Matthew Emerton
Mark Kisin

THE RIEMANN-HILBERT
CORRESPONDENCE FOR UNIT
F-CRYSTALS.




Matthew Emerton
Department of Mathematics, Northwestern University .

Mark Kisin
Department of Mathematics, University of Chicago .

The first author would like to acknowledge the support both of the Horace H. Rackham School of
Graduate Studies at the University of Michigan, and of the National Science Foundation (award
number 0070711)

The second author would like to acknowledge the support of the Australian Research Council, and
the SFB 478 at the Westfalische Wilhelms-Universitéat, Miinster.



THE RIEMANN-HILBERT CORRESPONDENCE FOR
UNIT F-CRYSTALS.

Matthew Emerton, Mark Kisin

Abstract. — Let F, denote the finite field of order ¢ (a power of a prime p), let X
be a smooth scheme over a field k£ containing F,, and let A be a finite F,-algebra. We
study the relationship between constructible A-sheaves on the étale site of X, and a
certain class of quasi-coherent Ox ®r, A-modules equipped with a “unit” Frobenius
structure. We show that the two corresponding derived categories are anti-equivalent
as triangulated categories, and that this anti-equivalence is compatible with direct
and inverse images, tensor products, and certain other operations.

We also obtain analogous results relating complexes of constructible Z/p"Z-sheaves
on smooth W, (k)-schemes, and complexes of Berthelot’s arithmetic Z-modules,
equipped with a unit Frobenius.
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GENERAL INTRODUCTION

Let X be a smooth complex analytic space. One knows that there is an equiva-
lence of categories between the category of local systems of C-vector spaces on X and
the category of coherent Ox-modules equipped with an integrable connection V. A
serious defect of this theory is that the category of local systems, and similarly that
of modules with connection, is not stable under taking direct images. For example,
if f:Y — X is a proper map of smooth complex analytic spaces, then the higher
direct images R’ f.C are guaranteed to be a local system only over the points where
f is smooth. Similarly, the connection on the relative De Rham cohomology may
be singular at the points where f is not smooth. This defect is remedied by the
theory of Z-modules, which shows that there is a relationship between the category
of constructible sheaves, and the category of regular holonomic Z-modules. More
precisely, the two corresponding derived categories are equivalent as triangulated cat-
egories, and this equivalence respects the “six operations” f', fi, f*, f«, RHom?®, and

% . This result, originally proved by Kashiwara and by Mebkhout with a later al-
gebraic approach due to Beilinson and Bernstein, is known as the “Riemann-Hilbert
correspondence”.

The purpose of this paper is to study a certain characteristic p analogue of the
above situation. Our starting point is a theorem of Nick Katz [Ka 1, Prop. 4.1.1]

Theorem. — (Katz) Let k be a perfect field of characteristic p containing Fy, where
q=p". If X is a smooth scheme over W, (k), the ring of Witt vectors of k of length n,
and if Fx is a lift to X of the Frobenius on W, (k), then there is an equivalence
of categories between the category of locally free étale sheaves of W, (F,)-modules
L, and the category of coherent, locally free Ox-modules £ equipped with an Ox-
linear isomorphism (F%)*€ — E. This equivalence is realised by associating & =
£ ®Wn(k) OX to E

In the context of this paper, Katz’s theorem should be regarded as the analogue
of the relation between local systems and vector bundles with connection. The main
purpose of this volume is to extend Katz’s result to a Riemann-Hilbert type correspo-
dence, first when X is actually a smooth k-scheme (§§1-12), and then more generally,
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for smooth W, (k) schemes (§§13—17). Each of these two parts of the paper has its own
introduction, which provides a detailed outline of its contents. The remainder of this
general introduction is devoted to explaining our Riemman-Hilbert correspondence,
and some of its applications, in more detail. Let us also point out that the paper
[EK 2] provides a summary of the main results and key techniques of this volume.

To explain our results, suppose that X is a smooth W, (k)-scheme with a lift
of Frobenius Fx, as in Katz’s theorem. We begin by introducing the notion of a
locally finitely generated unit Opr x-module. If r is a fixed positive integer, then
a unit Opr x-module on X is a quasi-coherent Ox-module M equipped with an
isomorphism (F%)*M — M. This isomorphism endows M with the structure of a
sheaf of left modules over the sheaf of rings Opr x = Ox[F"|, where Ox[F"] denotes
the twisted polynomial ring given by the relation F"a = a?F", for any section a of
Ox. The unit Opr x-module M is said to be locally finitely generated if, locally on
X, it is finitely generated as a left Opr x-module.

When X is a smooth k-scheme, the main result of this paper generalises Katz’s
theorem to an (anti-) equivalence of two triangulated categories: the derived category
D%(X &) of bounded complexes of étale sheaves of F,-modules whose cohomology
sheaves are constructible, and the derived category Df’f gu(OFh x) of bounded com-
plexes of left Opr x-modules (on the Zariski site of X') whose cohomology sheaves are
locally finitely generated unit Opr x-modules.

If we let mx : Xg — X denote the natural morphism from the étale site of X to
the Zariski site of X, then this anti-equivalence is given by associating

M® = M(F*) = Rrx.RHomg (F*,Ox)[dx]
to a complex F* in D%(X), and associating
F* = Sol(M*) = RHomyp,, , (mxM*,Ox,,)[dx]

to a complex M*® in Df’fgu(OpT’X). (Here dx denotes the (locally constant) dimension
of X.) A comment on the choice of notation: M is intended to suggest a Dieudonné
module functor, while Sol is borrowed from the theory of Z-modules.

When X is a smooth W, (k)-scheme, the sheaf of rings Opr x is replaced by a more
intricate sheaf of rings Zr x, obtained by adjoining to Ox the differential operators
of all orders on X, together with a “local lift of Frobenius.” (When n > 1 we consider
only the case r = 1.) A pleasing point is that the sheaf Zp x that one obtains is
independent of the choice of local lift, as any two lifts are congruent modulo p, and
so either lift may be expressed as a polynomial combination of the other lift and
appropriate differential operators. Thus (unlike in Katz’s result stated above) we are
not restricted to the consideration of smooth W), (k)-schemes which admit a global
lift of Frobenius. Another important technical result is that locally the sheaf Ox has
a finite length resolution by free left Zr x-modules, whereas this is false if one works
just with differential operators, and does not adjoin the Frobenius lifts. Thus the
differential operators and lifts of Frobenius complement one another.

A sheaf of Zr x-modules M is called locally finitely generated unit, if it is quasi-
coherent over Oy, is finitely generated over Zp x locally on X, and if the maps
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F*M — M defined by local lifts of Frobenius are isomorphisms. The Riemann-
Hilbert correspondence then asserts an anti-equivalence between two triangulated
categories. One is the category Dgtf(Xét,Z/an), which is the full subcategory of
the bounded derived category of étale sheaves of Z/p™Z-modules, counsisting of com-
plexes with constructible cohomology, and finite Tor-dimension. The other is the cat-
egory Df’f gu(QF,X)Oa which is the full subcategory of the bounded derived category
of 9r x-modules, consisting of complexes with locally finitely generated unit coho-
mology sheaves, and finite Ox-Tor dimension. The definition of the anti-equivalence
is given by the same formulas as for O x-modules, except that O x is replaced by
Pr,x in the definition of Sol.

When n = 1, there is an equivalence between Df’fgu(@Fx)C’ and fogu(OF,X), and
one recovers the previous correspondence.

The correspondence we construct is compatible with three of Grothendieck’s six

operations, namely the operations fi, f~!, and (% on Db%(X). (Of course, for this
claim of compatibility to have any sense, one must have an a priori description of the
corresponding triple of operators on D;’f 4u(OFr x) and Df’f su(Zr,x)°. A significant
part of our work is devoted to constructing such operations for left Op- x-modules
and establishing their main properties.) This may at first seem disappointing, but in
fact these are the only three which are defined in our situation. Indeed for complexes
of p-torsion étale sheaves the push-forward f, does not preserve the property of having
constructible cohomology sheaves. Also one cannot define f', since there is no duality
(for example because the purity theorem fails horribly). This lack of a duality is
also the reason that we construct an anti-equivalence rather than an equivalence of
categories.

As already remarked, when n = 1 we develop a somewhat more elaborate theory
than in the general case. For example we show that, as a (perhaps weak) compensation
for the absense of three of the six opearations, our correspondence relates two other
operations which have no analogue over C. Namely, if ¢/ = pr/, and F, C Fy C k,
then the functor “Fy ®@p, — converts sheaves of F -vector spaces into sheaves of /-
vector spaces. Conversely the functor “pass to the underlying IF -structure” converts
sheaves of IF,-vector spaces into sheaves of F,-vector spaces. We call these operations
respectively induction and restriction. There are corresponding operations for left
Opr x-modules, namely “Opr x R0, —” and “pass to the underlying OFT/,X—
module structure”, which we also call induction and restriction. We show that our
anti-equivalence interchanges the operations of induction and restriction.

Furthermore, although in the statement of Katz’s theorem %k denotes a perfect
field, in the case when n = 1 we allow k to be an arbitrary field of characteristic p.
A technique of inseparable descent is included in our theory, in a manner compatible
with our Riemann-Hilbert correspondence.

Finally, we allow coefficients: we fix an arbitrary Noetherian F, -algebra A, and
then develop a theory of C’)Ar’X =: A ®p, Opr x-modules. If A is a finite F -algebra
we show a Riemann-Hilbert type correspondence between the triangulated category
of bounded complexes of left O%T’ y-modules which have locally finitely generated
unit cohomology sheaves and are of finite Tor-dimension as complexes of Ox ®p,
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A-modules, which we denote by Df’fgu((’)A,., ), and the triangulated category of
bounded complexes of étale A-sheaves which have constructible cohomology sheaves
and are of finite Tor-dimension, which we denote by D?, f(X ety N).

The Riemann-Hilbert correspondence for Z-modules takes the usual ¢-structure on
the derived category of regular holonomic Z-modules to an exotic t-structure on the
derived category of complexes of sheaves with constructible cohomology, namely the
perverse t-structure corresponding to the middle perversity. The theory of perverse
t-structures is developed in [BBD] in the context of ¢-adic sheaves on k-schemes
(where £ denotes a prime different from p). Gabber [Ga] has extended this the-
ory so as to define perverse t-structures on the category D%(X4;). We show that our
Riemann-Hilbert correspondence takes the usual ¢-structure on lef 5u(OFr x) to Gab-
ber’s perverse t-structure on D?(X ;) corresponding to the middle perversity. More,
generally, if the coefficient ring A is a product of fields, we can identify the exotic
t-structure on ch’t ¥ (X s, A) with the perverse t-structure of Gabber corresponding to
the middle perversity. Taking the heart of this perverse t-structure gives a category of
“perverse A-sheaves” on X. In [EK 2, §4] we show that these categories of perverse
sheaves satisfy properties analogous to those of the usual f-adic perverse sheaves of
[BBD] (namely, there is an intermediate extension functor ji,. for any locally closed
immersion j, defined by the same formula as in [BBD], and any simple perverse sheaf
is isomorphic to the intermediate extension of an irreducible local system placed in
the appropriate degree).

It is easy to see that one can only expect to have a Riemann-Hilbert correspondence
of the type we envisage when A is finite over F,, as otherwise one finds many left
O2%, x-modules that do not correspond to étale sheaves, even in the case that X
is a point. Our main motivation for allowing non-finite A is the hope that, even
when a Riemann-Hilbert correspondence does not exist, the theory of unit O%r’ x-
modules may nevertheless find other applications, for example to Drinfeld modules
(when A = Fy[T7]). Here we were inspired by recent work of Bockle-Pink [BP], where
a trace formula for the L-function of a Drinfeld module is proved. After defining the
L-function of a complex in Df’fgu(O%mX)o, we prove that, when A is reduced, the
formation of L-functions commutes with f,. This result is closely related to the trace
formula of Bockle-Pink. One consequence is a new proof of a result conjectured by
Goss and proved by Taguchi-Wan [TW, §7], which says that the local L-function of
a Drinfeld module is rational.

The proof of our trace formula is reduced by a specialisation technique to the case
where A is a finite field. In this case the Riemann-Hilbert correspondence respects
the formation of L-functions, so that the trace formula can be deduced from the
corresponding formula for étale sheaves, due to Deligne [De, p. 116]. Interestingly,
Deligne’s formula ultimately depends on the so-called “Woods Hole” trace formula,
which has an F-crystal flavour. (In fact, the main result of [EK 1] specialises to yield
a proof of Deligne’s formula which works directly with F-crystals.)

Our original motivation for writing this paper and its sequel was to try to gen-
eralise the results (due to Bloch, Faltings, Fontaine, Hyodo, Kato, Messing, Tsuji,

..) relating p-adic étale cohomology and crystalline cohomology of schemes over a
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finite extension of Q, to a Riemann-Hilbert type correspondence. That such a theory
should exist is strongly suggested by the work of Faltings [Fa], where he treats the
correspondence between étale and crystalline cohomology allowing coefficients. We
intended the present paper and its sequel to be a “warm-up” for this more general
project, but as the reader will see, even the comparatively simple unit case has turned
out to be quite technical.

After we had begun this work, we were pleasantly surprised to find that a corre-
spondence of the type we prove here had been suggested by Lyubeznik [Lyu, p. 69].
(although not on the level of derived categories). The reader will observe that we
are indebted to him for providing several important techniques for working with unit
Opr x-modules, and especially for the notion of a “generator” of such a module.

We hope that our results will have applications in various directions. One appli-
cation already found has been to a conjecture of Katz (stated in [Ka 2]) relating
L-functions of p-adic lisse sheaves on varieties over finite fields of characteristic p to
their cohomology with proper supports. Using the techniques of this paper, this con-
jecture has now been proved [EK 1]. There is also the possibility that the formalism
developed here will have applications to the study of local cohomology on varieties
in characteristic p. Indeed, in the case that X is a smooth affine variety over k, our
notion of locally finitely generated unit O x-module coincides with the notion of F-
finite module, which was introduced by Lyubeznik [Lyu] expressly for that purpose.
Finally there is the possibility of applications to Drinfeld modules and related objects,
that we already alluded to above.

Acknowledgment: Our debt to the work of Genady Lyubeznik and of Pierre
Berthelot will be obvious to the reader. The second author profited immensely from
discussions with Berthelot during a visit to the Université de Rennes during March
2000, when some of this work was done. It is a pleasure for him to thank Berthelot,
and the Université de Rennes, for their hospitality.






INTRODUCTION TO §§1-12: Opx-MODULES

We now give a more detailed outline of §§1-12 of the paper. They naturally fall
into three parts. The first, consisting of sections 1, 2, 3 and 4, introduces the notion of
left O%,-modules, defines the functors f "and f,, and develops their basic properties.
The approach is modelled closely on the theory of algebraic Z-modules, and as in
that theory, there is a close relationship between the properties of the functors f' and
f+ and the Grothendieck-Serre duality theory of quasi-coherent sheaves.

The second part, consisting of sections 5 and 6, introduces the notions of unit and
locally finitely generated unit O%,-modules. The results of the first four sections are
specialised to and further developed in this particular context. One result which is
indispensable in the study of locally finitely generated unit O%T—modules is the fact
that any such module M on a k-scheme X admits a presentation of the form

0— O%T’X ®os M — O%T’X ®os M — M —0,

where M is a coherent Oﬁ\( =: A®r, Ox-module. The idea of using such presentations
to study locally finitely generated unit (9%,\’ y-modules is an extension of the main
technique of [Lyu].

Sections 7 and 8 provide a bridge between the first two parts and the third. Section
7 observes that the entire theory of sections 1 through 6 could have been developed
by working on the étale site X¢; of a smooth k-scheme X rather than on the Zariski
site. Indeed, both theories could have been developed in parallel, but we chose not
to do so for expository reasons; it seemed easier to fix ideas by working on one site
or the other. A key observation is that, if one restricts oneself to quasi-coherent left
O%T. y-modules, then étale descent provides an equivalence between the Zariski and
6tale theories. Section 8 recalls (very briefly) the theory of constructible A-sheaves
on X, as developed in [SGA 4] and [De].

Of the final four sections, §§9-12, the first three sections are devoted to establishing
our Riemann-Hilbert correspondence in the case when A is finite over F,. In them we
define the functors M and Sol, and then prove that they yield the desired equivalence
of categories, that they respect the appropriate Grothendieck operations, and (if A
is a product of fields) that the exotic t-structure that they induce on D?, (Xt A)
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is equal to Gabber’s middle perverse t-structure. Section 12 provides a discussion of
L-functions attached to complexes in Df’f gu((%\w’ )¢, and proves the trace formula
discussed in the general introduction. It also includes the statement of the main result
of [EK 1].

Just as in the case of the Riemann-Hilbert correspondence for Z-modules, the
proof of the Riemann-Hilbert correspondence of this paper uses excision arguments
to reduce to an explicit simple fact. In the case of Z-modules, one reduces to the
fact that any function on a smooth complex variety with vanishing partial derivatives
is locally constant. In our situation, one reduces to the fact that any section of
the structure sheaf on a smooth k-scheme which is F"-invariant is locally constant
and F;-valued. So just as the Riemann-Hilbert correspondence for Z-modules can be
regarded as a generalisation of De Rham theory, our Riemann-Hilbert correspondence
can be regarded as a generalisation of Artin-Schreier theory.

In setting up a cohomological formalism of the type that we have, there are in-
variably a large number of compatibilities that can and should be checked between
the various functors and natural transformations that one defines. Our approach to
these has been as follows: those compatibilities which are essential for establishing
the main results are stated and either proved or left to the reader in the case that the
verifications are standard (if somewhat lengthy). In doing this our aim has been to
make the arguments clear and complete, while keeping the size of the paper bounded.
The construction and verification of the many other compatibilities that we have not
discussed are left to the imagination of the reader.

On a note related to that of the preceding paragraph, it is important to draw atten-
tion to two foundational issues on which this paper depends. The first is that we need
some consistent choice of sign conventions for the various homological constructions
that we use. The second is that much of our theory depends (not only on the state-
ments of, but) on the construction of Grothendieck-Serre duality, and the standard
reference [Ha 1] for this construction is incomplete in its details. Thankfully, both
issues are resolved by recent work of Brian Conrad [Con]; in this very detailed text,
Conrad lays down a consistent set of sign conventions, and also provides an extremely
close reading of [Ha 1], filling in many gaps and correcting various misstatements.
Throughout this paper we will follow [Con] with regard to both its sign conventions
(although these will not play any overt role) and its analysis of [Ha 1].

In the first appendix we have provided a summary of the results of Grothendieck-
Serre duality that we use in the paper, and have developed some consequences of the
general theory which are of particular importance for our purposes. In particular, we
generalise the definition of the Cartier operator on top-forms to a broader context than
that in which it is usually considered. In the second appendix we have given proofs
of some results from homological algebra which we could not find in the literature
(although they are probably standard for experts).



0. NOTATION AND CONVENTIONS

0.1. — We fix a prime p > 0, a positive integer r, and set ¢ = p”. Throughout the
paper A will denote a Noetherian [F;-algebra, and k will denote a field containing F,.
The phrases “scheme over k” and “k-scheme” will always be taken to mean “finite
type separated k-scheme”, whether or not these hypotheses are explicitly mentioned.

If X is a k-scheme, we let Og} denote the sheaf of A ®F, k-algebras A ®r, Ox on
X. This sheaf can be thought of as the push-forward to X of the structure sheaf on
the product Spec A ®r, X. (We do not adopt this point of view in the paper; rather
we regard A as an auxiliary algebra of operators.)

We say that a sheaf of O%-modules on X is quasi-coherent if it is quasi-coherent
as a sheaf of Ox-modules. Such a sheaf may be regarded as the push-forward of a
quasi-coherent sheaf on Spec A ®p, X (although again, we will not adopt this point
of view in the paper).

We say that a sheaf of O%-modules on X is coherent if it is quasi-coherent and
locally finitely generated as an Oﬁ\(—module, or equivalently (since A is Noetherian) if
it is locally finitely presented as an O%-module. Such a sheaf may be regarded as the
push-forward of a coherent sheaf on Spec A ®p, X.

0.2. — If f: Y — X is a morphism of k-schemes, we let f# : f~1Ox — Oy denote
the morphism of sheaves of k-algebras induced by f. Tensoring this morphism with
A over F, yields a morphism of A ®p, k-sheaves f —10% — O, which we continue to
denote by f#.

0.3. — We wish to explain a certain convention regarding our notation for shifts.
Suppose that X is a k-scheme; then X is the disjoint union of finitely many connected

components:
n
x=]]x
i=1

with each X; a connected open subscheme of X. Let ¢ : X — Z be a continuous
integer valued function on X. Then ¢ is constant on each Xj; let ¢; denote the value
assumed by ¥ on X;.
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Let A be a sheaf of rings on the Zariski or étale site of X, and let A; denote the
restriction of A to each X;. We let D(A) denote the derived category of complexes of
sheaves of A-modules on X, and D(A;) denote the derived category of complexes of
sheaves of A;-modules on X; (for ¢ =1,...,n). We wish to define the shift operator
(] on D(A).

There is an equivalence of categories D(A) — T[], D(A;). This isomorphism
identifies any object M*® of D(A) with the n-tuple (M3,..., M?), where each M?
is the object of D(A;) obtained by restricting M*® to X;. On the right hand side of
this isomorphism we have the functor [, [¢;], which is the product of usual shift
operators on each category D(A;). We let [¢] denote the induced functor on D(A)
(via the preceding equivalence of categories). Thus if M?* is an object of D(A), the
object M*[t)] is defined to be the object of D(A) corresponding (via this equivalence
of categories) to the n-tuple (M$[i1],. .., M3 [Yn]).

We will also use some obvious variations on this notation. For example (if j is a
fixed integer), we will write that H7(M?®) = 0 for j > v if HI(M?) = 0 for j > 1y,
andi=1,...,n.

One example of such a function ¥ which is defined for any smooth k-scheme X is
the morphism

dx : x +— dimension of the component of X containing z.

More generally, if f: Y — X is a morphism between smooth k-schemes, then we may
consider the functions dy,x = dy —dx o f and dx/y = —dy,x.

0.4. — We write Hom (respectively Hom®) to denote the functor of morphisms in
additive category (respectively the corresponding category of complexes), and we
write RHom® to denote the derived functor of Hom (when this exists). When our
category is the category of sheaves on a site, we write Hom, Hom® and RHom® to
denote the corresponding sheaf versions of these functors.



1. OA.-MODULES

1.1. — We begin by defining the sheaf OA,,.7 x on any k-scheme X.

Definition 1.1.1. — If A is a k-algebra, we define A[F"] to be the twisted polyno-
mial ring over A whose multiplication is defined by F"a = a?F". If X is a scheme over
k, we can sheafify this definition, to obtain a sheaf of rings Ox[F"] on X, whose sec-
tions over an open subset U are Ox[F"|(U) = Oy (U)[F"]. We often denote Ox[F]
by OF",X~ We set 0%7.7)( =A ®]Fq OFT’X.

Note that (9%7 x 1s a sheaf of A-algebras on X, because F, lies in the centre of
Opr x.

1.2. — If X is a k-scheme, then the r*" power of the absolute Frobenius Fx on X
defines a map of sheaves

Fx'" 0% — Fy, 0% = 0%

which is given on the level of sections by the formula A\® a — A®a?, if A € A and a
is a section of Ox.

Definition 1.2.1. — For any non-negative integer n we let Oﬁf(m) denote the sheaf
O% regarded as an (0%, O%)-bimodule in the following way: for the left O%-module
structure, O% is regarded as a module over itself in the usual way, while for the
right O%-module structure, O% is regarded as a module over itself via the morphism
(Fx"™)". Thus any section A ® a of O4 acts on O™ on the left as multiplication
by A ® a, and on the right as multiplication by A ® a?".

If M is an Og\(—module, then we have a natural isomorphism

(1.2.2) (FF)"M = O™ @04 M.
1.3. — Since (’)3\( is a sheaf of subrings of (’)I’}T,X = (’)3\( [F"], we may naturally regard

Ofr x as an (0%, O%)-bimodule.
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Lemma 1.3.1. — There is an isomorphism of (O%, O%)-bimodules
@ O;\((Tn) — OII}‘T,Xv
n=0

which is given in degree n by the formula a — aF"™™, if a is a section of O;X((m). Thus
OQT’X is free as a left (’)ﬁ\( -module, and so also as a left Ox-module. If furthermore

X is smooth over k, then O%,\’X is locally free as a right O%-module, and so also as
a right Ox -module.

Proof. — The claimed isomorphism is immediate from the definition of the ring struc-
ture of O%T’ y and the bimodule structure of Oé\{(m). That O%,\’ y is free as a left
O%-module is now clear, and the analogous claim for the right O%-module structure

follows from the fact that, when X is smooth, each Oé\((m) is locally free as a right
O%-module (see (A.2)). O

Corollary 1.3.2. — If M is a sheaf of (99( -modules, then there is a natural isomor-
phism of left O% -modules
PEFEL) M = O x oy M.

n=0

Proof. — This follows from the lemma and equation (1.2.2). O

1.4. — The natural isomorphism O% —— Homogx(((%\(, O%) (given by a section a
of (93\( acting as multiplication by a) extends to a map

O x — Hom, (0%, 0%)

defined by taking F” to the homomorphism (F%)#. In future we will always regard
O% with the left O%T’ y-module structure given by this map.

This map need not be an injection (despite a remark suggesting the contrary on
page 102 of [Lyu], where A[F] is denoted by A{f}); for example if k = F,, and
X = Speck, then the global section 1—F" is in the kernel; if X = Speck [z, y]/(2?, zy),
then the global section « — zF" is in the kernel. The following lemma clarifies the
situation.

Lemma 1.4.1. — If X is a reduced k-scheme having each irreducible component of
positive dimension, then the map

Opr x — Hom, (0%, 0%)
18 injective.

Proof. — It is enough to prove the lemma when r = 1, A = F), and X = Spec A
is affine, so that A is a reduced finite type k-algebra. Let x be a closed point of
X. Since each irreducible component of X is of positive dimension, there exists a
non-zero divisor a € A contained in the maximal ideal m of x. Indeed, otherwise m is
in the union of the minimal primes of A (since A is reduced, all the associated primes
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of A are minimal), hence is equal to one of them, which contradicts the assumption
that the components of X have positive dimension.

