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We compute the total I/-cohomology of a projective bundle over a smooth
scheme.
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Introduction

Let X be a smooth integral scheme of dimension d over a field k and let £ be an
invertible Oy-module. One of the basic tools to study the Witt groups of X with
value in L is the so-called Gersten-Witt complex C(X,W,L) of X constructed in

(6]

Wk(X).0E) 2 @ Wk(x).0f) 2 — P Wkx).0b)

xex® xeX

where w% denotes for any point x € X () the vector space EXt{DX,x (k(x),Ly),
with £, the free Ox -module obtained from £. For any x € XU), the group
W(k(x),w%) is endowed with a structure of a W(k(x))-module induced by left
multiplication. One can therefore define for any n € N the analogues 1" (k(x),w%)
of the powers of the fundamental ideal I(k(x)) by I"(k(x),w%) = I"(k(x)) -
W(k(x),w%). We also set 1" (k(x),w%) = W(k(x),w%) if n < 0. The differentials
of the Gersten complex respect the subgroups /" (k(x),w%) ([12, Corollary 7.2],
or [9, Théoreme 9.2.4]) and therefore one obtains a filtered Gersten-Witt complex
C(X.V,L):

If(k(X),w;go)ﬁ P Ij_l(k(x),a)f)ﬁ...% P 1 kx).0f).

xeXx xeX (@

for any j € Z and any invertible Ox-module £ over X. This complex carries
in some sense more K-theoretic information than the usual Gersten complex
C(X,W.L). Indeed, forany j € Zlet C(X,I/*!,£) — C(X.I/, L) be the morphism
of complexes given by the term-wise inclusions 1"t (k(x),w%) C I"(k(x),w5%).

The cokernel of this map is the complex C(X ,ij) as described below:

kX)) — P77 k@) > P T k).

xeXxX® xex(d

Its groups and differentials are independent of £ and its cohomology groups
H (X ,ij) are isomorphic to the groups H "(X,HZ,(_,;t2)) obtained from the
sheaf associated to the presheaf V + HJ, (V,u2) ([25, Theorem 7.4] and [21,

https://doi.org/10.1017/is013002015jkt217 Published online by Cambridge University Press


https://doi.org/10.1017/is013002015jkt217

The projective bundle theorem for I/ -cohomology 415

Theorem 4.1]). In particular, one sees that H/ (X ,ij) = Ch/(X) for any j € Z,
where Ch/(X) denotes the Chow group of codimension j-cycles modulo 2. By
construction, there is a long exact sequence in cohomology

= HI(X, U L) = H(X,V,L) > H (X, ') > H (X, T+ L) > ...

linking the cohomology groups H (X1 ,L), or the I/ -cohomology of X, with the
groups H' (X,ij ).

The cohomology of the filtered Gersten-Witt complex is also involved in the
definition of the Chow-Witt groups (see [9, Chapitre 10]). In fact there is an exact
sequence (where X is of dimension d):

CHY(X) —— CHY(X,L) —— H4(X,04,£) — 0

for any invertible Ox-module £. Thus the group H¢(X.I¢,L£) can be seen as the

quadratic part of the top Chow-Witt group CH? (X, L).

All in all, the cohomology of C(X,I/,L£) is an object of study at least as
interesting as the cohomology of the usual Gersten-Witt complex. An important
question that one may ask is the following: What kind of characteristic classes do
we have in this cohomology theory?

In the usual Chow theory, or more generally for oriented cohomology theories
in the sense of [17] or [22], one way to get characteristic classes is the computation
of the total cohomology of a projective bundle P(E) over X. This computation is
also interesting because it gives a (vague) idea on how the cohomology groups of
projective varieties look like. In this paper, we compute the total I/ -cohomology of
a projective bundle over a smooth base and we construct some characteristic classes.

One of the first observations we make is that part of the total //-cohomology

actually comes from Tj -cohomology. Namely, we construct for any i,j € Z and
any m € N homomorphisms

Wi H (X)) — H(B(E).V",0(-m) @ p*L)

which we prove to be split injective provided 1 < m < rank(E) — 1 (Corollary
5.8). Since the Gersten-Witt complexes twisted by an invertible module £ or
by an invertible module £ ® N'®? are canonically isomorphic, we see that the
homomorphisms '’} have images in different groups depending on the parity of
m. We therefore define split injective homomorphisms

2<m<rank(E)—1 )
OF.. P ‘I H(®E)V.pL)
m even
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and
1<m<rank(E)—1 )
OF,: P HTEYT) > H@E)V.pLRO(-1)
m odd

as the sum of the corresponding p7'. We then define the reduced cohomology groups
H! (P(E),V,p*L)and H (P(E),l/, p* L&O(—1)) to be the cokernels of % and
©Z,,- The real challenge is to compute these reduced groups. In case the bundle is
of odd rank, we find the following result (Theorem 9.1):

Theorem Let X be a smooth scheme and let E be a vector bundle over X of odd
rank r. Let p : P(E) — X be the projective bundle associated to E and

0 Gr PprEY o(1) 0

the canonical sequence. Then
p* H (X.V.L)— H (P(E).V,p*L)

and
c(Gg): HH' (X VL) — H (P(E).V . p* L ® wp(£)/x)
are isomorphisms for any i, j € Z and any line bundle L over X.

The class ¢(G)) appearing in the statement is the Euler class (defined for
instance in [9]) of the total space Gg of Q}g. When the bundle E is of even rank,
then there is a simple case and a more difficult case depending on the twist involved
(Theorems 9.2 and 9.4).

Theorem Let X be a smooth scheme and let E be a vector bundle over X of even
rank r. Let p : P(E) — X be the projective bundle associated to E. Then

H'(P(E).V,0(-1)) =0
foranyi,j € Z, and we have a long exact sequence

o H (X VPl (X U det(€)Y) 2 B P(E).V wpgyx) 2 HTH (X P+ .
The sequence splits if and only if ec(E) = 0. The same results hold for groups
twisted by a line bundle L over X.

Here € : H'="(X,I/7"*!) - H!="(X,I’™") is the homomorphism induced by
the morphism of complexes C(X,I/~"*!) — C(X,I/~") and c¢(E) is the Euler class
of E. We provide an example where ec(E) is non zero and therefore the long exact
sequence is not split in general. As a consequence, p* is not injective and thus
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the useful splitting principle valid for Chow groups doesn’t hold in the context of
I/ -cohomology.

For the special case of the cohomology of the (non-filtered) Gersten-Witt
complex, we re-obtain the results of Walter [27] by a different method. The fact that
there is no clean answer in the even rank case forces us to restrict to the case of odd
rank for the definition of the integral Stiefel-Whitney classes of E. Interestingly,
we only get classes ¢, (E) with m odd and they satisfy the usual properties of the
characteristic classes (Proposition 10.4):

Theorem Let X be a smooth scheme and let E be a vector bundle of odd rank
r over X. Then the integral Stiefel-Whitney classes of E satisfy the following
properties:

1. If f : X — Y is aflat morphism, then f*cm(E) = cm(f*E)o f*.

2. If f : X = Y is a proper morphism, then fu(cm(f*E)) = cm(E)o fa.
3. c1(E) = c(det(E)) and cr(E) = c(E).

4. If[E] = [E'] in Ko(X), then cp(E) = cm(E") for any odd m.

The name of these classes comes from the fact that they lift the (classical)
Stiefel-Whitney classes defined in Section 4 and therefore potentially carry more
information than the latter.

Finally, we compute the cohomology of P! with coefficients in the Milnor-Witt
sheaf Kﬁ"’ W as defined in [20, §3]. We obtain the following theorem (Theorem
11.7):

Theorem We have

KMW (k) ifi=0.

KjA’fi(k) ifiis even andi # 0.
2KM (k) ifiisoddandi #n.
Kj]"{‘f(k) ifi =nandn is odd.

H' (Pp KYW) =

. 2an’£i (k) ifiisevenandi # n.
H (B K}V, O(=1)= (KM (k) ifi is odd.
ij‘{z/(k) ifi =n andn is even.

A philosophical (and unfortunately imprecise) explanation on why we have to
restrict to this case is the following.

Let X be a smooth scheme over R. Then, the I/-cohomology of X is
(in a sense that we hope to make more precise in the future) the analogue of
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the singular cohomology groups H*(X(R),Z), while the r -cohomology is the
analogue of the singular cohomology groups H*(X(R),Z/2). The comparison
between I/ +!-cohomology and I -cohomology corresponds to the homomorphism
H*(X(R),Z) — H*(X(R),Z) induced by the multiplication by 2 on the co-
efficients, and the connecting homomorphism comparing r -cohomology and
I/ T1-cohomology is analogous to the Bockstein homomorphism H*(X(R),Z) —
H*TY(X(R),Z/2).

Consider the sheaf Kﬁ"’ associated to Milnor K-theory and its modulo 2 version
Kﬁ” /2. The cohomology groups H *(X ,K?’I ) represent an analogue of the singular
cohomology groups H™*(X(C),Z) and the cohomology groups H*(X Kﬁu /2)
correspond to H*(X(C),Z/2).

By definition, the Milnor-Witt sheaves Kﬁ” W is a way to put together the
information obtained from both I/ -cohomology and K?’[ -cohomology. Thus, for
a scheme over R, the analogies of the previous paragraphs show that H™*(X Kﬁ” )
glue together the singular cohomology groups H*(X(R),Z) and H*(X(C),Z). We
can summarize this in the following motto: Milnor-Witt K -theory is an analogue of
the singular cohomology of both the real and complex points, and shows how these
glue together.

The sad truth is that the information of both these theories doesn’t glue together
well in the case of a projective bundle (and there is no reason on why it should be
the case!), unless the base scheme is a point.

The article is organized as follows: In Section 1, we quickly review the basic
facts about projective bundles that we will need throughout the article. We also fix
some notation used in the sequel. Section 2 recalls the construction of the filtered
Gersten complex and its functorial behaviour. There is also a discussion of the
product on the cohomology groups. The next section deals with Euler classes, and
in particular with Euler classes associated to line bundles. We prove a crucial lemma
(Lemma 3.1) describing the Euler class of a line bundle in a new way.

In Section 4, we recall the well-known computation of the projective bundle
theorem for the Chow groups modulo 2. The technical part of the article begins in
Section 5. We construct the already mentioned homomorphisms

pi s HU(XT) — H" (P (E). V4", 0(-m) ® p*L)

which will generate the r -cohomology part in the total I/ -cohomology of P(E),
and then we prove that they are split injective provided m is smaller than the rank
of E. We then attack the computation of the reduced groups by constructing some
interesting classes &,.... ., when P(E) = ]P’)”(_l. These classes already appear in
Balmer’s paper [2], where they are used to give explicit generators of the Witt groups
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of IP’)'}_I. It turns out that these classes come from global ones when # is odd, and
this is where the vector bundles of even and odd rank behave differently. Having
these tools in the pocket, we spend Section 7 to explain the links between the I/-
cohomology of P(E) and the I/-cohomology of P(E @ 1x). Finally, we prove
the projective bundle theorem in the split case in Section 8, before passing to the
general case in Section 9.

We end up the article with a discussion on integral Stiefel-Whitney classes of
odd rank vector bundles in Section 10 and with the computation of the projective
bundle theorem for Milnor-Witt K-theory in Section 11.

