the normal bundle of the inclusion
i:Z— XbyN =NzX and set L := det Nz X. Then the following diagram is
commutative:

H"(Z,=(L)) — H""(Z, pZ(L)) é H"(Z(R),Z(L)) = H"“(Z(R), Z(L))

li* li}h PP

H"X, 1’y ———— H"(X, p.Z) —— H"(X(R),Z) H”(X?IR),Z)

*

A

I

The horizontal compositions are the cycle class maps, the left vertical morphism
is the pushforward defined on Gersten complexes as in Definition 2.55, the ver-
tical morphism i;rh is the pushforward defined in terms of the topological Thom
class; see Definition 2.57 and the discussion at the end of Section 2.E. The vertical
morphism ifD is the Poincaré dual of the pushforward in singular Borel-Moore
homology, which is defined only if both X (R) and Z(R) are oriented and hence

Z(L) = Z is constant.

Proof. The commutativity of the left rectangle is the core of the result, and will be
proved in Proposition 4.12 below. The basic idea is to show that the algebraic Thom
class induces generators of the cohomology with support of the fibers of the normal
bundle and use the characterization of the topological Thom class to deduce that
the algebraic Thom class maps to a topological Thom class. To get a comparison of
the pushforward maps, we need a discussion of the relation between deformation
to the normal bundle and the topological tubular neighborhood construction, which
is the main technical point in Proposition 4.12.

Concerning the square on the right-hand side, the morphism i™ is defined using
a Thom class in H g(R) (X (R), Z) combined with the tubular neighborhood theorem;
compare, e.g., [tom Dieck 2008, Section 15.6; Hirsch 1976, Chapter 4; Iversen
1986, VII1.2.4]. On the other hand ifP is defined using Poincaré duality for both
Z and X and i, in Borel-Moore homology. The commutativity of the square on
the right-hand side for oriented manifolds follows from [Davis and Kirk 2001,
Corollary 10.33] or [Iversen 1986, IX.7.5]. For the latter, note that we have a
Thom isomorphism iy : H* “(Z(R)) — H;(R)(X (R)) given by the (cup) product
with the Iversen Thom class 7z; see [loc. cit., VIII.2.3]. We have another Thom
isomorphism s, : H*"“(Z(R)) - H §(R) (Nzm X (R)) given by the (cup) product
with the usual Thom class th(NV'(R)) as in Definition 2.57. There is an isomor-
phism d between the two targets (see below for possible constructions of it). As in
degree * = ¢ — where both Thom classes live — all three groups are free abelian
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of rank one (we may assume Z(R) connected), and the isomorphisms i, s, and d
map generators to generators. Hence d maps 7z to th(\), possibly up to sign if a
preferred sign was chosen. Now the claim follows from equality IX.7.5 of [Iversen
1986] (one cap there has to be a cup). O

4.8. Proposition. Leti:Z — X be a closed immersion between smooth R-schemes
with open complement U := X \ Z. Then there is a ladder of long exact sequences
defining cohomology with supports,

e —— Hy (X, I'(("L)) —— H* (X, I'(L)) — H* (U, I'(L)) — - -~

| | |

cee— H%(R)(X(IR{), Z(i*L)) — H* (X (R), Z(L)) — H*(UR), Z(L)) — - - -

Proof. The upper long exact sequence is the localization sequence of [Fasel
2008, Théoreme 9.3.4], which coincides by Proposition 2.39 with the localiza-
tion sequence from Proposition 2.11. The morphisms can : I’ — colim; I J and
sign,, : colim; I/ = p,Z induce morphisms of the Gersten resolutions. From the
(absent) proof of Proposition 2.11, it is then clear that these morphisms induce lad-
ders of appropriate localization sequences because the localization sequence arises
from the short exact sequence of complexes arising from the Gersten resolutions
by applying I'z or [j*:

0——C(X, I'(L); —— C*(X, I'(L)) —— C*(U, I'(L)) —— 0

| | |

0 —— C (X, psZ(L))z — C*(X, pxZ(L)) — C*(U, p+Z(L)) —— 0

Now we want to compare the lower exact sequence to a short exact sequence aris-
ing, as in Proposition 2.11, from the Godement resolution of Z(£) on X. There
is a morphism of short exact sequence of complexes, from the Gersten-complex
sequence to the Godement-complex sequence; it is induced by the zigzag of quasi-
isomorphisms

C*(X, pZ(L)) < Gp.Z(L) — p,GL(L). 0

4.9. Remark. In other words, the localization sequence is compatible with mor-
phisms of coefficient data.

4.10. Proposition. There is a commutative diagram

HO(SpecR, 1°) —— HO(pt, 2)

| |

Hip, (A", I") —— H, (R, Z)
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with maps given as follows. The left vertical map is the algebraic pushforward
in I-cohomology of Definition 2.55, the right vertical map is the topological push-
forward for sheaf cohomology with Z-coefficients, and the horizontal maps are
the respective real cycle class maps, where we use the cycle class map with sup-
port from Section 3.B for the lower morphism. The orientations are chosen as in
Proposition 3.21.

Proof. We have H° (SpecR, I 9~ W(R) = Z. The algebraic pushforward
H°(Spec R, I%) — H{j (A", I™)

is an isomorphism by Theorem 2.41 and maps the form (1) to the algebraic Thom
class, which consequently is a generator of H{’(’)} (A", I'"). The real realization

H%(SpecR, 1% — H (pt, Z)

maps the form (1) to its signature, which is a generator of H°(pt, Z). On the right-
hand side, we have the topological Thom isomorphism H(pt, Z) = H{’B}(R", 7).
The lower horizontal map is also an isomorphism: we have a commutative diagram
of exact sequences

HZV AT, 1) —— HP VA (0}, 1) —— Hipy (A", 1) —— (A", I")

| l | |

H"'R",7) —— H"'(R"\ {0}, 2) —— H(,(R", 7)) —— H"(R", 2)

where the vertical arrows are the real cycle class maps (with support) and the
rows are the exact sequences defining cohomology with supports. The ladder
above is commutative by Proposition 4.8. Using the five lemma, we are reduced
(if n # 0, otherwise everything follows trivially) to show that the real cycle class
map H"~'(A"\ {0}, I") — H""'(R"\ {0}, Z) is an isomorphism, which is estab-
lished in Proposition 3.21. More precisely, Proposition 3.21 actually shows that the
real cycle class map takes the algebraic Thom class to the topological Thom class
(provided we use the canonical choices of orientations induced from the standard
coordinates on A"). This proves the commutativity of the diagram as claimed. [J

4.11. Proposition. Let X be a smooth real scheme and let p : V — X be a rank d
vector bundle on X. Then the algebraic Thom class

th€(V) e HL(V, I4(p* det V"))
of Definition 2.54 maps to a topological Thom class

thP(V (R)) € Hy i, (V(R), Z(p* det V"))
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as in Definition 2.57. In other words, there is a commutative diagram

HO(X, I H°(X(R), 2)

l l

H{(V, 19(p*det VV)) —— HY g (V(R), Z(p* det VV))

where the horizontal maps are the real cycle class maps of Section 3 and the verti-
cal maps are the respective pushforward maps, or equivalently, the Thom isomor-
phisms.