Now suppose that > a;F" is the zero endomorphism of A. Then for any positive
integer m,

0= Zn:aiFi(am) = Zn:aiampi.
=0 i=0

But from this equation, cancelling a power of a™, we conclude that aq is divisible by
arbitrarily large powers of a. Thus ay vanishes in a neighbourhood of x. Continuing
in the same manner, we find that each a; vanishes in a neighbourhood of z. Since x
was an arbitrary closed point of X, and X is of finite type over k, we see that each
a; vanishes on X. O

1.5. — Suppose that M is any sheaf of left OAT7X—modules. Multiplication on

the left by sections of (91’;7«7 x-yields an O§T7 y-linear, and in particular O%-linear,
morphism

[TV OII}T7X ®oy M — M.

By Corollary 1.3.2 there is a natural isomorphism

o0
OFr x ®op M= PFL)'M,
n=0
and so the morphism pp; determines, and is determined by, a series of (’)ﬁ‘(—linear
morphisms

Snm s (FF) M= O™ @op M — M
(n a non-negative integer). Explicitly, ¢, a¢ is given by the formula

DM 2 a®@m — aF™(m),

rn)

e . . A . .
if a is a section of (’)X( and m is a section of M.

Lemma 1.5.1. — Suppose that M is a sheaf of left (’)AT,X—modules, and let
b (FY)'M — M

be the sequence of O%-lmear morphisms constructed above. Then ¢o pm = idap, while
for each n > 0, ¢, a1 is equal to the composition

r(n—1)

F ) 61, (FL"" N gy FR*6
(F)T(n)*M X X > L Tx 1,M

(F" D) M FErM ™ M,
Conversely, if M is a sheaf of O% -modules equipped with a morphism ¢ : Fiy* M —
M, and one defines ¢pg = idps and, for each n > 0, defines ¢, to be the composition
(FxT"=H)* ¢y
N (

r(n—2)y* .
Fr(n—l))*M (Fx _)) ¢1 ...Fx_?l F)T(*M&M7

(FR)" M 3

then there is a unique left OAT,X -module M having M as underlying O% -module and
for which ¢n a4 = ¢y for each non-negative integer n.
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Proof. — The fact that ¢o o = idx is equivalent to the fact that the section 1
of (’)}\,  acts identically on M, and the composition formula for ¢, o (n > 0) is
equivalent to the associative law for the action of O% + on M. Conversely, suppose

given an O%-linear morphism ¢ : F4*M — M. For any section m of M, define
F"(m) = ¢(1®m). This defines the required left (’)’l}mX—module structure on M. O

Definition 1.5.2. — If M is a left O%r,x—module, we write
dm = b1 Fx "M — M,
defined by a ® m — aF"(m), and refer to this as the structural morphism of M.

The previous lemma shows that the left OAT, y-module M is uniquely determined
by its structural morphism.

Example 1.5.3. — The structural morphism of the Of}r, -module O% is the nat-
ural isomorphism F§*0% - O%.

Lemma 1.5.4. — Suppose that ¢ : M — N is a morphism of left OAT7X -modules.

Then we have ¥ o g = Par 0 FiFp. Conversely, any morphism ¢ of 03\( -modules for
which this formula holds is a morphism of left O%T?X -modules.

Proof. — This is immediate. O

Definition 1.6. — We say that a left OAT7 y-module is quasi-coherent if its un-
derlying O%-module is quasi-coherent. We let 1(X,A) denote the abelian category
of quasi-coherent left OAT7 x-modules, D‘(OAn ) denote the derived category of
complexes of left O%T7 y-modules, D*(u(X,A)) the derived category of complexes
of quasi-coherent left O%, y-modules, and DJ.(O%. x) denote the full triangulated
subcategory of D'((’)/}T’ ) consisting of complexes whose cohomology sheaves are
quasi-coherent left O/I}T’ y-modules. (Here e denotes any of usual boundedness condi-
tions +, —, b, or .)

Theorem 1.6.1. — The morphism D®(u(X,A)) — DSC(O%TX) is an equivalence of
triangulated categories.

Proof. — This follows from Bernstein’s theorem [Bo, VI 2.10]. O

Lemma 1.6.2. — (i) If X is a k-scheme, any left O%rﬁx-module is the quotient
of a flat left O%T,X-module (which is in particular also a flat O%-module). Thus
any object of D’(OI/},,7X) may be represented by a bounded above complex of flat left
O% x-modules (and so in particular of flat O% -modules).

(i) If X is in addition either smooth or quasi-projective as a k-scheme, then any
quasi-coherent left O%rjx—module is the quotient of a locally free left O%T,X -module.

Thus any object of Dq_c((’)%T’X) may be represented by a bounded above complexr of
locally free left (’)AT’X-modules.
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Proof. — The construction of [Ha 1, IT 1.2] allows us to write any left (’)AT"X—module
as the quotient of a flat left Olf}r7 x-module. The existence of flat resolutions for objects
of D*(O%T, ) now follows by standard homological algebra. Also, since O%T7 x is free
as a left O%-module, we see that a flat left O%T) y-module is in particular a flat left
O%-module. This proves part (i), and we turn to proving part (ii).

Let M be an object of pu(X,A). If X is either smooth or quasi-projective then
there is an Ox-linear surjection E — M for some locally free Ox-module E [Ha 2,
Example II1, 6.5.1, Excercise 111, 6.8]. Thus we get a surjection 0%,»7)( ®Roy E— M,

with O%r,x ®oyx E alocally free O%nx—module. The rest of part () now follows via
standard homological techniques from this remark together with Bernstein’s theorem,
since a locally free left O% x-module is a quasi-coherent (9% x-module. O

Definition 1.6.3. — For any full triangulated subcategory D C Db((’)%r, ) we de-
note by D° the full triangulated subcategory of D consisting of complexes which
have finite Tor-dimension when regarded as complexes of O%-modules. (That this
Tor-dimension is a well-defined notion follows from part (7) of Lemma 1.6.2.)

It is worth remarking that if X is a smooth k-scheme, and we put ourselves in
the simplest case, when A = F,, then every complex in D®(Opr x) has finite Tor-
dimension as a complex of Ox-modules (since a smooth k-scheme is in particular
regular), and so the o notation is unnecessary.

Definition 1.7. — If M is an O%-module, then (’)I/}W’X ®oa M is a left O%hx-
module, which we refer to as the left (’)%T, y-module induced by M. More generally, if
M is a left (’)AT}X-module isomorphic to a left O%T’X-module of the form O%T’X ®oa
M for some O%-module M, we refer to M as an induced left OAT, y-module. (Note
that if M = O%T)X ®os M is induced, then M/F"M = M, and so M is quasi-
coherent if and only if the same is true of M.)

We say that M is absolutely induced if it is isomorphic to an OAh y-module of the
form O%TJ( ®oyx M for some Ox-module M.

Lemma 1.7.1. — If X is either smooth or quasi-projective as a k-scheme, then
any quasi-coherent left 0%7-7X-module is the quotient of an absolutely induced left

O%T,X -module of the form OQT’X ®ox M with M a locally free Ox-module. Thus
any object of D;C(O%T7X) may be represented by a bounded above complex of quasi-
coherent absolutely induced left O%T)X—modules, which may be taken to be of the form
O%T’X ®oyx M, with M locally free over Ox.

Proof. — We already saw this in the proof of part (%) of Lemma 1.6.2. O

1.7.2. — For any sheaf of O%-modules M we have an isomorphism of functors on
the category of O%. y-modules

Hompa (M, -) - Homogrvx (O/;T,X ®oa M,-).
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Thus the forgetful functor from (’)A,,'y -modules to O%-modules is right adjoint to the
functor Of.\;r’X ®—, which if X is smooth over k is shown to be exact by Lemma 1.3.1.
As a consequence we see that if 7 is an injective sheaf of OII}T x-modules, then 7 is
injective as a sheaf of O%-modules (provided of course that X is smooth over k).

1.7.3. — The previous paragraph provides a characterisation of the morphisms be-
tween induced left (’)ﬁr, y-modules. Indeed, suppose that M and N are two (99(—
modules. Using (1.7.2) and (1.3.2) we have the formula

Homof;hx(ofér,x ®oy M, O x ®pa N)

5 Hompy (M, O x @0y N) — Homey (M, PFL)*N).
n=0

1.8. — Let M be a left OAT7X—module, equipped with its structural morphism ¢ :
FyM — M. Consider the composite

id® —gr : FY M — M FY M c P Fym.

n=0

The isomorphism of Corollary 1.3.2 allows us to regard this as a map Fy'M —
O%T’ x ®on M, which then induces an (’)f}r’ y-linear morphism

irm: Ofe x @y FYM — O x @pp M.
Lemma 1.8.1. — For any left OA,.,X—module M, the sequence
0 — Of x ®op FXM 25 Oh  @pp M4 M — 0
is short exact.

Proof. — This follows from the definition of 25, and the construction of ¢, via
IOVE O

Corollary 1.8.2. — Let X be a k-scheme, and let M*® be in D‘(O%T)X). Then M*®
has finite Tor-dimension as a complex of O%-modules if and only if M® has finite
Tor-dimension as a complex of O§T7X—modules, Furthermore, any such complex M®
has finite Tor-dimension as a complex of A-modules.

Proof. — If M is a left OAT’ y-module which is flat as an O%-module, then the short
exact sequence of Lemma 1.8.1 provides a two-step resolution of M by flat left O%r, x-
modules, and so M is of finite Tor-dimension as an O%T’ y-module. This prove one
direction of the equivalence. For the converse direction, recall that by Lemma 1.3.1,
O%T’X is free, and hence flat, as a left Oé\(—module. Since Oé\( = A®r, Ox is flat over
A, the final statement about Tor-dimension over A follows. O
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Corollary 1.8.3. — If X is a k-scheme, then any object of Db(OA,.7X)° may be
represented by a finite length complez of left OAT,X—modules which are flat as O%T,X—
modules, and so also as Oﬁ‘(—modules. If X is furthermore either smooth or quasi-
projective as a k-scheme, and if M® lies in DZC(OAT,X)O, then the members of this
complex may be taken to be quasi-coherent.

Proof. — Let M® be an object of D*(Opr x)°. Part (i) of Lemma 1.6.2 shows that we
may represent M?® via a bounded above complex P* of flat (’)Ij}ﬂr’ y-modules. Since by
Corollary 1.8.2, P* is of finite Tor-dimension when regarded as a complex of O%, -
modules, a standard argument shows that some finite truncation of P*® is a compiex
of flat left C’)f;r’ -modules (which are in particular also flat as O%-modules).

If X is smooth or quasi-projective over k, and if M* lies in DZC(OFT,X)O, then
part (i) of Lemma 1.6.2 shows that P* may be taken to be a complex of locally free
left O%, y-modules. Any truncation of P* then consists of quasi-coherent O%, y-
modules: as required. in

Corollary 1.8.4. — If X is a d-dimensional smooth k-scheme then any Opr x-
module is of Tor-dimension at most d + 1.

Proof. — Since X is smooth over k, and hence regular, any Ox-module is of Tor-
dimension at most d. Also Opr x is flat as a right O x-module by Lemma 1.3.1, and
so any induced left Opr x-module has Tor-dimension at most d. Since Lemma 1.8.1
equips any left Opr x-module with a two-step resolution by induced left Opr x-
modules, the corollary follows. O

1.8.5. — Let X be a k-scheme and M*® be a complex in DSC(O%T,X) We say that
M?* has finite locally projective dimension as a complex of sheaves of left O%T7 x-
modules if the functor Homepa, X(./\/l’,f) has finite cohomological amplitude. A

standard argument via truncating a resolution of M?® by free O%T’ y-modules (as
in the proof of Corollary 1.8.3) shows that M®* has finite locally projective dimension
if and only if it may be represented (locally in general, or globally if X is either
smooth or quasi-projective, so that M* has a global locally free resolution) by a finite
length complex of quasi-coherent left O%T, y-modules which are locally projective as
sheaves of left O%T’ x-modules, in the sense that they are direct summands of locally
free sheaves of left (’)fm,’ y-modules.

In a similar way we may define the notion of finite locally projective dimension for
complexes of O% or A-modules. (Note that in general the stalks of O% are not local
rings, and so the notion of locally projective is more general than that of locally free.)

Corollary 1.8.6. — Let M*® be in Db(OA,,.VX). Then M® has finite locally projective

dimension as a complex of O§T7X—modules if and only if it has finite locally projective

dimension as a complex of O% -modules. If M® has O% -coherent cohomology sheaves,
then these conditions hold if and only if M® is in DZC(OAT7X)°.

Proof. — Except for the last statement, the proof is entirely analogous to that of
Corollary 1.8.2, using Lemma 1.8.1. As for the final statement, only the “if” direction
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is not completely obvious. Suppose that M*® is in DZC(OAm +)°, and has O%-coherent
cohomology sheaves. Then as a complex of Oﬁ}—sheaves, M?® is quasi-isomorphic to
a finite length complex of coherent O% sheaves Q°, having finite Tor-dimension. An
argument as in Corollary 1.8.3 shows that Q° is isomorphic to a finite length complex
of coherent flat O%-modules P*. The terms of P* are thus locally projective, which
implies that M?* has finite locally projective dimension as a complex of O%-modules.
The required result now follows from the first part of the corollary. O

1.9. — Suppose that M and N are left OAT7X—modules. Then the O%-module
M®os N has a natural structure of a left O§T7 x-module, which is defined by letting
F' act diagonally. Thus we obtain a bifunctor

. A A A
7@@% - OF’",X_MOd X OFr7x-MOd — OFry~7X-MOd.

As the tensor product of quasi-coherent Oﬁ\(—modules is quasi-coherent, this bifunctor
restricts to a bifunctor

7®O§ o N’(X7A) X :LL(XaA) - N(XvA)

The following results describe the structural morphism of the tensor product
M ®@pa N for two left Ofr x-modules M and N.

Lemma 1.9.1. — If M and N are sheaves of O%-modules on a k-scheme X then
there is a natural isomorphism

FX M®O§ FX N—>FX (M®O§‘( N)
Proof. — Define a morphism on the level of sections by:
(a@m)®(b®n)— ab® (mn),
. . r % _ A(r . rox _
for a section a ® m of Fy'M = Oy )®o§ M and a section b ® n of Fyx"N =

Oﬁ(r) ®oa N. Then it is immediate that this provides the required isomorphism.
(This is of course just a special case of a general property of ®.) O

Lemma 1.9.2. — If M and N are left O%,»VX—modules then the following diagram,
in which the top arrow is the isomorphism of the Lemma 1.9.1, commutes:

W l‘bM@OAN
X
M ®(93\( N
Proof. — This is immediate. O

Lemma 1.9.8. — If M is a left (’)%T’X-module, then the natural isomorphism of
O%T’X-modules o% ®oa M =5 M, defined by a @ m +— am for any sections a and
m of (99( and M respectively, is an isomorphism of left O%r,x -modules.

Proof. — This follows from the equations F"am = a?F"m = (F"a)(F"m). O
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1.9.4. — Part (i) of Lemma 1.6.2 allows us to define the left derived functor of
~®os — We obtain bifunctors

~Gos —: D (O D (04 D (04
o4 ( F’“,X) X ( FT,X) - ( FT,X)
and
L
- Qs —: DO x) x D*(Ofr x)° — D*(Op- x),

exact in each variable, which restrict to bifunctors

_ L —- D~ OA D OA D- OA
®O§ . qc( F"',X) X qc( F",X) - qc( F",X)
and
L
B ®O§\( - DSC(OAT,X) X Dgc(OAT,X)O - DZC(OAT,X)’

again exact in each variable (by arguing locally on affine patches of X, and appealing
to part (i) of Lemma 1.6.2).

1.9.5. — If M is a left OAT’X-module, we may form the tensor product of left
Ofr x-modules M ®oa Of+ x- The right multiplication of O%. y on itself equips
M ®pa Of x with a right O, y-module structure, making it a (O%, x, Of x)-
bimodule. Thus if N is a second left (91’%7 y-module, we may form the tensor product
(M®@ps OF ) ®pa. N, which is a left O%, y-module.

X ) FT.X )

Lemma 1.9.6. — There is a natural isomorphism of left O%rjx—modules
(M @os O+ x) ®on, N L M@0, N.
Proof. — This is immediate. O

1.10. — We will need a variant of the induced module construction, which will
yield bimodules for a certain pair of rings. We will need this construction in a relative
setting, so we let f : Y — X be a morphism of smooth k-schemes. We put ourselves
in the situation of the r*" relative Frobenius diagram of Y over X, as discussed in

(A.2):

F() P

y Y/X Y(’") X v

N, b
Fx

X —X.

The underlying topological space of Y (") is equal to that of Y, and F}(,T/)X and F%'
induce the identity map on the level of topological spaces. As for the structure
sheaves, we have Oy = f_l(’)g;) ®f-105 Oy, and the morphisms Fx(/T/)X and F%'
induce respectively the morphism Oy () — Oy defined by a ® b +— ab?, and the
morphism Oy — Oy~ defined by b +— 1 ® b. (Here a denotes a section of ]”*1(’)g€)7
and b a section of Oy .)
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We have f~1O% C f1O%. x = fTTOX[FT]. If M is a sheaf of Oy-modules, then
we may regard it as a sheaf of (f 1Oy, Oy )-bimodules (where the f~1Ox action is
via the map f# : f~1Ox — Oy corresponding to the morphism f), and so the tensor
product f_l(’)?w’X ®f-10, M is naturally a sheaf of (f_lofér’x, O%)-bimodules.

Proposition-Definition 1.10.1. — Let M be a sheaf of O -modules equipped with

a map P Fi(/T/)X*M — FY*M of O, -modules. Then the natural (f~*O%. x,O0%)-

bimodule structure on the tensor product f*IO%T7X @f-104 M may be canonically

extended to an (f_IO%Ty)OO/I},,wyy)—bimodule structure, which we refer to as the bi-
module structure induced by ).

Proof. — Since Fi(,T/)X is the identity on underlying topological spaces, we may identify
M and F}(,T/)X*M as sheaves of abelian groups, and so regard 1 as a morphism (of
sheaves of abelian groups) M — F%'*M. If we follow this map with the composite

F;(/*M ;) f_lo_();) ®f—10§ M L f_IOXFr ®f—1o§\( M
CfOR[F @100 M = [T1OR x @104 M,

we obtain a morphism of sheaves on Y,
oc: M — f_l(%}v’x Qf-108 M,
such that for any sections b of O% and 7 of M,

o((F3)* (b)n) = bo(n).

We now define a right action of O%, . on f~1O%, ®@p-104 M as follows: the
) ) X
morphism induced by right multiplication by F" is

—1mA id®o ¢—1 A —1mA
J7O0F x Q108 M= [T Opr x @108 [ Opr x @108 M
— f‘l(’)ﬁr’X ®f71(93\( M,

where the second morphism is that induced by the ring structure of f _IOI/}T7 x-

It is easily checked that this does indeed give f’lO%,,7X Df-104 M the structure
of a right (’)AT’Y—module which extends its O#-module structure. From the con-
struction, and the associativity of multiplication in f _1(’)%, y, it is immediate that
ffl(’)ﬁ\mvx ®f-104 M becomes an (f’lOAT’X, Oﬁ\;r,y)—bimodule when endowed with

a right O%T’Y—module structure in this way. O
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Lemma 1.10.2. — Suppose that we have a pair of O%-modules M and M’ equipped

with morphisms ¢« F{')x M — F{*M and ¢ : F))y M’ — FY*M' of Oyac)-

modules, and a morphism of (’){} -modules 0 : M — M’ such that the square

lFéT/xﬁ lF;’*e

M/ w F)’!(/*M/
commutes. Then the induced morphism
id®0: ['O% x @108 M — [T O x @p-10y M’

is a morphism of (f_l(’)%rﬁx,O%Twy)—bimodules, when both source and target are
equipped with their induced bimodule structures.

Proof. — This is immediate from the construction. O

Remark 1.10.3. — The map f# : f~1O% — O% corresponding to the morphism
f induces a map f~rOL[F"] — O#[F"]. Thus in the situation (1.10.1), we may
restrict scalars on the right via this map of rings to obtain an (J‘*l(QAT.’X7 f’lO%,.,X)—
bimodule structure on f*IOQTX ®p-104 M. We refer to the resulting structure as

the induced (f_l(’)Ar7X, f71O%, x)-bimodule structure on f~1O%, Qf-108 M.

1.10.4. — We can apply the induced bimodule construction in the particular case
when we have a single smooth k-scheme X, and f is the identity idx : X — X. In
this situation we find that if M is a sheaf of O%—modules equipped with a morphism
B : M — FgM, the induced module (’)%T,X D04 M is naturally an (Oﬁ\?r,Xv O%mX)-
bimodule.

Note that in this situation the endomorphism of O%r, x ®on M (regarded as a left

O% y-module) corresponding to right multiplication by F" is the map of induced

modules corresponding to the morphism 8 : M — Fy*M C @ZO:O F7 M via the
discussion of (1.7.3).

1.10.5. — Let us now return to the relative setting of (1.10.1). There is a straight-
forward but important fact concerning this situation that we will need.
Suppose that M is an O-module equipped with 1) : F}(,;)X*M — FY*M. We have
maps

F

foM = RS M S (O FRYM s B fM,

Y/ X

where the last isomorphism is given by flat base-change applied to F%. (Recall that
X is assumed to be smooth over k, so that FY% is flat.) The composite is a map
f«M — F§ f.M, which induces on O%, y ®oa fM an (0% x> Opr x)-bimodule
structure.
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On the other hand, we may equip the tensor product f*IO%,,.VX Qf-108 M with its
induced (f _1(9%’ X O%T’Y)—bimodule structure, and underlying this is the induced
(f71O% x, f1O%, x)-bimodule structure. Thus

O%KX ®09( f*M - f*(ffl(’)ﬁ\;rﬁx ®f_1(99( M)
(the isomorphism holding because X is smooth, so that by Lemma 1.3.1 O%T,  is flat
as a right O%-module) is equipped with an (O, x, O% x )-bimodule structure via
this construction.
Lemma 1.10.6. — In the situation of (1.10.5), the two (O%T7X,O§T’X)—bimodule
structures defined on Of}rx ®o4 f«M are in fact equal.

Proof. — This is simply a matter of chasing through definitions. O

1.10.7. — There are two remaining observations regarding induced bimodules that
we wish to make. As in (1.10.4), we take f to be the identity map from a smooth k-
scheme X to itself, and we consider the particular case when M is an (’)% x-module
whose structural morphism ¢4 is an isomorphism. In this case, we may take [ to
be (bj\j. M — FyM. Then (’)}\;r’x ®os M is equipped with its induced bimodule
structure. On the other hand, we may form the tensor product of left OAT’ y-modules
M Dos O%T’X, which by the discussion of (1.9.5) is equipped with the structure of

an (0%, x, 0% x)-bimodule.

Lemma 1.10.8. — In the situation of (1.10.7), there is a natural isomorphism of
(O x, Ot x )-bimodules

Opr x ®oa M =5 M @ps O x.

Proof. — Write (911}7-7)( ®oy M = @, F¥*M (via Corollary 1.3.2) and M ®os

O%T’X — M[F"] = @, , MF"™. Define the isomorphism to be the direct sum of
the isomorphisms

b, M FTT
One easily checks that this is indeed a map of (Of, y,Of x)-bimodules. O

Lemma 1.10.9. — In the situation of (1.10.7), if N is a left OAT7X—module, then
the diagram

~

Opr.x ®os (M @0y N) (OFr x ®oy M) @y N

|

RMEN (Orr x ®oy M) @oa, N
(1.10.8)\L~
M®@pa N =~ (M ®os @%T’X) ®oa, N



1. O%--MODULES 29

commutes.
Proof. — This is easily checked. O
1.11. — It will be important in our later arguments to be able to make a change of

ground field in the theory of O%,-modules, and so we now explain the details of this
operation. Let k' be an extension field of k. If X is a k-scheme, then X' = k' ®; X
is a k'-scheme. If M is an Of, y-module, then k' @) M is naturally an Op, x,-
module (with F" acting via a ® m — a? ® F" - m). This restricts to a functor
K @p—: u(X,A) — u(X’,A). The functor ¥’ ®j, — is exact (since k' is flat over k) and
so induces conservative functors (which hence reflect isomorphisms, since a map in a
triangulated category is an isomorphism exactly when its cone is zero)
k' @) —: D* (0% x)* — D*(Opr x/)*
(where o is any of b, +, —, or @), and * is either o or (}) which restrict to functors

k/ ®k - D;C(O%‘T,X)* - D;C(OAT,X’>*‘
. . L L
These functors take (in an obvious sense) — ®os —to -~ Qpa, —
X/

1.12. — If X is a k-scheme, we let D*(X,A) denote the derived category of com-
plexes of A-sheaves on X; here e can be any one of +, —, bor (). If M*® isin D*(O%r7x)

and N'* is in DT (0%, i), then we may form RHomg,n  (M®,N'*), which is an object
) F7T. X

of D*(X,A). (Note that the constant sheaf A is contained in the centre of O?«“r,x)
Such sheaves will be at the basis of our later definition of the Riemann-Hilbert
correspondence, so their functoriality is of great interest to us.

Lemma 1.12.1. — Suppose that M$ and M$, are in DCI_C((’)%T,X)7 and that N? and
N3 are in D*(O%. «)°. Suppose furthermore that either both RHomg (M3, N7)
? F", X
and RHomgx (M$S,N3) are bounded above, or that RHomgs (M$S,N3) is
Fr.X Fr.X
bounded and of finite Tor-dimension as a sheaf of A-modules. (Note that in either
L
case, the derived tensor product RHomogr’X( LANT) ®a RHomOgr’X(M;NQ') is

defined.) Then there is a natural transformation
L
MOQ,,,X( 1ANT) ®a RH&OQT,X(MmNz)
L] L] L L] (] L (]
— RHomoll}“’“,X (Ml ®O§‘( MQ,NI ®O§\( NQ)
This natural transformation is compatible with change of ground field.

Proof. — Using Lemma 1.6.2 and Corollary 1.8.3 we may assume that both M? and
M3 are bounded above complexes of locally free left O% -modules, and that N}

and N3 are bounded complexes of left OAT7 -modules which are O%-flat (and hence
A-flat). Then Honggr X(M;,/\/;) computes RHomZQIAW X(M;’Afz’) (i=1,2).
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Let P® be a bounded above complex of flat (’)A,,-, x-modules that maps quasi-
isomorphically to Homg,x (M3, N3). Then we have a morphism
FT X

L
RHombgr X( LNT) ®a RHomZQQﬂ_ X(M;J\G)

@) . . . .
:HOmogr,X( 1,N1)®AP

—Homp, (MY, NT) @ Hompy (M3, N5)

L L
=RHompy (M} @oy M3,NT ©oy N3),

where the equality (1) holds because either the left hand factor in the tensor prod-
uct of the first line is bounded above, or else the right hand factor is of bounded
Tor-dimension, so that P*® can be chosen to be bounded. This is the required trans-
formation, and it is clearly compatible with change of ground field. O

Lemma 1.12.2. — Let k' be an extension field of k, let X be a k-scheme, let X'
denote the base-change of X over k', and let px : X' — X denote the natural mor-
phism. Then for any objects M® of D_(O%T,X) and N'* of D+(O§\,,,,’X), there is a
natural morphism

p}lRHomzy; X(./\/l',/\/") — RHomgn (K @, M® K @, N®).
r, Frox!