Conventions

All schemes considered in this article are assumed to be connected, noetherian,
separated of finite type over a field k, whose characteristic is different from 2. We
also assume that the schemes we consider are smooth. If X is a scheme, we write
Qx/« for the sheaf of differentials of X over k, which in our case is a locally free
Ox-module of rank equal to the dimension of X. We denote by wy/ its highest
exterior power.
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1. Projective bundles

In this section, we recall some well-known facts about projective bundles. The
reader is referred to [15] for more details.

Let X be a scheme. For any O x-module M, we denote by M"Y the O x-module
Home, (M,Oyx). If € is a locally free coherent Ox-module of rank r, we denote
by det(€) the invertible module A" E. Observe that there is a canonical isomorphism
det(£)Y ~ det(EVY).

Let £ be a locally free coherent Ox-module over X. The vector bundle E
associated to £ is the scheme Spec(Sym(EY)) together with the natural projection
E — X. The sheaf of sections of this morphism is naturally isomorphic to £. In
particular, we have the zero section z : X — E. In this article, we will always
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use capital calligraphic letters for Ox-modules and capital roman letters for the
associated vector bundles.

The projective bundle P(E) associated to E is the scheme Proj(Sym(EY)). We
usually denote by p : P(E) — X the projection. The scheme P(E) comes with an
exact sequence of locally free Op (g)-modules

0—~Gp —— p*&Y O(1) 0.

The invertible sheaf O(1) is called the canonical quotient. Its dual is O(—1), the
canonical subbundle. As usual, we denote by G the total space of Gg.

It follows from [15, II, Theorem 8.13] that the sheaf of differentials Qp(g), x of
P(E) over X can be computed with the exact sequence

0—=QpiEyx — PV ®0O(—-1) — OpE) —0.

Tensoring with O(1), we see that Qpg)/x ® O(1) ~ GE.

Let 1x denote the module Oy . Consider the projective bundle P(E & 1x) with
projection p’ : P(E ®1x) — X. Since X = P(1y), there is a canonical embedding
s: X - P(E ®&1yx). Let U be the open complement of X in P(E & 1x), with
inclusion : U — P(E & 1x). If X = Spec(A4) and E = A", then the restriction
of OpEgiy)(1) to U is globally generated by r elements and therefore there is a
unique morphism g : U — P(E) such that Opgg1,)(1)jv = ¢*Opg)(1) ([15, 11,
Theorem 7.1]). Glueing these morphisms, we get a morphism g : U — P(E) for
any vector bundle E. It turns out that U is a vector bundle over P(£) and can be
identified with the total space of Op£)(1) over P(E). Under this identification, the
morphism g : U — P(FE) can be identified with the canonical projection (see [14,
Corollaire 8.6.4] for instance).

The embedding ¢ : P(E) — P(E & 1x) factors through U and gives the zero
section of the vector bundle ¢ : U — P(E). The complement of P(E) in P(E&®1y)
is E, with inclusion 7 : £ — P(E & 1x), and the zero section z : X — E is just the
restriction to £ of the embedding s : X — P(E & 1x).

Let Bix(P(E & 1x)) be the blow-up of P(E & 1x) along X = P(1x) with
projection p : Bix(P(E & 1x)) — P(E & 1x). Observe that the exceptional fibre
of Blx(P(E @1yx)) is P(E). Consider the projective bundle P(Opg)(1) ® 1p(£))
over P(E) with projection p’ : P(Opg)(1) ® 1pr)) — P(E). Again, we can
identify P(E) with P(1p(g)) and its complement in P(Opg)(1) ® 1p(k)) is the
total space of Op(g)(1) over P(E). This identifies U with the open complement of
P(E) in P(Op &) (1) ® 1p(r)) and Bix (P(E & 1x)) with P(Op ) (1) ® 1p(k))
(see [14, §8.7)]).
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1.1. Canonical modules

Recall from our conventions that if X is a (smooth) scheme we denote by wy/x the
highest exterior power of the locally free sheaf Q. If /' : X — Y is a morphism
of schemes, we denote by wy,y the invertible sheaf wy,r ® f *a)}’ k-

If E — X is vector bundle of rank r and p : P(E) — X is the associated
projection, the exact sequence

0—QpE)yx —= Y ®0O(—1) — Op) —0.

yields a canonical isomorphism wp(g),x := det(Qp(g)/x) =~ p*det(£)Y @ O(—r).
It follows immediately that wp(Eg1)/x = (p')*det(€)Y ® O(—r —1).

Letn: U C P(E & 1x) be the open complement of X = P(1y) andg : U —
P(E) be the morphism defined in the previous section. We have

wy/x = propEe1y)/x =P (p) det(€)” ®O(=r) = p*(p')*det(€)" ® p* O(-r).
Since p'p = pg and p*O(—1) = ¢*O(—1), we find wy,x = ¢*(wpE),x ®O(—1)).

For the convenience of the reader, we summarize the computations of the
canonical twists up to squares in the following table.

r even r odd
WP(E)/X prdet(£)Y p*det(€)Y @ O(—1)
wpESLy)/x | () det(E)Y ® O(—1) (p')*det(£)

1.2. Notation

We set the following notation:
e p:P(E)— X the projection.

L] 1)(2: OX

Gg = QpiE)/x ® O(1).

p :P(E ®1yx) — X the projection.

s: X — P(E & 1yx) the inclusion given by the identification X = P(1y).

1: E— P(E & 1x) the inclusion.

p" . E — X the projection.

e z: X — E therestrictionof s : X - P(E @ 1x) to E.
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U:=P(Ea®lx)\X.

n:U — P(E & 1x) the inclusion.

q : U — P(E) the natural projection when U is identified to the total space of
Op(g)(1) over P(E).

t:P(E) — P(E & 1x) the inclusion.

Blx(P(E & 1) the blow-up of P(E & 1x) along X.

p:Blx(P(E ®1x) — P(E & 1x) the projection.

wp(E)/x the canonical bundle of P(E) over X.

wpE)/x (i) :=opE)x ®O() forany i € Z.

For any line bundle L over X and any i € Z, L(i) := p*L ® O().

2. Witt groups and Gersten complexes

In this section, we refer to [6] for the construction of the Gersten-Witt complex, to
[9] for its properties and to [3] for more information on the theory of derived Witt
groups.

2.1. The complex

Let X be a connected smooth scheme of dimension d and let L be an invertible
Ox-module. Recall from the introduction that we denote by L, the free Oy -
module £ ® Oy, and by % the k(x)-vector space Ext?, .. (k(x),Ly) for any point
xeX®,

For any j € Z, we denote by I/ (k(x),w%) the group I/ (k(x)) - W(k(x),w%),
where I/(k(x)) stands for the j-th power of the fundamental ideal I(k(x)) C
W(k(x)), with the convention that 7/ (k(x),w%) = W(k(x),w%) if j < 0. The
quotient 1/ (k(x),w%)/1/ T (k(x),w%) is independent of £ by [9, Lemme E.1.3]
and 2-torsion. We denote it by T (k(x)). By definition, there is an exact sequence
of groups

0 I (k(x),05) — = T (k(x).08) — T’ (k(x) — 0. (1)
Recall from [6] that there is a Gersten-Witt complex C(X, W, L)

Wk(X0).05) o @) Wik(x),.08) 2 P Wkix).08)

xex® xeXx ()
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which is the first page of a coniveau spectral sequence. Since the differentials of the
Gersten-Witt complex respect the fundamental ideals ([12, Theorem 6.4]), we get
for any j € Z a Gersten-Witt complex C(X,1/, L)

De(x),08) 2 @ F k)08 2 @ 1 k(x),05).

xeXM™ xeX (@

Now let Ii be the sheaf on X associated to the presheaf defined on U C X by the
exact sequence

0—H(U) — I k(U).05) = @) 1/ (k(x).0).

xeUm

It turns out that C(X,I/,£) is a flasque resolution of I£ ([12, Corollary 7.7]). Thus
the homology groups H' (X ,.I/ ,L) of the complex C(X,1/,L£) compute the (Zariski)
cohomology of the sheaf I.. When L is trivial, we simply drop it in the above
notation. By convention, we have H'(X,I/,£) = H'(X,W.L£) if i > j and in
particular H' (X, I/ ,£) = H'(X,W,L) if j <0.

Another consequence of the fact that the differentials preserve the fundamental
ideals is the existence for any j € Z of a complex C(X g ):

7o) 2 @ 77 k() Lo — P T k).

xeXM xeXxX (@

Since all groups appearing in this sequence are 2-torsion, its homology groups

Hi(X ,ij) are also 2-torsion and we will not bother about signs in the computations
involving these groups. As in the above case, this complex is a flasque resolution of

the sheaf I’ associated to the presheaf defined on U by the exact sequence

0 T ) T/ (k(Uy) -2 @D 17 ko).

xeUM

Observe that 7’ (k(x)) coincides with Héi, (k(x),pu2) for any point x € X and any
J € Z by [21] and that both groups are trivial when j < 0.

For any x € X, the exact sequence (1) shows that for any j € Z and any
invertible Ox-module L, there is an exact sequence of sheaves

e

0— It o ¥ 0.
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We also denote by €, the homomorphism H! (X, I’+! L) — H!(X,I/,L) induced
by the morphism ¢, : ILT' — I., by n; : H(X.V.L) — Hi(X,ij) the
homomorphism induced by 7 : I£ =1 and by d, the connecting homomorphism
HI(XY) > H*'(X.U+! ). By definition 9,@) = df(a), where o €
CI(X,VV,L) is any lift of @ € C'(X,T').

2.2. Functorial properties

The Gersten complex constructed in the previous section satisfies good functorial
properties, which we recall now. More details can be found in [9].
If f:X — Y is aflat morphism, then there is a morphism of complexes

f*:C(Y.V.L)y— CX.V,f*L)

of degree 0, and hence homomorphisms f* : H!(Y,I/.£) — H'(X.VV,f*L)
for any i € N. In the particular case where X is a vector bundle over Y and
f is the projection, then f™* is an isomorphism ([9, Théoreme 11.2.9]). We
call this phenomenon homotopy invariance. More generally, there is a pull-back
homomorphism f* : H (Y, 1/ ,£) — H!(X,I/, f*L) associated to any morphism
f : X — Y which coincides with the above homomorphism when f is flat, but
its construction is a little bit more delicate and does not come from a morphism of
complexes in general (see [8]). This generalized pull-back allowed us to define a
ring structure ([8, Corollary 4.6, Lemma 4.20]) on the total cohomology group

HX1* ) =P § HEV.L.

ieN jeZ L£ePic(X)/2

in which the unit is the class of (1) in W(k(X)) provided X is connected. The other
ingredient is the exterior product on complexes ([8, Corollary 4.6])

*» C'(X V. L)xC™"(XT"N)— CH (X x XV LRN)

which induces an exterior product on cohomology groups using a kind of Leibnitz
formula ([8, Corollary 4.8]).

If f:X — Y is a proper morphism between smooth schemes, then there is a
morphism of complexes

fo: CXV ox/k ® f*L) — C(Y.V ™ 0y ® L)
of degree d, where d = dimX — dimY, and therefore we get push-forward

homomorphisms f : Hi(X,I/,wX/k ® f*L) —> Hi_d(Y,Ij_d,a)Y/k ® L) for any
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i € N. In particular, if £ = wy /- We get homomorphisms
St H' XV, ox)y) > H ™YV

where wy/y = wx/r ® f*a);/k. For instance, if X = P(FE) for some rank r vector
bundle E over Y then wy,y = p*det(€)" ® O(—r) as already seen in Section 1.