Proof. Denoting the zero section of V by s, we have a natural isomorphism
s T HOV, 1% — HO(X, 1),

making the top left group an H°(V, I°)-module; the bottom left group is an
HO(V, I°)-module via the module structure for cohomology with supports induced
by the cup product of Theorem 2.14 (which agrees with the algebraically defined
intersection product by Proposition 2.52). The left-hand vertical morphism is
then an H(V, I°)-linear map, and hence the left-hand vertical map is completely
determined by the image of (1) (which by Definition 2.54 is the algebraic Thom
class). A similar statement holds for the right-hand vertical map by definition;
see Section 2.E. Since the real cycle class map is compatible with the product
by Proposition 4.3, the upper horizontal morphism is a ring homomorphism.
This induces an H°(V, I°)-module structure on H)‘g(R)(V([R{), Z(det V) and, by
Proposition 4.3, the lower horizontal cycle class map is an H(V, I°)-module
homomorphism. As a consequence, the lower horizontal map is completely deter-
mined by the image of the algebraic Thom class th*¢(V), which is a generator of
the cyclic H O(v, 1°)-module H )‘g(V, I4(det V)) by Definition 2.54. Consequently,
the commutativity of the diagram follows from the claim on Thom classes.

To prove the claim about the Thom classes, we use the characterization of
the topological Thom class found in Definition 2.57, namely, that a class in
Hg(R)(V(IR{), Z(det V)) is a Thom class for the vector bundle V (R) — X (R) if and
only for every point x € X (R) the restriction of the class to H, {‘i}(Vx R),2)=Zis
a generator. Consider the diagram

H{(V, I4(p*det VV)) —— HY 5 (V(R), Z(p* det V)

i;l lix(R)*

HE (Ve 19) HE, (Vi(R), 2)

where again the horizontal morphisms are the respective real cycle class maps and
the vertical morphisms are restrictions to the fiber of the respective vector bundle.



292 JENS HORNBOSTEL, MATTHIAS WENDT, HENG XIE AND MARCUS ZIBROWIUS

In particular, the diagram is commutative by Proposition 4.1 and it suffices to show
that the algebraic Thom class maps to a generator of the lower-right group.

Under the left vertical morphism, the algebraic Thom class thalg(V) restricts to
the algebraic Thom class of the trivial vector bundle on the point x, in particular to
a generator of the group H {‘i}(Vx, I?). This follows from the obvious transversal
and cartesian diagram of smooth R-schemes

SpecR —— X

]

A=V, ——V

and the base change theorem [Asok and Fasel 2016, Theorem 2.12]. By Proposition
4.10, the local algebraic Thom class in H{‘i}(Vx, I%) maps to a generator of
H{‘fc}(Vx (R), Z), as required. We have proved that the image of the algebraic
Thom class in Hg(R)(V(R), Z(p*det VV)) restricts to a generator of the local
cohomology group for every fiber. Therefore the algebraic Thom class for V — X
maps to a topological Thom class for V(R) — X (R) as claimed. O

Before the final step in the proof of compatibility of pushforwards, we need to
relate the deformation to the normal bundle with tubular neighborhoods. Recall
our notation for the deformation to the normal cone from Figure 1 on page 256 in
Section 2.C.3, and the construction of the deformation isomorphism

d(Z,X): HY(NzX, 1) — HY(X, 1)

from Section 2.C.5. The next proposition shows that this isomorphism is com-
patible under the real cycle class map with a similar isomorphism arising from a
tubular neighborhood argument in topology.

4.12. Proposition. Leti: Z < X be a closed immersion of codimension c between
smooth R-schemes. Then there is a commutative diagram

H'(Z, I/ (det Nz X)) —— H'(Z(R), Z(det Nz X (R)))

l |

HH_C(X, Ij-‘rC) HH_C(X(R),Z)

where the horizontal morphisms are real cycle class maps and the vertical mor-
phisms are the respective pushforward maps, defined using deformation to the
normal bundle and a tubular neighborhood, respectively.
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Proof. Consider the following diagram:
H'(Z, I'([detNzX)) —— H'(Z(R), Z(det Nz X (R)))
th"8 (N2 X) th'P(Nz(p) X (R))
HY Nz X, ) ——— Hyi (Nz@ X (R), 2)
d(z,X) | = d(Z,X)(R)

H (X, 1) —————— Hi (X(R), 7)

Hi+C(X, Ij+c) - Hi+c(X([R), Z)

The left vertical composition is the pushforward for I-cohomology, by Definition
2.55. The maps in the first square are given by multiplication with the respective
Thom classes, and hence the square is commutative by Propositions 4.11 and 4.3.
The last square is commutative since real realization with supports commutes with
forgetting the support; see Remark 3.13.

We recalled the construction of d(Z, X) before the statement of Proposition 4.12.
We now discuss the map d(Z, X)(R) on the topological side. The topological
variants of the proofs in [Nenashev 2007] and [Fasel 2009, Lemma 2.8] show
that ig(R)* and i;(R)* are isomorphisms in singular cohomology with supports
and appropriate local coefficient systems. Note that classical excision is sufficient
because the real realization of a Nisnevich cover is a surjective local diffeomor-
phism, and hence can be refined by an honest open cover. As we define the
map d(Z, X)(R) = i;(R)* o (iop(R)*)~!, the commutativity of the middle square
follows from the compatibility of real realization and pullback morphisms; see
Proposition 4.1.

Finally, it remains to prove that the right vertical composition in our big diagram
is the pushforward in singular cohomology. For that, we consider the real realiza-
tion of the diagram for the deformation to the normal bundle just before the state-
ment of Proposition 4.12. The normal bundle N, 7w xr! (D(Z, X)(R)) is extended
from Z(R) by homotopy invariance. Moreover, since its restriction to Z(R) x {¢}
(for any ¢ € R) is the normal bundle of i (R) we know that NZ(R)XRI (D(Z, X)(R))
is the pullback of Nz, (X (R)) along the projection Z(R) x R — Z(R). We now
choose a tubular neighborhood of Z(R) in Nz®) (X (R)). By definition (see, e.g.,
[Hirsch 1976, Chapter 4.5]), this is a smooth map 7 : Nz (X (R)) = Nzmw) (X (R))
such that T o s = s which restricts to a diffeomorphism from an open neigh-
borhood of Z(R) in NZ(R)XRI (D(Z, X)(R)) to an open neighborhood of Z(R)
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in Nzw (X (R)). In our case, we may simply choose 7" = id and choose the
open disc bundle D as the open neighborhood. Since the above conditions are
stable under pullback along Z x R' — Z, up to the above trivializing isomorphism
for NZ(R)XRI (D(Z, X)(R)) above, the fiber product 7 = D x R! and its restric-
tion 7|, over Z x {1} are tubular neighborhoods as well.

To summarize, we obtain the diagram

Z(R) ———— Z(R) x R +—— Z(R)

K f

D T Th

ep e

Nz X (R) i P XO®R) o X([R)

where the first and third rows are the real points of the diagram for the deformation
to the normal bundle and the second row contains the above tubular neighbor-
hood 7 and its restrictions to the fibers over 0 and 1, respectively. The diagram is
obviously commutative. By excision, the lower vertical maps induce isomorphisms
in cohomology with supports

Hy Nz X (R), Z) => Hy (D, 2),
HY o o (D(Z. X)(R). Z2) =5 HY o o (T. 2),
HQ(R)(X(R)’ 7) = HE(R)(Th, 7).