Proof. — Let M*® — I* be a quasi-isomorphism, with Z*® a bounded below complex
of injective O%, y-modules. Since k' ®; — is exact, k' ® M®* — k' @) I® is again a
quasi-isomorphism. Let k' ®j Z°® — Z'® be a quasi-isomorphism with Z’® a bounded
below complex of injective O%T7 x-modules. Then we have

px' BHomp,  (M®*N*) = py' Homg, ~ (M*,Z°)
— Mé;rw (' @ M®, K @, 1°)
— MZQQKX, (k' @k M®,T'%)
—= RHomgy (K @ M®,T").
This is the required natural transformation. O

Remark 1.12.3. — If M* is a complex in D, (O3, x), and if X is smooth as a
k-scheme, then we may also compute the natural transformation of the preceding
lemma by replacing M*® by a bounded above locally free resolution (which exists by
part (ii) of Lemma 1.6.2), rather than by replacing N'® by a bounded below injective
resolution. This will prove useful in the proof of Proposition 6.10.1 below.

1.12.4. — Taking global sections of the morphism of Lemma 1.12.2 induces a mor-
phism
RHomég X(M',N') — RHomps (K @k M® K @, N®).
T, FT X/
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It is clear from the construction that the corresponding morphism
Homps ~ (M®, N®[i]) — Homen (k' @k M® k' @ N°[i])

induced between the i** cohomology groups of these complexes is just the morphism
of Hom’s induced by the functor k' ®, —.

1.12.5. — One particular case of Lemma 1.12.2 that will concern us later is when
k' is a purely inseparable extension of k. In this situation, the morphism px of the
lemma induces a homeomorphism of the underlying topological spaces. If we use this
to identify X’ with X as a topological space, the natural transformation of the lemma
reduces to a morphism

RHomgn  (M®,N*®) — RHomps (K @) M® K @, N®).
Fr.X F7, X/

1.13. — Let X be a k-scheme, and suppose that A’ is a Noetherian A-algebra. We

have natural isomorphisms

(1.13.1) N @y 0% = 0F
and
(1.13.2) Noy0b v =08 .

Thus the functor M — A’ ®, M takes O%T’X-modules to O%;’X—modules. This
induces a functor

]:Ll !
N @p—: D™ (O x) — D™ (O x),

which restricts to a functor
, L — A - A
A ®A —: ch(OFT,X) — DqC(OF’V‘,X).

L
Although A’ ®4 — does not in general preserve boundedness, it does restrict to a
functor
L /
N @ —: DY (08 x)° — D (0% x)°,
and also (by working locally on a cover of X by open affine subschemes, and applying
Corollary 1.8.3 to the members of the covering), a functor

L ’ °
A/ QA — Dgc(O/F\"‘,X)O - DSC(O%T,X) .

1.13.3. — The isomorphism 1.13.1 shows that there are natural isomorphisms of
bifunctors

A @5 (- ®oy ) — (A ®x ) ®pu (A @4 )
and

, L L ~ , L L , L
A @4 (- @0y —) — (A @1 ) @y (A @ ).
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Lemma 1.13.4. — Let X be a smooth or quasi-projective k-scheme, let M® be

a complex in Dy (Op. x), let N* be a complex in D*(Of. x)°, and suppose that

RHomg,a X(./\/l',/\/") is a bounded complex of A-sheaves. Then there is a natural
Fr,

transformation
I L L] [ ] (] [ ] / L L] / L (]
A @ RHomO% X(./\/l JN®) — RHomg,n (A @y M®, A @4 N*®).
L FT,X

(That the two sides of this map are defined follows from our various assumptions.)
This transformation is compatible with the change of field morphism of Lemma 1.12.2
(in an obvious sense).

Proof. — The existence of the natural transformation follows from Proposition B.1.1
if we take A to be F,;, A’ to be A, A” to be A’ and B to be Opr x. We leave the
checking of its compatibility with the change of field morphism as an exercise for the
reader. O

1.14. — Thus far we have fixed ¢ = p”. Suppose now that 7’ is a multiple of r,
write ¢ = p", so that F, C Fy/, and write A’ = A ®p, Fy/. Assume furthermore that

Fy C k. Then we may form the sheaves of rings Oﬁ\(, and Olf}ﬂ;/ +» and we have

0¥ =N @, Ox "> A@g, Ox = 0%,

as well as
OFT,X =A ®]FZI OFT"X - A®]Fq OFT/,X C OJI}'T,X'
Lemma 1.14.1. — There is an isomorphism of left (’)A/T, « ~modules
(r'/r)—1 )
Op x = P 0" @0, 08 .
n=0
In particular, if X is a smooth k-scheme then OA/,\’X is locally free as a left Oé\?/r, "
module.
Proof. — The stated isomorphism follows immediately from Lemma 1.3.1, and its

analogue with 7/ in place of r. If X is assumed smooth then Og;”) is locally free as a
right O x-module for every n, and the second claim follows. O

1.14.2. — We let Resg/ : D'((’)AT,X) — D'((’)?;/,,,QX) denote the functor defined by

regarding an object of the source as an object of the target D(Og;, «)- (Here e may as-
sume any of its possible values.) We refer to these functors collectively as “restriction”.
We remark that they obviously have zero cohomological amplitude. Also, since Oé‘(/
and O% are isomorphic, they restrict to a functor Resj : Db(O%r,X)o — Db(Og;, 7X)°.

Suppose in particular that M is a left OAT7 y-module, with structural morphism
dr. Then it is immediate that the structural morphism of Resg//\/l is equal to the
morphism denoted ¢,/ a4 in section (1.5). Lemma 1.5.1 shows that this map is

P dro- 0 Par

equal to the composite F' )((T -
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1.14.3. — Suppose that X is smooth over k. We let Indg, : D'(Og:,, x)
D'(OAT’ ) denote the functor obtained obtained by tensoring on the left by O%r’ x

over (’)I’};, (Here o can take on any of its possible values.) Lemma 1.14.1 shows

X
that this functor is well-defined for any value of e, that it has zero cohomological
amplitude, and that it restricts to a functor
b bl
Indg, : D (OFT,7X)O — D°(O T7X)°.

We refer to these functors collectively as “induction”.

Let M be a left Ogrl -module, with structural morphism ¢ : Fx*M — M.
Lemma 1.5.1 shows that there is an isomorphism of Oé‘(—modules

(r'/r)—1
mdiM = P F¥M,
n=0

and that in terms of this isomorphism, the structural morphism of Indg,/\/l is equal
to the map

(' /r)-1 (' /r)
Fe( @ Fym) = P Frem
n=0 n=1

id id (' /m) (' /)
n=1 n=0
1.14.4. — Since (95} and (99(' are isomorphic sheaves of rings, it is obvious that the

bifunctors Resg/ (~®pa —) and Resg/ () ®par Resg/ (—) are naturally isomorphic. On the
X

other hand, induction is not compatible with tensor products. Similar observations

apply to the corresponding derived tensor products.






2. PULL-BACKS OF (0A.-MODULES

2.1. — Suppose that f : Y — X is a morphism of smooth k-schemes. We will define
a morphism of triangulated categories

f Di(OAr,X) — Di(OAr,Y)

called “pull-back by f.” (With regard to notation, we note that if M*® is a complex
of quasi-coherent O%r7 -modules, then the underlying complex of Oy-modules f'M?*
will not in general coincide with the complex of Oy-modules which is usually denoted
by f'M? in the duality theory of quasi-coherent sheaves [Ha 1]. In fact, temporarily
denoting the latter functor by ‘f'’, on the level of complexes of Oy -modules there will
be isomorphisms

FIM® L MOy x] = wyf @0y fM®.

In the following f' will denote the O%,-module pull-back that we define in this section,
except when we explicitly state otherwise.)

2.2. — Let f# : f~1O% — O denote the morphism of sheaves of rings on Y arising
from the morphism of schemes f. Then (as was already observed in remark 1.10.3)
f7# induces a morphism of sheaves of rings

fO0%e x = fTIOR[FT] — OP[F] = Op. v
We use this morphism to make OAT7Y a right fflOAT7X—module.
Definition 2.2.1. — O%Ty can be regarded as an ((91/;73/,]"*1(9%r7)()—bimodule7

via its standard left O, y-module structure, and the right f _1(9%7 x-structure con-
structed above. We denote this bimodule by (’)j}r’yH x-

Lemma 2.2.2. — If f : Y — X is an morphism of smooth k-schemes then the
bimodule 0%7',Y—>X has finite Tor-dimension as a right f_l(’)%mx -module.

Proof. — By construction we see that 0%7‘,Y~>X is isomorphic as a right f_l(’)%hx-
module to Oy ®-10, f “1Opr x. Thus the lemma follows from the fact that since
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X is smooth, the stalks of Ox, and hence of f~'Ox, are regular, implying that Oy
is of finite Tor-dimension as a right f~'Ox-module. O

2.3. — We now define the pull-back functor.

Definition 2.3.1. — Let f : Y — X be a morphism of smooth k-schemes. We
define f*: D(OAT7X) — D(Oﬁ\my) as follows:

LAfe — A z ~1pq°
FM® = Opry_x @par0n, [T M dy/x].

That this functor is well-defined follows from Lemma 2.2.2, which shows further-
more that it has finite cohomological amplitude.

Lemma 2.3.2. — (i) The functor f' preserves the property of having quasi-
coherent cohomology sheaves, and so restricts to a functor f' : ch(O%r,X) —

Dye(Ofr v ).
(ii) The functor f' preserves the property of being of finite Tor-dimension, and so
restricts to a functor f' : Db(O%T¢X)° — Db((’)%r’y)o.

Proof. — We have the following formula for computing f' on the underlying O*-
modules or underlying O-modules. Namely, if M* lies in D‘(O§T7 ) then

L
(233) f'M®=Opy_x ©pr0n, " Mdy/x]

~ L _ ° ~ L — °
— Oy R0y [TIMdy)x] = Oy @p-10, [T M [dy/x].

Together with part (i) of Lemma 1.6.2 (which shows an object M*® of D;C(O%r, x)
may be resolved by a complex of flat quasi-coherent left OAT’ y-modules), for-

mula (2.3.3) shows that f' preserves the property of having quasi-coherent cohomol-
ogy sheaves, proving part (i). It also shows that if M*® is a bounded complex of left
O%T’ y-modules which are flat as Oé\(—modules, then f'M?®, regarded as a complex of

OQ-modules, is represented by the complex (’)é\, ®p-104 f_lM.[dY/X]’ which is a
bounded complex of flat O#-modules. Thus we have established part (ii). O

Proposition 2.4. — Let f:Y — X and g: Z — Y be two morphisms of smooth k-
schemes. Then the functors g' f' and (fg)' from D((’)%T)X) to D((’)I’}T)Z) are naturally
isomorphic.

Proof. — We let M*® be a complex lying in D((’)}\,ﬂr’x). Using the canonical flat
resolution of [Ha 1, IT 1.2], we obtain a resolution of M*® by flat (’)/\Tvx—modules7
which are in particular flat as Ox-modules. This resolution may then be used to

compute the (% appearing in the definition of f' and (fg)', even though it may be
unbounded (since the stalks of Ox are regular of bounded dimension).

Replacing M® by its flat resolution, we then compute f'M® = O ®f-104
f7'M®[dy,x], and the right side of this equation is a complex of O%,Y—modules
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whose members are flat as Oﬁ\,—modules. Thus we may use the right hand side to
compute g'f'M®, and we see that

g f'M=0% Qg-104 (O Qf-104 f_lM.[dY/XD[dZ/Y]
=03 ®g-104 g oy Qg-1f-104 g TIMdy] 0% Qg-17-104 g M [d]
- 0% ® (9104 (f9) 7' M[dz] = (fg)'M".
O

Proposition 2.5. — Let f : Y — X be a morphism of smooth k-schemes. If M*®
and N'* are objects of D*(O%T7X) then there is a natural isomorphism

FM® By N*) = FM® Gy FN*[dx)v]

Proof. — We may suppose that M*® and N® are both bounded above complexes of
O%-flat modules. Then we compute

L
flme ®os N*) = flme ®oa N*®) = Oy Qp-104 fHme ®pa N*®)[dy)x]
— (03 Qf-104 FIM®[dyx]) ®oh (03 Qf-104 FTINC[dy)x))dx)y]
L
= f'me Qos FN*[dx/v]-
This proves the proposition. L]

Proposition 2.6. — Let f : Y — X be a morphism of smooth k-schemes. If M*®
is in Dy, (0% ) and N°® is in DY (Of, ), then there is a natural transformation

—1 . ° ° ° ! ° ! °
f RHomO%T’X(M SN — RHomgghy(f./\/l SN,
If f is an open immersion, this natural transformation is in fact an isomorphism.

Proof. — We may assume that M® is a bounded above complex of locally free left
(’)%T’ y-modules, and that N'* is a bounded below complex of left O%T, y-modules
which are flat as Ox-modules (using the fact that the stalks of Ox are regular).
Then we obtain the natural transformation

fT RHomgy  (M®N*)
=/ Homp, (M N")
—Hom} op, (7ML FTIN)
—’Hﬂégny(ogny—w Of-108, . fmMme, O?«“T,Y—Jf Of-108, . fTIN®)
;RH&ZQQTX (f!M.[dX/Y]v fNe [dx/v])
—SRHompy  (fM®, f'N*),
where the second-t(;—last isomorphism holds because each of M*® and N'® is a complex

L
of Ox-flat modules (and so can be used to compute ® appearing in the definition of
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/1), and because O?;,,-,y_,x ®f‘10£r,x f~'M?* is furthermore a complex of locally free

O%T’Y-modules. If f is an open immersion, then it is immediate that all the arrows
in this composite are isomorphisms. O

Remark 2.6.1. — Taking global sections, the morphism of Proposition 2.6 yields
a morphism

. ) . . ! o rlare
RHomognx(M N®) — RHomO,;Tyy(f M® FN®).
One sees from the construction that the corresponding morphism

HOHlDb(o

(M'M\/"[z’]) - Home(ogr’ (f!/\/l'7f!/\/"[i])

Frox) v)

induced between the i** cohomology groups of these complexes is just the morphism
of Hom’s induced by the functor f'.

Proposition 2.7. — Let f : Y — X be a morphism of smooth k-schemes, let k' /k
be a field extension, and let f' :Y' — X' be the base-change of f over k'. Then the
diagram

k' ®p—
D(Op, x) —> D(Op x/)

CL b

E Q-
D(O, )~ D(Opr y)

commutes up to natural isomorphism, in a manner compatible with the natural iso-
morphisms of Propositions 2.4, 2.5 and 2.6.

Proof. — This is a consequence of the standard compatibilities satisfied by tensor
products. O

Proposition 2.8. — Let f: Y — X be a map of k-schemes, and let A’ be a Noethe-
rian A-algebra. If M® is in D‘((’)I/}T’X), then there is a natural isomorphism

N B fME 5 F A Ga M),

Proof. — We may assume that M®* is a bounded above complex of flat O%-modules,
which in particular are flat A-modules. The proposition then follows directly from
the formula for f*. O

2.8.1. — Suppose that f : Y — X is a morphism of smooth k-schemes, that M*®
is an object of D, (O%. x), that N'* is an object of D*(Of. y)°, and that both
RHonggr X(M’,N') and RHongiAw Y(f’Mﬂf’N') are bounded complexes. In
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this situation we may form the following diagram:

L L
A ®4p f_lRHongﬁr X(M',J\/") AN @) RHonggr X(f!./\/l', f'N®)

(2.6)
~ (1.13.4)
L L L
JTHA @ RHomy - (M®N*®)) RHomg,y, (A @x fLM A @p fN?)
(1.13.4) (2.8) | ~

L L L L

fﬁlRHom' a (A @p MO A R4 N')*)RHOTTL. A (f!(A/ ®A M'),f!(A/ QA N'))
Opr x (2.6) Opr x

We leave to the reader the tedious but straightforward task of checking that it com-

mutes.

Proposition 2.9. — Let 1’ be a multiple of r, let ¢ = prl, assume that Fyr C K,
and write A" = Fg ®p, A. Then if f : Y — X is a morphism of smooth k-schemes,
the diagrams

f!
D(O%T,X) - D(O%‘T,Y)

J{Resg/ lResg/

!

A f A
D(OFT/7X) —— D(OFT‘/7Y)
and
’ f! ’
DO, )L~ DY, )

llndg, llndg,
1

£
D(O%T,X) - D(O%‘T,Y)

both commute up to natural transformation.

Proof. — The first claim follows from the fact that there is a natural isomorphism

A —-1mA ; . ON —-1mMA ~ A
of ((’)FT,’Y,f O%+ x)-bimodules Opr y_x @108, [T 05 x — Opr y_x
FT™ X

while the second claim follows from the fact that there is a natural isomorphism of
(O%r,w f_logT,’X)-bimodules O/F\‘T,Y ®02;/ 3 (’)gr,’yﬁx = O%nyﬁx. O
2.10. — In this subsection we study the pull-back by a closed immersion f : Y — X
of smooth k-schemes in more detail. Denote by I C Ox the ideal sheaf of Y. We put
ourselves in the context of the " Frobenius diagram of f. (See the appendix for
a discussion of this diagram, as well as a discussion of our conventions concerning
duality of quasi-coherent sheaves, which will be used below.)
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Lemma 2.10.1. — If N is a sheaf of O%-modules equipped with a morphism
(FX*N)[I] = N,

then w;/lX ®oy, N is naturally equipped with the structure of a left (’)AT"Y_module,

Proof. — It is explained in (A.2.2) that the relative Cartier operator C§,T /) « induces
an isomorphism

wy/x ®oy Iy (wy )y ®oy N) = (F* (wy/x ®oy wy/x ®oy N))I] > (FY*N)[I].
Composing with the given morphism (FY*N)[I] — N and then tensoring on the
left by w;/lX, we obtain a morphism Fy (w;/lX ®Ro, N) — w;/lX ®o, N, which by
Lemma 1.5.1 is the structural isomorphism of a unique left O%Twy—module structure
on w;/lX ®o, N. O

Corollary 2.10.2. — If M is a left (’)/I}W’X-module then w;/lX ®o, M[I] is naturally
equipped with the structure of a left O%T7Y—module.

Proof. — Base-change via the flat map F% yields a natural isomorphism
FF(M(I]) = (P M),

where (") = F 1. Using the structural morphism F*M — M we obtain a map

(Fr M)[I™M] — M[I"]. Composing these two, we get a map FY*(M[I]) — M[I")],

and hence a map (FY*(M[I))[I] — (M[IM])[I] = M[I]. The previous lemma now
applies. O

2.10.3. — Since O%T’X is flat as a right Ox-module (by Lemma 1.3.1, as we are
assuming that X is smooth over k), any injective left (’)j\;r7 x-module is also an injective
Ox-module. Thus, by computing with resolutions by injective left (91/} x-modules,
we may use Corollary 2.10.2 to define the derived functor

wyly Goy RHomd (f.0y,) : D¥ (O x) — D* (O y).

Since RHomg,, (f«Oy,~) has cohomological amplitude dx,y (< oo), as one sees
by computing locally with Koszul complexes, and since M +— M][I| takes quasi-
coherent O%-modules to quasi-coherent Of-modules, we see that this functor restricts
to functors

wy/x ®oy RHomp (f.0y,-) : D*(Op x) — D"(Op- y),

w;/lx ®oy RHom  (fOy,-): D;‘C((’)Il}w’x) — D;_C(OAT’Y),

and
wyly ®oy RHomd (£.0y, ) : DL(O ) — Dly(Oe y).

Proposition 2.10.4. — There is a natural isomorphism of functors

u)}7//1X ®oy, RHomg  (f:Oy, -) = f

On the level of O%-modules this is the (twist by w;,/lX of the) isomorphism (A.1.4).
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Proof. — Tt suffices to construct a natural isomorphism
(2.10.5) wylx ®oy Bt (f.0y,-) = H/Y (f)

The desired isomorphism will then follow by homological algebra ([Ha 1,1 7.4], and
[Con, 2.1]).

There is an isomorphism on the level of O%-modules Hx/v (f') = f*  and the
fundamental local isomorphism (see the discussion and references in (A.1.3)) yields
(2.10.5) on the level of Oy-modules, and hence also on the level of O%-modules by
functoriality. We will show that this is compatible with the O%T,Y—module structures
on each side. This involves unwinding all the relevant constructions.

One thing that makes this slightly awkward is that the functor F;, e which is
the derived functor of the functor M — M][I] on Oy (»-modules appearing in the
statement of Lemma 2.10.1 and the construction of Corollary 2.10.2, usually has
infinite cohomological amplitude. This makes the edge morphism

d d . ,
M(’)}Zy(f*o}/vi) - MO);/Y( )(‘ﬁg’“)oy(r)’,)

discussed in (A.2.2) a little difficult to analyse.
We can get around this problem by the following device. If M is flat as a left
O% y-mmodule (and so also flat as an Ox-module) then

Eatly (f.Oy, M) = Extly (£ Oy, M) =0

if i # dy,x, and so the above edge map in this case becomes an isomorphism

~ d s r
(2.10.6) Bt (£,0y, M) =5 Bt (£ Oy iy, M)[I]

Since any left O%T)X—module may be written as the quotient of a flat (’)%T’X—module7
and since the functors appearing on either side of (2.10.5) are right exact functors
of (’JJI}T’X—modules7 it suffices to verify that the isomorphism of (2.10.5) respects the
Oll}ny—module structures on each side in the case that M is a flat left O%rﬁx—module.
We assume that M is of this form from now on.

Let a1, - ,as be a regular sequence which (locally) generates I. We have the
following commutative diagram, in which the horizontal arrows are provided by the
fundamental local isomorphism, and in which the vertical arrows are constructed using
base-change by the flat isomorphism F%, the structural morphism F3 M — M, and
the inverse of the isomorphism (2.10.6) (the explicit descriptions of the right hand
arrows being explained in (A.2.2); in particular, the morphism labelled (1) is given
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1

by the formula af ™" ---a?" (dad A--- Adad)"t @m — (day A -+ Adas) ™! @ m):

(FY* Bate” (£.0v, M))[I] — = (F{" (wy/x ©oy [ M)II]
~ (F;{*WY/X ®Oy(7') F)T{/*M)[I]

~

d 3 r . ~ )k Tk
Eatg" " (17 0y, Fp M) 1] — = Wy /x @0,y [ M)

(wY(T‘)/X ®OY(,‘) f(T‘)*M)[I]

- q—1 -1
af” alTlwy e x ®o, F*M

i(l)

wy x Qoy [*M.

d - ”
Bato!"" (17 Oy, M))IT]

Exte! (£.0y, M)

If one applies the construction of Lemma 2.10.1 to the composite of the left hand
arrows in this diagram, one obtains the (’)Aryy—module structure defined on the left
hand side of (2.10.5).

On the other hand, recalling from (A.2.2) the explicit formula for the relative
Cartier operator

cﬁ”}x D(dad Ao Adad)Tt = adTh et (dad A Ada?) T

we find that applying the construction of Lemma 2.10.1 to the composite of the right
hand arrows of this diagram yields the structural morphism

Fpf "M = M5 o,

which is exactly the structural morphism of H%/x(f'M). Thus (2.10.5) is an iso-
morphism of (’)?pr’y—modules, and the proof of the proposition is complete. O

Remark 2.10.7. — An alternative description of the isomorphism of Proposition
2.10.4, via residual complexes, is given in the course of proving Proposition 4.5.3.
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2.11. — If X is a smooth k-scheme, then we may consider the r*" relative Frobenius
diagram of X over k (see A.2)

o) .
Fx /e !

Fy
X X X

N

Spec k —=> Spec k.

In this diagram, F’ )((T/)k is a finite flat morphism of smooth k-schemes. Thus

7)! —_ _
F{l: D7 (O <) = D™ (0% x)

is simply pull-back via F )((T /)k on the level of (’)é\m.)—modules, and if we compose this
with the functor from D*(OA,.X) to D™ (Opr x() defined as base-change via the
g*"-power map from k to itself, we obtain a functor which we denote

Fy D_(O?«“T,X) - D_(O%mx)v

which on the level of O%-modules is just the usual pull-back by F%. (We are forced
to describe this functor in this slightly round-about manner, because by restricting
ourselves to the context of k-schemes and morphisms of k-schemes, we have not defined
a pull-back functor for morphisms such as F% which are not k-linear.) In fact, since
all the tensor products considered in the definition of the functor F¥* on D*(O%,,7 x)
are taken with flat objects, this functor extends to a functor on D(OAT7X) (that we
continue to denote by F%*), which preserves D'(O%T7X)*, with e being any one of +,
—, bor (), and * being either o or ().

If M* is a complex in D(OI’}T’ ), then the structural morphisms of each member
of M*® yield a morphism

d)/\/[o : F}?M. — M.

in D(O/I}T7 ), which we refer to as the structural morphism of M®. Note that since
F% is a flat morphism, formation of the structural morphism commutes with the
passage to cohomology, in the sense that we have a commutative diagram of natural
transformations

) Prri(ame) )
(2.11.1) Fyr Hi(M®) — Y i age)
lN H (6 p0)

HI(F)T(*M.)
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2.11.2. — Let M* be a complex in D™ (O%, x) and N'* a complex in D (O, ).
Then we get a commutative diagram of complexes of sheaves on X:

RHomp, (M® FYN*) — RHom@,  (F¥M® FYN®)

i

RHombgr,X (MO N®) o RHomé%T’X (FgEMe N*),

in which the horizontal arrows are induced by ¢aqe @ F'M® — M?®, the vertical
arrows are induced by @pre : FFN® — N, and the diagonal arrow is induced by the
functor Fg* (by combining Lemma 1.12.2; remark 1.12.5 and Proposition 2.6).