The compatibility between pull-backs and push-forwards is as good as one can
hope in some particular cases. If

X =X

S

Y ——=Y
u

is a Cartesian square of smooth schemes with f proper and u flat, then u™* f,, = g.v*
by [9, Théoreme 12.3.6]. More generally, suppose that in the fibre product

X s X

|
Y —=Y
u
the morphism f is a regular embedding (u is not necessarily flat). Let Ny X be the

normal cone to X in Y and Ny X’ be the normal cone to X’ in Y’ with respective
sheaves Ny X and Ny X’. Then we have an exact sequence of Ox/-modules

0 Ny X' VNyX —= € —=0

and & is locally free. In this situation, we have u* f(_) = g«(c(E) - v*(_)) where
c(E) is the Euler class of E defined in Section 3 (see [10]). This generalized base
change allows us to prove the following projection formula, that we will need later
in this paper. Let f : X — Y be a proper morphism, then

fale)-B = fula- [7B)

for any & € H' (X,l/ ,w0y;x ® f*L) and B € H" (Y,I*, ). This is easily deduced
from the Cartesian square

Ty
X —XxY

/| =

Y —Y xY
A
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where I' s is the graph of f and A is the diagonal embedding.

To conclude this section, we state some obvious properties of the connecting
homomorphism 3z : H (X.I') — HT1(X,I/*!, L) defined in the previous section.
These results express the fact that the connecting homomorphism is natural.

Proposition 2.1 Let X,Y be a smooth schemes and let L be an invertible Oy -
module.

1. If p:Y — X is flat, then p*d; = 0+, p*.

2. If p: Y — X is proper, then ps«0p+r@wy,y = 0z D

3. Euler classes

Let p: V — X be a vector bundle of rank r and let v : X — V be the zero section.
Recall that the Euler class of V is the homomorphism (see [9] for instance)

-1

Hi(X,U,L) 2 HAT (VU p*(det(V)Y ® £))> HI+T (X, U+ det(V)Y ® L).

It follows immediately from the projection formula discussed in the above section
that for any & € H' (X,1/, ) we have

(P") " va(@) = (") s (1" p%a) = [(0") " vi(1)] e
Therefore this homomorphism is entirely determined by the image of 1 € H%(X, W)
which we denote by ¢(V'). By abuse of language, we also call this element the Euler
class of V. The Euler class satisfies the expected functorial behaviour, as proved in

[9, Chapitre 13]. Explicitly,

1. If f: X — Y is proper and V is a vector bundle over Y, then
Sele(f*V)- D) =c(V)- fo().
2. If f:X — Y isflatand V is a vector bundle over Y, then

S e =c(f* V) f*0.

3. If 0—V; —V,—V3—0 is an exact sequence of vector bundles over X,
then c(V2) = c (V1) - c(V2).
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Of course, we can replace I/ by 7’ in the definition to get a homomorphism
c(E):

—j+r, (p*)7!

HX V) gitr (g V) givrx V7

)-
This homomorphism is also completely determined by the image of 1 € H(X,W)
which we denote by ¢(£). We will call ¢(E) the top Stiefel-Whitney class of E.
This denomination will be made clearer in the next section, where Stiefel-Whitney
classes of vector bundles will be defined.

The following Lemma gives a useful computation of the Euler class of a line

bundle:
Lemma 3.1 Let L and N be line bundles over X. The following diagram
commutes:
HxXUN) S gt (x I N @ L)
”N\L /
HI(X.T).

Proof: Let p: L — X be the projection and let v : X — L be the zero section,
with associated morphism of sheaves Oy — v.Ox. As L = Spec(Sym(L")), the
zero section is given by a morphism of Oy -modules s : p*£Y — Oy, such that the
sequence

0— p*LY =~ O —v,0x —0

is exact. Since Or, >~ Home, (p*LY,p*LY), we can see s as a symmetric morphism
for the duality Home, (_,p*LY).

Let k(L) be the residue field at the generic point £ of L. Localizing s at E
it becomes an isomorphism and therefore defines an element of W(k(L), a)p e )
whose class in W (k(L)) is the unit 1 (since the underlying k(L)-vector space is of
dimension 1). Now dj) LY (s) is the class of the symmetric isomorphism

,0* Ly 5. Or

-

p*LY — OrL

in H'(L.1,p*L") (see for instance [6, Proposition 8.5]). By definition, this is
precisely 0, v (1) in H'(L,I,p*L). Using [13, §2.4], we see that this element is
v«(1), where 1 € H°(X, W) is the unit of W(k(X)). Since the Euler class commutes
with pull-backs,

vi(1) = p*e(L) = c(p*L)
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thus showing that d,+,vm(1) = c(p*L). We can apply Proposition 2.1 and
homotopy invariance to get d,v (1) = c(L).

Leta € H (X,I/,N). Then p*a € H' (L,I/,p*/\) is the class of an element § €
C'(L,1V,p*N'). We can consider the exterior product s x € C* (L x L.I/,p*£L" ®
N). Applying [8, Corollary 4.8], we get

dE" (5) %6 = (—=1)'d*"®N (s x ).

Now s % 6 is a lift of p*mpr(0) = mpepr(p*e) in CH(L,1V,p*LY ® N) and we
conclude that _

Ipr(wory) (Tpar(pta)) = (=1)'c(L) - p .
Now ¢(L) = d,vm (1) is 2-torsion, and we can use homotopy invariance to get the
result. O

Next we prove a compatibility lemma between the Euler class of a vector bundle
and the connecting homomorphism.

Lemma 3.2 Let X be a smooth scheme, V be a rank r vector bundle over X and L
be a line bundle over X. Then c(V)d, = 0,gdet(v)v € (E).

Proof: Let p:V — X be the projection, and v : X — V be the zero section. Then
c(V)d: = (p*)"'v.d,. By Proposition 2.1 (applied twice), we get

(P*) "M vsde = A (p™) Vs = Drgderv)v ().

4.7 -cohomology of P(E)

Let E be a rank r vector bundle over X and let p : P(E) — X be the projection. In

this section, we recall quickly the computation of the r -cohomology of P(E). We
set £ :=¢(O(1)) and for any m € N we denote by
gmHI(XT) = H®E) LT

the homomorphism o > £™ - p*a, with the convention that £* = Id. When no
confusion can arise we also denote £ - « the product £” - p*«.

Recall from Section 1 that the identification of P(1x) with X gives an inclusion
s : X - P(E & 1x), and that the complement U of X in P(E & 1x) is a vector
bundle over P(E) with projection p : U — P(E). This gives a long exact sequence
of localization

= HL(P(E®1x). 1) — H(®P(E®1x).T)— H (UT) —
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for any i,j € N. Using the push-forward and homotopy invariance, this yields an
exact sequence

i HT XY ) 2 H(P(E@1x). 1) — HI (P(E),T) —> -

Because p’ : P(E @®1x) — X is proper and satisfies p’s = Idy, (p’)« is a retraction
of s, and the long sequence reduces to split short exact sequences

—j—r

00— H7TXT ) H®E®1x).T') — H (P(E)T) 0.

We can now prove the following theorem:
Theorem 4.1 Let X be a smooth scheme and let E be a rank r vector bundle over
X. Then the homomorphism

r—1 . .

xe @PHT XY > H(PE).T)

m=0
defined by yg(ai,....0ti—r4+1) = Z,rn;loém -Qj_m Is an isomorphism for any i € N.
Proof: Assume that £ = (’);(‘H. Since everything is obvious for r = 0, we can
prove the result by induction. The short split exact sequence above reads as

0— H" (XY )2 Hi @y T) — H P T) —0

and the classes £ € H™ (P ,ij) restrict to the classes £ € Hm(IP)’(_l,ij) under
the homomorphism H' (P ,ij) — H! (]P’)’(_1 ,ij) for any m € N. We therefore have
an isomorphism
. j— r_l . j— . /
s« @ qor HTXY He@H "X ™) > H (PL.T).
m=0

We now prove that if « € H =r(x ,ij_r), then the restriction of £&” - « to the group
Hi(P)’(_l,ij) is zero.

Let ¢ : Py ! — P/~ be the projection induced by X — Spec(k). Pulling back,
we get £ =¢c(O() =y*(c(O1))and & -a = ¥*c(O(1))" -«. Since C’(P,:_l,ir)
is trivial because there are no points of codimension r in P/ ~1, wefinde(O(1))" =0
and therefore £” = 0 when restricted to IP)’(_I.

This shows that for any o € HI=" (X,ij_r), we have £ -a = s4(B) for some
Bin H"(X.T'™"). Applying px, we get @ = B by [11, Proposition 3.1 (a) (ii)].
Therefore the result is proven if £ = (9}“. For a general E, we can use Mayer-
Vietoris to conclude. O
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This theorem allows us to define the Stiefel-Whitney classes of a vector
bundle E of rank r. It shows that

r—1
Er = Z smar—m
m=0

for some uniquely determined oy—,, € H 7" (X ,ir_m). We set ¢co(E) = 1 and
Crom(E) =0op_y forany 0 <m <r —1.

Definition 4.2 For any 0 < n < r, we call the element ¢,,(E) € H" (X ,in) the n-th
Stiefel-Whitney class of E.

The Stiefel-Whitney classes satisfy the functorial properties listed in [11,
Theorem 3.2]. Observe that the Stiefel-Whitney class ¢,(E) coincides with the
top Stiefel-Whitney class defined in Section 3 by [11, Example 3.3.2].

To finish the section, we shall compute the homomorphism

st H(XT ) > H (P(E @ 1x).T).

This result will be needed in the sequel. We recall first the computation of the
top Stiefel-Whitney class of the vector bundle associated to the dual of Gg =

QpE)/x ®0(1).
Lemma 4.3 We have ¢(GY%) =Y o "¢, _1_m(E).
Proof: We have an exact sequence of sheaves on P(FE):

0—>Gg——> p*EV O(1) 0.

The result then follows from the Whitney formula ([11, Theorem 3.2 (e)]) and [11,
Remark 3.2.3 (a)]. ]
Lemma 4.4 Foranyo € H'™" (X,ij_r), we have sy (o) =¢(G gy, ) .

Proof: Using the projection formula, we see that it is sufficient to prove the result
fora =1.

As seen at the beginning of the section, the exact sequence of localization
associated to the closed embedding s : X — P(E @1y) yields a split exact sequence

0— HYX.W) 2> H (P(E®1x).] ) — H"(P(E).I ) — 0.

Since s.«(1) € H"(P(E & IX),ir) and any element in this group is a linear
combination of 1,£,...,£" by Theorem 4.1,

se() =) E"arm

m=0
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with ay—m € H™™(X,I ). Restricting to P(E), we get > o™ = 0. By
definition of the Stiefel-Whitney classes of E, we have
r—1
E =) " m(E).

m=0

Using Theorem 4.1 again, we find oy, = ¢r—m(E) -op forany 0 < m < r —
1. We therefore have s.(1) = Y, _ o™ (Cr—m(E) - ). Applying (p’)« and [11,
Proposition 3.1 (a)], we obtain g = 1. Now for any 0 < r —m < r, the Whitney
formula shows that¢,_,,(E) = ¢,—, (E ®1x). The result then follows from Lemma
4.3, O

5. Twisting homomorphisms

Definition 5.1 Let X be a scheme and E be a vector bundle over X. For any m > 1
and any line bundle L over X, let

pm e A (X ) — HP™P(E) V™ £(—m))
denote the composite

0c—1)

HxX ) -2 1 PE)T) 22 g (E) U+ L1522 im () U+ L (—m)).