Consequently, the morphisms ¢ and e} of the appropriate cohomology groups with
supports are also isomorphisms. Therefore, we can safely replace the composition
d(Z, X)(R)=ifo (i()k)_1 by the composition e} o (eé)_l. Now we recall that the
normal bundle N g g1 (D(Z, X)(R)) is extended from Z and we can choose a
global isomorphism to Nz (X (R)) x R. In particular, there is a natural projection
morphism 7 — T fitting into a commutative diagram

ZR) xR 2 Z(R)

|

T ———Th
pr’

such that pr’ o eg = id and hence (pr')* : Hé(R) (Th,Z) — Hé([R)x[Rl (T, Z2), is the
inverse of e}. Using these maps, we can rewrite the upper two squares of the above



THE REAL CYCLE CLASS MAP 295

diagram involving the tubular neighborhoods to

ZR) —9 . 7R

L]

D—— Tl € X(R)

where the lower horizontal morphism pr’ is the inclusion of the disc bundle D
in Nz (X (R)) as the tubular neighborhood 71; of i (Z(R)). Moreover, the pull-
back ef o (pr')* is the inverse of the composition e o (33)_1. Consequently, the
identification

Hy g (N2 (X (R)), Z) = Hy g (X (R), Z)
coming from the deformation to the normal bundle is inverse to the identification
Hy gy (X (R). Z) — Hyq(D. 7) = Hy gy Nz (X (R)). 7)
coming from the tubular neighborhood theorem. O

The following compatibility of real cycle class maps with the localization se-
quences is now a direct consequence of Theorem 4.7 and Proposition 4.8.

4.13. Corollary. Leti: Z — X be a closed immersion between smooth R-schemes
of codimension c¢ and let L be a line bundle on X. Denote by U := X \ Z the
complement of Z and by w the determinant of the normal bundle of the inclusion i.
Then there is a ladder of long exact localization sequences,

s HUZ T L @ ) — HY(X, T(L)) —— HAU, I'(L)) — ---

l | |

o = H7Y(Z(R), ZG* L Q@ w)) — H (X (R),Z(L)) — H(UR),Z(L)) — ---

4.D. Compatibility with the Bir sequence. The short exact sequence of sheaves
0— I"tY L) > I'(L) > I" - 0 gives rise to a long exact sequence of coho-
mology groups, the so-called Bir sequence. The boundary map of this sequence
is usually denoted by B, and referred to as the Bockstein homomorphism. We
briefly discuss the compatibility of the real cycle class map with this homomor-
phism. By [Jacobson 2017, Theorem 8.5(4)], there is an isomorphism of short
exact sequences,

. n . P .=
0 — colim,, I"t! —— colim,, I" —— colim, I" —— 0

;J % F

0 psZ psZ 02 )24 —— 0
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By the discussion in Section 3, the horizontal arrows in the above diagram are in
fact isomorphisms of sheaves on the big site Smy and equivariant for the G,,-actions
on colim I" and p.Z. In particular, for a smooth scheme X and a line bundle £
on X, we can immediately obtain an isomorphism of short exact sequences of
sheaves on the small site of X, twisted by £ as in Definition 2.23:

0 — colim, I"*t1(£) —— colim, I" (L) —2—s colim, I" — 0

;J % F

0 ——— pZ(L) ———— pZ(L) 7/27 0

It should be noted here that the G,,-action on I" and pxZ /27 is trivial, so that
twisting has no effect.

4.14. Proposition. Let X be a smooth scheme and let L be a line bundle on X.
Then there is a commutative diagram,

Ch"(X) _ P pgn (X, I"t1(L))

| |

H"(X(R), 2/22) r H" N (X(R), Z(L))
L
In particular, the algebraic and topological Bockstein maps correspond under the
real cycle class maps.

Proof. The key point is the isomorphism of exact sequences discussed above,
resulting from [Jacobson 2017, Theorem 8.5(4)]. There is another commutative
ladder of short exact sequences

00— 1ty — " (L) I 0

l | |

0 —— colim; 1/71(L) AN colim; I/(£) — colim; I/ —— 0

which arise by twisting from the obvious commutative diagram involving the canon-
ical maps I" — colim; I/. Combining these commutative ladders of exact se-
quences implies that we have a commutative square for the boundary morphisms

H (X, T") = Ch"(X) —25s HnH (X, 14 (0))

| |

H(X, p2[20) —— H"N(X, pZ(L))
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The claim follows by combining this with the commutative diagram

H"(X, p.Z/2Z) 5 H" (X, p.Z(L))
L

| |

H"(XR), Z2/27) ﬁ—> H'" "N (X (R), Z(L))

where the vertical arrows are pullbacks along p. The lower horizontal arrow is the
boundary map for the short exact sequence of sheaves

0—-Z(LR) = Z(LR)) = 2/27Z — 0

and the upper horizontal arrow is the boundary map of the pushforward of the above
sequence along p. So the commutativity of the final square above is a consequence
of the compatibility of pullbacks in sheaf cohomology with long exact sequences
of sheaves; see Proposition 2.12. 0

5. Cellular varieties

5.1. Definition [Fulton 1998, Example 1.9.1]. A variety X over a base S is cellular
if it has a filtration over S by closed subvarieties

X=720D2Z1D- - DZNy=0O

such that, for each k, we have an isomorphism of S-varieties Z;_1 \ Zy = Agk for
some integer ny.

5.2. Remark. For a smooth cellular variety, it is sometimes more useful to con-
sider the complementary filtration by open subvarieties; see [Wendt 2012, §2.1] or
[Zibrowius 2011, page 485]. This allows us to “piece the variety together without
leaving the smooth world”.

5.3. Proposition. For a smooth cellular variety X over R, the complex, mod 2
complex and mod 2 real cycle class maps define ring isomorphisms:

CH"(X) = H>(X(C)),

Ch"(X) => h*"(X(C)),

Ch"(X) => h"(X(R)).
Proof. The first two maps are ring homomorphisms by [Fulton 1998, Corollary
19.2(b)]; see also [Totaro 1997, Theorem 4.1]. The statement for the (integral)
complex cycle class map is well known; see for example [Fulton 1998, Example
19.1.11(b)]. That it also defines an isomorphism Ch"(X) = h?"(X (C)) follows
immediately since Ch"(X) = CH"(X)/2 for any X and h>"(Y) = H*'(Y)/2 for
any topological space ¥ whose cohomology is concentrated in even degrees.
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For the real cycle class maps, compatibility with the ring structure is estab-
lished in Corollary 4.4. That it is an isomorphism can be proved similarly as
in the complex case, by cellular induction. Indeed, consider the main induction
step (see Remark 5.2): we assume that X is the union of a regularly embedded
codimension-c cell Z and its open complement U, and we know that the real cycle
class map is an isomorphism for Z. We need to compare the following two exact
sequences:

Ch" “(Z) —— Ch""(X) —— Ch"(U) —— 0

oo |

" (Z(R)) —— h"(X(R)) —— " (U(R))

The square on the left is commutative by Theorem 4.7, and the second square
commutes by Proposition 4.1. The corresponding diagram for the complex cycle
class map has (top and) lower row a short exact sequence, because H*(X (C))
is concentrated in even degrees only. In contrast, 2*(X (R)) can be nonzero in
any degree. Nonetheless, assuming by induction that the real cycle class map
is surjective for U, we find that the restriction map A" (X (R)) — A" (U (R)) is
also surjective in all degrees n, and hence that the pushforward 2" “(Z(R)) —
h" (X (R)) is injective for all n. Thus, assuming by induction that the real cycle
class map is an isomorphism for U, we may deduce inductively that the real cycle
class map for X is also an isomorphism. O

5.4. Proposition. For a smooth cellular variety X over R, multiplication by
(—1)) € I(R) induces isomorphisms

mH(x, ) S0 gix, 7YY forall j>i.