2.11.3. — Suppose that &’ is a field extension of k, and let X’ (respectively X ("))
denote the base-change of X (respectively X)) over k’. Then X (" is naturally
identified with X’(") (the base-change of X’ over k' via the r*® power of the Frobe-
nius endomorphism of '), and under this identification, Fx/ /- is identified with the
base-change of Fx/;. Thus for any complex M®* in Db(Of}T’X) there is a natural
isomorphism

~

K @ FFM® — F¢ (K @ M*).
As in Lemma 1.12.2, let px denote the natural map X’ — X. Then for any pair of
complexes M® in D™ (Of, ) and N* in DT (O, ) there is a commutative diagram
(in which we have written (—) to denote k' ®j —)

—1 ok
—1 . ° ° px I -1 . "k . * \[®
Py RHomogr,X(M N XXy RHomOng(F}( JFEN®)

ik/@)k

K on- px' RHomgs  ((FEM® ), (FFN*)w)

iN

° [ . Py L] 7% . 7% (]
RHMOQ,,’X,( v NE) - MOQT,X,(FX’( v ) FX(NG))

(in which the vertical morphisms are those provided by Lemma 1.12.2).

Recall from remark 1.12.5 that if &’ is a purely inseparable algebraic extension of
k then we may use px to identify X’ and X as topological spaces, and that having
done this, we omit p;(l from the notation. The following Lemma studies a particular
case of this situation.

Lemma 2.11.4. — Let k' be a (necessarily purely inseparable extension) of k such
that (k') is contained in k. Then for any two complezes M® and N'® as above there
18 a natural morphism

RHombgr’X/(M;/,Nk'/)—>RHom:92T‘X( M FEN®)
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such that the diagram
RHomzf)/FxT,X (MO N®) RHomZ,)QT,X (F M, FEN®)

e

RHonggr X/( NS s RHonggr X,(F}}"i( 2), FE(NS))

(in which the outer edges of the diagram are provided by the discussion of (2.11.3))
commautes.

Proof. — Since k'? is contained in k, we have a sequence of morphisms k — &’ araf
k. Considering the corresponding maps on Spec’s allows us to factor the endomor-
phism F} of Spec k as a composite Spec k — Spec k' — Spec k. Since F'{* is computed
by first base-changing via the Frobenius endomorphism of k, and then pulling-back
via F)((T/)k7 we see that it may equally well computed by first base-changing from £/,
then base-changing from &’ to k (via the ¢'" power map), and then pulling-back via

(r)
F{),.

commutative triangle

RHomégr‘X(MﬂN')HRHoméénx(F)’}* * FPN®)

_——

RHOmZ/)Q‘TYX/( ;”Nk.’)

Thus (combining Lemma 1.12.2, remark 1.12.5 and Proposition 2.6) we get a

whose diagonal arrow is the desired map. This triangle is exactly the upper portion of
the diagram appearing in the statement of the lemma, and so we conclude that that
portion of the diagram commutes. That the lower portion also commutes is easily
checked. O
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3.1. — The object of this section is to define the push-forward
fv: D(OAT,Y) - D(Ozj}ﬂr,x)
for any morphism f : Y — X of smooth k-schemes.

3.2. — As observed in remark (1.10.3), the morphism f# : f~1O% — O% induces a
morphism =103, y = fTTOX[FT] — O$[FT] = Of, y. Thus if M* is any bounded
below complex of left (9/\,.71/—rrlodule7 its total push-forward R f,.M is naturally a com-
plex of left OAT7 y-modules. At first sight this may seem like a reasonable definition
of push-forward for O%T—modules. However, it turns out that this naive definition is
not the appropriate one, and we are led to a more involved construction, which we
now describe.

3.3. — We begin by associating an (f_l(’)/l}r’x7 (’)}\ﬂ,w’y)—bimodule to any morphism
f:Y — X of smooth k-schemes.

Proposition-Definition 3.3.1. — If f :' Y — X is a morphism of smooth k-
schemes, so that f71O%. x ®p-10, wy/x is naturally an (f~*O%, x, OF)-bimodule,
then the right O%-module structure extends to a right (’)AT’Y-module structure in such
a way that f_l(’)/l}r’X ®f-104 Wy x becomes an (f_l(’)f,v,x, O%, y)-bimodule. We de-
note this bimodule by O%,,.,th. ’

Proof. — The discussion of the 7" relative Frobenius diagram for the morphism f
and the 7! relative Cartier operator in (A.2) shows that the latter is a morphism

Cy)x By Jxuwvix — F "oy x.

Via the induced bimodule construction of (1.10) (applied to idy ®F, Cé,r/)x), we

find that f‘l(’)%T’X ®f-104 Wyyx is indeed endowed with the structure of an
(f~1O% x, O y)-bimodule. O
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Lemma 3.3.2. — If f: Y — X is a morphism of smooth k-schemes then the functor
D_(OFr’y) — D_(f_l(/)FT’X) deﬁned by
. A L .

M® = OF’",X<—Y ®fflop'r1y M
has finite cohomological amplitude.
Proof. — First note that (as is immediate from the construction), there is an isomor-
phism

A ®@r, Opr xy — O%r,x&r
By definition, we also have an isomorphism OI/}”‘,Y — A ®p, Opry. Thus, if we

forget the auxiliary A-module structure on an object M*® of D~ (Opry), we find an
isomorphism of complexes of f~1Opr x-modules

L L
A ~
Opr xy ®os, M — Opr xy Q0pr y M.

Thus it suffices to prove the lemma in the case that A = IF,. In this case, the lemma
L
follows from Corollary 1.8.4, as we see by computing the ® using a flat resolution of

the second variable. O

Lemma 3.3.3. — Iff:Y — X and g : Z — Y are morphisms of smooth k-schemes,
then there is a natural isomorphism of ((fg)"'Op. x, Op. z)-bimodules,

—1mA A ~ A
9 Opr xy Qg-104, Opryez — Opr x 7z
Proof. — We compute

97 O% xy ®g-108, | Ofry ez
= g (fT0p x @10y Wy/x) Rg-108, 97 Ok y ®g-10, Wzyy
— (fg)_lOﬁp’X Q(rg)-10x g 'wy/x ®y-10y wz)y
- (fg)‘l(’)gr,x O (fg)-10x Wz/x — Opr x 7.

It is clear that all the natural isomorphisms preserve the left (fg)™'O%. y-module

structure. That they also preserve the right OAT7 z-module structure follows from the
formula for the relative Cartier operator of the composite fg in terms of the relative
Cartier operator of the morphisms f and g (A.2.3 (4ii)) O

Lemma 3.3.4. — If X = Spec A is a smooth affine k-scheme, and a is an element
of A such that Y = V(a) is also smooth, then O%V,V’X(_Y is faithfully flat as a right
Ofr y -module.

Proof. — In the situation of the lemma, the invertible sheaf wy, x is freely generated
by the section (da)~! over Oy = Ox/a. Also Oy )y = Ox/a4, and the Cartier
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operator is the morphism b(da)~! + ba? 'F"(da)~! (A.2.3 (iv)), where the right
hand side is viewed as element of f_l(’)fw_’x ®o, wy/x- Thus

O%r,xhy = fﬁlO%r,X Qf-104 Wy/x = fLOR[FT) Qp-104 (0% /a)(da)™"

= POk far" P (),
n=0

with the right O%T.y—module structure on (9% xy defined by

bE™ (da)~! 5 bad" (@D FrtT (dg) L,
For each i > 0, set

M, = @ amx0.a" =008 /g1" T (da) L.
n=0
Then each M; is a (f’lol‘}r,y,O%Ty)—submodule of O%T7X<—Y’ and O%r,x—y =

lim M;. We claim that each M is free as a right O§T7Y—module. Once we prove this,

the lemma will follow, since a direct limit of free right (’)%T,Y—modules is a flat right
O%T’Y-module.

It will suffice to show that each quotient M;/M;;1 is free. Let m be the least
integer greater than or equal to log, i. Then

Mi/MH-I — @amax(O,q"'fi)O?{/amax(o,qnfi+1)Frn (da)fl
n=0
_ @ aq"fioé\(/aq"’fiJrlFrn (da)fl,
and this is a free right OAT,Y = (0% /a)[F"]-module of rank one, freely generated by
F"™. This completes the proof of the lemma. O
Corollary 3.3.6. — If f : Y — X is an immersion of smooth k-schemes, then

Ofr xy is flat as a right O,y -module.

Proof. — We may factor f as the composition of an open immersion and a closed
immersion, and it suffices to prove the corollary for each kind of immersion separately,
by Lemma 3.3.3. For closed immersions, the result follows from Lemmas 3.3.3 and
3.3.4, since any closed immersion can be factored locally into a composite of closed
immersions of the form considered in Lemma 3.3.4. On the other hand, the result is
obvious for open immersions, since in this case O%r’ xy is isomorphic to Oll}ryy. O

Definition 3.4. — Let f:Y — X be a morphism of smooth k-schemes. We let
fr D(OAT,Y) - D(O%‘T,X)

denote the functor which sends a complex M?® in D(Olj}w,y) to the complex

L
f+M® = Rf(Opr x_y ®oa, , M*).
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That this functor is well-defined follows from Lemma 3.3.2 together with
Grothendieck’s theorem showing that Rf, has cohomological amplitude at most
dy [Ha 2, TII 2.7]. Indeed, taken together these results show that fi has finite
cohomological amplitude.

Remark 3.4.1. — Note that if f : Y — X is a closed immersion, then by Corol-
lary 3.3.5, the sheaf O%, xcy is faithfully flat as a right (’)Fr -module, while the
functor f, is fully faithful and exact. Thus in this case, there is no need to consider

derived functors, and we see that the functor fy is of zero cohomological amplitude,
and fully faithful.

3.5. — In this section we show that fy restricts to a functor fy : ch(o%”‘,Y) —
Dye(Ofr x)-
Lemma 3.5.1. — If f : Y — X is a morphism of smooth k-schemes, then any

. A . . . A _
induced left Of. y-module is acyclic for the right-exact functor Op. x_ v ®o%7.’y :

Proof. — Let M be an O%-module, and M = O%T7Y ®oa M the corresponding
induced left Ogryy—module. By Lemma 1.3.1, OI/}”‘,X is locally free as a right O%-

module. Thus ffl(’)A,,'yX is locally free as a right f~'O%-module. Since wy,/x is an
invertible sheaf on Y, we conclude that

A — A
(@) T XY = f 1OF7"X ®f_10X WY/X

is locally free as an Of-module. We now compute
A L ~. A L Ak
OFr x—y ®op, , M= Opr xy ®@oa, , OFry @op M

~ LL ~
- O%T,th ®O$ M — OII}"",X<—Y ®O§} Ma
proving that M is acyclic for 0%T7X<_y o, O
Lemma 3.5.2. — If f:Y — X is a morphism of smooth k-schemes and M is any
O{‘,—module, then the natural map
Ofr x ®oy REM — RE(fT1O08 x @104 M)
is an isomorphism.

Proof. — By Lemma 1.3.1, Of, x = @, ,(F{")*O% is a locally free right O%-
module. The lemma is thus a special case of the projection formula. O

We are now ready to prove that f, preserves the property of having quasi-coherent
cohomology modules.

Theorem 3.5.3. — Let f : Y — X be a morphism of smooth k-schemes. Then the
functor fi restricts to functors
f+ ch(O%T,Y) - DqC(OAT,X)

and

f+ : DZC(OAT,Y)O - DSC(O%‘T,X)O'
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Proof. — We begin with the first claim. A spectral sequence argument (taking into
account the fact that f; has finite cohomological amplitude) shows that it is enough
to prove this for a single quasi-coherent (’)I/},"Y-module M. The two-step resolution
of M provided by Lemma 1.8.1 shows that in fact it suffices to prove the theorem
for an induced quasi-coherent O%T’Y—module M = O%ryy ®oa M, where M is a
quasi-coherent Oé\,—module.

Lemmas 3.5.1 and 3.5.2 shows that

H(f4)M = sz(OAr,th ®oa, M)

FT)Y
= RfI((f ' Opr x @105 wy/x) ®op, Ofry ®op M)
= Rff(f_loAr,X Qf-104 (wy/x ®oy M))
= Ofr x ®o4 Rfl(wy;x ®oy M).
Since wy, x ®o, M is a quasi-coherent O%$-module, we see that Rf? (wy/x®oy M) is
a quasi-coherent Og\(—module. Thus f+ M does indeed have quasi-coherent cohomology
sheaves, as we wanted to show.

We now turn to the second claim. Lemmas 1.6.2 and 1.8.1 show that any object in
DSC(O%T’Y)O has a resolution by a bounded complex of left Opr y-modules which are
induced from quasi-coherent flat O%-modules. Thus it will suffice to show that f M
lies in DSC(O%T’ «)° whenever M = Opry ®p, M is induced from a quasi-coherent
flat O%-module M.

In this case we compute that

f+M® = RE(f 7108 x @104 wy/x @0, | (Ofry Qo M)
5 O x oy Rfs(wy/x ®o, M).

Since M is a quasi-coherent flat (’){}-module, the same is true of wy,x ®o, M. Thus
we are reduced to proving that if IV is a quasi-coherent flat O%-module, then Rf,N
is a complex of O%-modules of finite Tor-dimension. However, this is standard. [

3.6. — The proof of Theorem 3.5.3 shows that induced modules play an important
role in computing push-forwards. For this reason it will be useful to answer the
following question: suppose that 3’ : OI‘}W’Y ®os M — (’)/I}T’Y ®os N is a morphism
of induced left O%T7Y—modules. How then can one describe the induced morphism

O x R0y Rf(wy/x ®oy, M) — fr(Opy ®ps M)

f+8 ~

= [1(Ofry ®os N) == O x ®pp Rfu(wy/x ®o, N)?
As observed in (1.7.3), to give the morphism /3’ is equivalent to giving a morphism

B:M— @) N
n=0

of Of-modules. Since f; commutes with direct sums of morphisms, we may deal with
each summand individually. Our question is then answered by the following result:
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Proposition 3.6.1. — Let f : Y — X be a morphism of smooth k-schemes. Suppose
given OQ-modules M and N and a morphism

B: M — (Fy")"N
for somen, and let 3 : (’)Ar7y B M — (’)‘/}ryy ®oa N be the corresponding morphism

of induced left (’)AT’Y-modules (via (1.7.3)).
Then 3 gives rise to a natural morphism

7 Rfi(wy)x ®oy, M) — (FX")"Rf.(wy/x ®oy N),
such that, if
7' Opr x @0y Rfc(wy)x ®oy M) — Op: x @0 Rfc(wy/x ®oy N)

denotes the corresponding morphism of induced left (’)Ar’X-modules, then under the
natural identifications

f+(0%r,y ®ps M) — O%v-,x ®os Rfv(wy/x ®o, M)
and

f+(Opry ®op N) = Opr x @0 Rf(wy/x @0y N)

(inverse to the isomorphisms provided by Lemma 3.5.2), the morphism ~' coincides
with the morphism f, ('

Proof. — We will construct the morphism -y, but leave it to the reader to check the
asserted equality 4" = f 3, since it consists simply of chasing through the definitions.
We use the notation and terminology of the rn*® Frobenius diagram of Y over X. (See
(A.2)). In particular, the rn® relative Cartier operator is an Oy (-n)-linear morphism

F}(,;T;g*wy/x — (F¥")*wy,x. Combining this with the morphism /3 and the projection

formula for the affine morphism F)(,T/gg we obtain the following sequence of morphisms:

FUY (wy/x ®oy M) — FYJ) (wyx @oy (FY")'N)

AN F}(/TQ*(WY/X R0y (F}(/;’;g)*(F;(n)/*N) AN Fgﬁg*u}y/x ®Oy(7‘n) (F)'r(n)/*N
(FX")"N — (FX")" (wy/x ®oy N).

— (FX")"wyyx ®0, (0,

Applying R ffm) to the source and target of the composite of this sequence of mor-
phisms, and applying base-change for the flat map F%", yields the morphism

Rf.(wy/x ®0y M) = RET™ P (wy)x @0, M)
— RETV(ERY* (@y/x ®oy N) = (F¥)' Rfu(wy/x oy N).
This is the required morphism . O

Proposition 3.7. — Suppose that g : Z — Y and f : Y — X are two morphisms
of smooth k-schemes. Then there is a natural isomorphism

fr9+ — (f9)+
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Proof. — Lemma 3.5.5 provides an isomorphism

Obr xz = g7 OM 5y & o}
Fr.X—2Z g Fr Xy Wo-104,  YPryez-

So for any object M*® of D*(O%, ,) we have

(f9)+ M* = R(f9)u(Orr x 7 oy, |, M)

~ —1 A L A L .
—_ Rf*Rg*(g OFT‘7X<_Y ®9710%”“,Y OF’I‘7Y<_Z ®OA M )

FT".Z
~ L L
— Rf.(Ofr x oy ®os, , R9«(Orryz ®os,  M®)) = frg4: M".
Thus the proposition is proved. O
Proposition 3.8. — Let f : Y — X be a morphism of smooth k-schemes and

g:U — X be an open immersion. Denote by g’ : f~1(U) — Y the base-change of f
by g. Then there is a natural isomorphism of functors g'fy — (f\f_l(U))Jr(g’)!.

Proof. — This follows from the fact that pull-back by an open immersion consists
simply of restricting to the source of the immersion, that the formation of Rf, is
local on the base, and that the construction of O?;TywaY is also local on the base. [

Proposition 3.9. — Let f : Y — X be a morphism of smooth k-schemes, let k' /k
be a field extension, and let f' :Y' — X' be the base-change of f over k'. Then the
diagram

k'@ —
D*(Op. y) —> D*(Opr y1)
I+ if@
k' ®r—
DY(Op. x) —> D"(Op. x)

commutes up to natural isomorphism, in a manner compatible with the natural iso-
morphisms of Propositions 3.7 and 3.8.

Proof. — This follows from the standard compatibilities satisfied by tensor products,
together with flat base-change for the total derived push-forward of quasi-coherent
modules (applied to the base-change from %k’ to k) and the natural isomorphism
K @ wy x — wyr/xr [

Proposition 3.10. — Let f: Y — X be a map of smooth k-schemes, and let A’ be
a Noetherian A-algebra. If M® isin D;C(O%TA/)? then there is a natural isomorphism
! L o / L o
A @p fxM® — [L (A ®p M®).

Proof. — Using the formulas
/ L
O/F\"I"XHY = A/ ®A O%T7X<—Y = A/ ®A O%"",X‘*Y
and .
OFy =N @y 08y =N Gp Oy,
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we compute that

A/ L Mo =R OA' L Al L Mo
f+ (A ®a )= Rf(OFr x v ®og;yy (A" @4 )

~

N L L
5 RE(N ®a (Ofr xy ®oa,  M®)) —

Fry
1 L A L . ~ l L .
N @n Rf(Op xoy ©op, , M®) — N @y fL M,

as required. Here the existence of the second-to-last isomorphism follows from Propo-
sition B.1.3, taking A to be F,, A’ to be A, A” to be A’, and C to be Opr x. O

Proposition 3.11. — Let r' be a multiple of r, let ¢ = p"/, assume that For C k,
and write A" = Fy @p, A. Then if f 1Y — X is a morphism of smooth k-schemes,
the diagrams

I
D(Ozl}ﬂr,y) — D(O%T,X)

iResg, \LResg/

’ f ’
D(Oﬁ;r”y) 4+> D(Oér’gg)

and

’ f ’
D(O} ) —=D(Op, )

ilndg, J{Indg,

f
D(O%r,y) — D(OJF\‘T,X)

both commute up to natural transformation.

Proof. — There is an evident natural isomorphism of (f ’1(92,;,7 X O%r7y)—bimodules

’

A A ~ . A
Opr xy ®Oﬁlw . Ofry — Opr xv,

and this implies the first claim. Similarly, there is a natural isomorphism of
(f71O% x, 0%, )-bimodules

—1mA A ~. A
[ 08 x ®f*10ﬁ:«/ x OFT",XHY — Opr xv>

and the second claim follows from this together with the projection formula. O
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4.1. — In this section we prove a projection formula relating f, and f' for any
morphism f : Y — X of smooth k-schemes, as well as an adjointness formula relating
f+ and f' in the cases when f is proper or an open immersion.

We begin with the projection formula, which is straightforward to prove.

Proposition 4.2. — If f: Y — X is a morphism of smooth k-schemes, let M* be
an object of D*(O%,.,Y) and N'® be an object of D;C(O%,,7X). Then there is a natural
isomorphism

L ! ° ~ . L °
f+M® ®pp fN®) — fLM[dy/x] @0y N°.

Proof. — We may assume that A® is a bounded above complex of locally free left
OI‘}T’ w-modules. Then f'A® is represented by

oy Qf-104 fINe [dy/x].

Observe also that this is a bounded above complex of locally free left OATVY—modules.
Thus

L
F+(M® Boy ['N*)
~ L ° - °
— Rf.(Opr xy ®os, , M*®os O¢®f*10§f N[y x]))

~ L ° — °

— Rf.(Ofr xy ®op, , M* @104 f 'N*[dy/x])
(1) .

e Rf*(Oﬁ;\w’XHy ®o§ryy M.[dy/x}) ®O§\( N.

~ ° L °

(Isomorphism (1) follows from the projection formula applied to the complex of locally
free O%-modules A'*.) This proves the proposition. O

4.3. — We now prove the adjointness between f, and f' in the rather simple case
of an open immersion. In fact it will follow immediately from the fact that in this
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case one can describe f, and f' in terms of the usual pull-back and push-forward of
sheaves.

Lemma 4.3.1. — If f :' Y — X is an open immersion of smooth k-schemes, then
the functor

e D(OAT,X) - D(O%‘T,Y)
is naturally isomorphic to the functor f~1, while the functor
I+ D(O%r,y) - D(Of\?r,x)

is naturally isomorphic to the functor Rf.. Thus if M® is any object of Di(O%’r,X)
and N'* any object of D+(O%T,Y), then there is a natural isomorphism of objects in
DT (X, A):

RHombgr X(M.7f+N.) o~ Rf*RHomz,)gr y(f!Mo’N'>,

In particular (take degree zero cohomology of the right derived functor of global sec-
tions) the functor fi is right adjoint to the functor f', and the resulting natural
transformation

Ffe—id

18 an isomorphism of functors.

Proof. — The descriptions of f, and f' follow directly from the definitions, since
when f is an open immersion, f‘lO%,’X = (’)/}T’Y and wy,x = f~'Ox = Oy. The
consequent adjointness is a standard property of the functors Rf, and f~!. O

4.4. — We now turn to the theorem which expresses the adjointness of the mor-
phisms f; and f' in the sense of derived categories, for the case of a proper morphism:

Theorem 4.4.1. — (i) Let f :' Y — X be a proper morphism of smooth k-
schemes. If M® is any object of Dgc<0%r’y) and N'* any object of DSC(O%mX),
then there is a natural isomorphism of objects in DT (X, A):

RHomg ~ (f+M®*,N*) = Rf.RHomg (M®, f'N®).

In particular (take degree zero cohomology of the right derived functor of global
sections) the functor f is left adjoint to the functor f*.

(ii) Let f:Y — X be a proper morphism of smooth k-schemes and g : U — X be
an open immersion. Form the cartesian diagram

’

U)LY
I,
b

—X.

V =



4. RELATIONS BETWEEN f, AND f' 57

Then for any objects M® of DZC(OAT’Y) and N'* of DSC(OA,.7X) the diagram of
natural isomorphisms

g *RHomys  (f+ M N*®) N() g 'Rf.RHomys  (M®, f'N®)
F7, X parti FT)Y

~ ~

RHomby (57 f+M®,g7 ) Rflg~ RHomyy  (M®, f'N*)
(4.8.1) | ~ ~
RHomp, (9" f+M*,g'N*) Rf:RHompy (9" M®, g f'N*)

(3.8) |~ (4.8.1) |~

(] i o _!rre / L] il o /N plpre
R}Iﬂogrﬂ(f-i-g M 79N) Rf*Mo/}T,V(Q M?®,g fN)

- -
k (2.4)

RfIRHom$ (g"M®, f"g'N'®)
FT" VvV

(in which the isomorphisms are labelled by the result which gives rise to them)
commutes. In other words, the adjointness of (i) is local on the base.

(iii) Let f 'Y — X and g : Z — Y be proper morphisms of smooth k-schemes.
Then for any objects M*® of DZC(O%TVZ) and N'* of DZC(0%T7X) the diagram of
natural isomorphisms

RHomg,y,  ((f9)+ M*N®) —=— R(fg).RHomgy  (M®, (fg)'N*)

part (i)
(3~7)i~
RHomgy — (f+9+M®N®) (2.4) |~
part (z)if\f
Rf.RHom® (9. M®, f'N®) _~, Rf.Rg.RHom%, (M* ¢'f'N*®)
FT.Y part (i) FT.Z

(in which the isomorphisms are labelled by the results which give rise to them)
commutes. In other words, the adjointness of (i) is compatible with composi-

tions.
(iv) Let f 'Y — X be a proper morphism of smooth k-schemes, and let A’ be

a Noetherian k-algebra. Then for any objects M® of DSC(OF"‘,Y) and N'* of
DZC(OFT7X)° with the property that

RHomg, ~ (M®, f'N*)

and

RHomzoér X(f+/\/l'7/\f°)



58 4. RELATIONS BETWEEN f, AND f'
are both bounded, the diagram

L L
N @) Rf*RHomgogw(M', N N @) RHom:%T'X(j&M',N‘)

part (i)
~ (1.13.4)
/ L . ° I'A/® (] / L ° / L °
Rf.(N ®@x RHomgs  (M®, fN*)) RHomg,\ (N @ f M, AN @4 N®)
FT.Y Fr.x
(1.13.4) (3.10) | ~
. L L . L L
Rf.RHomg,\ (A @p M*, A @ N°®) RHomg,\ (f4(A @a M®), A @1 N°*)
FTY Fr.x

2.8) |~
=) e

L L
Rf*RHom:Q,;/T Y(A/ @p M®, fH(N @4 N*))

(in which the isomorphisms are labelled by the results which give rise to them)
commutes. In other words, the adjointness of (i) is compatible with change of
coefficient ring.

We begin by proving some necessary preliminary results.

Proposition 4.4.2. — (i) Let f :' Y — X be a morphism of smooth k-schemes,
and let M® be an object of Dy (Opr y) and N be an object of DT (Of. y).
Then there is a natural transformation in the derived category of sheaves of
A-modules

Rf*RHomzoér Y(M',N') — RHongér X(f+./\/l', FiN°®).