These homomorphisms are a crucial tool to understand the I/ -cohomology of a
projective bundle. Our concern in this section is to understand their behaviour after
composition with the projection 7, (_):

Hi(X.T) 2o gi+m@®(E), V™ L(—m))

\L”L(—m)

Hitm®(E) .

Lemma 5.2 Suppose that E = E' ® 1x. Then for any o € H' (X,ij) we have

Tomymy (@) = EMa + E™ 0, ().
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Proof: Let B € C!(X,I/,L) be a lift of «. The element 1 € 1y gives a global
section of O(1) which we denote by x and we get a symmetric morphism

O(-1) —= Opg)

for the duality Homoy, ., (_,O(=1)).

Letting £ be the generic point of P(E), we can see x as an element in the group
W(k(]P’(E)),wg(_l)) = CYP(E),W,O(-1)) (see also the proof of Lemma 3.1).
We consider the exterior product p*(B) x x € C'(P(E) x P(E),I/,L(—1)) and we
can use the Leibnitz rule [8, proof of Proposition 4.7] to compute diL(_l) (p*(B)*xx).
We get (up to signs):

ATV (B) )=l E(p* By xx + p(B) xdy V()
= p A (B) xx+p7(B) x dy TV (x),
Observe that dlfc (_1)( Pp*(B) x x) = k(@) by definition and therefore
Tonip(@) = 7o) (p A (B) * x4 p*(B) x dy TV (x)).
Now dég(_l)(x) = c(O(1)) by Lemma 3.1 and thus no(_l)déo(_l)(x) = £. Then
Ty (@) = p*medc(e) + p*(@)é.
and the case m = 1 is settled. In general,
Temly (@) =" (wpnpp (@)
and we deduce the result from the case m = 1. 0

Corollary 5.3 Suppose that E = E' & 1x. Then for any « € H' (X,1V) we have
e my (@) = €7 (@) + §" (L) ().
Proof: The above lemma yields
Teemmfm(@) =§"a+ " n dom()
and Lemma 3.1 gives a commutative diagram

Hi(x V) SEL giti(x 1+ )

nl /
ac
H (X.T).
It follows that w 0,m(a) = ¢(LY)nm (). Now ¢(L) = ¢(L") and the result is

proved. O
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Next we prove some results which will be used to understand the composition
mre—-myn7 for a general bundle E. They will also be useful for the computation of
the total cohomology of a projective bundle. Using the notations of Section 1, we
have:

Lemma 5.4 The following diagram commutes:

HI(P(E @ 1x).V det(€) (—m)) "= H (UV q*(det(E) (—m)))
MSZ[(E@IX)VT Tq*

H-"x, 7™ Hi(P(E),V,det(E)Y (—m)).

Her(eyv

Proof: This is a straightforward consequence of Proposition 2.1 and of the fact that
the Euler classes commute with flat pull-backs. O

We now consider, for any line bundle L over P(E & 1x), the push-forward
s H Y ®P(E) V™ ope)/x ® L) > Hp gy (P(E & 1x).V . 0pEe1y)/x ® L)

induced by the closed immersion ¢ : P(E) — P(E & 1x). We start by computing ¢,
for cycles coming from X.

Lemma 5.5 Let L be a line bundle over X. For any a € H' (X, 1/ ,L), we have

tep™ (@) = c(OM)(P)* ()

in HYYP(E @ 1x), IVt L(-1)).

Proof: Let x : O(—1) = Op(gg1y) be the morphism given by the global section

corresponding to 1 € 1x. Then the class in H!(P(E @ 1x).1,O(—1)) of the
. . o(=1) . .

symmetric isomorphism d,, (x) given by the diagram

O(-1) — Op(Ea1y)

.

O(=1) —= Op(Eo1y)

represents ¢(O(1)). This is precisely ¢« (1) by [8, Remark 3.33]. The result follows
on noting that 4 p* (o) = t4(1) - p* (). O

Lemma 5.6 For any m > 1 and any line bundle L over X, we have 1, W]} = /,LZH_I.
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Proof: First observe that (*O(1) = O(1). Using [9, Théoreme 13.3.1], we get for
any m
L (O™ = e (FO)™ L = c(O))" L,

and we can then suppose that m = 1. By Proposition 2.1, we get
Lefbk = L1y p™ = 0(pryscta D™
Now . p* =¢(O(1))(p)* by [11, Proposition 2.6 (b)] and Lemma 3.2 shows that
Apysctep™ = 0(py=cC(O()(P)* = c(O(1)) 31y (p)*

The latter is 4% and we are done. O

We thus get the description we wanted, as stated in the next result.
Proposition 5.7 For any m > 1 and any o € H' (X ,ij), we have
TrmWf (@) = E"a +§" i (@)
Proof: 'We have a commutative diagram:

HITmP(E), V1" L(—m)) Hi+m(]P’(E),ij+m

Ly \Ll*

HIFmH (P (E @ Ly) VL L(=m — 1) — HTH(P(E @ 1x).1
TTL(—m—1)

T o(—m)

)

j4+m+1

).

The right-hand . is injective because the long exact sequence of localization
associated to the embedding ¢ reduces to (split) short exact sequences. In order
to prove the result, it suffices therefore to prove that

LTy (@) = 1§+ E" 20 (@)).

Using the commutativity of the above diagram, we see that the left-hand side is
equal to o m_1)txs (7 (). By Lemma 5.6, we have (., = /LZH_I, and we are

thus reduced to prove that
Teem-niyE (@) = LM e+ i (@)

Using once again that (. p* = ¢(O(1))(p)* = & - (p')* and the fact that Stiefel-
Whitney classes commute with proper push-forward, we see that the right-hand side
is equal to ™l + £ -0~ (a). The result follows then from Lemma 5.2. O
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Corollary 5.8 Let E be a bundle of rank r on a smooth scheme X, and let L be a
line bundle over X. Then the homomorphisms

2<m<r—1

OLw: D B P2 i BBV L)

even
m even

1<m=<r—1
—j—m, LWE

Oh: P HTXIT) =S H(P(E).V.L&O(-1))
m odd
are split injective.
Proof: We prove that the first homomorphism is split injective when L is trivial,
the arguments to prove the full statement being similar. By Proposition 5.7, the
composition

2<m=<r-—1 . ® .
P v s HI(P(E)V) —"—~ HI (P(E).T)

m even

maps Y ;o t0 Y ;(§'o; + 71 7d(et;)). Now Theorem 4.1 shows that we have an
isomorphism

r—1 . .
e @PH T XY > H(PE)T).
m=0
Composing m, the inverse of this isomorphism and the projection on the even
factors, we get a retraction of Oyep. O

This corollary leads to the following definition.

Definition 5.9 Let X be a smooth scheme, E be a vector bundle of rank r over X
and L be a line bundle over X. For any i, € Z, we denote by H!(P(E),I/,L) the
cokernel of %, and by H(P(E),I/,L ® O(—1)) the cokernel of ®%,,. We call
these groups reduced cohomology groups.

The proof of the projective bundle theorem will consist in studying these
reduced cohomology groups. The next section is devoted to the definition and the

study of a useful class.

6. The orientation class

Let X be a smooth scheme and let £ = OY%; thus P(E) = IE’}’(_I. As usual, we
denote by p : Py~ — X the projection. Given any basis ey ...,e, of O%, we denote
by ey,....e, its dual basis and by é;,...,é, the images of p*ey,...,p*ey under the

https://doi.org/10.1017/is013002015jkt217 Published online by Cambridge University Press


https://doi.org/10.1017/is013002015jkt217

436 J. FASEL

canonical morphism p*((O%)") — O(1). We get symmetric morphisms é; of the
form

O(-1) —~ Opr

whose localizations at the generic point of P4~! define elements in
COo(P5 ', W,O(-1)). Their images under dég(_l) are symmetric forms dég(_l)(é,-):

O(-1) —~ Opy

|

O(—l) ?‘ O]P’gfl .

Observe that déo (_1)(é,~) is supported on V(¢;), which is of codimension 1, and that
it represents ¢ (O(1)) = dp—1y(1) in HI(IP”_1 LO(-1)).

Now, we can choose ye, ..., := ey A...Ae, as a generator of det((O%)"). Then
p* Xer.er generates p*det((O )¥) and we can use this to define a new symmetric

.....

p*det((0%)Y).

Localizing at the generic point of Py ~1 as above, we can see é; ® Xei....e, @S an
element in CO(IE’” LW, p*det((O0%)Y) ® O(—1)), and we can consider its exterior
product with dO 1)( 2) ... d(?( 1)( er).
It follows from [8, Corollary 4.8] that
@1 ® Yeroe)) * (dy V(@) .- dg TV (@)

.....

is a cycle on Py x P} ~1 and we can pull-back along the diagonal to obtain an
element &, ., in H™~ 1(]P” LI det((O%)Y)(—r)) (compare with [2, Corollary
6.13]). Now Cl)]Pr lx = det(SZ]P,n 1x) = det(((’) )¥)(—r) and therefore &,

can be seen as a class in the group H™ 1 (P 11"~ a)P)r;l/X).

.....

Definition 6.1 We call &, ., the orientation class of P 1.

It turns out that &, ., does not depend on the choice of a basis, as we will see
later (see Theorem 8.1). When r is odd, we will also see that &, ..., is the Euler
class of some bundle and as such is also defined when £ is not free.

We first deal with the properties of &, ... ., under the push-forward homomor-
phism

.....

D H’—I(P;(—I,I’—l,wm(_l/x) — H(X,W).
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Let vy,...,v, be a basis of O%. Let sy, : X — ]P’}’(_1 be the immersion given by
the identification of the vanishing locus V(¥s,...,0,) with X. Observe that &,,,.. »,
is precisely supported on X = V(¥,,...,0,), and we can therefore consider it as an
element of Hy ™' (Py .1 wpr—1/x).

Lemma 6.2 The equality
(Svl,...,v,-)*(l) = ‘Ev],...,vr

holds in H§(_1(P§_1,I’_1,wp§71/X).

Proof: Let D = D, (#;). Forany 2 <i < r, let V; = ¥;/; and consider the
Koszul complex Kos(Va,...,V,) on D generated by the regular sequence Vs, ..., V;.
This complex is naturally isomorphic to its dual ([5, Definition 4.1]), i.e. we have a
symmetric isomorphism:

o Kos(Vz,...,Vn) — Homp,, (Kos(Vz,...,Vn),(’)D).

On D, &,, ... v, 1s represented by the symmetric isomorphism

(51 ® o1, - dg TP (@) .- dS TV (5

since U1 ® Xy,,...,v, 1S an isomorphism. Choosing 1/v; as generator of O(—1), we
see that the restriction of d(? (_1)(171-) to D is precisely do(V;) for any 2 <i < r and
the restriction of U1 ® yy,,....», to D is the symmetric morphism Op — det(A""1)v
given by 1+ V5 A ... A V. Therefore (§v,....,v,)|p coincides with the symmetric
form p on Kos(Vz,...,V,) (use [5, Remark 4.2]). The latter is (Svl,..-,vr|D)*(1)
by [13, §2.4]. To conclude, observe that since s, ... v, (X) C D, the localization
homomorphism

Hy (P I L opr1/x) = Hy (DY wp)x)

is an isomorphism by [1, Corollary 2.3]. O
Proposition 6.3 Let v,,...,v, be any basis of O%. Then p«(§y,,.»,) = 1 in
H°(X,W).