Note that H'(X, I’) = 0 for all j < i, for any smooth X over any field. This
follows directly from the definition/computation of I/-cohomology in terms of
(quotients) of Gersten complexes. The proposition says that for real cellular X, the
nonzero values of I/-cohomology are independent of ;.

Proof. We have W(R) = Z with (—1)) = 2 and I/(R) = 2/Z. So the conclu-
sion holds for X = Spec(R). We now use homotopy invariance, the localization
sequence and dévissage for I/-cohomology, which even hold for I/-cohomology;
see Section 2.C.

We also use that each of these isomorphisms/exact sequences is compatible with
the W (R)-module structure on I/-cohomology. First, by homotopy invariance, the
claim follows for a “cell”, i.e., for A", for any n. By Remark 5.2, it now suffices to
consider the situation that X is the union of a regularly embedded codimension-c
cell Z and its open complement U, and to assume that the hypothesis already holds
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for U. To deduce that the claim also holds for X, we compare the localization
sequences for I/ and I/*!-cohomology:

H\U, T - H=Z,17~¢) — HI(X, /) — H(U, 1)) - HIt'=¢(Z, 1/~

T

Hi-\U, T & Hize(Z, 171-¢) 5 Hi(X, [ItY) - HI@U, TitY) & Hit oz, [i+1-0)

The diagram commutes since the localization sequences are induced from short
exact sequences of W (F)-modules, and all vertical arrows are given by multipli-
cation by {(—1)). The arrow we are interested in is the central arrow. The first and
fourth arrows are isomorphisms by the induction hypothesis. The second arrow
is an isomorphism since Z is a cell. The fifth arrow is either an isomorphism
(when j > i+ 1) or the inclusion of 0 (when j =), so in any case it is injective.
This shows that the central arrow is an isomorphism, as desired. O

5.5. Proposition. Suppose X is a smooth variety over R for which the conclusion
of Proposition 5.4 holds, i.e., such that multiplication by {(—1)) induces isomor-
phisms

H (X, I"h=H(X, 't

for all j > i. Then for any line bundle L over X multiplication by {—1)) also
induces isomorphisms

H (X, 1) S gicx, 1Y) forall j>i.
5.6. Remark. The inclusions I/(£) < W (L) induce isomorphisms
H' (X, 1'(L)) = H' (X, W(L))

for all j < i. This follows easily from the Bir sequence. So for X and £ as in
Proposition 5.5 and a fixed cohomological degree i, the groups H' (X, I’/ (L)) take
only two different values according to whether j >i or j < i.

Proof. As explained by Jacobson [2017, proof of Corollary 8.11], there is an inte-
ger d such that multiplication by ((—1)) induces isomorphisms of sheaves I/ = I/*!
for all j > d + 1. In fact, we can take d to be exactly the Krull dimension of X,
but we do not need to know this. Twisting with £, we see that ((—1)) also induces
isomorphisms I/(£) = I/T!(L) in this range. Thus, the conclusion of the proposi-
tion holds for j > d + 1. We now run a downward induction over j. Suppose the
conclusion holds for some particular value j. We now compare the Bér sequences
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for I'='(£) and I/(L) around some cohomological degree i < j — 1:
H=\(X, '™ N Hi(X, /(L)) — H(X,I'""(L)) - H(X,I'™") LN HTY(X, (L))
HIZW(X, ) 2 HI(X, (L)) — HI(X, I (L) — HI(X, ') % HF(X, 17+(L))

Again the diagram commutes because the long exact sequences are induced from a
short sequence of sheaves of W (F)-modules and all vertical arrows are multiplica-
tion by ((—1)). We need to show that the central arrow is an isomorphism. The first
and fourth arrows are isomorphisms by our assumption on X. The second and fifth
arrows are isomorphisms by our induction hypothesis. So the claim follows. [J

5.7. Theorem. Let X be a smooth cellular variety over R, and let L be a line
bundle over X. Consider the real cycle class maps

H (X, I'(L)) — H (X(R), Z(L)).

(a) For j >1i, the real cycle class map is a group isomorphism. In particular, in di-
agonal bidegrees the homomorphism of graded commutative rings considered
in Corollary 4.4 is an isomorphism:

Prx 1H=PHXR®R).D.

(b) For j < i, the image of the real cycle class map is the subgroup
27 H'(X(®R), Z(£)) € H' (X(R), Z(L).

When j =i — 1, the real cycle class map is moreover injective. Thus, by
composing the isomorphisms of Remark 5.6 with the real cycle class map, we
obtain an isomorphism

H(X,I'(L)=Z2-H (X(R), Z(L)) forall j<i.
Proof. (a) Consider first the case j > i. It suffices to show that
sign: H' (X, I’ (L)) — H (X (R), 2/Z(L))

is an isomorphism. Consider the following commutative square of morphisms of
coefficient data (see [Jacobson 2017, Definition 8.4]):

(X, 1)) 2% (x(R),2/7)

(id, {(— 1>>)T (id,2) T;

X D) P (X (®), 27412)
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By Corollary 2.28, this square remains commutative if we twist by £. We thus
obtain the following commutative square in cohomology:

H (X, I'(L)) —— H (X(R),2/Z(L))

((—U)l zl

Hi(X, I'TY(L)) =, Hi(X(R), 2/ 7(L))

By Proposition 5.5, the left vertical morphism is an isomorphism for all j > i.
One of the main results in [Jacobson 2017] is that the horizontal arrows are iso-
morphisms for sufficiently large j and trivial twists; see once again (the proof of)
Corollary 8.11 in that work. The proof given there generalizes to arbitrary twists;
see Theorem 3.12. So the proof can be completed by backward induction over ;.
The statement concerning the ring structure is immediate from Corollary 4.4.

(b) The claim concerning j < i follows from the isomorphism for j > i and the
compatibility of the Bir sequence with the Bockstein sequence (Proposition 4.14).
O

5.8. Proposition. For any smooth cellular variety X over R, the restricted equi-
variant cycle class map CH*(X) — H(‘:Z(X (©), Z)(0) of [BW 2020] is an isomor-
phism.