(ii) Let f:Y — X be a morphism of smooth k-schemes and g : U — X be an open
immersion. Form the cartesian diagram

1(U) L>

- Y
LY
U I x.

-

V =



4. RELATIONS BETWEEN f, AND f' 59

Then for any object M*® of D_.(Opry) and N°* of D*(OA,,.VY) the diagram of
natural transformations

g_lRf*RHﬂzggr Y(M'7N') g_lnggr FeMe, f+N*®)

part (i)
Rflg~ RHom%, (M®N*) RHomy (974 [+ M®,g7L[1N*)
~ (4.8.1) | ~
Rf{RHomgy (g~ M®,g"'N'*) RHomby (g f+M®, g+ N?)
(4.8.1) | ~ (8.8) | ~
Rf.RHomby, (o' M*.g"N*) > RHomb,  (.q"M". [,g"N")

(in which the morphisms are labelled the results which give rise to them) com-
mutes. In other words, the natural transformation of (i) is local on the base.

(iit) Let f:Y — X and g : Z — Y be morphisms of smooth k-schemes. Then for
any object M*® of Dq’c((’)%,.yz) and N'* of D*(OAT’Z) the diagram of natural
transformations

R(fg)-RHomby (M*N*) —— RHomby  ((f9)+M",(f9)+N'*)

Rf*Rg*RHombgr Z(M.,N.) (3.7) |~
part (z)l
Rf.RHomgs (94 M, g4 N®) —~ RHomga — (frg+M®, 19+ N°®)
) part (i) Fr,X

(in which the morphisms are labelled the results which give rise to them) com-
mutes. In other words, the natural transformation of (i) is compatible with
compositions.

(iv) Let f :' Y — X be a morphism of smooth k-schemes, let M® be an object of
Dq_c(Oqu), let N'* be an object of Db((’)Fr,y)o7 and suppose that

RHomO%TYY (M®,N®)

and

7RHomb§T=X (f+ M®, fLN®)
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are both bounded. Then for any Noetherian A-algebra A’ there is a commutative
diagram

L L
N @ Rf.RHomgy  (M®,N*) N &y RHomg — (f+M®, L N'*)

part (i)
(B.1.8) | ~ (1.15.4)
L L L
Rf.(A @r RHom%s  (M*,N*)) RHomg,\ (A @n f+ M® A @p [4N°)
FT.Y FT,X
(1.18.4) (3.10) | ~

L L L L
Rf*RHong,;/T Y(A’ QR M AN @4 N®) —— RHomEQ,F\/T (fr(N @4 M®), fr (N @4 N®))

part (i) X

(in which the morphisms are labelled the results which give rise to them; note that
in the indicated application of Proposition B.1.3, one should take A =B =T,
A" = A, and A” = A'). In other words, the natural transformation of (i) is
compatible with respect to change of coefficient ring.

Proof. — Let us begin by proving (7). We may and do assume (via Lemma 1.7.1 and
Lemma 3.3.2) that M* is a complex bounded above of locally free left OA,.,Y—modules
and that A'® is a complex of left OAT,Y—modules which are acyclic for the left-exact
functor 0%7‘7X<_Y ®on, .~ (which exists by Lemma 3.3.2; note that such a complex

may be used to compute the corresponding derived functor, even if it is not bounded
above, because this derived functor is of finite cohomological amplitude). Then we
have natural morphisms of complexes of A-sheaves

(4.4.3) RHomgy Y(M',N') = Homga Y(M',N')

f=id®f . A . A (]
— " H " "
ﬂfﬂoghx(oF Xy Bob, M®,Opr x v ®os, N*®)

L L
° A . A (]
= Homf_loér X(OF",X<—Y ®O/I§7‘_Y M 7OF7'7X<—Y ®OA N )

F")Y
— RHom (O % A M®LOR % A o N®)
Lllomg1pa,  (UFr xv o, OFr xy ®op, .

Let us denote the composite morphism by ¢.
Proposition B.2 yields a morphism in the derived category of A-sheaves

L L
(4.4.4) - Rf*RHom;,IOIAWX(Ognxq Sos, , M®, 0% xy ®os, , N*°)
L
— mb%r X(Rf*(og".,X(—Y ®O%T v M.)v R.f*(M/.a R.f*Nl.))
— RHomps ~ (f+M®, frN°).

(Take A to be A and B to be (’)AT’X.) We take 1) o Rf.¢ for the required morphism.
Part (ii) follows immediately from the fact that the construction is local on the
base. We leave the verification of parts (%ii) and (iv) (which is standard and tedious)



4. RELATIONS BETWEEN f, AND f' 61

to the reader. In the case of part (iv), one should take into account the commutative
diagram of (B.3). O

4.4.5. — In the following discussion we will have occasion to consider complexes of
sheaves of (O%,, O, )-bimodules on smooth k-schemes. We will show that the derived
categories of bounded complexes of such bimodules are stable under push-forwards.

Suppose that f : ¥ — X is a morphism of smooth k-schemes, and let M-¢
be a bounded complex of ((’)/Iéryy,(’)%r’y)-bimodules. Lemma 3.3.2 shows that the
derived tensor product O%‘r, Xy %O;}r . M?® is naturally a bounded complex of

(f7'O%+ x, O y)-bimodules. The natural morphism
fﬁlOII}“r,X = fTTOX[FT] — Op[FT] = OAT,Y
allows us to restrict scalars on the right from OAT7Y to fflOAﬁX and thus to regard
L

O xy ®os, M?* as a complex of (f’l(QA,.’X, S O%, x)-bimodules. Now if we
resolve this complex by a complex of flasque (f _1(9%’ v f _IO%T’ + )-bimodules, we
find that fy M*® = Rf. (O%r’XHY ®Ron, M?®) is naturally a bounded complex of
(O x+ Ofr x)-bimodules.

For example, O%, - is naturally an (O%. ,-, Of. ;- )-bimodule, and the discussion
of the preceding paragraph shows that f+(’)1/},\’y is naturally an object of the bounded
derived category of complexes of (011;"‘, X (’)}\N’ «)-bimodules. If we forget the right

O% x-module structure, then since O%T’Y is induced by O% we see as in the proof
of 3.5.3 that f+OA7‘7Y L’ O%‘T"X ®O§\( Rf*wy/X.

4.4.6. — If M*® is a bounded above complex of (O%T’X,OI’}T’X)—bimodules, then
since any object in D‘((’)I/},w’ «) has a resolution by a bounded above complex of flat
O% y-mmodules, we may define the derived functor

L
M ®@1§w_,x — D_(OQT’X) — D‘((’)AT7X).
The following lemma is a variant for bimodules of Proposition 4.2.

Lemma 4.4.7. — (i) Let f : Y — X be a morphism of smooth k-schemes and let
M be a bounded above complex of (O 5, Oy )-bimodules. If N'® is an object
of D;:(OA,,.VX), then there is a natural isomorphism of objects of Db(Olf},.yx):

L N . L .
f+M* ®os, FIN®) =5 [ MO ldy)x] R0,  N*-

(ii) Let f:Y — X be a morphism of smooth k-schemes and let g : U — X be an
open immersion. Form the fibre product
V ——

Et

U——X.

/

g
g
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Then for any bounded above complex M® of (OA,,'yy, O}\;,,’Y)—bimodules and any
object N'* of D;C(OATVX), the diagram of isomorphisms

L ~ L
g (f+ M®[dyx] 902, « N*) Tt i) g fr (M ®oa, f'IN®)
(2.6) | ~ (3.8) |~
! . L I'A/® i . L I'A/®
g [+M[dy/x] ©oy, 9N frg" (M® @0y, FN?)
(3.8) | ~ (2.6) | ~
! /!Mod L !Nu ! /!M.]L /" !N.
fra [dy/x] ®oy, , 9 fi(g ®oa, , 9" FN?)
part (i) |~ %

L
f_ﬂ_(g'IM ®O/}r,v f/!g!No)

(in which the isomorphisms are labelled by the results which give rise to them)
commutes. In other words, the natural isomorphism of (i) is compatible with
localisation on the base.

(iii) Let f: Y — X and g : Z — Y be morphisms of smooth k-schemes. Then for
any bounded above complex M*® of (OAmZ, O§T7Z)—bim0dules and any object N'®
of D(JC(O%T,XL the diagram of natural isomorphisms

(F9)+ M ldzix] Bon, | N* === (f9)+(M* Gon, , (fO)N*)

part (i)
(3.7) | ~
L
frg+MPldz/x] ®@oa,  N*® (2.4), (3.7) | ~
part (i) |~
d = ! b4 ~ ° L [al °
frlgeMoldzyy] @0y, | [N ) part g J+9+(M° @04, gIN®)

(in which the isomorphisms are labelled by the results which give rise to them)
commutes. In other words, the natural isomorphism of (i) is compatible with
composition.
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(iv) For any Noetherian A-algebra A’ there is a commutative diagram

Fe (A Ga M®) By, (N By M) =5 [ (N 0 MO)[dyyx] By, (N Ex )

part (i)
(2.8) | ~ (1.13.2) | ~
L L L L L
F((A ®@a M) ®pn (A @4 fN?)) fr(V @A M®) ®oa,  N*
(1.13.2) | ~ (5.10) | ~
/ L . L V) / L . L .
S+ (A @y M®) @oa,  f'N (A @ [t M®) @, N
5.10) | ~ =
(3:10) %

L L ,
A @p fr(M® ®os, | FN®)

(in which the isomorphisms are labelled by the results which give rise to them)
commutes. In other words, the natural isomorphism of (i) is compatible with
change of coefficient ring.

Proof. — To prove part (i) we may replace A'®* by a bounded above complex of
locally free (’)Il}r, y-modules. Let P*® be a bounded above resolution of (’)%T, x y by
(0% x> O%T’X)—bimodules which are flat as right (’)f}r)y—modules. Then

L 1 ° ° ° —_ ()
f+M® ®on, | fN®) = Rf(P* @op, M* ®pa0a,  f "N [dy,x])-

Since Rf, has finite cohomological amplitude, we can apply the projection formula
to f and the complex of locally free O%T) -modules N'* to obtain an isomorphism

L 1rrey ~ . . .
f+M® ®on, | N®) — Rf(P* ®0s,  M®) @0, N*[dy)x]

L
= [t M®[dy)x] ®os,  N*.

This proves the formula of part (7).

The commutative diagram of part (i) follows immediately from the fact that the
construction of the isomorphism of part (%) is local on the base (since the isomorphism
provided by the projection formula is local on the base).

The proof of parts (iii) and (iv) are straightforward but tedious, and so we leave
them for the reader to verify. O

4.4.8. — Suppose that f : Y — X is a proper morphism of smooth k-schemes.
Then (as discussed in (A.1)) Grothendieck-Serre duality defines a natural morphism
of complexes of O%-modules

Rf.wy,x[dy,x] — O%,
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which after tensoring on the left by OA,.7 + over O% yields a morphism of left Of}; x-
modules

F+O0%r yldy/x] = O x ®os Rfwy x|dy/x] — O3 x.

Now both the source and target of this morphism are naturally objects of the de-
rived category of complexes of (O% X O}‘} )-bimodules, and we have the following
proposition.

Proposition 4.4.9. — (i) Let f :' Y — X be a proper morphism of smooth k-

(iii)

schemes. Then there is a natural morphism
tree f f+o??v-,y[dY/X] - Of'\?r,x

in the derived category of complexes of (O%T7X,O%r,x)—bimodules, which after
forgetting the right OAT7X -modules structure reduces to the morphism

O x ®oa Rfwyxldy/x] — O x

constructed via Grothendieck-Serre duality.
Let f:Y — X be a proper morphism of smooth k-schemes and let g : U — X
be an open immersion. Form the fibre product

gl
—_—

Y
f! lf
o x

S<—=

Then the diagram

9!f+O%T,Y[dY/X] Q!O%mx

_—
part (i)
(B.S)iN %’
fﬁrg/!oi\*r,y[dwx] = fjrolF\r,v[dV/U}

(in which the morphisms are labelled by the result which gives rise to them) com-
mutes. In other words, the construction of trgr is compatible with localisation
on the base.
Let f:Y — X and g: Z —'Y be proper morphisms of smooth k-schemes. Then
the diagram

(£9)+Opr zldz)x] : O} x
part (i)
(3.7)l~ Tpart (i)
f+9+ 0% zldz v ]ldy)x] p—— f+O% yldy)x]

(in which the morphisms are labelled by the result which gives rise to them)
commutes. In other words, the formation of trpr is compatible with composition.
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(iv) For any Noetherian A-algebra A, there is a commutative diagram

N Ga fLOM ldy)x] —————= A Gy ON
A J+YEr Yy QY /X part (i) A Y Er X

(8.10) | ~ (1.13.2)l~
L A
fr(A" @a O%v-,y)[dwx] OFr x
) %’

F+O% yldy)x]

(in which the morphisms are labelled by the result which gives rise to them). In
other words, the formation of trpr is compatible with change of coefficient ring.

Proof. — Note that it suffices to construct the morphism ¢rg- of the proposition in
the case that A = IFy; the map for arbitrary A can then be obtained from that for I,
by tensoring through with A over F,. This will guarantee that part (i) holds true,
and will affords us minor simplifications in the discussion to follow. Thus we assume
for the remainder of the proof that A =IF,.

We begin by proving part (i) of the proposition. Let h : V' — U denote an arbitrary
morphism of finite type k-schemes. Let us suspend our usual notational convention
concerning h', and use this to denote (not Opr-module pull-back, but rather) the
functor which is normally so denoted in the theory of Grothendieck-Serre duality (as
explained in [Ha 1] and [Con]). We use the theory of residual and pointwise dualising
complexes developed in [Ha 1, VI, VII]. In particular, recall that there is a functor
h% : Res(U) — Res(V) from residual complexes on U to residual complexes on V
which realises on the level of complexes (of quasi-coherent, injective Opy-modules)
the functor h' restricted to pointwise dualising complexes on U. Following [Ha 1],
for a pointwise dualising complex M®, we denote by E®(M?®) the unique residual
complex which realises it. It is pointed out in [Con] that E*® is in fact not functorial
for arbitrary morphisms between pointwise dualising complexes, and hence that h®
and the trace map tr, are not functorial for arbitrary morphisms between residual
complexes. However, Conrad shows that they are functorial for isomorphisms of
pointwise dualising complexes, and this is all that we need for the argument we are
going to make.

Now let us return to the situation of the proposition, and consider the r** relative
Frobenius diagram of f (see (A.2)). Since f is proper, the same is true of f(). As

explained in (A.2), the morphism F)(/T)X is finite, and so also proper. Thus the functors

trg, treey and tr all yield morphisms of complexes.

Fyx

Note that the m/orphism F% is residually stable, meaning (following [Ha 1]) that
it is flat and integral, with Gorenstein fibres. In fact, since X is smooth the fibres are
even local complete intersections. It follows that the base-change F'¥/ is also residually
stable. Thus F*(E*(Ox)) is a residual complex, by [Ha 1, VI 5.3]. It provides a

resolution of the pointwise dualising complex F*Ox, and [Con, Lemma 3.2.1] shows
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that the canonical isomorphism of pointwise dualising complexes F*Ox — Ox is
induced by a canonical isomorphism E*(Ox) — F¥*(E*(Ox)). Also, pulling back
the residual complex f2E*(Ox) by the residually stable morphism FY¥, we see that
FY*f2E*(Ox) is a residual complex.

Consider the following diagram of morphisms of complexes of quasi-coherent Oy (»)-
modules:

(4.4.10) FY)e, f2E*(Ox)

(") LB (Ox)
r r r ° Fy/x r .
Fx(//)X*Fx(f/))éf JAE*(Ox) fMrE*(Ox)

~ ~

tr (T) FMLFYE(Ox)

P P10y B (0x) F8 R B (0x)

~ ~

tr 20 F)'(l*f E.(Ox)
Fy/x

FT/*fAEo( ) Fr/*fAEo<OX>

)

(r)
F Y/X

Y/ X
The top-most vertical arrow in this diagram is deduced from [Ha 1, VI 3.1] (com-
pare [Con, 3.2]). The upper square is defined using the isomorphism E*(Ox) —

FE*(Ox) constructed above; that it commutes follows from the fact that ¢r )

is functorial for isomorphism of residual complexes. The lower square is constructed
using residually stable base-change to obtain an isomorphism f (T)AF »E*(Ox) —
FY*fAE*(Ox) [Ha 1, 5.5], and then applying functoriality of ¢r to this isomor-

phism.

If we trace the maps in (4.4.10) through from the upper left to the lower right,
we obtain a morphism Fx(//)X fAE*(Ox) — FY*f2E*(Ox), which (one sees after
comparing with the definition given in (A.2)) provides a realisation on the level of

)
Fy)x

residual complexes of the relative Cartier operator C}(,T/)X : F}(,T/)X*W}//X — F*wy)x,
shifted by dy/X.

Applying the induced bimodule construction of Proposition-Definition 1.10.1, we
may endow the tensor product f~'Opr x ®;-10, [CE*(Ox) with the structure
of a complex of (f~'Opr x,Opry)-bimodules, and (since f~'Opr x is locally
free as a right f~'Ox-module) this complex provides a flasque resolution of the
(f_l(’)pr,x,Opr,y)—bimodule OFT’XHY[dY/X] = f_lopr’x fr-104 WY/X[dY/X}-
Thus we may apply f. to this resolution to compute the complex of (Opr x, Opr x)-
bimodules f; Opr y

In order to continue our construction, we apply fy) to diagram (4.4.10), and then
embed the result in the following larger commutative diagram (in which we have
abbreviated E*(Ox) to E*):
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tT’fE.

(4.4.11) fofoE Job
R SO E
ffr)tTFm fmepe ' .
) A p(r)a e Y/X - T B
~ f,E"')tT"F(,.) f("'MF;*E‘ ~ . ~
T T T T & nl) Y/X r * Te Tyl L nll
F R o o 1 '
- fsET)tTF(r) F)r(/*fAEu -
T T T)A s ° Y/X ) s .
PR PR B —— s [ e
Ftr
Fy fofo B = PR B,

The top-most rectangle of this diagram is constructed via [Ha 1, VI 4.2, TRA
1)]. The centre right rectangle is constructed by applying functoriality of try to the
isomorphism E*(Ox) — F*E*(Ox). The lower right rectangle is constructed using
residually stable base-change, and its commutativity follows from [Ha 1, VI 5.6]. The
remainder of the diagram is obtained by applying fy) to (4.4.10).

From this diagram we can extract the following commutative rectangle:

tr E.(Ox)
FfA B (Ox) — E*(Ox)
i Fi*tryE*(Ox) . .l
Fg fof2 B*(Ox) *————> FY E*(Ox).

By (1.10.4) and Lemma 1.10.2 we see that each of Opr x ®o, f[*E*(Ox) and
Opr.x @0y E*(Ox) is endowed with the structure of an (Opr x, Opr x)-bimodule,
and that tr;E*(Ox) induces a morphism of bimodules

t?"Fr’f : OFT,X ®(9X f*fAE.(Ox) — OF‘I"X ®OX E.(OX)

Furthermore, (1.10.5) shows that the bimodule structure that we have induced
on Opr x ®oy f«f*E*(Ox) is identical to the bimodule structure obtained by
pushing forward the (f_l(’)FT,X,(’)Fryy)—bimodule structure on f‘lOFr7X Rf-104
f2E*(Ox), and so Opr x ®oy f«f*E*(Ox) is a complex of (Opr x,Opr x)-
bimodules which represents fyOpry. On the other hand, since E*(Ox) is a
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resolution of Ox, and since Opr x is flat as a right Ox-module, we see that
Orr.x ®oy E*(Ox) is a resolution of Opr x as a complex of (Opr x,Opr x)-
bimodules. Putting this all together, we see that we have indeed found the desired
morphism

tree g f1Opr yldy x] — OFr x.

Since all of our constructions may be localised on X, part (i) of the proposition
is immediate. The proof of part (iii) relies on the compatibility of the trace maps
of coherent duality with composition [Ha 1, VI 4.2]. Granting this, the necessary
verification is standard but tedious, and is left to the reader. O

4.4.12. — Proof of 4.4.1. — Let f : Y — X be a proper morphism of smooth
k-schemes. Let M® be be an object of DZC(O%T,Y) and let N'* be an object of
DSC(O%T!X). Combining the results of parts (i) of Propositions 4.4.2 and 4.4.9 and
Lemma 4.4.7 we obtain a natural transformation

Rf-RHomb (M®, fN*) — RHombs ~ (fy M, fo f'N*)
~ Y (] : °
< RHompy - (f+ M, [0 yldy/x] @0, N°)

- LHf’mbghx (f+M®, Oi\v,x (%LQOJ/;T7X N*®)
= RHOmZ/)gT,X (erM.,N.).
It remains to show that this is an isomorphism.

For this, we replace M*® by a complex, bounded above, of induced quasi-coherent
left (’)%,,.yy—modules, and by the usual spectral sequence argument, it suffices to verify
that the natural transformation is indeed an isomorphism for the case of a single
absolutely induced quasi-coherent left Olﬁmy—module M= OI/}”‘,Y ®o, M (where M

is a quasi-coherent Oy -module).
In this case

f+M = OII}'T7X ®Ox Rf*(wY/X ®OY M)’
and so there are natural isomorphisms
RHomp, (M, f'N*) = RHomg, (M, f'N*)
and
RHomp,  (Rfi(wy)x ®oy M),N®) — RHonggr X(f.,../\/l,./\/").
Finally we have natural maps
Rf.RHomp, (M, f'N'*)
L
— RHomg  (Rf«(wy)x ®oy M), Rfwy/x[dy/x] ®ox N*)
— m:{)x (Rf*(wY/X ®OY M)aN.)a

and the composite is an isomorphism by Grothendieck-Serre duality. (Note that here
we are using the “explicit trace map” form of duality, rather than that based on
dualising complexes, and that we are also applying duality to the (not necessarily
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coherent) quasi-coherent complex N'®. The justification for this is provided in (A.1).)
These isomorphisms fit into the following commutative diagram:

Rf.RHomg, (M, f'N*®) — Rf*RHMZQ%T X(M,f!-/\/.)

| l

RHomg  (Rfi(wy/x ®oy M),N®) ——— RHomblAw X(f+M,N°).

So the right hand vertical arrow is an isomorphism, and part (i) of the theorem is
proved.

Parts (ii), (iii) and (iv) of the theorem follow from the construction of the adjunc-
tion map, and the corresponding parts of Propositions 4.4.2 and 4.4.9 and Lemma
4.4.7. O

4.4.13. — It will be useful to make Proposition 4.4.9 explicit in the case when
f Y — X is the closed immersion of a smooth divisor into a smooth k-scheme X.
If a is a local equation for Y, we can represent the commutative rectangle

tryE*(Ox)
ff2Ox d E*(Ox)
Fif foE*(Ox) = FiF E*(Ox)

in a more concrete fashion via Koszul complexes. Following the conventions of [Con,
1.3], the resulting diagram (in which the upper left complex is K*®(a,Ox) and the
lower left complex is K*®(a%, Ox)) is

(Ox —= Ox) (Ox 0)
(0x =~ O£;q (Ox 0).

Applying the induced bimodule construction of 1.10 we obtain a morphism of com-
plexes of (Of. v, O x)-bimodules

(O%*,X - OI/;/T,X) - O%‘T,X

representing the morphism f O%. y[dy,x] — Op. x; here Of'. « denotes O, y with
its usual left (’)}\W’ y-module structure, but with its right module structure defined by

Frm.RFT = CLq"(q_l)Fr(n-i—l).

The differential O%. x — Of. « is defined by F™ i a" F™.

It will be useful to note for our applications that (since O%’T, « 1s isomorphic to
(’)%r’X as a right O%-module) both (’)II}T’X and O%Q,X are acyclic with respect to
tensor product on the right over O%T’ x by induced left (’)Ar’ y-modules.
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4.5. — If f: Y — X is a proper morphism of smooth k-schemes, then Theorem 4.4.1
yields an adjunction morphism f, f'M® — M?®. If f is a closed immersion then the
source of this arrow has the following rather explicit description (if one combines
Corollary 3.3.5 with Proposition 2.10.4): it is equal to

Fo((fT1 0% x @10, wy/x) ®os, (w;/lX ®oy, RHomg, (f«Oy, M*))).
There is an obvious morphism in the derived category,
(45.0) L/ Ob x ®p-10y wy/x) Cop (W B0y RHomd, (f.0y, M*)))
= ([0 x ®p-104 RHom (£ Oy, M®))

1
= O x B0y foRHomb, (£.0y,M*) 25 M,

in which the isomorphism (1) is given by the projection formula, and the morphism (2)
is obtained by resolving M*® by a complex of injective left O%T) y-modules Z°, and
then defining (2) to be the morphism

O x ®oy [(Z°[1)) — O x ©oy T P2 1°.
There is also a natural morphism
(452) ful(F7'O% x @10y wy/x) Qo (Wy)x ®oy RHom (f.Oy, M®)))
(wyhx ®o, RHom® (f.0v, M*))),

— £ ((f OB x ®p-104 Wy/x) @or

FTY

given by contracting the tensor product over (9{} to a tensor product over 0%7-71/.

Proposition 4.5.3. — Let f:Y — X be a closed immersion of smooth k-schemes,
and let M® be a complex in DSC(OAT7X). Then the diagram

- . oy (45.0)
f*(O%T,XHY ®O§\, (wY/lX ®OY MOX (f*OY7M ))) — M

l(4.5.2) adj.
FoOke xy ®op, , (Wy)x ®oy RHom (£.0y, M*))) == f, f'M"
commutes.
Proof. — To prove this one has to reconcile the isomorphism of Proposition 2.10.4

with the proof of Proposition 4.4.9. Let E®* = E*(Ox) be the residual complex
resolving Ox. Since X is regular of dimension dx, E*® is a complex of length dx. Then
E*[I] is the complex f2E*®, and the map ¢ryE*® is simply the inclusion f,(E*[I]) —
E*. The fundamental local isomorphism (discussed in (A.1.3)) shows that E*[I] is a
left resolution of wy,x[dy,x].

The isomorphism Oy — F%*Ox induces an isomorphism of complexes E®* ——
FE*. Thus the complex 0§7»7X ®o, E* is a complex of induced (OAT7X, (OA,.,X)—
bimodules, and the quasi-isomorphism Ox — E*® induces a quasi-isomorphism

O x — O x oy E*
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of (O x, O x)-bimodules.

Let us recall the construction of the r*" relative Cartier operator in this context,
following the proof of Proposition 4.4.9. The isomorphism E® — F' Y E® induces an
isomorphism

B*10)] 2 (B B4 [10)] = F(E°[1)).