Proof: This is clear since psy,,..,, = Id. L]

We can identify further the class &, .. ,,. Recall from Section 1 that we have an
exact sequence of sheaves on IP)’(_l

0—=>G——> p*(O%)Y —= O(l) —0.

and that the determinant of G is det(O% )" (—1). If r is odd, this determinant is the
same as Wpr-1/ (modulo 2). So we can see the Euler class ¢(G") as an element of

H1 (PS'(—I ,Ir_liw]P’f(_l/X)'
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Proposition 6.4 Suppose that r is odd. Then we have c(GY) = &y,... v, for any
basis vy,...,v, of O%.

Proof: Consider the exact sequence

0—>G——> p*(O%)" o(1) 0.

Choose a basis vy,...,v, of O%. Restricting this sequence to D (91) and choosing
vy as a generator of O(1), we see that G is the free Op (5,)-module generated by
the elements (v,/7,,—1,0,...,0),...,(9,/?1,0,...,0,—1).

The projection of p*(0%)" onto the first factor yields a morphism of sheaves
s:G — O]P)r(—l and a direct computation shows that we have an exact sequence of
sheaves

.....

Restricting this sequence to D (1) and using the above basis of G D4y WE see
that Slpy o is given by the regular sequence 0, /91,...,0,/01.

We can consider the Koszul complex K(s) associated to s, together with its
natural symmetric isomorphism ([5, Remark 4.2])

o:K(s) —> T’_lHomo]P,r_1 (K(s),det(G)).

Observe that K(s) is supported on sy, ..., (X). Localizing at the generic point of
Sv1,...v, (X), we get an element in H ™! ( X)(]P’)’(_I,I’_1 ,det(G)) which represents
VY. vr

the Euler class ¢(GY) by [9, Théoreme 14.3.1]. Restricting to D (¥;), we check as
in the proof of Lemma 6.2 that it coincides with &, 4, . L]

Remark 6.5 In particular, we see that if r is odd then &,,
basis.

v, 1s independent of the

.....

7. P(E) and P(E & 1x)

In this section, we prove some technical results comparing the cohomology of P (E)
and P(E ® 1y).

Let X be a scheme, and let E be a rank r vector bundle over X. As described
in Section 1, we have a closed embedding s : X — P(E & 1x) and its open
complement  : U — P(E & 1x) is a vector bundle over P(E) with projection
q :U — P(E). The closed embedding s induces an isomorphism

se HT(X V™) > HL(P(E @ 1x).V . 0pEa1)/x)
and the projection ¢ an isomorphism

q*: H' (P(E),V ,0pE)x ® O(-1)) —» H (UV,0y/x).
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Lemma 7.1 The long exact sequence of localization yields short (split) exact
sequences

0—=H7"(X,V7") X H(P(E ®1x).V, 0pEe1y)x) — H (P(E).V 0pE)x(—1)) = 0.

Proof: It suffices to observe that p is a left inverse of s.. O

The same result holds twisted by a line bundle L over X. Suppose next that the
cohomology of P(E & 1x) is twisted by wp(g@1y),x (1) instead of wp(E@1y)/x-

The complement of P(E) in P(E@1y) is E and the embedding s : X — P(E®
1x) factorizes through E to give an embedding z : X — E (which is the zero section
of the vector bundle E). By flat excision, the morphism: £ — P(E & 1y) induces
an isomorphism on the cohomology groups with support on X. We therefore get an
isomorphism (trivializing O(—1) in an obvious way)

() 'zt HT(XVUTT) > HYy(P(E ® 1x),V ,0pEery)/x (1))
As in the previous case, the projection g : U — P (E) induces an isomorphism
q*: H'(P(E).V op)x) — H (U 0yx (1))

The aim of the next lemma is to understand the connecting homomorphism § in the
long exact sequence of localization with coefficients in wp (g @1),x (—1) associated
to the open embedding U C P(E & 1x).

Lemma 7.2 Lete: H ="YX IVt — HI="t1(X 1/77") be the homomorphism
induced by the morphism of sheaves 1V ="+1 — 1/=". Then the following diagram

commutes

4 . *8q* .
H (P(E).V . opiE)yx) — Hy "(EV,0g/x)

Hi_r+1(X,Ij_r+1) - Hi_r—H(X,Ij_r).

Proof: Recall from Section 1 that the blow-up of P(E & 1x) along X can be
identified with the projective bundle P(Op)(1) ® 1p(g)). Hence we have a
commutative diagram

X s P(E ®1yx) U

A

P(E) — Bix(P(E & 1x)) —=P(E)
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satisfying Hypothesis 1.2 in [4, §1]. Observe that the composition of the two
morphisms in the bottom line is the identity, because of the identification of the
exceptional fibre P(E) with ]P’(l]p(E)) in Bly(P(E®1y)) = P(OP(E)(I)@IP(E)).

In such a situation, Balmer and Calmes describe in [4, Theorem 1.4 (B)] the
connecting homomorphism

§: W (U,wy x(1)) » Wi ' (P(E @ 1x),0p (Ea1x)/x (1))

appearing in the long exact sequence of localization for Witt groups as s« p«(g*) ™!
(see [3] for more information on Witt groups). Surprisingly enough, their argument
basically boils down to understanding the case of a blow-up along a closed
subscheme of codimension 1 (!). As we want to adapt their proof to I’ -cohomology,
we briefly recall the setting of [4, Lemma 4.2]. Let B be a smooth scheme over a
scheme X and let E be a smooth principal divisor in B with open complement U'.
Denote by i : E — B the closed embedding and by v : U — B the open embedding.
Let O(E) be the line bundle associated to E. Then the composite

. ~ % . P .
Wi(B,wp/x ® O(E)) —— W (U,wpjy) —= Wit (B.wp/x)

is equal to 7,7*.
In the same setting, we would like to compute the composite

Hi(B.V,wp/x ® O(E)) ——= H' (UV ,0py) —— H:" (B.V,wg,x).

By definition of O(E), we have an exact sequence of sheaves of Og-modules

0—— O(E)Y —= 0p .OF 0.
The morphism s can be seen as a symmetric morphism for the duality O(E)Y
5:O(E)Y — Homp, (O(E)Y,0(E)Y)

which becomes an isomorphism on U (for the duality Oy since we can trivialize
Oy on U). It follows that s defines a cycle in C°(B,W,O(E)Y).
Leta € H (B, ,wp/x ® O(E)) and@ € C'(B,VV ,wp/x ® O(E)) be a lift of
. Then o x5 € Ci(B,Ij,a)B/X) represents the class of v* () in Hi(U,Ij,wB/U)
and it follows from the Leibnitz formula for I/ -cohomology [8, Corollary 4.8] that
(up to signs)
Aaxs)=(—1)'a-d’s)=d’s) .

Thus dv*(a) = d%(s) - a.
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We now compute the composite

Hi(B,Ij,wB/X ® O(E)) L Hi(E,Ij,wE/X) i HjEH(B»IjH,wB/X)-
The projection formula yields 7,1*(e¢) = ix(1) - «. By definition of the push-
forward map for I/ -cohomology, we see that the class of d°(s) in H'(B.1,O(E)Y)
is precisely 7 (1), and it follows therefore that €7, (1) = d°(s) where
e: HY(B,LLO(E)Y) - HY (B,W,O(E)V).
Thus €i,* = Jdv* in this situation. We can now argue as Balmer and Calmes

([4, proof of the Main Lemma 3.5, proof of Theorem 5.1]) to get a commutative
diagram:

. . Sa* . .
H{(P(E).V ,0pg)x) —— HF (P(E @ 1x),V,0pEe1)x (1)

Hi—r-i—l(X’Ij—r—f—l) Hi—r-f-l(X’Ij—r)'

This proves the result. 0

Corollary 7.3 The following diagram commutes:

. . *8ag* s .
H' (P V wpr1 ) y) —— HT AL 0,1/x)

%—(’2 ..... er T TZ*

Hi—r+2(X,Ij—r+2) Hi_r+2(X,Ij_r+1).

€

Proof: This follows immediately from Lemma 7.2 with E = O% and from the fact
that in this situation the multiplication by &, . ., is a section of p. by Proposition
6.3. O

Pursuing our study of the localization sequence, we switch to the study of the
homomorphism

Hy" (P(E & 1x).V . opEen/x (1)) > H T (PE & 1x).V .0p@Een)/x (1)

when & = O%!. The next result is a computation of it, after identification of the
left-hand term by flat excision (and trivialization of O(—1)).
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Lemma 7.4 The following diagram commutes:
i+l Ar—1 [/ @) i -1 1
HX ( X ,I ,a)ArX—l/X)H'H (IPX »I ’w]P)r(_l/X(l))

r—I1
Z*T Tu(p/)*del(of\/)\/

Hi_r+2(X,Ij_r+1) Hi—r+2(ij—r+1).

w

Proof: Leta € H'="t2(X I/~"+1). By definition,
MEP_';*det(OS(_I)V]T(a) = C(O(l))r_zadet(o;(—l)w—n(P/)*ﬂ(a)-

Since (p')* and 7 commute, we can use Lemma 3.1 to get
gerior1yv (-1 (P 7(@) = c(det(O% ) @ O(1)) - (p)*(@).

So it suffices to compute ¢(O(1))" "2c(det(O% 1) ® O(1)) - (p')*(«) to prove the
result. Using the projection formula, we see that z,(«) = z«(1) - (p”)*(«) and we
are then reduced to prove the result for ¢ = 1.

Recall from Section 6 that ¢(O(1)) is represented by the class of d(? (_l)éi

for any i = 1,...,r and that c(det((’)S(_I) ® O(1)) is represented by the class of

dget(E)V(_l)(Ez “Aeter)-

It follows that ¢(O(1))" ~2¢(det(O% ) ® O(1)) is represented by the class of

r—=Iyv(_
dg Ve dg Ve dg™ N TN @ ey )

which is supported on s(X). Restricting to E, we see that it also represents
(™) 1z(1) by [13, §2.4]. O
We now turn to the homomorphism

H Y (P(E @1x).V wpEery/x(1) > H UV 0y x(1))

where we identify the right-hand term with H'*1(P(E),lV ,wp(g)/x) by homotopy
invariance.

Lemma 7.5 Suppose that £ = (’);(_1. Then the following diagram commutes:

(g*)"1n*

H'TYP(E & 1x).1V . wpEe1y)/x (1) —= H T (P(E).V wpE)/x)
MdrcT(lEG)lx)vT Tsez ..... en
i—r+20y 7/ i—r+1 j—r42
H (X1 ) 3 H (X1 )-
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j—r+1

Proof: Leta e Hi7"+2 (X,i. ). Using Lemma 5.4, we see that

s\—1_ % r—1 _ ,,r—1
(q ) n Mdet(@;(_lﬂalx)v (Ol) - l‘l“det(oi)’(—l)v (a)

The lemma follows then from the explicit description of &, . ., of Section 6 and
Proposition 2.1. 0

8. The split case

In this section, A is a smooth k-algebra and X = Spec(A). We always suppose that
r>2.

If € H(Py . 1V,L) and @ € H"(X.I*,N), we denote by « - B the class
of p*(a)- B in H'T" (P L V*5, p* N ® £). In the statement of the following
proposition, we consider the reduced cohomology groups of Definition 5.9. Observe
that the pull-back p* and the right multiplication by the orientation class induce
homomorphisms

p* i H (XY .L)— H PV, p*L)
and

by composing with the projection of the cohomology groups to the reduced
cohomology groups.