Proof. For X = Spec R, we obtain by [BW 2020, 1.2.2]

0 for k odd,

HX*(X(C), Z(k)) =
&(X (). 2(k)) iZ/ZZ for k > 0 even,

and the map [BW 2020, (1.57)] has the form

HXX(©).zk)—~ @  H(X®).Z/22),
0<p<2k,p=0 mod 2

where the direct sum in the target has its only nontrivial term for p = 0. In par-
ticular, for a class @ € Hé’z‘ (X (C), Z(k)) the only potentially nontrivial component
is a, in the notation of [BW 2020, 1.6.3]. Moreover, since Hg’z‘ (X(©), Zk)) —
H(X(R), Z/27) is an isomorphism, op = 0 if and only if & = 0. This implies
that HZ* (X (C), Z(k))o as defined in [BW 2020, Definition 1.19] is trivial: the
generator « of H(%';(X (©), Z(k)) has the only nontrivial component ¢ but then the
condition g = Sq_zk (arx) cannot be satisfied. In particular, for X = Spec R, the
equivariant cycle class map CH*(X) — Héz (X(C), Z(#))(0y of [BW 2020] is an
isomorphism. By homotopy invariance, this also implies that it is an isomorphism
for X = Ap,.
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We now want to argue by induction on the number of cells of X. As before, we
have a diagram,

CH"™“(2) CH"(X) ————  CH"(U) ——— 0

I l l

HE(Z(C), Z(n — )g — HE(X(C), Z(n))o — HZ(U(C), Z(n))o

The top row is the localization sequence for Chow groups. The vertical arrows
are the restricted cycle class maps of [BW 2020] and therefore commutativity of
the diagram follows by the compatibility statements in Sections 1.6.1 and 1.6.4
of [BW 2020]. However, we don’t know exactness of the lower row in general. In
our special case where Z is an affine space, we can argue as follows: we have the
localization sequence for equivariant cohomology

HZ'7(Z(C), Z(n — ) — HZ(X(C), Z(n)) > HZ(U(C). Z(n)),

which is exact. The problem with exactness for the restricted cohomology is that
a restricted class on X (C) which vanishes on U (C) may only come from an equi-
variant cohomology class on Z(C) which may not be restricted. However, if Z is
an affine space, we know what the nonrestricted classes look like: essentially, they
are 2-torsion classes from the cohomology of C>. By [BW 2020, Theorem 1.20],
the Steenrod square condition is still going to be violated for the pushforward of
such a 2-torsion class. This implies the exactness in the middle of the lower row.
Now we can use the inductive assumption that the right-hand vertical map is an
isomorphism. This implies that the restriction morphism Hé;’(X (©),Z(n))y —
Hé;’(U (C), Z(n))y is surjective. The injectivity of the pushforward morphism
Z=HQ (Z(C), Z)g — HE(X(C), Z(c))o also follows directly from nontriviality,
which can be checked on the mod 2 reduction. The diagram chase then implies
that the middle vertical morphism must be an isomorphism. g

5.9. Corollary. For any smooth cellular variety X over R, the cycle class map in
Corollary 3.27 is an isomorphism.

Proof. By Proposition 3.26, the isomorphism CH" (X) => Hg';(X(C), Z(n))g of
Proposition 5.8 induces an isomorphism between the kernel of

3 :CH"(X) — Ch"(X) & "+l (x, 1"+
and the kernel of the composition
HY(X(C), Z(n))o — H"(X(R), 2/22) &> H™ ' (X(R), D).

Using the compatibility of Proposition 3.23, the above isomorphism combined with
the isomorphisms H" (X, I") =5 H"(X(R), Z) of Theorem 5.7 imply that the
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map in Corollary 3.27 is an isomorphism because CH" (X) is 2-torsion-free for
cellular X. N

5.10. Remark. We could choose base fields F slightly more general than F = R.
For Proposition 5.4, we just need that the conclusion holds for Spec(F), i.e., that
(—=1) : I7(F) — I’T1(F) is an isomorphism for all j > 0.

For Proposition 5.5, it should similarly suffice to assume that (—1)) : I/ (F) —
I/*1(F) is an isomorphism for all j > 0. By Lemma 5.11 below, this (stronger)
condition implies that ved, (F) = 0. The latter condition ensures that, in the proof
of Proposition 5.5, multiplication by ((—1)) still induces isomorphisms I/ = /%!
for sufficiently large j (as in the proof of [Jacobson 2015, Theorem 4.5]).

Theorem 5.7 also follows for smooth cellular X over any field F satisfying the
conditions of Lemma 5.11, provided we replace singular by real cohomology.

5.11. Lemma. For a field F of characteristic # 2, the following conditions are
equivalent (as always, I°(F) = W (F) by convention):

(1) veda(F) =0 and F is not quadratically closed.
() (—1): I/(F)— I'"Y(F) is an isomorphism for all j > 0.

Proof. In the proof, we identify (—1)) with 2 € W(F). As the torsion in the
Witt ring of a field is 2-primary [Elman et al. 2008, §31], 2: I/ (F) — I/T'(F)
is injective if and only if I/ (F) is torsion-free. By [Jacobson 2015, Lemma 2.4],
veda (F) = 0 if and only if 7 (F) is torsion-free and 2 : I/(F) — I'YY(F) is sur-
jective for all j > 0. The field F is quadratically closed if and only if 71(F) #0
[Elman et al. 2008, Lemma 31.3]. Thus, under either condition, 2 : W(F) — I (F)
is surjective, 2 : I/(F) — I'HY(F) is an isomorphism for all j > 1, and I (F)
is torsion-free. We need to show that, in this situation, /(F) is nonzero if and
only if 2 : W(F) — I(F) is injective. This can be checked using the following
commutative diagram:

0—— I(F) —— W(F) Z/2 0
ng lz lz
0 —— I*(F) I(F) I(F)/I*(F) ——0

In our situation, the first vertical arrow is an isomorphism, the second and (hence)
the third vertical arrows are surjective, and I(F)/IZ(F) = I(F)/2I(F). Given
that 7 (F) is torsion-free, I (F') is nonzero if and only if /(F)/21(F) is nonzero,
which is equivalent to the third vertical map being injective, which is equivalent to
the central vertical map being injective, as claimed. U
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6. Characteristic classes

In this section, we discuss the compatibility of the real cycle class maps with charac-
teristic classes of vector bundles. For spaces like BGL,, or the finite Grassmannians
this will imply a strengthening of Theorem 5.7: not only is the real cycle class map
a ring isomorphism, it also maps the natural generators (characteristic classes of the
tautological bundles) in the algebraic setting of I-cohomology to their topological
counterparts. This also settles a point which was only mentioned but not fully
proved in [HW 2019] and [Wendt 2018].

6.1. Proposition. Let X be a smooth scheme over R and let £ — X be a vector
bundle of rank n over X. Then the real cycle class map

H"(X,I"(p*detE)) — H"(X(R), Z(p* det&Y))
maps the algebraic Euler class to the topological Euler class.

Proof. The algebraic Euler class is defined as e,(€) = ( ")l (1), where
p : € — X is the structure morphism of the vector bundle, s : X — £ is the zero
section and (1) is the image of the natural element of W (F) under the morphism
W(F) = H%SpecR, I°) — H°(X, I°) induced from the structure morphism
X — SpecR.