Composing this with the map F)(/T/)X*E‘ [I] — E*[I")] we obtain the map

(r)
FY/X*

E*[I] — FY*(E*[I))

which realises the relative Cartier operator (shifted by dy x) on the level of residual
complexes. This morphism gives f~'Of. \ ®;-10, E*[I] the structure of a complex
of induced (f~'O%. x,Of. y)-bimodules, resolving Op. y_y[dy)x]-

There is one fact which we did not take notice of in the proof of 4.4.9, but that
is useful to note here. Namely, the inverse of the above isomorphism E® — Fi*E®
provides a structural morphism for £, making it a complex of left Opr x-modules
which resolves Ox as a left Opr x-module. (This a generalisation to the non-affine
case of the observation of [Lyu, ex. 1.2 (b”)].) The construction of Corollary 2.10.2
then applies to give w;/lX ®o, E°*[I] the structure of a complex of left Opr y-modules.

This complex is a left resolution of w;/lX ®oy wy)x[dy;x] — Oy[dy,x]. Tt follows
from the construction of 2.10.2 that the augmentation

(4.5.4) wy/x oy E*[I] = Oy[dy/x]

is a quasi-isomorphism of complexes of left Opr y-modules.

We may and do assume that M*® is a bounded above complex of locally free left
Of» x-modules (which are then also locally free as Ox-modules), so that f'M®* is
computed by f*M®[dy,x]. We begin with an explicit description of the adjunction
map f f'M® — M?, following the proof of Theorem 4.4.1. Namely, it is represented
by the morphism

FoOF xy ®o, , F M [dy;x])
LT OR x @105 E*ldxyy]) R0y, , "M ldy)x))
(08 x ®ox f(E*(1]) ®0y,  M"

—(Orr x ®ox E®) ®0y,  M®

g5 AA .

—OFpr x ®op, M
(4.5.5) =M
in the derived category. (Here the morphisms labelled g.i. are quasi-isomorphisms,
and so may be inverted in the derived category.)

Since the members of the complex M® are locally free as O x-modules, the complex

E* ®o, M?* is a resolution of M*® by a bounded complex of left C’)A,"X—modules (here
we are using the left Opr x-module structures on the complexes E* and M to put
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a left OA,,.7 y-module structure on the tensor product) which are injective as Ox-
modules. (To see this, note that X is Noetherian, so that a direct limit of injective
Ox-modules is injective and the property of being injective as an Ox-module may
be checked locally.) Thus

RHom,, (f.0y, M*) = (E* @0, M*)[I],
and so the construction of Corollary 2.10.2 yields an isomorphism of complexes of left
Of y-modules
wylx @0y RHomy (f.0y, M®) == wily @0, (E* @0, M®)[I].
We now have an explicit representation of the morphism (4.5.1) as the composite
F(O% x—y ®os (Wy)x B0y (E* @0y M*)[I]))

L’f*(fflozl}ﬂr,x ®p-104 (E® ®@ox M*)[I])

=0 x oy f-((E* @0 M*)[I])

—Ofr x ®oy (E* @ox M*)

PR Be 90 M®

(4.5.6) &m0

in the derived category. (Again, the map labelled ¢.i. is a quasi-isomorphism, and so
may be inverted in the derived category.)

Again using the fact that the members of M*® are locally free as O x-modules, we
see that there is an isomorphism of Oy-modules

(B* @0y M®)[I] — E*[[][dx/y] ®0, f*M®[dy,x],
which induces an isomorphism
(4.5.7) w;}X(E' R0y M) (w;}X ® E*[I]ldx,y]) ®oy f*M°[dy/x].

We may give the source of (4.5.7) the left OA,.yy—module structure provided by
Corollary 2.10.2, and the target of (4.5.7) the left OAT7Y—module structure obtained
by applying Corollary 2.10.2 to E°®, and then tensoring the resulting complex of
left Opr y-modules over Oy with the complex of left OA,v7y—m0dules M dy,x].
It is then easy to see that (4.5.7) is an isomorphism of left O%T7Y—modules. We
may compose it with (4.5.4) (tensored by f*M?®) to obtain a quasi-isomorphism of
complexes of left Olfér7y—m0dules

(4.5.8) wyx (B* ®ox M| — f*M®[dy)x]

which is a realisation on the level of complexes of the isomorphism of Proposi-

tion 2.10.4 (as one sees by examining the construction of [Ha 1, I 7.4] and [Con,
2.1)).

To prove the proposition, we embed (4.5.5) and (4.5.6) into diagram (4.5.9), which

is displayed at the end of this section. The commutativity of this diagram then implies
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the proposition. The only part of (4.5.9) whose commutativity is not clear is the lower
left quadrilateral, whose commutativity follows from Lemma 1.10.9. O

The proof of [Lyu, prop. 3.1] involves, at least implicitly, the natural transforma-
tion (4.5.1). Thus Proposition 4.5.3 plays a role in showing that our constructions
generalise those of Lyubeznik.

Remark 4.6. — Let us note that all the constructions of this section are compatible
with change of ground field via an algebraic extension k’/k, in the obvious sense.
Indeed, the only subtle point is the construction of proposition 4.4.9, which involves
base-change of the trace map and residual complexes. However, an algebraic field
extension is residually stable, and base-change via residually stable morphisms is
compatible with the formation of residual complexes and the trace map.

The constructions are also compatible with change of ring from A to A, if A’ is a
Noetherian A-algebra. Indeed the key point is that this should be true for the trace
map, and in that case it is built into the construction.
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X ad . b'e . 1b X .
o VO Xudy VO Xudp ————————> )y VO (X'udp Xog ) > J¥ Y00 @
‘2B +b NV ®eH
Xad . X . X ¢
W VO (,a Xog X udg) < v V98 (,a Yo X'4ig) = (o X0 Ja) VO X ulo
X'ado X ‘ - Yo Xog X ud ) <—— X Yoo X ud y <— X X0 o Xt i
oV VOB (1l *f “ 00 X +do) oV VIR ((e@)*f 700 X o) <7 (o "9 ([Ile@)*f) VI® X “Jo <=7 (Il(qwv 700 qa))*f V¥ * “Jo
Aad
X/ Aptaneas” VORUA/XpI o X/ Ap) e od VOB A/ Xl 0t T R P o (e ¥O@ )
VOIS X udo ey Xor-feXudo ) ~ VoIt X udo ey VOI-dgX ull  fyxs
b v ~ ~
Kud X . ((X/Ap) v uf FORA/Xp](1] o (1o ¥ O® 1)
X/A VO A= X ud yysp <——— ([X/Ap] § VO A X ud yxp <—— X ; A .
(X plov.d © VoI = Plonv. vo o A0 X[An) VO AT X ud o)y A0g X[ Am) VO A= X udl o) =y

Diagram (4.5.9)
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Definition 5.1. — A unit OAr’X—module on a smooth k-scheme X is a quasi-
coherent left OAh -mmodule M for which the structural morphism ¢q : F%* M — M
is an isomorphism of O%-modules.

Lemma 5.2. — Let X be a smooth k-scheme, and suppose that
Me=M; = My = Mz = My — Ms

s an exact sequence of left O/I}TVX-modules, and that My, Mo, My, and Ms are unit
O%T.Vx-modules. Then M3 is a unit O%rﬁx-module.

Proof. — Since the M; are quasi-coherent for i # 3, we conclude that Msj is quasi-
coherent. Since X is smooth, F§™ is exact, and we get a morphism of exact sequences
FyPM, — M,, so that the result follows from the five lemma. O

5.3. — The notion of unit O%T,X—module, when A =F,, r =1 and X = Spec 4 is
an affine scheme, is identical to that of F-module as defined in [Lyu]. Lyubeznik gives
a method for constructing F-modules via a generating morphism, which immediately
generalises to the case of general r and an arbitrary smooth k-scheme X.

Construction-Definition 5.3.1. — Suppose that M is a quasi-coherent O%-
module equipped with a morphism of O%—modules

B:M — F*M.
We define M to be the direct limit of the direct system

N (FX)8 (B (FX)6

(FX)*M - (FX")'M

Since pull-back commutes with direct limits, F'y* M is the direct limit of the system

ML Fre M

ok 27\ * TN =T * TN *
Frea P (parye gy TP ORI (e PR

and so is naturally identified with M. This identification F%*M = M gives M the
structure of unit O%T7X—module (by Lemma 1.5.1).
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We say that M is the unit OA,,»y y-module generated by the morphism 5 : M —
Fi*M. More generally, if N is a unit (9%7 y-module isomorphic to M, we will say
that A is generated by 3, or that 3 is a generator of \.

5.3.2. — If M is a unit O%nx—module, let 3 denote the inverse to the structural
morphism:
B=¢uy: M— FxM.
Then the unit (’)?pr’ x-module generated by 3 is naturally isomorphic to M. Thus any
unit O%,\’ x-module has at least one generator.
The following result gives an alternative description of the unit O%, y-module
generated by a morphism §: M — Fy*M: )

Proposition 5.3.3. — Let M be an Oé\(-module equipped with an (’)é\(-linear map
B:M — F*M. Let 3’ be the corresponding morphism of induced modules

B O x ®oy M — O x @0y M
(in the sense of (1.7.8)); equivalently, 3 can be described as right multiplication by

F" on (9?,,, x ®pa M, when this tensor product is given its induced bimodule structure
El X

via the discussion of (1.10.4). Let M be the unit (’)A,\’X-module generated by 8. Then
M sits in the following short exact sequence:

0 — O x ®op M =2 Op « @0y M — M — 0.

Proof. — The natural map of left O%-modules M — M induces a map of left O%r7 X~
modules O%T,X ®oa M — M, which is surjective by definition (see 1.5).

Furthermore, from the definition of the map 3’ and the construction of the direct
limit we now see that M is presented as

1_ /
O%T,X ®oé\( M —[j Ojc\‘r’x ®O§ M—>M —>O
It remains to see that the first arrow is injective. But this is clear, since 8’ has image

in O%T’XF’" Qo4 M, so that any element in the kernel of 1 — 3’ lies in the intersection
Moo Opr xF™ @0y M =0, O

5.3.4. — As already noted, if M is a unit OA,.yx—module then we can in particular
take 0 = (ijf : M — F¢M to be a generator of M. We remark that with this
choice of generator the short exact sequences constructed by Proposition 5.3.3 and
Lemma 1.8.1 are essentially the same; namely, they fit into the following diagram

) O B0y FYM 22 Ob, 0y M2 g o
id®¢Ml~
1-3'
0 O%"’,X ®O§\( M b O%"',X ®O9( M H#M M —0,

whose commutativity follows immediately from the definitions of the maps involved.
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5.3.5. — We suppose that X is a smooth affine k-scheme, and that M is a unit
O%r7 y-module. We will construct a particular kind of free resolution of M, which
will be useful on several occasions.

Let 8 : M — F%*M be a generator of M, and let P*® be a resolution of M by
free O%-modules. Then Fi*P* is a free resolution of F%*M, and we may lift 3 to a
morphism

8®: P* — FP°.
i From this we follow Proposition 5.3.3 and construct a double complex
OAT7X ®03\( P. 1i> OA’V‘7X ®og\{ P.
whose associated total complex is a free resolution of the complex
17 !
O x ®oy M pt O x ®os M,

which is in turn a resolution of M.

It is also useful to note that we may form the complex P* of unit O%r7 x-modules
generated by the complex of generators 3°, and that this complex again resolves M?®.
Since P? is a direct limit of the pull-back of P* by powers of F% for each integer i,
we see furthermore that each P is a flat O%-module.

5.4. — We define u,(X,A) to be the full subcategory of u(X,A) consisting of
unit O%T7 y-modules. We define D;(Of% )" to be the full triangulated subcategory
of D’(Ol/,lr7 )" consisting of complexes whose cohomology sheaves are unit O%T, x-
modules. (Here e denotes one of +, —, b, or ), and * denotes one of o or §.)

Note that Lemma 5.2 shows that u,(X,A) is a thick subcategory of u(X,A), so
that Dg(Of. x)* is indeed a triangulated subcategory of D®*(Of, x)*.

5.4.1. — A complex M* of D(O%, ) belongs to D, (Of. x)* if and only if the
structural isomorphism ¢aqpe : F™*M® — M® is an isomorphism of objects in
D(O% x).

Proof. — The complex M*® belongs to DU(O%T’X) if and only if each @pi(aqey is
an isomorphism. Now (2.11.1) shows that this is the case exactly if each H*(¢paqe)
is an isomorphism. Thus each ¢pi(are) is an isomorphism if and only if ¢ is an
isomorphism in DSC(O%T}X). O
5.5. — It is an immediate consequence of Lemma 1.9.2 that if M and N are unit
0%, y-modules then M ®a A is a unit O%, -module. The following lemma makes
s X 3
an even stronger observation:

Lemma 5.5.1. — Suppose that 3 : M — Fy*M generates the unit (’)é\;r’x—module
M and that v : N — F*N generates the unit O, y-module N'. Then for each i > 0,
the Oé\( -module Torlbg( (M, N) has the structure of a unit (’)AT’X-module generated by
the morphism

3 L 3 ) ~ 7% 7
H(B®7): TorO}A((M,N) — TorOQ(F)’} M,FY'N) — F¥ TorOQ(M,N).
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Proof. — As —®ps — commutes both with direct limits and with (F¥")*, and both

these functors are exact, Torzb?( also commutes with these functors for every ¢ > 0.
The lemma follows. O

Corollary 5.5.2. — The functor -~ Qo4 — of section 1.9.4 restricts to a functor
“®oy D;(O%r,x) X D;(OAT,X) - DJ(OAT,X)-

Proof. — A standard spectral sequence argument shows that this is a consequence of
Lemma 5.5.1. O

Proposition 5.6. — Let X be a smooth k-scheme, and A’ a Noetherian A-algebra.

L
Then A’ @, - restricts to a functor
]IA ’
N @x = Dy (O x) = Dy (Ofr x),
and so also to a functor
L /
AI KA —: DZ(OAr7x)O — D’Z(O%T,X)O
Proof. — Note that once we prove the first claim, the second immediately follows.
IL ’
If M* lies in D;(O%T,X), then A" @ M?* lies in D*(Of}r,x). We must show that in

addition A’ (% A M has unit cohomology sheaves.

We may check this locally, and hence may assume that X is affine. The usual
spectral sequence argument also shows that it suffices to consider the case when M?*
is a single unit (’)I’}T!X—module M. We apply the construction of (5.3.5), and deduce
that we may assume that M is generated by a map §: M — Fy*M for which the
O%-module M is free. In this case we see that A’ ®, M is the unit (91/}; x-module
generated by the map

idy ® 3 : A p M — A XA F;(*M = F}?(Al QA M)
This proves the Proposition. O

Proposition 5.7. — Let ' be a multiple of r, let ¢ = prl, assume that Fgr C K,
and write A" = Fy ®@p, A. Then for any smooth k-scheme X, restriction and induction
(as defined in section 1.14) induce functors

Res : Dy(Ofr x) = Du(Op «)

and ,
Ind?, : DU(OQT,X) — Dy(O%r x).

Proof. — Since restriction (respectively induction) has zero cohomological amplitude,

it suffices to establish the claim of the proposition in the case of a single unit O%T, x-
module (respectively of a single unit Oé\w;Q -module ) M. In this case, the result
follows from the fact that ¢ is an isomorphism, together with the prescription for
constructing the structural morphism of Resg/./\/l (respectively Indg,./\/l) from that of

M given in (1.14.2) (respectively (1.14.3)). O
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5.7.1. — It will be convenient to note (and is easily seen) that if 8 : M — FYM
generates the unit (’)f}r) y-module M, then the composite

FB FU -0
S

M2 Fry X P

generates Resq M. Similarly, if v : N — Fr 'Y ¥ N generates the unit (9 ~module
N, then the map

NeF¢Ne---aFy NPt N g prr g o PN
generates Ind}, V.

Lemma 5.7.2. — There is a projection formula relating induction and restriction
for unit modules. Namely, the bifunctors Indg/(f®og\(/ Res] () and Ind}, () Ros -
on piy (X, N') X (X, A) are naturally isomorphic.

Proof. — Let M*® be an object of p,, (X, A’) and N'® be an object of p, (X, A). Then
Lemma 1.14.1 shows that Indg, (M Roy Resg N) is isomorphic to

(r'/r)-1 r/r)—1
@ rn* ./\/l ®(9A' @ rn*M ®0A/ Frn* 7
n=0

while Indg, M ®ca N is isomorphic to

(r'/r)—1 (' Jr)y—1
P M| oy N = @ FY Megy N.
n=0 n=0

We have the following natural isomorphism between these two objects of py (X, A),

(' /r)— (r'/r)—

id®idPid®d1, m- ®1d®¢(r//1‘) 1,M
@ 'r‘n*M ®O§(' F)r(n*./\/' @ rn*M ®(’)§}' N

n=0
(where we are using the notation ¢, r introduced in section (1.5)), which one easily
checks to be compatible with the structural morphisms of source and target (using
the description of these structural morphisms provided by (1.9.2) and (1.14.3)). O
Theorem 5.8. — Suppose that f Y — X is a morphism of smooth k-schemes.
(i) The functor f' : D(O%r, ) — D(O%. ) restricts to a functor (which we denote
by the same symbol)
f! : Du(oll}“r,x) - Du(oll}“T,Y)~
(ii) The functor fy : D(O%‘r,y) — D(O§T7X) restricts to a functor (which we denote
by the same symbol)

J+ Du(ozj}ﬂr, ) — (OF““ x)-



80 5. UNIT O%,-MODULES

Proof. — We prove part (i) first. Let M*® be a complex in D(O??",X) whose coho-
mology sheaves are unit O%T7 yx-modules. We must show that the cohomology sheaves
of f'M?* are unit O%T’Y—modules.

We begin by considering the case of a single unit O%T7 y-module M. We must
show that f'M has unit cohomology sheaves. This can be verified locally, and so
after replacing X by an open affine subset and Y be the inverse image under f of this
subset we may assume that X is affine.

We apply the construction of (5.3.5) to M, and so obtain a double complex

o 1— N .
OA’!‘7X ®O§( P —ﬁ) OAT,X ®O;\( P

whose associated total complex is a free resolution of M.
Thus f'M is (up to shifting) the total complex associated to the double complex

Oby ®on 1P "L 08, L @0y 17P".
There is a spectral sequence converging to the cohomology sheaves of this total com-
plex, whose F; terms are the horizontal cohomology groups of this double complex,
which by Proposition 5.3.3 are unit O%T,Y—modules. By repeated applications of
Lemma 5.2 we see that the E,, terms are again unit O%T)Y—modules, and so finally
we see that the same is true of the cohomology sheaves of f'M.

This proves the proposition in the case of a single unit O%,\’ y-module M. Now
by a standard spectral sequence argument, taking into account Lemma 5.2, as well
as the fact that f' is of finite cohomological amplitude by Lemma 2.3.2, we deduce
part (i) of the proposition for arbitrary complexes in D, (X).

We turn to proving part (). To begin with, suppose that M is a unit O%‘T’Y_
module, with generator 3 : M — F.L*M, for some O%-module M. (As in the case
of part (i), it will be useful to give the proof having made an arbitrary choice of
generator.) Then M has the resolution

OIF\‘T,Y ®O§\, M 1:? O/F\*r’y ®o)/> _]\4-7
. . . A o
which by Lemma 3.5.1 is acyclic for the functor Op. x .y Doa, |,
Thus
_ —1mA A 1-5" AA
fiM = RE((f7 O x ©p-105 wy/x) Qo3, , (Opry @op M= O y ®os M)).

Now using this description of fi M, the cohomology sheaves of f{ M may be com-
puted by a spectral sequence whose E; terms are equal to (using Lemma 3.5.2)

By = R f(f 7' Opr x @108 (Wy/x ®0y M) = Opr x ®0x R fu(wy/x ®o, M),

for i = —1 or 4 = 0, and vanish for all other values of i. We wish to compute the
boundary map d; .

This boundary map is equal to H7(f,)(1 — ') =1 — H’(f.)3’". Now Proposition
3.6.1 shows that 3 induces a map

v Rf*(wY/X ®oy, M) — F;(*Rf*(wY/X ®oy, M),
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such that f, 3 is equal to the corresponding map of induced complexes
7' Opr x ®oa Rfx(wy/x ®oy M) — O x 04 Rfx(wy/x ©®oy M).
Let us write
v = H'(7): ij*(WY/X ®o, M) — F)T(*ij*(wy/x ®o, M)
(since F% is flat, the pull-back F%* commutes with taking cohomology) and
VI =HI(): Of x ®oy R fulwy/x @0y M) = Ope x @or R fu(wy/x ®o, M).

Then ~'7 is the morphism of induced left OAT’ y-modules corresponding to the mor-
phism 47, and we see that

di =1-9": 0% x ®os R fu(wy/x ®oy M) — O x @ R (wy/x ®ps M).

Thus Proposition 5.3.3 shows that E, "7 (which is the kernel of d; /) vanishes, and
that B (which is the cokernel of d; ") is the unit O%T’Y—module generated by 7.

Thus the spectral sequence collapses to a single column at the E» stage, so that
HI(f)M = EJ7 is the unit OAT7Y—m0du1e generated by 7. This concludes the
proof that fi M € D5 (0%, ).

Now a standard spectral sequence argument, taking into account Lemma 5.2 to-
gether with the fact that f is of finite cohomological amplitude, establishes part (i)
of the proposition. O

59. — If f:Y — X is a closed immersion of smooth k-schemes then we can give
an alternative proof of part (i) of Theorem 5.8 which is related to the description of
f' provided by Proposition 2.10.4. In the following discussion we let I denote the
ideal sheaf cutting out Y in X.

We suppose that M is a single unit (’)A,,'y x-module, generated by the morphism
B: M — FyM. Let J® be a right resolution of M?* by injective Oﬁ}—modules. Then
(since F'% is residually stable) we see that F*J® is an injective resolution of F*M.
The morphism 3 can thus be extended to a morphism

6®:J* — FyJe.

Let J° denote the complex of unit OAT7 y-modules generated by the morphisms 3°.
Then J° is constructed as a direct limit of the modules F'y™*J*®. Since each of these
is injective as an (’)é\(—module, and since X is Noetherian, we see that [J* is a complex
of unit O%T, -modules which are injective as O%-modules. Since taking direct limits
is exact, we see that J°® provides a right resolution of M®*.

Being O%-injective, each J* is acyclic for the functor RHomg  (f.Oy,-). Thus
we may use the resolution J* of M to compute f'M, under the guise of w{,/lx ®oy

RHom}, (f.Oy, M), as allowed by Proposition 2.10.4. Thus to see that f'M lies in
DZ(O§T7Y), it suffices to show that each of the O%Tvy—modules (,u;,/lx ®o, J*I]is a

unit O%,"Y—module. This is a consequence of the following result.



82 5. UNIT O%,-MODULES

Lemma 5.9.1. — Suppose that M® is a unit O%,-,X—module, generated by a mor-
phism v : M — F*M. Then v induces in a natural way a morphism

w;//lx oy M[I] - ;* (w;/lx R0y MU])?
and the unit @%r,y -module generated by this morphism is naturally isomorphic to the

O%V,.Vy—module w;,/lx ®oy M[I] constructed via Corollary 2.10.2. In particular, this

latter module is a unit 0%T7y-m0dule. (Of course, this last claim also follows from
Theorem 5.8, part (i), and Proposition 2.10.4.)

Proof. — The morphism ~ induces a map
M{I®) — (P M) = F (MT),
and consequently a morphism
MI] — Fx*(M[I])[T].
Combining this with the inverse of the isomorphism
wy/x ®oy F{/*(W;//IX ® MI]) — FY*(M[I])

constructed at the end of (A.2.2) (taking the N of that discussion to be w;,/lX QMII]),
we obtain a morphism

MI] = wy/x ®oy Fy*(wy)x © MI]),
and consequently a morphism

wy/x oy MII| — Fy*(wy)y ® M[I)).

Tracing through the construction of Corollary 2.10.2 and (hence) that of Lemma
2.10.1, one verifies that this morphism does indeed generate w{,/lX ®Ro, M[I]. O

5.9.2. — This recipe for passing from a generator of M to a generator of w{,/lX R0y

M(I] = H°(f")M is found in the proof of [Lyu, prop. 3.1] (although it is not expressed
in this language).

5.10. — The following theorem, which is the analogue for unit O%,-modules of
Kashiwara’s theorem in the theory of Z-modules, generalises [Lyu, prop. 3.1]. To see
the connection between our approach and that of Lyubeznik, one should refer to the
description of f' provided by Proposition 2.10.4 and the discussion of section (5.9),
as well as the description of the adjunction morphism f, f' — id provided by Propo-
sition 4.5.3.

Theorem 5.10.1. — Let f : Y — X be a closed immersion of smooth k-schemes. If
M is a unit O%T’X-module supported on'Y', then the adjunction map fyf'M — M is

an isomorphism. As a consequence, we see that HO(f )M — f' M. The functors f.
and f' induce an equivalence of categories between the category of unit O%T’Y—modules,

and the category of O%T’X-modules supported on Y.
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Proof. — Since by remark 3.4.1 f, has zero cohomological amplitude, we see that
if the stated isomorphism holds, then f'M must be a single module in degree zero,
which proves the second claim. The final claim then follows because f is faithful by
the remark in 3.4.1.

The isomorphism of the theorem may be verified locally, and so we may assume that
X is affine and that Y is cut out by a regular sequence (a1, ...,as) with the property
that each of the subschemes V(ay,...,q;) of X is smooth over k, for 1 <4 < s. Then
we may factor the closed immersion f as a product

Y =Via,...,as) B Via,...,a_1) 5" B via) & X,

with each f; being the closed immersion of a divisor. The adjunction morphism has
the factorisation

fof' M= fip forfor s IM
— fig o femrafi IM > il IM S M,

Since each f;flf{./\/l is a unit Opr y(q,,...,a;_,)-module which is supported on
V(ai,...,a;), we see that to prove that

fef'M— M

is an isomorphism, it also suffices to consider the case of s = 1. Thus for the remainder
of the proof we assume that Y = V(a) is a smooth divisor on X, and that M is a
unit Oﬁ\,,.yx—module supported on Y.

To prove that the adjunction map is an isomorphism, we factor it as follows:

L
t’r‘Fryf®idM
Rt

~ L ~
S+ M5 £L05 y[dy)x] ®os, M Opr x ®op, M — M.