Theorem 8.1 Letey,...,e, be a basis of A", and let L be a line bundle over X. If r
is even, then

P @by, e  H XV L)@ H "XV L) — H (PY LV, p*L)

is an isomorphism and I:Ii(IP’)r(_l,Ij,p*,C@O(—l)) =0foranyi,j € Z. If r is odd,
then

p*H (XV.L)— H (PY LV, p*L)

and
Eeroey  HTTTHX VT L) > (P LV, p* LR O(—1))

are isomorphisms for any i,j € Z. In both cases, if vy,...,v, is any other basis of
A", then we have &, ...e, = Ev,,...v,-
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Proof: We prove the result for a trivial invertible Ox-module £, the general case
being strictly the same. If eq,...,e, is a basis of A", we put £ = A"~! with basis
es,...,e,. We then have ]I”)’(_1 = P(F & 1x) and we use the notations of Section 1
in the rest of the proof.

We start with the computation of the reduced cohomology of P}, i.e. we assume
that r = 2. If e, e, is a basis of 42, then we can identify X = Spec(A) with the zero
locus of the section &,. This yields an embedding s, e, : X — Py and split exact
sequences (Lemma 7.1):

0 B XU L LV wopy ) H (A Vg1 y) 0

) WPl x WAL/ X
Now (Se;,e,)#(1) = &, e, by Lemma 6.2 and in general (¢, ¢,)« (@) = p* (@) -&¢ 5
by the projection formula. The retraction p, and homotopy invariance give

H Py, V 0py ) = [H X £y e ® [H (X1 det(4%))] - 1.

Since wp1,x is a square in Pic(Py), we see that in that case the ordinary
cohomology coincides with the reduced cohomology and this case is settled.

We now have to compute H' (P},I/ ,0p 1/x(=1)). We again use the long exact
sequence associated to the embedding Se, ¢, : X — ]P’}(. Using Corollary 7.3,
Lemmas 7.4 and 7.5 as well as the 5-lemma, we see that

) = H' (Py.V . opy x(~1))

is an isomorphism. Therefore the reduced group is trivial and the case r = 2 is
settled.

Suppose by induction that the theorem is true for » — 1. As usual, we set & =
A"1 and we therefore have split exact sequences by Lemma 7.1 :

pl (X T

0— H™"(X.U™") = H(P(E @ 1x).lV .0pEery)/x) — H (P(E).V.wpE)x(—1)) =0
Lemma 5.4 shows that these sequences induce split exact sequences
0— H™"(X.U™") = H(P(E @ 1x).VV .0pEey)/x) — H (P(E).V.wpE)x(—1)) =0

and therefore Lemma 6.2 yields the result for H* (P4 !, I/ ,0pr—1/y)- We now deal

with H' (P} 11/ ,@pr-1,x(=1)). We have a commutative diagram with exact lines
(use Lemmas 7.4 and 7.5)

HZ (XYY — H PV opr1 ¢ (=1) —= H' (P72 V ,wpr—2/x)
T“drex_(}Ar)V) T?ez ..... er

i—r+1 f—r+1 i—r+1y 7L j—r+1 j—r 42
Hi-mt+ (X,I] r+ )—n>Hl r+ (X.I )THI r+ X,V r+ ).
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Once again, Lemma 5.4 shows that the same diagram holds for reduced groups. By

induction, Lemmas 7.3 and H' (P! 1 SOpr-1 x (=1)) has the desired form.
To conclude, we still have to prove that &,
of A”. If r is odd, this is a straightforward consequence of Proposition 6.4.

,,,,, v, = Ee,,....e, fOr any basis vy,...,v,

Suppose that r is even. Then Wpr-1/x = p*det((A")Y) modulo 2 and we can

.....

this group is equal to the direct sum of

[H (XU det((A)Y) - 1] © [HY (X W) &y, ]

1

and a sum of pu™(H"™~1=™ (X,ir_ _m)) for even m < r — 2. Therefore

—r—1
for some o, € H™~17"(X 1

v, as a class in H’_l(IP)’(_I,I’_l,p*det((A’)V)). We just computed that

™), some B € H™1(X,I""!,det((A")V) and some

a € H°(X,W). Applying p., we get @ = 1 by Proposition 6.3. Using the projection
7, we see that o, = 0 for any m (use Lemma 5.2). It remains to show that § = 0.

But both &, ., and &,

,,,,,,,,,,

v, are represented by a cycle supported on a rational

point (over X) and there exists a A”~! not containing their supports. Restricting to

this affine plane and using homotopy invariance, we get 8 = 0.

9. The projective bundle theorem

If £ is a bundle of odd rank over a smooth scheme X, we have the following
theorem. Recall from Section 1.1 that wp(g),x = p*det(£)¥(—1) in Pic(P(E))/2.

Theorem 9.1 Let X be a smooth scheme and let E be a vector bundle over X of

odd rank r. Let p : P(E) — X be the projective bundle associated to E and

0 g p*EY o) 0
the canonical sequence. Then
p*H'(XV.L)—> H' (P(E).V.p*L)

and
¢(GY): HT' (X, VT ) - H(P(E).VV,p*L ® wp(E)/x)

are isomorphisms for any i, j € Z and any line bundle L over X.
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Proof: We consider the set S of open affine subschemes of X on which the
restriction of E is free. For any n € N, we let S, be the set of open subschemes of
X which are covered by at most n elements in S. We prove that the theorem is true
on any element of S, by induction on 7.

If n = 1, then the result follows from Proposition 6.4 and Theorem 8.1. Suppose
now that the theorem holds for any element of S,—; and let Y € S,,. By definition,
Y =ZUT with Z € §,—1 and T € &;. Since X is separated, it follows that
ZNT € S,-1. Using the Mayer-Vietoris sequence, we see that the theorem holds
on Y. It follows that the theorem holds for any n € N and any element of S,,, hence
also for X since it is noetherian and thus quasi-compact. O

If E is of even rank, then things are more complicated. However, there is a
simple case.
Theorem 9.2 Let E be a bundle of even rank r on a smooth scheme X. Then
HI(P(E).V,p*L®O(=1)) =0 foranyi,j € Z and any line bundle L over X.
Proof: 1If X is affine and E is free, then the result follows from Theorem 8.1. We
can use the same argument as in the proof of Theorem 9.1 to conclude. O

Now comes the painful computation of the untwisted cohomology of P(E)
when E is of even rank. To start with, we prove a lemma showing that the push-
forward induces a well-defined operation on reduced groups.

Lemma 9.3 The homomorphism ps induces a homomorphism
pe: H (B(E)V 0pg)x) > H (X, V7T,

Proof: By definition, it suffices to prove that p«®even = 0. Let m be an even integer
suchthatm <r—landa € H'™™(X g _m). Then « is supported on a finite number
of codimension i —m points in X. Let ¥ denote the union of the closure of these
points. We can then see « as an element in H {,‘m (X g _m). Now remark that u" ()
is supported on p~!(Y) C P(E) and then by definition of the transfer map we have
Pl gy (@) € Hy"H(X,/="*1). Since m and r are even, we get m < r —2 and
i —r+1 <i—m. This implies that Hy " (X,I/="*1) = 0 and the result is proved.

O

Theorem 9.4 Let X be a smooth scheme and let E be a vector bundle over X of
even rank r. Let p : P(E) — X be the projective bundle associated to E. Then we
have a long exact sequence

o Hr (X WO 1 (X 1 det(€)Y) 2 AT (P(E)V 0p(syx) 2 HIH (X741 — ..

The sequence splits if and only if ec(E) = 0.
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Proof: In this proof, we denote by w the invertible sheaf wp(g)/x and by ' the
invertible sheaf wprg1y)/x. We consider the long exact sequence of localization
with coefficients in w’(1) (which is equivalent to (p’)*det(£)Y modulo 2) associated
to the closed embedding s : X — P(E & 1x) with open complement n : U —
P(E ®1x).

The first step of the proof is to show that this localization sequence can be
replaced by an exact sequence easier to manage. More precisely, we will construct
surjective homomorphisms f;,g;,h; such that the following diagram commutes

H'(P(E ®1x).lV,0/(1)) /i HI(X,VV ,det(€)Y) @ Hi—r(XjJ'—r)
@)™ (p* u")
H(P(E).V.0) . /(B (E).V,0)
ba” €ps
HL(P(E®1x).lV,0'(1)) hi HI~r (X, 1VT)
ext (<)
H'(P(E & 1x).lV .0'(1)) ELsY HIYY(X, 1V det(€)Y) @ Hi—l—l—r(X’—j—r)

and show that the kernel is an exact complex. It will follow that the sequence on the
right, that we denote by C, is indeed a long exact sequence.

We start with the definitions of f; and g;. Let m be an even integer. Then
Lemma 5.4 yields a commutative diagram

H'(P(E ®1x).l/ det(€)Y (—m)) LN H'(U.V .q*(det(£)Y (-m)))
“ge'n(sealx)VT Tq*

H-m(x, U HI(P(E),V det(€)Y (—=m)).

Her(eyv
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It follows that we have a commutative diagram with (split) injective horizontal maps

2<m<r—1 ) . YT
P el T HIR(E @ 1)V 0/ (1)
m even
(")~ 'n*
2<m<r—1 ) .
P v HI(P(E).VV ).
Sl o
m even (E)

By definition, the cokernel of the bottom arrow is the reduced group H* (P(E),I/ ,w)
and we denote by

gi H'(P(E).V 0) > H (P(E).V.0)
the quotient map.
Now H'(P(E @ 1x).I/,0’(1)) is the cokernel of the (split injective) map

2<m=r

S @ HTXY ) > H BE @ 1x).V,0/(1).

m even

In the above diagram, we’ve considered even integers m < r — 1. Since r is even,
we see that the cokernel of the top map is the direct sum

I:Ii(IP(E ¥ lx),Ij,a)’(])) e Hi_r(X,_'l_r)

and we denote by f;’ the quotient map.
Therefore, the above diagram induces a commutative diagram

—j—r

HI(P(E ®1x).lV,0/(1)) i, H (PE®1x).V, ' (1)@ H (X1

(q*)“n*l J/

H!(P(E).V,0) HI(P(E).VV,0)

)

8i

with surjective horizontal maps. We can further identify the left-hand vertical
homomorphism using Lemma 5.4 and we obtain a commutative diagram

HI(P(E GBIX),Ij’a)’(l)) L— ]:II(P(E Ele),Ij,a)’(l)) EBHi_r(X,_j_r)

(q*)"n*l J/((q*)‘ln* ")

H!(P(E).VV ) HI(P(E).V o).

8i
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Moreover, the vertical arrows are surjective and have the same kernels. Now
Theorem 9.1 proves that

(p))* H (XU det(£)V) —> H (P(E & 1x).VV ' (1))

is an isomorphi ‘ L (W0 /
rphism. We define f; as the composite 0 1d f/. Tt follows

that we obtain a commutative diagram

—j—r

H (P(E ®1x).I/,0/(1)) i g (X, UV, det(E)V)® H (X, T )
(q*)‘n*l l(p* )

H!(P(E).V,w) HI(P(E).V,0)

as required.
We now define /; as the composite

. . Tk . . *71 . .
i (B(E @ 1)1 /(1) " Hy (B og)x) “ > H 7 (XD7)

and we observe that 4; is an isomorphism. It follows from Lemmas 7.2 and 9.3 that
the diagram

8i

H'(B(E).V.) A (B(E).V )
861*J/ J/ep*
HL(P(E @ 1x).V /(1)) —s Hi=r+1(X, 1)

commutes.
We are thus left to prove that the following diagram commutes

hi

Hy(P(E ®1x),V,0'(1)) HZT (X V)
o )

Jit1 —j—r

H PE®1y).V.,0'(1) —= H (XU det(E)V)® HT (XTI ).