The topological definition is the same; see, for example, the end of the proof
of Theorem 4D.10 in [Hatcher 2002] in the case of orientable vector bundles. The
claim then follows from the compatibility of real cycle class maps with pullbacks
and pushforwards; see Proposition 4.1 and Theorem 4.7. 0

6.2. Remark. A similar statement is true for the characteristic classes in the real-
étale cohomology, as well as the characteristic classes in semialgebraic cohomol-
ogy over real closed fields. We won’t need these statements here.

6.3. Theorem. Let X be one of the spaces BSp,,, BSL,,, BGL,, or Gr(k, n) over
the base field R. The real cycle class map induces an isomorphism

P x. 1) = P H (XR).ZL)),
j.L JL

and this identification maps the algebraic characteristic classes (Euler class, Pon-
tryagin classes, Bockstein classes) to their topological counterparts.

Proof. Compatibility of the Euler class with the identification with singular coho-
mology under the real cycle class map is established in Proposition 6.1. Compat-
ibility of the Pontryagin classes with the real cycle class map then follows from
this: the Pontryagin (or Borel) classes for the symplectic groups are obtained from
the Euler class by stabilization; see [HW 2019, Proposition 4.3]. The Pontryagin
classes for SL,, and GL,, are then simply obtained as characteristic classes of the
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symplectification. For the Stiefel-Whitney classes, we note that these also are
uniquely defined by stabilization and the fact that the top class should be the re-
duction of the Euler class. Then Theorem 5.7 (or better its I°*-version) implies that
the real cycle class maps induce isomorphisms

Perx) = PH xX.T) = P H (X®R). 2/27)

for the spaces X in the statement. The compatibility of Bockstein classes with
the real realization maps then follows from this and the compatibility with the
Bockstein maps in Proposition 4.14. U

6.4. Remark. As a special case, the ring structure for € L HI(P", I/(L)) de-
termined in [Fasel 2013] —see also [Wendt 2018, Propositions 4.5 and 6.5]—
completely agrees with the presentation known in topology. The natural generators
in both cases are the Euler classes e¢; and enL of the tautological line bundle and its
complement (and the orientation class whenever P is orientable); and the above
result shows that these natural generators correspond under the real realization
maps. The same statement is true for the Grassmannians.

Appendix: A Gersten complex for real cohomology
The purpose of this section is to give an alternative proof of Theorem 4.7.

A.A. The Rost—=Schmid complex. The references for this section are [Schmid
1997] and [Fasel 2008]. Let X be a smooth integral scheme of Krull dimension »
over a field k. The Rost-Schmid complex CRS (X, W) for Witt groups is defined as

P Wk, 0) - P Wkx), 0) > = P Wk, o),
xexX©® xex®M xeX®m

where w, denotes for any point x € X/ the vector space
Homo, (detmy . /m¥ ., Ox ),

which, here, is canonically isomorphic to Extéx‘x(k(x), Ox ). The differential

ohs: D Wk, 0) > P Wk, o)

xex® yeXx+D

may be described geometrically by the composition (see, for example, [Fasel 2008,
Section 7.3])

9 ~ by
W (k(x), ki) RN @ W (k(y), wri)/k) =5 Wk (y), Ok(y)/k)
y
where the sum is taken over all points y that dominate y and live inside the nor-

malization {x} of {x} in its residue field k(x). Note that (’){7} 5 is the integral
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closure of the one-dimensional local domain (9{;}’ y in its field of fractions, which
is isomorphic to k(x). Therefore, (’){xz}’y is a discrete valuation ring with maximal
ideal m; 5 and the uniformizing parameter 7. The first map 9 is induced by the
Rost—Schmid residue map
81 W k() = Wk(®) — W(k(@). (g ;/m= ")

defined by sending a form (a) on k(x) to égy((a)) ® m*, where 8, is Milnor’s
second residue and 7 * is the dual basis of the basis 7 in the free rank-one k(y)
vector space m=~ /m{zxz} .. The map 9 is obtained by twisting § with the rank-one

{x}.y . . o .
free k(x) vector space wy(x)/« in view of the canonical isomorphism

- 2 wones ™ =
Dk(5)/k = Ok @ (M 5/me ).

Note that the differential d does not depend on the choice of uniformizing param-
eter. The map tr is the twisted transfer on Witt groups, for the field extension k(y)
of k(y); see [Fasel 2008, 6.4].

For any line bundle £ on X, the twisted Rost-Schmid complex C RS(X, W, L)
for Witt groups is defined as

P Wkw).of) > @ Wk@). o) > - @ Wk), of)
xeXx©® xex® xeXxm
in a natural way, similar to the untwisted case. It is known that the Rost—Schmid
complex coincides with the Gersten complex defined by Balmer and Walter (re-
viewed in Section 2.C.1) [Fasel 2008, Section 7].

A.B. The Jacobson—Scheiderer complex and a generalization. Suppose that X
is a smooth integral scheme of Krull dimension d over a field k with a line bun-
dle £. Let x € X and y € XD _ Our goal in this section is to define a twisted
differential,

dre : C(k(X)y, Z(wriryy0)) = C(k(Y)r, Z(@k(yys0)):

see Section A.B.1 and Definition A.4 below. This will be defined by a twisted
residue map followed by a twisted transfer map on the real spectrum. Here and in
all that follows, we use the shorthand F, := sper F for a field F.

A.B.1. Twisted residue. Let R be a discrete valuation ring with field of fractions F
and let m be its maximal ideal. Let ky, be it is residue field. Choose a uniformizing
parameter 7w of R. Suppose P is an ordering on F. We say R is convex on (F, P)
whenever for all x, y,z € F, x <p z <p y and x, y € R implies z € R. For any
ordering & € ky, the set

Y; = {P esper F : R is convex in (F, P) and £ =P on ky)
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maps bijectively to {£1} by sending P to signp () [Jacobson 2017, §3]. Denote
by &£F the ordering on F such that signgl (7r) = £1. Jacobson [2017, §3] defines a
residue map (a group homomorphism)

Br 1 C(F. Z) = C((km)r. D).
s> (E - sED —sED).

This map depends on the choice of uniformizing parameter. We modify it slightly
in the spirit of Rost and Schmid. For a field Q and a rank-one Q-module H, we
define C(Q,, Z(H)) as the group

C(Qr, 2) ®z10 ZIH™],
where the underlying map
¢ 21071 — C(Qr, 2)

is the ring homomorphism given by

(Z naa) — <f;‘ — Z ng signg a).
A.1. Definition. The twisted residue map is the group homomorphism
B C(F, Z) — C((kw)y, Z((m/m*)")),
s> Pr(s) @7,
where 77* is the dual basis of the basis 7 of the free rank-one k,-vector space m/m?.

A.2. Lemma. The twisted residue map 8 does not depend on the choice of the
uniformizing parameter.

Proof. Let amr be another uniformizing parameter with a € R — m. Note that
Bax (5)(§) = signp(a) Bz (s)(€) and signp(a) = signz (a). It follows that

Bar (8) @ an™ = Bux (s)(a) @ ™.
Now, Bux (s)¢(a)(€) = signz (@)* B (s)(§) = B (s) (). The result follows. O

A.B.2. Twisted transfer. Let L be a finite field extension of F'. Assume that F has
an ordering P. Hence, F has characteristic zero. We say an ordering R (on L) is
an extension of P if P C R under the injection ' — L. Define a map

t:C(L,,7)— C(F,,7),
b (PH Z«p(m),
ROP

where the sum runs through all extensions R of P. This map is well defined,
because the sum is finite. (Note that the number of extensions equals sign p (Tr.(1));
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see [Scharlau 1985, Chapter 3, Theorem 4.5]). This map will be called the transfer
map.