(Compare the proof of Theorem 4.4.1.) We will use the explicit formula of (4.4.13)
to show that

L
(5.10.2) f+OBe y[dy/x] @op, M — M

is an isomorphism.
Since M is supported on Y, every section of M is annihilated by some power of
a, and so M =J;" MJa?"]. Base-change by the flat morphism F¥"* shows that

F(Mla]) = (F¥* M)[a”"].

Composing with ¢ we find that Fy**(M[a]) > M[a?"]. Thus M is generated by
the inclusion

Mla] = Mla?] — Fx"(M]a]),
and we have the consequent presentation
0— Opr x ®os Mla] — Ofr x ®os Mla] = M —0
of M.
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We now compute (5.10.2) using (4.4.13) and this presentation. The source of
(5.10.2) is represented by the tensor product

(O%r,x - OA,T,X) oA (Ozf«xr,x ®os Mla] — Oll}"T,X ®oa Ma)).

FT X
(Here we are using the observation of (4.4.13) that the modules O%T,X and (’)%’T,X
are acyclic with respect to tensor product by induced left OAT’ -modules.) To prove
that (5.10.2) is an isomorphism, it suffices to show that

O x ®os, (Op x ®os Mla] — Opr x ®oa Mlal)
2, (O x By Mla] — ON y G0y Mla))

is an acyclic complex. Let d denote the differential of this complex.
Since O%’T’X is isomorphic to O%T’X as a right O%-module, we see by (1.3.2) that

o0
O%’r,x @04 M(a] — O%T,X ®os M — @M[aqn]a
n=0
Using the explicit description of the right (’)AT’ x-module structure of (’)Il}ﬂ’r’ ¥, We see
that d restricted to M[ad"] is given by

n

o0
— q"™(q—1) n n n
M[a?"] "L Ma @ Mlat" ] ¢ @ Ma?].
n=0
Since a9”(@=1) annihilates M[a?"], this map is simply the tautological injection of
M([a?"] into @7, M[a?"]. This shows that d is just the identity map, and in partic-
ular an isomorphism, and so completes the proof of the theorem. O

We have the following corollary of this result:

Corollary 5.10.3. — If f :' Y — X is a closed immersion of smooth k-schemes,
and M is a unit (’)}}T’X -module, then the adjunction morphism

FrHO(fHYM — M

is an injection, and identifies f. HO(f")M with the subsheaf T'y (M) of M consisting
of sections of M supported on Y.
Proof. — Since I'y (M) = U, M[I"], and F™(M[I"]) C M[I?"], one sees that
'y (M) is a sheaf of left O%T, y-submodules of M. Furthermore, the structural iso-
morphism ¢ induces an isomorphism F4%*(I'y (M)) — Ty (F%*(M)) = Ty (M).
Thus T'y (M) is a unit O%. x-module.

Now I'y (M)[I] = M[I], and so one concludes by proposition 2.10.4 that the natural
morphism HO(f)T'y (M) — HO(f')M is an isomorphism. Thus

FHO(fYM = fLHO(f)Ty (M) = Ty (M),

where the second isomorphism is given by Theorem 5.10.1. O

5.11. — We will also deduce an analogue of Theorem 5.10.1 for the derived category.
First, some definitions:
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Definition 5.11.1. — If X is a k-scheme, and if M*® is an object of D(OA,,yx), the
support of M* is defined to be the Zariski closure of the union of the support of the
cohomology sheaves H*(M?®), for every i.

Definition 5.11.2. — If Y is a closed subset of a smooth k-scheme X, we define
Du,y(Of}r’X) to be the full triangulated subcategory of Du(O%T7X) consisting of ob-
jects whose support is contained in Y.

Corollary 5.11.3. — Let f : Y — X be a closed immersion of smooth k-schemes.
Then the essential image of the functor
fv Du(o?«“nY) - Du(O?«“T,X)
is equal to Dy y (O x).
Furthermore, fi induces an equivalence of categories between DU(O%,.,Y) and
Dy (0% x), with f' providing a quasi-inverse.

Proof. — This follows from Theorem 5.10.1 by a standard argument, bearing in mind
that f' and f, are both of finite cohomological amplitude. (In fact, f, is even of zero
cohomological amplitude, since f is a closed immersion.) O

5.11.4. — Recall that if Y is a closed subset of X then the functor RI'y is defined
as the total right derived functor of the functor I'y of sections with support in Y.
If M* is a bounded complex of left OAh y-modules, then RI'y(M?*) is naturally a
complex of left OAT7 y-modules, since we may compute RI'y by taking a resolution of
M?® by injective left O%r7 w-modules (1.3.1). By a result of Grothendieck, RT'y has
finite cohomological amplitude. Thus RI'y (M?®) has only finitely many non-vanishing
cohomology sheaves and so is an object of Db((’)gr’ x)-

The following result generalises [Lyu, e.g. 1.2 (b)], and provides an analogue of
Corollary 5.10.2 for the derived category.

Proposition 5.11.5. — If f: Y — X is a closed immersion of a k-scheme Y into
a smooth k-scheme X and M® is an object of DI(OAT7X), then RI'y (M?®) is an
object of DZY(OAT,X). If furthermore Y is smooth k-scheme, then there is a natural
isomorphism
RTy (M®) = £, f'M®

of objects in DIY(O%T7X).
Proof. — Let j : X \Y — X be the open immersion of the complement of Y. Then
we have the distinguished triangle of objects of D+((9§T7 <)

- — Ry (M®) = M® — j j'M® — .

Since M* and j;j'M® are both objects of D;‘(OQKX) we see that the same is true
of RT'y (M?*). By construction, it has support in Y.

If furthermore Y is smooth as a k-scheme then we may apply f' to the above
distinguished triangle to obtain the distinguished triangle

= f'RLy(M®*) = f'M* =0 — -



86 5. UNIT O%,-MODULES

of objects in D;f (Of, y). Thus f'RTy (M®) — f'M®. As RT'y (M?*) is an object of
D;Y(O%T,X), Corollary 5.11.3 gives
RTy (M) =5 fL f'RIy (M®) =5 ff'Me.
O

Ezxzample 5.11.6. — Consider the case when Y is smooth and M® = O%. Then
floy =08 [dy,x]. Thus we see that in the situation of the preceding proposition

f+O3 == RU'y (0%)[dx/v].
5.12. — We present one final application of Theorem 5.10.1.

Proposition 5.12.1. — Proposition 5.12.1 Let X be a smooth k-scheme, and let
M?® be an object of qu(OI/}T7X) with support contained in the closed subset Z of X.
Let U be any open subscheme of Z which (given its reduced induced structure) is
smooth as a k-scheme, and let f : U — X denote the immersion of U into X. Then
there is a natural morphism
M® = fifiM®,
whose cone is supported on Z \ U.
Proof. — Let V.= X \ (Z\ U). Then U is closed in V and V is open in X. Let

i:U — V and j : V — X denote the corresponding immersions, so that f = ji. Then
by Lemma 4.3.1 there is the natural morphism of adjunction

(5.12.2) M® = Mo,

Now since M is supported on Z, we see that j'M® is supported on ZNV = U. Thus
by Corollary 5.11.3 we see that

(5.12.3) FIMS it Mme.
This induces an isomorphism
Ji M S i MO = [ fME
Composing with the morphism (5.12.2) yields a morphism
Y M® = iy MO = f M

Applying j' to ¢ recovers the isomorphism (5.12.3), and so the cone of v is supported
on X \ V = Z\ U. This proves the proposition. O

5.13. — Let X be a smooth k-scheme. If £’ is an extension field of k, and X’ is the
base-change of X over k’, then base-change of OAn y-modules via k" induces functors
k/ Qp —: Mu(Xu A) - Mu(XI7A)

and

K @k —: D?L(OII}‘T,X) - Du(OQT,X')-
A particular case of interest is that in which &’ is a purely inseparable algebraic
extension of k.
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Proposition 5.18.1. — Let k' be a (necessarily purely inseparable algebraic) exten-
sion of k such (k')q" 18 contained in k for some n, let X be a smooth k-scheme, and
let X' = k' x, X be the base-change of X over k'.
(i) For any pair of complexes M® in D,;((’)I/}T7X) and N'* in qu(O%T’X), the nat-
ural morphism

L] L] (] L] / L] ! L ]
RHomO/;T,X(M JN*®) HRHomOQTYX,(k‘ Q M® K @ N*®)

of (1.12.5) is an isomorphism.
(ii) The functor k' Qg —: py (X, A) — w (X', A) induces an equivalence of categories.
As a consequence of (i) and (i) we deduce that
K @ - DZ(OII}“T,X) - DZ(O??T,X’)
induces an equivalence of categories.

Proof. — By considering successive changes of ground field and induction on n, we
may reduce to the case that (k')? C k.

Since M* and N are unit Of, y-modules, we deduce from the commutative
diagram of (2.11.2) that the morphism

RHomégTyx(MﬂN') — RHongéryx (FY M FYN®)
is an isomorphism in D" (X), and similarly for the morphism
RHomEQ[;T . (k' @ M* K @ N*) — RHonggT . (FE (K @k M®), F& (K @ N®)).

Now in the commutative diagram of Lemma 2.11.4 we see that the two horizontal
arrows are isomorphisms. This is sufficient to conclude that the left-hand vertical
arrow is an isomorphism, proving (3).

Since (i) shows, in particular, that the functor of (i) is fully faithful, to establish
(i) it remains to show that any object M’ of p, (X', A) is isomorphic to k' @ M for
some object M of 1, (X, A). As in the proof of (i), we may assume that (k)7 C k.
Via this inclusion, we obtain a diagram

X' X X'

L]

Spec k' — Spec k — Spec k’

such that the composition of the top two horizontal arrows is F'y, and the composition
of the bottom two horizontal arrows is F},. If we define M = k @y M’ (where k is
regarded as a k’-algebra via the inclusion (k')? C k) then M is an object of p, (X, A)
and k¥’ @i M = F%,* M. But the structural morphism ¢4 provides an isomorphism
between the O, y,-module F§,*M’ and M'. Thus M’ is isomorphic to &' @, M. [






6. LOCALLY FINITELY GENERATED UNIT
OA -MODULES

6.1. — In [Lyu] there is defined a notion of F-finite module, which in our termi-
nology is a unit O x-module over an affine scheme X which can be generated by
a morphism 3 : M — F*M with M a coherent (’)é\(—module. Our first aim in this
section is to show that a unit O%T7 y-module admits such a generator if and only if M
is locally finitely generated as an (’)I[}T7 x-module. We first state a definition, which is
an adaptation of a notion of [Lyu].

Definition 6.1.1. — A root of a unit O%T’X—module M on a k-scheme X is an
injective morphism 3 : M — Fy*M, with M a coherent Oé\(—module, which generates

M.

Remark 6.1.2. — By definition, if a unit O%T’ x-module has a root, then it has
a coherent generator. Since coherent O%-modules are (by definition) locally finitely
generated as O%-modules, we see from Proposition 5.3.3 that any unit (91’},«7 x-module
which has a coherent generator is locally finitely generated as an O%T) x-module.
The following result completes this chain of implications, by showing that all three
conditions are equivalent:

Theorem 6.1.3. — Let X be a smooth k-scheme. If M is a unit O%r,X—module
which is locally finitely generated (as a left OAT)X—module), then M has a Toot.

Proof. — The quasi-coherent module M is equal to the direct limit of its O%-coherent
submodules. Since M is locally finitely generated as an O%’U y-module, there exists
an O%-coherent submodule M C M which generates M. The morphism O%r, x ®os
M — M is then surjective.

Pulling back by F§*, we see that Fi*(O%. ®oa M) — F*M is surjective. By
Corollary 1.3.2,

F* (O x ®oy M) = Fx*(ED(FY")" M) = P(FL)* M.
n=0 n=1

Thus we have a surjection @, (F{")*M — FM.
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Consider the isomorphism gij% : M — F¢ M. Since M is coherent, its image under
qu\,} is contained in the sum of the images of (F¥*)*M for finitely many values of n,
say 1 <n < N.

Let M' = Ef::ol G mMET* M C M. Then we see that

N N—1
SMEXM) =" ¢n m(FF*M) D M+ > ¢y m(FX M)
n=1 n=1

N-1
= Gnm(F¥M) =M.
n=0

(To see the inclusion, note that the inclusion of the second summand is obvious, while
the inclusion of the first summand follows from the choice of N.)

Define (8 to be the restriction of qb]/ll to M’. We see from the preceding calculation
that 8 : M’ — Fg*M’. This morphism generates M by construction, and is injective
with coherent domain, again by construction. This proves the theorem. O

6.2. — The following results generalise some of the more elementary results of [Lyu,
§2] (once one makes the translation from locally finitely generated unit Op-modules
to modules admitting a coherent generator).

Lemma 6.2.1. — If
0—-M—-M-—-M"—=0

is a short exact sequence of unit O/I}ywyx-modules on a smooth k-scheme X, then M is
locally finitely generated if and only if both M’ and M" are locally finitely generated.

Proof. — The proof of this result follows that of the proof of [Lyu, thm. 2.8]. The key
ingredient in this argument is the construction of a root of a locally finitely generated
unit (’)é\;r’x—module M, and this is provided by Theorem 6.1.3. O

Remark 6.2.2. — The conclusion of Lemma 6.2.1 is false without the unit hypoth-
esis. For example, if A = k[z] then the ring A[F] is not left Noetherian (consider the
left ideal generated by the elements 2 F™ for n > 1), and so submodules of finitely
generated left A[F]-modules need not be finitely generated in general.

Corollary 6.2.3. — If
M1—>M2—>M3—>M4—>M5

is an exact sequence of OQT’X -modules and My, Msy, My and Ms are locally finitely
generated unit, then Mg is locally finitely generated unit.

Proof. — 1t follows from Lemma 5.2 that M3 is a unit O%T’X—module. Let M’ be
the cokernel of the morphism M; — Ms. Then by Lemma 5.2, M’ is a unit Of. y-
module, and so by the preceding lemma, M’ is locally finitely generated. A similar
argument shows that the kernel M"” of My — M is locally finitely generated. Since
M3 is an extension of M’ by M"”, we see by the preceding lemma that M3 is locally
finitely generated. O



6. LOCALLY FINITELY GENERATED UNIT OQT-MODULES 91

Definition 6.3. — We let p1;74., (X, A) denote the full subcategory of (X, A) con-
sisting of locally finitely generated unit (’)A,,., x-modules. Welet Dpy ((’)A,,7 )* denote
the full triangulated subcategory of D;C((’)j}r’ )" consisting of complexes whose co-
homology sheaves are locally finitely generated unit (’)Il}r, y-modules. (Here e denotes
one of +, —, b, or (), and * denotes one of o or {).)

It follows by the preceding corollary that puyq,(X,A) is a thick subcategory of

(X, A), so that the full subcategory Df’fgu((’)%r’x)* of D*(O%, ) is indeed tri-

angulated. It is for the category Df’f gu(O%T7 )* that we will eventually prove our
Riemann-Hilbert correspondence, in the case when A is a finite ring.

Lemma 6.4. — If M and N are locally finitely generated unit O%V,-_’X—modules,
then for every i > 0, the O%-module TOIJ(LQ[);( (M, N) has a natural structure of a

locally finitely generated unit O%T7X—module, In particular this holds for the product
M ®(93\( N

Proof. — This follows immediately from Theorem 6.1.3, Lemma 5.5.1 and the fact
that for ¢ > 0, the bifunctor Torzoﬁ (—,—) takes (pairs of) coherent O%-modules to

coherent O%-modules. O

Corollary 6.4.1. — Let X be a smooth k-scheme. Then the functor
L
- @y —: D (O x) x D™ (O x) = D™ (O x)

restricts to a functor
~Gon i D (Op ) x D, (0% ) — D (0% %)
O% cHlfgu Fr.X lfgu Fr.X lfgu Fr.X)-

Proof. — If M® and N'® are two objects in D‘((’)AT,X) then there is a convergent
spectral sequence

L L
HP(HY(M®) @ N*) = HPTI(M®* @ N°).
Thus Corollary 6.2.3 shows that it suffices to prove the proposition in the case that
M?® is a single object M of 11154, (X, A). Interchanging the roles of M*® and N'* allows

us to similarly assume that A'® is a single object N of p gy (X, A). The result now
follows from Lemma 6.4. O

Proposition 6.5. — Let X be a smooth k-scheme, and let A’ be a Noetherian A-
H_4 ’

algebra. If M® is in Dl}gu((’)ﬁ-,x) then M® @p A is in Dl}gu(O%r’X).

Proof. — First let M be any locally finitely generated unit (’)AT7 y-module, and 3 :

M — F%*M a root for M. Then Tor) (M, A’) has a canonical structure of a unit
O%l y-module, generated by

Tor’y (M, A') "2 o (P M, AY) = FiPTor', (M, A').
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Now, since M is a coherent O%-module, taking a local resolution of M by finite flat
O%-modules shows that Tor’y (M, A’) is a finitely generated @4 -module (since A’ is
Noetherian!). This shows that Tor (M, A’) is locally finitely generated.

Now consider M* as in the proposition. We have a convergent Kiinneth spectral
sequence

L
Torh (HI(M®),N') = HIP(M* @, A').
We have already seen that the expression on the left is a locally finitely generated

Oé\(l—module, so Corollary 6.2.3 implies that the expression on the right is also. This
completes the proof of the proposition. O

Proposition 6.6. — Let ' be a multiple of r, let ¢ = prl, assume that Fyy C k,
and write A" = Fy ®@p, A. Then for any smooth k-scheme X, restriction and induction
(as defined in section 1.14) induce functors

Res] : legu((’)%r,X) — legu((’)grl’x)

and
A/
Indg, : leQu(OF"',X) d legu(O%T7X).

Proof. — Since restriction (respectively induction) has zero cohomological amplitude,
it suffices to establish the claim of the proposition in the case of a single locally
finitely generated unit O%h y-module (respectively ng ~module ) M. In this case,

the result follows by observing that the prescription of section (5.7.1) shows how to

construct a coherent generator for Resg'M (respectively Indg,/\/l) from a coherent
generator for M. O

Proposition 6.7. — If f :' Y — X is a morphism of smooth k-schemes, then the
functor f': D(O%. x) — D(Of. y) restricts to a functor (which we denote by the
same symbol)

F i Dipgu(O% x) = Diggu(Opry ).

Proof. — Let M*® be a complex in D((’)I/}w, +) whose cohomology sheaves are locally
finitely generated unit O% y-modules. We must show that the same is true of the
cohomology sheaves of f'M®.

If we consider the proof of part (i) of Theorem 5.8, and note that Corollary 6.2.3
provides the analogue in the context of locally finitely generated unit O% x-modules
of Lemma 5.2, we see that it is enough to prove the proposition in the case of a single
locally finitely generated unit O%K -module M. We must show that f'M has locally
finitely generated cohomology sheaves.

Since this can be verified locally, after replacing X by an open affine subset and Y
by the inverse image under f of this subset, we may assume that X is affine.

By Theorem 6.1.3 we may choose a generator 8 : M — F% "M of M with M a
coherent Oé}—module, and so applying the construction of (5.3.5), we choose a free
resolution P*® of M. Since M is coherent, we may choose each P to be free of finite
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rank. We then choose a lift of 5 to a morphism 8°® : P* — F{*P*® and construct the
double complex

(6.7.1) O x ®oy P75 Oy @0y P,

which as in the proof of 5.8 (i) gives rise to a spectral sequence computing the
cohomology sheaves of f'M. The E; terms of the spectral sequence are the horizontal
cohomology groups of the double complex obtained from (6.7.1) by pulling back by f,
and tensoring by O%r,y Df-108, - These are locally finitely generated unit O%‘r)y_

modules, since the PJ are of finite rank. By repeated applications of Corollary 6.2.3
we see that the F., terms are again locally finitely generated unit O%T7Y—modules, and

so finally the cohomology sheaves of f'M are locally finitely generated unit O%T!Y-

modules. This completes the proof of the proposition. O]
6.8. — The analogous result for fy is also true, but the proof is more involved.
Proposition 6.8.1. — Let f:Y — X be an open immersion of smooth k-schemes

such that the complement of the image of f is a divisor on X. If M is a locally finitely
generated unit (’)Ar’y—module, then HO(f )M = f. M is a locally finitely generated
unit O%hx -module.

Proof. — By part (i) of Theorem 5.8 we see that fi M is an object of DZ(OI‘}W’X).
However, since f is the open immersion of the complement of a divisor, the higher
derived direct images of f vanish when applied to quasi-coherent (’){}—modules, and
so by Lemma 4.3.1
fiM=Rf M=H(Rf. M) = f.M
is in fact an object of u(X,A).
Let D = X \ 'Y be the complement of Y, and let O% (D) denote the associated
invertible sheaf. Let
B:M— Fy"M
be a generator of M, with M a coherent O%-module. Then applying f. we obtain a
map
f(B) : foM — [ F"M = Fy™ f.M.
(The isomorphism holds by flat base-change.) This morphism generates f..M, but
f+«M is not coherent. To find a coherent generator, we argue as in the proof of [Lyu,
prop. 2.9(b)].
Let N be a coherent submodule of f,M such that f*N = M. Then

fM = | J N @0, Ox(D)®",
n=0

while

F*(f.M) = | FX"N o, Ox(D)®".
n=0

Since N is coherent, there is an integer n of the form n = (¢ — 1)m for some positive
integer m such that f.(8)(N) C FY*N ®o, Ox(D)®". Let us denote by 7 the
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morphism 7' : N — FL*N Qo Ox(D)®" obtained by restricting f.(8) to N and by
~ the morphism

v =7 ®@idoy(pyem : N Qo Ox (D)™
— FY'N @0, Ox(D)®" = FL.*(N @0, Ox(D)®™).

Then + is the generating morphism for a unit O%T, y-module, which is immediately
seen to be f.. M, since m was chosen to be positive. Since N®p, Ox (D)®™ is coherent
we see that f,M is locally finitely generated, proving the proposition. O

Proposition 6.8.2. — If f :' Y — X 1is a proper morphism of smooth k-schemes,
then the functor f : D(02T7Y) — D(Of}r,x) restricts to a functor (which we denote
by the same symbol)

f+ 1 Diggu(O%r y) = Dipgu(Ofr x)-

Proof. — The proof of this follows the proof of part (ii) of Theorem 5.8. We note
that Corollary 6.2.3 provides the analogue in the case of locally finitely generated unit
modules of Lemma 5.2. As in that proof, we may reduce to the case of a single locally
finitely generated unit module M, generated by §: M — Fy* M, with M a coherent
O%-module.

Then, in the notation of that proof, we see that H7 f, M is the unit module gen-
erated by

")/‘] : ij*(wy/X ®OY M) — F}'(*ij*(wy/x ®(:)Y M)

Since f is proper, and wy,x ®o, M is coherent, we see that Rif, (wy)x ®oy M)
is coherent. Thus indeed H7 f, M is a locally finitely generated unit (’)j\4ﬂr7y—rrlodu1e7
and the proposition is proved. O

Corollary 6.8.3. — If f :' Y — X is an immersion of smooth k-schemes, then the
functor fy : D(Op. ) — D(Op. x) restricts to a functor (which we denote by the
same symbol)

f+ Diggu(Ofe y) = Digu(Ofr x).

Proof. — We factor f = fi fo, with f1 an open immersion and f5 a closed immersion.
To prove the corollary, it suffices to prove it for open and closed immersions separately.

Suppose first that f is an open immersion, and that M is a locally finitely generated
unit O%r7y—module on X. We have to show that f, M has locally finitely generated
unit cohomology sheaves.

We can check this by restricting f M to affine open subschemes of X, and so we
may assume that X = Spec A is affine. Let Y be the complement of the closed subset
V(ai,...,as) cut out by the elements aq,...,as of A.

By Lemma 4.3.1 we see that f. M = Rf, M. We may compute Rf,M by using the
Cech complex associated to the covering { X4, }1<i<s of Y. Then Rf, M is represented
by a complex which in each degree is a direct sum of terms of the form j,.M |y, where
U is the complement of a divisor in X, and j : U — X is the natural inclusion.
By Proposition 6.8.1, each term in this complex is a locally finitely generated unit
O%r7 y-module, hence its cohomology sheaves have the same property.
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Now by the standard spectral sequence argument, together with Corollary 6.2.3,
we see that for any complex M?* in D;’fgu(Y)7 its push-forward f{ M is a complex in
Dg’fgu(X). This completes the proof of the proposition for an open immersion.

Suppose that f is a closed immersion. Then in particular f is proper, and so this

case follows from Proposition 6.8.2. O

Corollary 6.8.4. — If f :' Y — X is a morphism of smooth k-schemes, then the
functor fi : D(O%. ) — D(O%. x) restricts to a functor (which we denote by the
same symbol)

f+ : Digu(O%ry) = Disgu(Ofr x)-

Proof. — Suppose first that Y is quasi-projective, and choose an immersion g : Y —
P}, for some positive integer n. Then we may factor f as

Y M X x vy X9y pr 2Ly
where I'y is the graph of f and p; is the projection onto the first factor.

It suffices to prove the corollary for each of the morphisms of this factorisation.
Since I'y and idx x g are both immersions, the result follows for these two morphisms
by Corollary 6.8.3. The result follows for the proper morphism p; by Theorem 6.8.2.
This completes the proof of the corollary if Y is quasi-projective.

For the general case, note that since f, is of finite cohomological amplitude, it
suffices to prove the corollary for objects of lefgu (O%T’Y). If M?* is such a bounded
complex, then by Theorem 5.8 (i) we know that fi M?* is a bounded complex of unit
Of x-modules. To show that f4.M?® is in fogu((’)%,.vx) we proceed by induction on
the support Z of M*®. Choose a dense open affine U C Y such that U N Z is dense
in Z, and denote by j : U — Y the natural inclusion. As the cone of the adjunction
morphism M® — j,j~!M?® is supported on Z \ (Z NU), it is enough to prove the
result for j,j~'M®*, by Corollary 6.2.3. Using Proposition 3.7, we see that we may
replace Y by U, and M by j~'M. As U is affine, the result now follows from the
quasi-projective case. L]

6.9. — Let X be a smooth k-scheme. In this section we will show that a locally
finitely generated unit Op- x-module has a particularly nice form on a dense open
subset of X. This will be important later for calculations.

Definition 6.9.1. — We call a unit OAT7 y-module which is a coherent locally pro-
jective O%-module a unit (A, F")-crystal, or if A = F,, simply a unit F"-crystal.

Lemma 6.9.2. — If f :' Y — X is a morphism of smooth k-schemes and M is a
unit (A, F")-crystal on X, then f'M(dx,y] is a unit (A, F")-crystal on Y.