To achieve this, we observe first that the following diagram commutes because of
the definition of the Euler class of E and the naturality of the extension of support

HiP (P(E @ 1x).V 0/ (1)) == H N (E )V 0gx) <— HI T (X, 1)

ext ext

H™ (P(E @ 1x).V 0'(1)) —= H ' (EV 0g/x).
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Together with Theorem 9.1, this shows that

ext(®) " ze(@) = (P)*e(E)@) + Y 1huey (@it1-m)

m even

in HTY(P(E @ 1x),I/,0/(1)). Applying mges)v and using Lemma 5.2, we obtain
that 7gee)v (ex1)(7*) 1z () equals to

2<m<r

(P e (E)m@)+ Y [e(O))" @it1-m)+E(O(1)" ™ (7 dger(E) (@i+1-m))].

m even

On the other hand, the commutative diagram

ext(*)™!

HiT1=r (X, 1V7) Z HHU(P(E @ 1x).V . opEery)/x (1)

nl lﬂda(s)v

Hitr(x ¥ HV\(P(E®1x).T)

ext (@) z,

and Lemma 4.4 yield ext (i*) " z4 (7 (o)) = E(GE@IX)(ﬂ(a)).
Butc(Gggy,) = > —o0Cr—m(E)c(O(1))™ and we deduce from the commuta-
tive diagram above that

ext(@) ' 24(@) = (P (EY@) + Y Wier @rm(E)(r(@)).

m even

It follows that the diagram

hi

Hi(P(E ®1x),V,0/(1)) Hi7T (X, V)

- )

Hi(P(E @ 1x),V /(1) L% Hit1 (X, T, det(€)¥) @ HIH1— (X,T' 7).
commutes. Observe finally that f; and g; have the same kernel and that 4; is an
isomorphism, it follows therefore that C is exact.

The second step of the proof is to replace C by the exact sequence of the
statement of the theorem.
Denote temporarily by C’ the sequence

-~-*>Hi_r(X,Ij_r+1)€c~(1>E)Hi(X,Ij,det(f)v) ﬂ; Fli(P(E).If,wP(E)/X)ﬁ H"_H'I(X,Ij_r"'l)»---
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and suppose for a while that C’ is a complex. We define amap f :C' — C by

Hi_r(X,Ij_r+1) € Hi_r(X,Ij_r)

co(E) (c(nE))

(o)

—j—r

Hi(X.VV det(€)Y) —— H (X, IV det()V) S H"(X.I' )
r* (™ un")
H (P(E).V ,0pg) x =——=H'(P(E).V .0p(£)/x)
Dx €Px
Hi—r-f-l(X’Ij—r—H) € Hi_r+1(X,Ij_r)

and we check that this is a morphism of complexes.
It is easy to see that the cone C(f) of f is homotopic to the long exact sequence

_._QHifr(X’Ij7r+l) ;Hifr(X,ijr) S Hifr(X:j_r) j) Hi7r+l(X,Ij7r+l) e

Since C and C(f) are exact, it follows that C’ is also exact.

We are thus reduced to prove that C’ is a complex. The arguments of Lemma
9.3 show that p, p* = 0, and we have ec(E) p« = ¢(E)ep« = 0 since C is exact. To
prove that p*ec(E) = ec(p*E) p* = 0, we observe that the exact sequence

0——=0O(-1) prE gy 0

and [9, Proposition 13.3.2] give c(p*E) = ¢(GY)c(O(-1)). Up to sign, the latter
is c(O(—1))c(G ) which becomes 0 after applying € because of Lemma 3.1. [

To close this section, we exhibit an example of a vector bundle of even rank over
a smooth affine R-scheme X such that ec(E) is non trivial.

Example 9.5 Consider the real 2-sphere S? = Spec(R[x,y,z]/x? + y2 + z%2 —1).
Then H?(52,1%) = Z by [9, Théoréme 16.3.8]. The exact sequence of sheaves

0 I I I 0
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yields an exact sequence
HY(S2I) —— H*(S2,1?) —= H?(S%I) ——= H?*(S%1).

But H'(S2I) is a 2-torsion group and H2(S2,I) = 0. Therefore € is an
isomorphism. If P denotes the (algebraic) tangent bundle to S2, then ¢(P) # 0
in H2(S52,1?) by [9, Corollaire 15.3.2, Théoréme 16.3.11, Théoréme 16.4.4] (in
fact it is not hard to compute that ¢ (P) = £2 depending on the chosen orientation).
Therefore ec(P) # 0.

10. Integral Stiefel-Whitney classes

The following theorem is a generalization of Lemma 3.1:

Theorem 10.1 Let X be a smooth scheme and let E be a vector bundle of odd rank

r over X. Let .
eyt HT VXTI ) — H (X, I, det(€)")

be the connecting homomorphism. Then c(E) = 0gey(s)v (Cr—1(E)).

Proof: Because of the exact sequence of sheaves on P(E):

0— = O(-1) P& Gy, 0

we have p*c(E) = c(p*E) = c(G%)c(O(—1)) by [9, Proposition 13.3.2]. Since
E is of odd rank, ¢(G}) € H"~ 1(]P’(E) I"~1,det(£)V(—1)). Lemma 3.1 gives a
commutative diagram

H Y (P(E), I det(€)Y (=1)) < gr(p(E).I,det(E)Y)

ndel(g)V(_l)\L /
det(£)Y

H (@ (E)T )
computing the multiplication by ¢(O(—1)). Since maey(eyv(-1)c(GE) = c(Gf), we
get ¢(GY)c(O(—1)) = dge(e)v€(G ) and therefore p*c(E) = Ogeye)v (G ). This
shows that € pxge(s)v p*c(E) = 0 and then p*€ge(eyvc(E) = 0.

Theorem 9.1 implies that e€ges)vc(E) = 0. Therefore there exists o €
H™1(X,T ") such that dgere)v (@) = ¢(E). It remains to show that & can be chosen
tobec,—1(E).

We have an exact sequence:

del(éj)

H'=Y(P(E), I, p*det(€)V) L gr-1(p(E), T )2 “’“’VH'(P(E) I, p*det(€)V).
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Since O4ei(e)vC(GY) = p*c(E) = Oge(e)v (p*), we have p*a — ¢(GY) =
Taene)v (B) for some p € H'Y(P(E),I"!, p*det(€)Y).
By Theorem 9.1, we can write

r even

B=p"y+ Z Mgét(g)v (Ar—1-m)
2<m<r-—1
for some y € H™™1(X, "1 det(€)V) and ay_1_m € H’_l_’”(X,ir_l_m). Using
Proposition 5.7, we obtain

r even

Taae) (B) = P* oy )+ D E™tr—1om +E™ 7 Taere) daeie)v dr—1-m)-

2<m<r—1
and Lemma 4.3 yields
r—1
c(Gy)= > &"cr1-m(E).
m=0

The equality p*a —¢(G ) = mge(e)v (B) and Theorem 4.1 imply thus that we have
Qr—1-m = Cr—1-m(E) for any 2 <m < r — 1 such that m is even. Therefore

r even
pra—p*cr—1(E) = p*raee)v (¥) + Z Sm_lﬂdet(g)vadet(e)var—l—m-
2<m<r—1
Since p* is injective by Theorem 4.1, it follows then that o —¢, 1 (E) = mge(e)v (8)
for some § € H™ (X, I"71,det(£)V).
Therefore we can choose « = ¢,_1(E) and the theorem is proved. O

This theorem is the motivation of the next definition:

Definition 10.2 Let X be a smooth scheme and let E be a vector bundle of odd rank
r over X. For any odd m, we define the m-th integral Stiefel-Whitney class ¢y, (E)
of E by cm(E) = dger(e)v Cm—1(E).

The first expected property of these classes should be that they generalize the
Stiefel-Whitney classes of Section 4. Indeed, it is the case:

Proposition 10.3 For any odd m, we have mwae sy~ cm(E) = ¢ (E).

Proof: Theorem 10.1 proves that d4eg)v (¢r—1(E)) = c(E). Since we also have
daer(e)v (€(GY)) = c(E), we see that ¢(G ;) —¢,—1(E) is in the kernel of dge(e) -
By exactness of the sequence linking the different powers of the fundamental
ideals, there exists € H" 1(P(E).I"*,det(£)) such that ¢(G}Y) — ¢,—1(E) =
Tldet(£)V (B).
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By Theorem 9.1, we can write

ﬁ = p*)/ + Z ,ngZ:t(g)var—l—m

2<m<r—1

and Proposition 5.7 yields

Tdet(£)V B) = P*”det(s)v (y)+ Z (Smar—l—m + é'-m_lnclet(f)v 8det(5)var—1—m)'

2<m<r-—1
On the other hand,
r—1
Taae) (B) =C(Gg) —Cr—1(E) = Y E"Cr1-m(E)
m=1

by Lemma 4.3. Comparing (and using Theorem 4.1), we find ¢, = ¢—1—, (E) and

Crom(E) = Tger(e)v Qaget(e)v (Cr—1—m(E)). But dgeqe)v (Cr—1-m(E)) = ¢r—m(E) by
definition and the proposition is proved. O

For any line bundle L over X, the multiplication by the integral Stiefel-Whitney
classes defines homomorphisms ¢, (E) : H (X, IV ,L) — HT"(X IVt L ®
det(€)Y) satisfying the following functorial properties:

Proposition 10.4 Let X be a smooth scheme and let E be a vector bundle of odd
rank r over X. Then

L If f: X > Y is aflat morphism, then f*cpm(E) = cm(f*E)o f*.

2. If f : X — Y is a proper morphism, then fi(cm(f*E)) = cm(E)o fa.
3. ¢1(E) = c(det(E)) and cr(E) = ¢(E).

4. If[E] = [E"] in Ko(X), then cy(E) = c(E') for any odd m.

Proof: The first two assertions are straightforward consequences of [11, Theorem
3.2] and Proposition 2.1. The third assertion is a reformulation of Lemma 3.1 and
Theorem 10.1. To prove the last assertion, observe that since [E] = [E’] in K¢(X),
we have ¢,,,—1(E) = ¢m—1(E’) for any m because of Whitney formula. Using
Theorem 10.1, we get

Cm(E) = 8det(E)v (Em—l(E)) = 8det(E’)v (Em—l(El)) = cm(E/)-
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Remark 10.5 Recall that the Steenrod operation S¢?, as defined by Brosnan [7] and
Voevodsky [26], satisfies the following "quadratic" description (on smooth schemes
over a field of characteristic different from 2) due to Totaro ([24, Theorem 1.1]):

Hi(in) _9 . Hi+1(X,Ii+1)

T
Sq?

HH (X T

If E is a vector bundle of odd rank over X with trivial determinant, Proposition 10.3
gives in particular the formula S¢2(C,u—1(E)) = Cm(E).

11. The projective bundle theorem for Milnor-Witt sheaves

Let X be a smooth connected scheme of dimension d and let x € X® for some
i e N. Forany j € N, let Kj.”_i (k(x)) be the (j —i)-th Milnor K-theory group as
defined in [18, §1], with the convention that KjM_i (k(x)) =0if j —i < 0. For any
y € XU*D there is a residue homomorphism

di : KL (k(x)) = K7L, (k(3))

defined for instance in [18, §2]. We thus get a sequence of abelian groups C (X ,K?’I )

KM (X)) 2~ @@ KM k() T P KM k()

xeXM™ xeX @)

which turns out to be a complex by [16]. As in the case of I/ -cohomology, we can
associate a sheaf K?” to the presheaf

U ker(KY (k(U) > @ KM, (k(x)))

xeUm

and the above complex is a flasque resolution of this sheaf ([23, §6]). We denote
by Hi(X Kﬁ” ) the cohomology groups of the above complex (which agree with
the cohomology groups of the corresponding sheaf). These cohomology groups
satisfy good functorial properties as summarized in [23]. In particular, homotopy
invariance holds and there are proper push-forwards. This allows to define Euler
classes of vector bundles using the usual procedure (see Section 3).