Now we twist the transfer. Note C(L,, Z) = C(L,, Z(L)). Suppose k C F C L
with L a separable finite extension of F. There is a canonical isomorphism (see
[Fasel 2008, 6.4]),

0 :WF/kQF L= WL /k-

A.3. Definition. We define the twisted transfer

1:C(Ly, Z(wr/k) = C(Fr, Z(wF /i)
by
¢ 1(p): P> Y op(R),
ROP
which is the composition

id®o ! id
C(Lr, Z(wL)0)) —2— C(Lr, Z(wF ) —=> C(Fy, Z(wF1)).
A.B.3. The differential. Let X be a smooth integral scheme of Krull dimension d
over a field k with a line bundle £. Let x € X and y € X(+1. Now, we are ready
to define the map.

A.4. Definition. The differential in the Gersten complex of the real spectrum

Ore C(k(x)r’ Z(a)k()c)/k)) - C(k(y)r, Z(C‘)k(y)/k))
is defined by

C (k@) Z(@ryn) > ) C(kG)r. Zry ) = C (k). Zri)).

j
where the sum is taken over all points y that dominate y and live inside the nor-

malization {x} of {x} in its residue field k(x). The maps B and ¢ are defined as
above.

A.5. Theorem. For any smooth integral scheme X over a field k, the sequence
P ck). z2hH) » P C(kx),. Z@F))
xeXx©® xex®
— e @ C(k(x),, Z(wf)) -0

xexm
is a cochain complex. Its cohomology is the sheaf cohomology of X with coeffi-
cients in the Zariski sheaf supp, Z(L).
We denote this complex by C™(X, Z, £). The proof will be given at the end of
Section A.C.

A.C. Comparison via the signature.

A.C.1. Signature. Let H be a free rank-one vector space over a field F. Choose
a trivialization s : F — H.
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A.6. Definition. The twisted signature is the map
sign: W(F, H) — C(F,, Z(H)),
¢ > signg(¢) @ s(1),
where sign, (¢)(P) = signp (s7'9).

A.7. Lemma. The twisted signature does not depend on the choice of trivialization
s:F— H.

Proof. Let u : F — H be another trivialization. We may assume the rank of ¢ is
one. Then s~'¢ = (a) and u~'¢ = (b) for some a, b € F*, and we find that

sign, (¢)®s (1) =const; @s(a) =const; @¢ (1, 1) =const; Qu(b) =sign, (¢)Ru(1),
where const; denotes the constant map sper F — Z with value 1. O

A.8. Lemma. Consider the following diagram, in which the top horizontal mor-
phism is given by composition with s and the lower horizontal morphism is given
by tensoring with s(1):

W(F) —> W(F, H)

lsign lsign

C(Fy, 7) —— C(F,, Z(H))
This diagram commutes.

A.C.2. Comparison. Let R be a one-dimensional local domain containing a field k
and essentially of finite type over k. Let F be its field of fractions and ky, its
residue field. Let R denote the integral closure of R in F, let R denote the discrete
valuation ring obtained by localizing R at a maximal ideal /72, and let kg := R/t
denote the residue field at m. As R is essentially of finite type over a field, R
is excellent, and hence the normalization Spec R — Spec R is a finite morphism
[EGA IV, 1965, 7.8.6(ii)]. In particular, R contains only finitely many maximal
ideals m, and the residue fields ks are finite extensions of k,, = R/m.

A.9. Theorem. The following square commutes:
9
W(F, wp ) ——— W (km, 0k, /1)
lsign IZ sign
Ore
C(Fr, Z(wr/k)) —— C((km)rs Z(@k /1))

Proof. By the discussion above, we can assume the integral closure R of R in F is
a finitely generated R-module. There are finitely many discrete valuation rings R
dominating R, namely the localizations of R at its maximal ideals. Let m denote
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the maximal ideal of such an R. It is well known that kg := R /m is a finite field
extension of ky, = R/m. The square

W(F) — s W ks, (R/@2)*)

lsign lZ sign (A. 10)
C(F,. 7) —2 C (k) Z((R/2)%))

is commutative by [Jacobson 2017, Lemmas 3.1 and 3.2] and Lemma A.8. (Choose
an arbitrary uniformizing parameter 7 and the trivialization s : ky, — (m/m?)* given
by 1 — m*.) Now, twisting the square above, we conclude that the square

W kg, wrs k) s Wk, Wk /k)

lsign lsign

C(tk)rs Z(wrg 1)) —— C((km)r, Z(wro 1))

also commutes. Without twists, this is [Scharlau 1985, Chapter 3, Theorem 4.5].
To see that it commutes with arbitrary twists, choose a trivialization s : km — @i, /k
and define a trivialization § : kg, — @y /x as the composition

~ .d
ki = kg Rl ks &) Wk [k Ok ki KN Wk k-
Then use Lemma A.8 again. O

A.11. Corollary. The signature induces a commutative diagram,

ORrs

P Wk —2 P Wk, 0f) =5 o 2 B W k()08 — 0

xeX©® xeX® xeXx®™
sign 2sign 2"sign

P k(). 2@5) = @ k), Z@5) 2 - 2 P C k(). Z(@E)) — 0

xeX© xex® xeX®

The upper horizontal sequence is the Rost—Schmid complex, which coincides
with the Gersten complex defined by Balmer and Walter [Fasel 2008, Section 7].
Moreover, the upper sequence restricts from W to powers I/ of the fundamental
ideal, and this complex is indeed a flasque resolution for all j computing the Zariski
sheaf cohomology of I/ by the proof of [Fasel 2007, Theorem 3.26].

The restriction of the signature to powers of the fundamental ideal I/ (F) takes
values in the subgroup C(F,, 2/Z) C C(F,, Z). Indeed, I (F) is additively gener-
ated by Pfister forms ((a)), and sign({(a)))(P) = signp (1) +signp(—a) is always
even. So we obtain a map

sign: I/(F) — C(F,,2/7).
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Jacobson’s commutative square (A.10), displayed as the far side of the following
cube, thus restricts to the square displayed as the front side of the cube:

S

/ W (F) W (k)
i+1 ‘ i j
' (F) _ 1 (km) 2 sign
&gnl
. C(F.7) —"" C (k. 2)
sien 2 sign

CF 27— C((k)r. 21 2)

Denoting by 27/ sign the obvious composition
11(F) 28 C(F,,2/7) =5 C(F,, 7),
we can rewrite the commutative square at the front as
D) — s 1 (k)
lzw‘“) sign lzi sign
C(Fr.2) " C (k). 2)

The arguments used in the proof of Theorem A.9 therefore yield the following
generalization.