Let p : P(E) — X be a projective bundle. To avoid mixing up the notations,
we denote by e(O(1)) the Euler class of O(1) in H!(P (E),KII"I). In this setup, the
projective bundle formula holds as recalled by the next result.
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Theorem 11.1 Let X be a smooth scheme and let E be a vector bundle of rank r

over X. Then
. r_l .
H'(P(E).K}) = (D H' ™" (B(E).K}L,) - e(O(1)"
m=0
foranyi,j € N.
Proof: 'We can mimic the proof of Theorem 4.1 which goes through. O

In the same situation as above, there are homomorphisms

sj-i t KM (k(x) > T' ™ (k(x))
for any i,j € N and any x € X.(") ([18, §4]). These maps induce a morphism of

complexes C(X K?’[ ) > C(X ,ij) ([9, Théoreme 10.2.6]) and thus a morphism of

sheaves s : K?” T . We also denote by s : H"(X,Ky) — H! (X,ij) the induced
homomorphism on cohomology groups. We state now an obvious compatibility
result between the Euler classes in both Kﬁ” and I’ theories.

Lemma 11.2 Let E be a rank d vector bundle over X. Then the following diagram

commutes
My ¢E) rita
HY(XKM) S0 gitd (X KM )
Sl \LS
d
HXTV) — —a [

foranyi,j € N.
Proof: This follows from the compatibility results between the pull-back maps ([9,
Proposition 10.4.1]) and push-forward maps ([9, Lemme 10.4.4]). ]

We can now define for any j € Z the Milnor-Witt K -theory sheaf K%LW twisted
by a line bundle L over X as the fibre product of sheaves

MW
Kj:

— I

|

M 3/
KM — T

This definition agrees with the definition given in [20] by [19, Théoréme 5.3]. This
sheaf admits a flasque resolution by a complex of sheaves C(X Kﬁ"’ W L) of the
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form

KMV ((X),05) 2o @) KMV (k(x),0f) oo @ KM (k(x),05).

X0
xeX® xeX

where K jAf E’V (k(x),wy) is the (j — i)-th Milnor-Witt group of k(x) twisted by wy
as defined in [20, Remark 3.21]. The cohomology groups of K?:’LW satisfy the same

functorial properties as the cohomology groups of Ié (as demonstrated in [8]).
The fibre product

MW J
Ky —1I;

|

M 3/
KM — T

shows that there is an exact sequence of sheaves

. 6/ 9
0 S kMY 2 KM 0

for any line bundle L over X and any j € Z. We denote the connecting
homomorphism by §. : H'(X,K¥) — H'*!(X,I/*1,L). The commutative
diagram of sheaves with exact lines

Jj+1 €z MW 0 M

0 I, K/ K* 0
|
Jj+1 j =J

0 I, o I, - I 0

yields a proof of the next lemma.

Lemma 11.3 The following diagram commutes

Hi(X.KM) 2o giti(x,U+1, 1)

|

H (X1 —— HF (XL
L

for any line bundle L over X and anyi,j € N.
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Corollary 11.4 Let E be a rank r vector bundle over X. Then the following
diagram commutes

Hi(X,Kiu) 8c Hi+1(X,Ij+1,[,)
e(E)\L c(E)
Hi—i—r(X,KA/{H) Hi+1+r(X,Ij+1+r,[,®det(5)v)
J 8£®det(£)\/

for any line bundle L over X and anyi,j € N.

Proof: In view of Lemmas 11.2 and 11.3, it suffices to show that the diagram

Hi(X.T) i HIT (X, U+ L)
C(E)\L c(E)
Hi+r(X’ij+r) HIT A (X, U147 £ @ det(€)Y)
L@det(£)Y
commutes. This is Lemma 3.2. O]

Corollary 11.5 The following diagram commutes

H"""(X,Kﬂl_m al Hi_m(X,ij_m)
e(ou))mp*l wEt!
Hi P2 ,KM) HTY PR VT L(—m —1))
J Sc(—m—1)

for any m € N, any line bundle L over X and anyi,j € N.
Proof: The diagram

—j—m

j— M s j—
Hi m(X’Kj—m) - S H! m(X’ )
p* p

. . —j— 0, (— . .
Hz—m(Pn ’Kﬁu—m) _5S . Hl_m(P)n(,IJ m) g Hl_m+1(]P’;l(,I]_m+1,,C(—l))
e(0(1)" com)m c(o(1)™

H (P KY) ———— H (PR Y) o HH @I+ L(=m - 1))

L(—m—1)

commutes by Lemmas 3.2 and 11.2. The bottom composite is equal to § - (—,—1) by
Lemma 11.3. O
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We know restrict to the special case X = Spec(k). The reader can refer

to Remark 11.9 for more explanations on why we restrict to this case.

In

order to compute the Kﬁ” W _cohomology of P”, we will have to understand the

homomorphisms _ . .
§:H' Py KY) > HT (Pp. VT

and
So : H' (B KY) - H™ (B VH O(-1))

foranyi,j € N.

Notation We denote by A"j the kernel of § and by B *! its cokernel. Accordingly,

Jj+1

we denote by AZ. (O(-1)) the kernel of 6o (—1) and by B;j’_ll (O(—1)) its cokernel.

Using the long exact sequence of cohomology groups associated to the exact

sequences

0 ! Kj!l w Kj.” 0

and

j+1 MW
0——Irny —Kjorn

— K?” —0,
we get short exact sequences

0 —— B!

: . .
Lo H' @ KMY) 4 0

and

0— B}, (O(=1) — H' (B K} O(=1) — A3(O(=1)) —0.

Proposition 11.6 We have

KjA’fi (k) ifiiseven.
2KM (k) ifiis odd.

i _

J

M e e
A;((’)(—l)) _ 21;1-_1-(]() lfl l'S even.
Ky~ (k) ifiisodd.
1741 (k) ifi =0.
B;+1: I'+t1="(k) ifi =n and n odd.

0 else.

I7F17(k) ifi =n and n even.

0 else.

B} 1 (O(=1) = {
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Proof: By definition of A; and Bj.:[ll, we have an exact sequence

0> Al —— HI[®p.KM) 2o gi+1(p 1Y) Bit! 0.

The projective bundle theorem for Kﬁ” -cohomology shows that

n
H' (B KY) = D H "k K}L,)-e(O1)"
m=0
. My oM .
and therefore H' (P!.K") = K~ (k)-e(O(1))".
Suppose first that n is even. Then Theorem 8.1 shows that
m even .
Hi+1(IP;: Ij+1) — Hi-l—l(k Ij+1) D @ Hi+1—m(k ij'f'l—m

2<m<n

)

and therefore

D4y ifi =—1.
HT @ VY = {77 (k) ifi >0is odd.

0 else.

Thus the only possible case where § is possibly non-trivial is when i is odd.
Corollary 11.5 shows that we have a commutative diagram

—i

(k)

e(0(1))! J/ witl

KM (k) s 7

Hi(IP’n,Ky) T> Hi+1(Pl?,Ij+l).

It follows that § : H' (IP’”,K?” ) > H'TL(P2 1+ is surjective when 7 is even and
i is odd.
Suppose now that n is odd. In that case,
m even .
Hi+1(]P’I?,Ij+1) — Hi+l(k,lj+1) @ @ Hi+1—m(kjj+l—m

2<m=<n

)@ Hi+1_n(k,lj+1_n)

and the only difference with the above case is when i = n — 1. In this situation, we
claim that
§: H" '(Pp K¥) > H"(P} .Vt
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is trivial. Now Theorem 8.1 and Proposition 6.3 show that the push-forward map
(which is defined since WPk is trivial)

px s H'"@®R V) > HO(k VT

is an isomorphism. The map I 1 — Kﬁ” W in the exact sequence of sheaves

0 ! Kj!l w Kj.” 0

gives a commutative diagram

H"(Pp, V) —— H"(P7 KYY)

Dx ll’*

HO (e, V17" —— HO(k KYW).

The bottom map is injective and the left p, is an isomorphism. It follows that
H"(Pp U+ — H" (IP’”,KI}’I W) is injective and therefore § is trivial.

The computation of the twisted case follows exactly the same arguments as
developed above. O

We can now explicit and prove the computation of H'(P" , K¥").

Theorem 11.7 We have

KMW (k) ifi=o0.

Kj-"{i(k) ifi isevenandi # 0.
2Kj”£i(k) ifi isodd andi # n.
K}’f‘,’f(k) ifi =nandn is odd.

H (Pp KMW) =

2Kj1"£i(k) ifi isevenandi # n.
H ®p K O(-1) = KM (k) ifiisodd.
KJA{Z/(k) ifi =n andn is even.

Proof: Proposition 11.6 above shows that the only time when the exact sequences
(2) and (3) above could be non-trivial extensions are exactly when Milnor-Witt K -
theory groups appear in the statement of the theorem, the other cases being obvious.

Suppose first that i = 0 and the twist is trivial. In that case, the pull-back map
induces a commutative diagram (essentially by the definition of the pull-back map
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for Milnor-Witt K-theory, see for instance [9, Corollaire 10.4.2])

0—H'P" V) — H°(P" K}") — HO(P" K}) —0

d d -]

0—— H(k, V") —— HO(k K¥") —— H(k, K¥) ——0

The bottom sequence is exact. The left-hand and right-hand vertical maps are
isomorphisms, and it follows that the top sequence is also exact. The five lemma
allows to conclude the the middle vertical map is an isomorphism.

Using the push-forward maps ps and essentially the same arguments as above
yield the remaining cases i = n and n is odd, and i = n and n is even. O

Recall now that the i-th Chow-Witt group of a smooth scheme X twisted
by a line bundle L is by definition H'(X,KMW L) ([9, Définition 10.2.14]).
In the following statement, we use the identifications KMW (k) = GW(k) (the
Grothendieck-Witt group of k) and K2 (k) = Z. We also write 2Z instead of Z
to stress the different natures of these groups in CH' (P;!) and CH!(P",O(-1)).

Corollary 11.8 We have

GW(k) ifi =0ori =nwithn odd.
Cf'\I'-JIi(IP’,Z’): Z ifi is even and i # 0.
27 ifi is odd and i # n.
27 ifi is even andi # n.
CH'(P!,O(-1))=!zZ if i is odd.
GW(k) ifi =nandn is even.

Remark 11.9 The computation of the total K™ -cohomology of Py for a general
base scheme X is much more complicated than for Spec(k). The reason is that the
map

KMW
J

S H’(IP’;},K?’I) N Hi+1(P)n(,Ij+1)

is more complicated to study (the same holds for its twisted analogue). In general,
its kernel and cokernel can be expressed in terms of some cohomology groups of the
base with coefficients in either Kﬁ” or ZK?I . This allows to gather some information
on the total K?” W _cohomology of P%. Unfortunately the answer seems to be up
to extensions only, i.e. the answer presents itself under the form of short exact
sequences that don’t split in general. The situation is even worse in the case of

P(FE) for a general vector bundle E.
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