A.12. Corollary. The following square commutes:
I (F o)~ 1 (k. 01 0)
lzﬁﬂ) sign lzi sign
C(F, Z(@ry)) — C((kw)r. Z(@k 1)

Next, we want to pass to the colimit in the diagram in Corollary A.11. Note that
multiplication by 2 on the Witt group is multiplication by the Pfister form {(—1)).
Clearly, the following triangle commutes:

19 (F) 2 1*1(F)
zk %sign
C(F, 2)
The induced morphism

sign,, : colim; Ij(F) — C(F,,7)

is an isomorphism by a result of Arason and Knebusch (see [Jacobson 2017, Propo-
sition 2.7]).
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A.13. Corollary. The signature induces an isomorphism of complexes:
colim; C*S(X, I, £) == C™(X, Z(L)).
(In particular, C*™(X, Z(L)) indeed is a complex.)

Proof of Theorem A.5. By replacing X with open subsets of X, we can view the
complexes appearing in Corollary A.13 as complexes of flasque Zariski sheaves
on X. The Rost—Schmid complexes of sheaves C RS-, I, L) are known to be
exact in positive degrees over any smooth scheme X over a field k. Passing to the
colimit, and using the isomorphism sign_,, we find that the complex of sheaves
C™(—, Z, L) is likewise exact in positive degrees over such X, and hence provides
a flasque resolution of the kernel of its first differential. The identification of this
kernel with supp, Z follows directly from [Jacobson 2017, Proposition 4.7 and
Lemma 4.9]. ]

Now we consider cohomology with support in a closed subset Z C X. Recall
that, given an abelian sheaf F on X with a flasque resolution F — F*, the coho-
mology with support H7, (X, F) can be computed as the homology of the kernel of
the restriction morphism F*(X) — F°(X \ Z). In our situation, we obtain:

A.14. Corollary. Let X be a smooth scheme over a field k, and let Z be a closed
subset of X. The signature map

sign,, : H, (X, colim I’ (L)) — HL (X, supp, Z(L))
is an isomorphism.
In the following corollary, we write rcls, for the composition
HY (X, colimI7 (£)) &= fi (X, supp, Z(L)) 222 H} (X, Z(L))
5 HY o (X(R).Z(L)).  (A.15)

The real cycle class map H ’Z (X, 1) — HQ(R)(X (R), Z(L)) is obtained by compos-
ing rcly, with the canonical map H (X,colimI’)— H ’Z (X, I7) (see diagram (3.1)).

A.16. Corollary. For any a smooth scheme X over R, and any closed subset Z
of X, the map rclog = Hy (X, colim IV (L)) — HY g (X(R), Z(L)) is an isomor-
phism.

Proof. The first map in (A.15) is an isomorphism by Corollary A.14. The last map
is an isomorphism by Lemmas 2.61 and 2.24: 1, Z(L£) = Z(L). It remains to see that
the central map supp* is an isomorphism. This is proved for unrestricted support in
[Jacobson 2017, Lemma 4.6], and the argument given there can be generalized to
arbitrary supports. Indeed, recall that the cohomology groups with support in Z are
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defined via the right derived functors of I'z. We thus have a Grothendieck spectral
sequence,

Hy (X, R7 supp, Z(L)) = R"* (T z supp,)(Z(L)).

By Lemma 2.7, we can identify I"z supp, with I'z,, and hence we may identify
the target of the spectral sequence with H é’fq (X, Z(L)). On the other hand, by
[Scheiderer 1994, Theorem 19.2] the higher direct images R? supp, for ¢ > 0
vanish, so the spectral sequence collapses. As in the case without supports (see
Section 2.D), one may check that the edge map is given by supp™. U

A.D. Compatibility with pushforwards: an alternative proof.
A.D.1. The real Thom class and an alternative proof of Theorem 4.7.

A.17. Lemma. Let p:V — X be a vector bundle of rank d over a smooth variety X
over R. The image of the algebraic Thom class th(V) of Definition 2.54 under the
real cycle class map

H{(V, 1%(p*det VV)) > Hf g (V(R), Z(p* det VY))

is a Thom class of the continuous vector bundle p(R) : V(R) — X (R) in the sense
of Definition 2.57.

Proof. Let th°' (V) be the image in H;f(R)(V(R), Z(p*det V")) of the algebraic
Thom class under the real cycle class map. Consider the following square:

th(V)Up*(—)
_

H(X, colim I7) Hi(V, colim I+ (p* det VV))

rcly rclao

th! (V)Up*(—)

H' (X(R), 2) Hi (V(R), Z(p* det V)
The square commutes as the real cycle class map is compatible with products
(Proposition 4.3) and pullbacks (Proposition 4.1). The vertical maps are isomor-
phisms by Corollary A.16. Multiplication with the Thom class th(V') can be iden-
tified with the dévissage isomorphism, as noted in the proof of Lemma 2.56, so by
Lemma 2.13 the top horizontal map is a colimit of isomorphisms. It follows that
the top horizontal map is itself an isomorphism, and hence the lower horizontal
map is an isomorphism, too.

This applies, in particular, to the restricted bundle V, — Spec(R) over any real
point x : Spec(R) — X. So all maps in the following commutative square are
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isomorphisms:

. (V) Up*(— . , )
Hi(x, colim 17) 2YP O iy, colim 17+ (p* det V)

Jrcloo lrcloo

; th"™ (V)Up*(—) ;
H'(x(R), 2) L HIG (Va(R), Z(p* det V)

As the Thom class th(V,) of the restricted bundle is the pullback of th(V) along
the inclusion V, < V, and as the real cycle class map is compatible with pull-
backs, we find that th™'(V,) is likewise the pullback of th™ (V) along the inclusion
Vi(R) — V(R). By taking i = 0 in the above diagram, we see that the lower
horizontal map sends 1 to a generator. So, th™ (V) is a Thom class in the sense of
Definition 2.57, as claimed. O

Alternative proof of Proposition 4.11. Proposition 4.11 follows from Lemma A.17
and the compatibility of the canonical map H IZ (X,1/(L)) > H lZ (X, colim I/ (L))
with the cup product. O

Theorem 4.7 now follows exactly as before.

A.18. Remark. Given Proposition 4.11, which we have just reproved, the main
remaining point is to see that the real cycle class map is compatible with defor-
mation to the normal bundle. Using the same notation as in the first proof of
Proposition 4.12, we have the following commutative diagram:

H (WX, colim 7 (£)) —— HE . (D(Z,X),colimI (£)) +—— H},(X, colim I/ (£))

lSign lsign Jrsign
sk *

Hiy oy N7 X (R).Z(C) — Hiy o (D(ZX)R).Z(L)) +— Hig (X (R).Z(L))

As in the proof of Lemma A.17, the horizontal maps are isomorphisms by the well-
known construction of the deformation to the normal bundle (see the discussion
above Proposition 4.12) and by Lemma 2.13, and the vertical maps are isomor-
phisms by Corollary A.16. We conclude that the lower horizontal maps are also
isomorphisms. This is independent of any comparison of the deformation to the
normal bundle with tubular neighborhood constructions.

We could have defined the pushforward in topology as the cup product with
a Thom class followed by the deformation to the normal bundle, and this would
have been enough for our purposes since the two localization sequences in topology
(with values in the locally constant sheaf Z(L£)) and in algebraic geometry (with
values in the sheaf colim I/(£)) can be identified via the cycle class map. How-
ever, the identification of the pushforward defined in this way with more common
constructions of pushforwards in singular cohomology requires arguments of the
kind presented in the proof of Proposition 4.12.
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