Proof. — If M is a coherent locally projective O%-module then

~ L _ ~ B
f!M[dX/Y] — Oy Qfr-104 f M= Oy Rfr-104 f I M

is a coherent locally projective Of-module. This proves the lemma. O
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Proposition 6.9.3. — If M is a unit Opr x-module on X which is coherent as an
Ox -module, then M is a unit F"-crystal.

Proof. — Suppose that M is a unit Opr x-module which is coherent as an Ox-
module. It suffices to show that the stalk of M at z is free for any point x of X.

Let Ox ; be the stalk of Ox at z, a local ring with maximal ideal m, and residue
field k(z). Choose a surjection

(6.9.4) 0%, — M,

with n minimal (so that n equals the rank of the x(z)-vector space M, /m,); then
this surjection becomes an isomorphism after reducing modulo m,. Thus if we let R
denote the kernel of (6.9.4) then R C m,O% .

Applying F* to (6.9.4) yields a surjection
(6.9.5) O%, =FY 0%, = FX'M,

whose kernel is Ox ,R? (that is, the module generated by the vectors obtained by
raising the elements of R to the ¢'" power coordinate-wise).

We may find a morphism A: O% , — O% , (which is simply an n X n matrix with
coefficients in Ox ;) which makes the following diagram commute:

(6.9.5)
O?(,z > F)T(* x

lA l(ﬁM
(6.9.4) M

n
OX,:&

€T

Upon reducing this diagram modulo m,, the two horizontal arrows become isomor-
phisms. Since the right vertical arrow is also an isomorphism we find that A becomes
an isomorphism when reduced modulo m,.. Thus the determinant of A is a unit modulo
m,, and so is a unit in the local ring Ox ,, showing that A is an isomorphism.

We conclude that R = AOx , R?. Proceeding by induction we see that

1 m m41 m41
R=AMtetta" 0 R cm?™ M Og

for all integers m. This implies that R = 0, hence that (6.9.4) is an isomorphism, and
so we conclude that M, is indeed a free Ox ,-module. O

Proposition 6.9.6. — Assume that k is a perfect field. Let M be a locally finitely
generated, unit Opr x-module. Let Z C X denote a closed subset containing the
support of M. Then there exists a smooth, dense open subset U C Z such that if
f:U — X denotes the natural inclusion, then f'M has Ox-coherent cohomology.

Proof. — Since k is perfect, we may find a dense open subscheme V of Z (given its
induced reduced structure) which is smooth as a k-scheme. Let W = X \ (Z \ V).
Then W is an open subscheme of X and V a closed subset of W. Let g be the
open immersion of W in X, and i the closed immersion of V in W. Then ¢'M is
simply the sheaf-theoretic restriction g~'M of M to W, which by assumption is
supported on V. Thus by Theorem 5.10.1 together with Proposition 6.7 we see that
i'g M = HO(i'g' M) is a locally finitely generated unit O+ y-module, which thus
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admits a root, by Theorem 6.1.3. That is, we may find a generator 5 : N — F{'N
with N coherent on V and § injective. Then we may find a dense open subscheme
U of V on which N is locally free of finite rank and ( is an isomorphism. If j is the
open immersion of U in V then we see that j'i'g' M = (gij)' M is coherent on U. [

6.10. — Let X be a smooth k-scheme. If k" is an extension field of k, and X’ is the
base-change of X over k’, then base-change of OAT7 y-modules via k" over k induces
functors

k/ R —: ,Uflfgu(Xu A) - legU(X/7A)
and
K @ —: legU(O/F\‘T,X) - legu(O%f,X’)'

Again, a case of particular interest is that in which k' is a purely inseparable
algebraic extension of k.

Proposition 6.10.1. — Let k' be a purely inseparable algebraic extension of k, let
X be a smooth k-scheme, and let X' = k' x;, X be the base-change of X over k'.

(i) For any two complexes M® in fogu(O%T’X) and N* in D;;fgu(O%T,X)7 the
natural morphism

RHombgr X(M',N') — RHomZy}T . (K @k M® K @ N'*)

of (1.12.5) is an isomorphism.
() The functor k' @i — 1 pifgu(X,A) — prgu(X’,A) induces an equivalence of
categories.

As a consequence of (i) and (ii) we deduce that
A A
k/ Rk —: lefgu(OFT,X) - lefqu(o T,X’)
induces an equivalence of categories.

The statement of this proposition is similar to that of Proposition 5.13.1, except
that k' is allowed to be an arbitrary inseparable extension of k.

Proof. — To prove (i), note that (since Homepa (—) is right exact in its first
variable and left exact in its second variable) it suffices to check the claim when M®
and N'* are bounded complexes, and then an argument using truncation and induction
on the length of a complex allows us to restrict to the case in which each of M*® and
N are objects M and N of 54, (X, A). We may also work locally on X, and so we
may assume that X is affine.

Then, via the construction of (5.3.5) applied to a coherent generator of M, we may
find a resolution P® of M by left O%T’ y-modules which are free of finite rank. We
may use this resolution to rewrite the natural transformation of (i) as the map

RHom:g%T X(./\/l,./\/) = Honggr X(P',N)
— Honggr . (k' @ P* K @, N) = RHombgT . (K @ MK @k N).
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(since k' @ P* is clearly a locally free resolution of k' ®j M; compare remark 1.12.3).
Thus we must show that the morphism of complexes

Hombéryx(PﬂN) — Homb,;hx, (K @, P* K @, N)

is a quasi-isomorphism. Since both source and target of this morphism are bounded
below, it suffices to show that the corresponding map of truncations

(6.10.2) TSiHosz/;T . (P, N) — TSiHomblAw . (k' @1 P*, K @ N)

is an isomorphism for each integer ¢. This it is what we will show.
Let k; denote a finite subextension of k in k', and let X; denote the base-change
X7 =k xi X. By Proposition 5.13.1, the morphism
Honggrﬁx(’P',/\/') — Honggr’x1 (k1 @k P*, k1 @ N)
is an isomorphism, and so the natural map
Hombgryx (P*,N) — li;rg HomEyF\T’Xl (k1 @k P*, k1 @i N)
1
is an isomorphism, where the direct limit is taken over all finite subextensions k.
(From this we obtain the following sequence of isomorphisms:
1)
t<iHomgs  (P*,N) — r<limHoms (k1 @ P*, k1 @ N)
= FT,X = k? F7,Xq
2
— lim7<;Homg,s (k1 @ P* k1 @ N)
k? = FT7,Xq
— lim Homgx (k1 @ 7>—P°®, k1 @1 N)
o A x, >
®)
— HOTTLFQA (k’ Ok T>_Z‘P., K Rk N)
FT',X/ -

L) TZZME)Q‘T o (k;/ ®k 7)°’N).

(Here, isomorphism (1) is obtained by truncating, isomorphism (2) follows from the
exactness of direct limits, and isomorphism (3) follows from the fact that, since P*® is
a bounded above complex of free left Olf}ﬂm y-modules, 7>_;P* is a bounded complex
of finitely presented Opr x-modules.) The composition of these isomorphisms is the
morphism (6.10.1), which is now seen to be an isomorphism.

The proof of part (ii) uses a similar argument. Since (i) shows that the functor
in question is fully faithful, we need only show that any object M’ of f4.,(X’, A) is
isomorphic to k" ®j, M for some object M of pt4,(X,A). Since X is of finite type
and M’ is determined by a generator with a coherent domain, by the same direct
limit argument as used above, we may first reduce to the case in which &’ is finite
over k, and the result then follows from 5.13.1 (7). O
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7.1. — We let X4 denote the small étale site of X, and we let mx : X¢ — X denote
the natural morphism of sites. (In this context, we write X without a subscript to
indicate the Zariski site of X.) As usual, Ox, will denote the structure sheaf of X,
defined by Ox,,(U) = Oy (U). The morphism 7x is naturally a morphism of locally
ringed sites.

We may use mx to pull-back the sheaf OA,,7 y, and for any U étale over X, there is
a natural isomorphism 7% O%. (U) = OAT7U(U). Thus 7% O%T7X is naturally a sheaf
of rings on X4. (Note that this is not a formal consequence of it being the ringed site
pull-back of a sheaf of rings, because O% is not in the center of O%r, %)

Definition 7.1.1. — We define Of.\;r,xét = W}Oll}r,x, with its natural structure as
a sheaf of rings.

7.2. — The maps
Oy (U) — Homa (05 (U), 03 (V)

induce a map

Oﬁ\;r,xét — HomA(Og}ét, O%ét).
The following lemma shows that (’)}\N’ x,, always acts faithfully on 09(45'
Lemma 7.2.1. — The map

O x., — Homp (0%, 0%.)
18 1njective.
Proof. — Let k denote the separable closure of k. It suffices to show that if X =
Spec (A), then the map
A ®p, A[F"] — Homp (A ®p, A®y k, A ®p, ARy k) — A @p, Homp, (A @y k, A®y k)
is injective, and for this it suffices to show that the map

A[F"] — Homg, (k, A ®), k) = A @, Homg, (k, k)
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is injective. But this map is obtained by tensoring the injective map k[F"] —
Homp, (k, k) on the left with A over k. O

7.3. — Just as we have considered OAT’ yx-modules, we will now also have to consider
O%r7 x,,-modules. In particular we may consider sheaves of left O%r’ x,,-modules on
X¢ which are quasi-coherent as O%ét—modules. We will refer to such a sheaf as a
quasi-coherent left (’)fw’ x,-module, and let u(Xe¢,A) denote the category of such
sheaves.

If M is a quasi-coherent left OAR y-module, then 7% M is naturally a quasi-
coherent left (’)f,r’ x,-module, and the natural map M — 7x.7\M is an isomor-
phism. Conversely, the theory of étale descent shows that if A/ is a quasi-coherent left
O%. x,-module, then 7x,N is a quasi-coherent left O%h y-module, and the natural
map 7y mx«N — N is an isomorphism. Thus the functors 7% and mx. provide an
equivalence of categories between (X, A) and pu(Xe, A).

We let D*(O4%, x,) denote the derived category of complexes of left Of, x -
modules satisfying the boundedness condition e (equal to one of +, —, b, or ().
For any triangulated subcategory D of Db((’)%,\’ x,,) We denote by D° the full trian-
gulated subcategory consisting of complexes which have finite Tor-dimension when
considered as complexes of OQEt—modules. We let D;C(OAT! x,,) denote the triangu-
lated subcategory of D'(OAT’ x,,) consisting of complexes whose cohomology sheaves

are quasi-coherent left Oll}ﬂr’ x,,-modules. We let D°(u(X ¢, A)) denote the derived
category of finite length complexes of quasi-coherent left Of}r, x,,-modules.

Theorem 7.3.1. — The morphism D®(u(X g, A)) — DSC(O%T7XéL) is an equivalence
of triangulated categories.

Proof. — This follows from Bernstein’s theorem [Bo, VI 2.10]. (That Bernstein’s
theorem holds in the étale case is a consequence of étale descent. More precisely, the
crux of the proof of Bernstein’s theorem is that quasi-coherent cohomology vanishes on
an affine scheme, and étale descent shows that quasi-coherent cohomology computed
on the étale site agrees with quasi-coherent cohomology computed on the Zariski

site.) O

7.3.2. — Since étale morphisms are flat, the ringed site pull-back 7% from X to
X ¢ is exact, and so we obtain a commutative diagram of morphisms of triangulated
categories

D(pu(X,A)) —— DqC(O%‘T,X)

* *
P’ Tx

D(u(Xet, A) —= Dge(Of- x,,)

€t

It is an immediate consequence of étale descent that the left-hand vertical arrow is
an equivalence of categories. It is a slightly less obvious consequence of étale descent
that the same is true for the right hand vertical arrow. (If we had restricted our
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attention to bounded derived categories, then this would follow from Theorems 1.6.1
and 7.3.1.)
We first note that the functor Rrx, : D (0%, y,) — DT (O, x) has finite coho-

mological amplitude, and so extends to a functor Rrx., : D(O%TVX&) — D(O/I}T’X).

Proposition 7.3.3. — The functor Rmx. restricts to a functor
Rrxs: ch((’)lfér7xét) — ch(O%r,X)

which has zero cohomological amplitude, and the natural transformations T oRmx, —
id and id — Rmx. o % are both isomorphisms. Thus Rmx, is an equivalence of
categories, with quasi-inverse given by n%. If A’ is a Noetherian A-algebra, then this

L
equivalence of categories is compatible with the functors A’ @ — on its source and
target.

Proof. — Since Rwx, has finite cohomological amplitude, one immediately reduces
to checking the corresponding statements for bounded complexes. If M*® is a complex
in DY.(O%. x,,) then by Theorem 7.3.1, we may assume that M® is a complex in
DP(u(Xet, A)). The fact that the étale cohomology of a quasi-coherent sheaf on an
affine scheme vanishes shows that the higher derived direct images of mx vanish when

applied to quasi-coherent left (’)f}r’ x,,-modules, and thus when applied to complexes
of quasi-coherent left (’)I’}T’Xﬁ,ﬁ—modules. Thus Rrx.M®* — 7x,M?* is a bounded
complex of quasi-coherent O%r’ y-modules and

TR RTx M® =5 e M® =5 M,

the second natural isomorphism holding by étale descent. The composite of these
morphisms is the adjunction morphism

Ty Rrx M® — M®,

and so we see that this morphism is indeed a natural isomorphism.

A similar argument shows that for any complex M*® in DSC(OAn ) the adjunction
morphism M® — Rmx,.m%M?* is an isomorphism. Thus we see that Rmx, is an
equivalence, as claimed.

L
The compatibility of this equivalence with A" ®, — follows from (an obvious vari-
ation of) Proposition B.1.3. O

7.3.4. — Let us remark that all the definitions and results of section 1 carry over
directly from the Zariski to the étale setting, and we will feel free to use them in either
setting from now on.

7.4. — We now briefly discuss pull-back and push-forwards of O%r—modules in the
context of the étale site.

Definition 7.4.1. — If f : Y — X is a morphism of smooth k-schemes then we
define the (O%. y. , f~'O%, x,)-bimodule Of, v, to be

ét é

A R A
OFT;Yéf,HXét - 7T-Y(,)FT,Y~>X’
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where the bimodule structure is induced by the (OA,.,Y, f’10%7,7x)—bimodule struc-
ture on O%ry_,X.

Definition 7.4.2. — Let f : Y — X be a morphism of smooth connected k-schemes.
We define f*: DqC(O%T7X ) — ch(0%T7Yé1) as follows:

ét
1y ge A L —1p e
M =0Fry, . x, ®f—1O§T1XéL [ M®ldy)x].

This functor is well-defined because O%T7Yét—’ x,, is of finite Tor-dimension as a
right f*102T7Xét—module (being the pull-back by 7y of Ogmy_)X, which is of finite
Tor-dimension as a right f~'O%, y-module).

This functor satisfies analogues of all the results of section 2. We also have the
following result, which shows that it is compatible with pull-back of Zariski OI/}T—
modules via étale descent.

Proposition 7.4.3. — Let f : Y — X be a morphism of smooth k-schemes, and let
wx : Xeg — X and 7wy : Yo — Y denote the natural morphisms of sites. Then if we
restrict our attention to complexes with quasi-coherent cohomology sheaves, there are
natural isomorphisms Rry.f' —— f'Rax. and 7% f' — f'7%.

Proof. — Since Rmx. and 7% (respectively Rmy. and 7§ ) are quasi-inverse, it is
enough to construct the second isomorphism. If M® is a complex in DqC(O%T7 %)
then we have (using Definition 7.4.1)

L
W;f!M. = W;‘/‘(O%"P’Y_)X ®f*1027‘,x fﬁlM.)[dy/X]
~ L — * [ ) Lok L]
— O%r»yét,—)Xét, ®f7102‘7‘,Xf1 f IWXM [dY/X] :f"/TXM .
O

Definition 7.4.4. — If f : Y — X is a morphism of smooth k-schemes then we
define the (f~'O%. x,,Opr v, )-bimodule Of, x . as
A A
OFrvXét‘*Yét = 7TEK/OF“,X%Yv
with the bimodule structure induced by the (f *IOA,,.7 X O%T'yy)—bimodule structure
on Oﬁ\?r,xhy'

Definition 7.4.5. — Let f : Y — X be a morphism of smooth k-schemes. We
define

f+ : D(OI[;T,Y&) - D(OAT,X&)
by the formula

L
JaM® = Rf*(oi\“r,xét%yét Roa M?).

FT. Y
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That this functor is well-defined follows for the same reasons as in the case of Zariski
OA.-modules: the bimodule (’)f;r’ X,y is of finite Tor-dimension as a right Olléryyét-
module (being the pull-back by 7y of (9}3 ¥y, which is of finite Tor-dimension as
a right OATVY—module), and the functor Rf, is of finite cohomological dimension.

This functor satisfies analogues of all the results of section 3. The following result
shows that it is compatible with the push-forward of Zariski O%,-modules via étale
descent.

Proposition 7.4.6. — Let f : Y — X be a morphism of smooth k-schemes, and let
mx : Xet — X and my : Yg — Y denote the natural morphisms of sites. Then if we
restrict our attention to complexes with quasi-coherent cohomology sheaves, there are
natural isomorphisms Rux. f+ = fy Rry. and 7% f1 = fymy.

Proof. — Since Rmx. and 7% (respectively Rmy. and 7§) are quasi-inverse, it is
enough to construct the first isomorphism.
If M*® is a complex in ch(02r7yﬂ), then we have

L
f+R7TY*M. :Rf* (O%\'T,XHY ®O%'V‘,y RWY*M.)
~ L L]
%Rf*Rﬂ-Y* (O%ét7Xét<—Yét ®OQT.Y% M )

~ L
—>R7TX*Rf*(Ol[;ét,Xét<—Yét ®O§r,y,t M®) = Rrx.fo M®.
O

7.4.7. — Propositions 7.3.3, 7.4.3 and 7.4.6 show that the morphisms 7% and Rmx
provide an equivalence of categories between DqC(O%T7 ) and DqC(OII}v7 x,,) Which is
compatible with pull-backs and push-forwards. We now observe that the obvious ana-
logues of all the results proved for O% x-modules in sections 4, 5 and 6 have obvious
analogues for (9%7 x,,-modules. Indeed, most of these results concern complexes with
quasi-coherent cohomology, and so their analogues follow immediately by étale de-
scent. The only exceptions are the results that deal with RH omégr . (=,—), since this

functor produces sheaves of A-modules which are in general not quasi-coherent and
so do not satisfy étale descent. However, the analogues of these results are also easily
established by applying their Zariski topology analogues to each étale neighbourhood
U of X.






8. A-SHEAVES ON THE ETALE SITE

8.1. — Recall [SGA 4] that a constructible sheaf of A-modules on the étale site of
a scheme X is a sheaf of A-sheaves on X4 which restricts to a locally constant sheaf of
finitely generated A-modules along the members of some stratification of X by locally
closed subsets.

Welet D* (X4, A) denote the derived category of complexes of A-sheaves on X ¢, sat-
isfying the boundedness condition e (equal to one of +, —, b, or ). We let D¢ (X, A)
denote the full triangulated subcategory of D*®(X ¢, A) consisting of finite-length com-
plexes of A-sheaves on X4 whose cohomology sheaves are constructible.

Finally we denote by DY, 7(Xa, A) denote the full triangulated subcategory of
DX 4, A) consisting of complexes which have finite Tor-dimension. Such com-
plexes are represented by finite length complexes of flat constructible A-sheaves [De,
Prop. 4.6, p. 93].

8.2. — If f:Y — X is a morphism of schemes, it induces morphisms
f71D(Xg, A) — D(Yer, A) and Rf, : DV (Yer, A) — D (X g, A),

the first having zero cohomological amplitude, and the second having finite cohomo-
logical amplitude. If f is an immersion, we also have the extension by zero functor

f! : D+(Yét, A) i D+(Xéta A),

which has zero cohomological amplitude. -

If f:Y — X is an arbitrary morphism of k-schemes, let i : ¥ — Y be an
open immersion of Y into a proper k scheme. (Such an immersion exists by Nagata’s
theorem.) We may factor f into the product of an immersion and a proper morphism,
as follows:

r . , _
Y L X x Y 'YX x v 2L x,
where I'¢ is the graph of f, which is an immersion, and p; is the projection onto the
first factor, which is proper. We then define the functor f; as the composite

f! = Rpl* ((idX X i)l—‘f)y : D(Yét7A) — D(Xét, A)
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If f = hj is any other factorisation of f into the composition of a proper map h with
an immersion j then one verifies that f, as defined above, is naturally isomorphic to
the functor Rh.ji. Thus the functor fi is (up to natural isomorphism) independent
of the choice of factorisation of f as the composition of an immersion and a proper
map. (See [De, p. 48]). It has finite cohomological amplitude.

If g: Z — Y is a second morphism of k-schemes, then there are natural isomor-
phisms

(fg) ' =g ' f " and (fg) = fig..

8.3. — Any morphism f : Y — X pulls back a stratification on X to a stratification
on Y, and f~! is an exact functor which takes locally constant sheaves to locally
constant sheaves. Thus f~! restricts to functors (denoted by the same symbol)

f i De(Xa, A) — De(Yer, A)
and
f71 : ch)tf(Xéta A) - Dlgtf(Yéta A)
If f:Y — X is an immersion, then f; is an exact functor, and takes constructible
sheaves on Y to constructible sheaves on X whose stalks are zero outside Y. Thus f
restricts to functors (denoted by the same symbol)

fi: De(Yer, A) — Do(X o, A)
and
fi: ch’tf(Yét,A) — ch)tf(XétaA)-
If f:Y — X is a proper morphism, then it is a consequence of the proper base-
change theorem that Rf, restricts to functors (denoted by the same symbol)

Rf* : Dc(YétyA) - Dc(Xéth)

and
Rf* : Dctf(YétzA) - Dctf<XétaA)-
Thus for any morphism f : Y — X of k-schemes, fi restricts to functors (denoted by
the same symbol)
fi:De(Ye, A) = Do(Xg, A)
and
f! : Dctf(Yét,A) - Dctf(Xét;A)~

8.4. — We will frequently use the following analogue of Proposition 6.9.6: if k is
perfect and L is a constructible A-sheaf on X for some smooth k-scheme X, with
support contained in a closed subset Z of X, then there exists an open subscheme U
of Z (given its reduced induced structure) which is smooth as a k-scheme, and such
that the restriction of £ to U is locally constant.

8.5. — In order to apply (8.4), we will have to be able to replace k by its perfect
closure if necessary. That this is legitimate follows from the topological invariance of
the étale site. More precisely and more generally, let k' /k be a purely inseparable alge-
braic field extension. If X is any smooth k-scheme then the base-change X' = &’ x;,, X
is a smooth k’ scheme, and the morphism X’ — X induces an isomorphism between
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Xeg and X ét. Thus there is induced an equivalence of categories between D® (X, A)
and D*(X.,,A) (where e can be any one of 4+, —, b or (), which restricts to equiv-
alences of categories between D.(Xg, A) and D (X%, A) and between Dgtf(Xét,A)

éts
and Dgtf (XL, A).

étr

8.6. — Let A’ be a Noetherian A-algebra. Then the functor
L
AI ®A — Di(Xét,A) e Di(Xe’t,A/)
restricts to a functor
L
A/ ®A - Dc_(XétaA) — D(,-_(Xét7Al)7
and hence also to a functor
L
N @y —: D2y p(Xet, A) = DYy (X, A).

To see this, note that any bounded above complex of sheaves with constructible
cohomology has a bounded above resolution by a complex consisting of flat and con-
structible A-sheaves [De, Prop. 4.6, p. 93], which may then be used to compute the

L
above ®.

It is immediate that the functor A’ (%) A — is compatible with f~!, and that it is
compatible with fy when f is an immersion. That it is compatible with Rf, follows
from (an obvious analogue of) Proposition B.1.3. (Take A = B = F,, A" = A,
A" = A’] and recall that Rf, is of finite cohomological amplitude.) Thus we see that

L
fi is compatible with A’ ® — for any morphism f of k-schemes.

8.7. — Let ' be a multiple of r, write ¢ = ¢", so that F, C Fy, and let A’ =
A ®]Fq Fq/ .

We let Res, : D*(X g, A') — D*(X g, A) denote the functor obtained by regarding
a complex of étale sheaves of A’-modules as a complex of étale sheaves of A-modules.
(Here e can assume any one of its usual values.) We refer to this functor as “restric-
tion”. It is clear that it is of zero cohomological amplitude, preserves the properties
of having constructible cohomology sheaves and of having finite Tor-dimension (since
A’ is free of finite rank over A), and commutes with f~! and f; for any morphism f
of k-schemes.

We let Ind{ : D*(Xe, A) — D*(X¢;, A') denote the functor obtained by tensoring
by A’ over A. (Again e may take on any one of its usual values.) We refer to this
functor as “induction”. That it is well defined follows from the fact that A’ is free
of finite rank over A, which also implies that it is of zero cohomological dimension,
preserves the properties of having constructible cohomology sheaves and of having
finite Tor-dimension, and commutes with f~! and f for any morphism f of k-schemes.

It is immediate that induction is compatible with taking the tensor products of étale
sheaves, and so with derived tensor products of complexes in the derived category.
On the other hand, restriction is not compatible with tensor products, but does
satisfy a projection formula: there is a natural isomorphism between the bifunctors

a & q a0 &
Res], (— @4 Ind, () and Res], (-) @ —






9. THE FUNCTOR Solg

9.1. — In this section we will construct a functor from the derived category of
locally finitely generated unit 01/;7‘, y-modules to the derived category of constructible
sheaves. Although the definition makes sense in general, many of the good properties
of this functor can be proved only when A is a finite ring. Proposition 9.6 is a notable

exception.

Definition 9.2. — Let X be a smooth k-scheme. Define

Sole() = RHom®a (0% )ldx] : Dijy, (O x,) — D* (Xa A).

s 6t

Remark 9.2.1. — Note that the functor Solg, is compatible with inseparable base-
change, in the sense that if k’ is a purely inseparable algebraic extension of k, if X is
a smooth k-scheme, and if X’ is the base-change of X over k’, then the diagram

k' ®p—

- ~ — A
legu(O/I}'T,Xéf,) legu(OF'",Xéi)

J/Solét lSOIéz

DT (X, A) = Dt (XL, A)

commutes (by Proposition 6.10.1).

Proposition 9.3. — Assume that A is finite. Let f :' Y — X be a morphism of
smooth k-schemes. Then the functors f~'Solg and Solg.f' are naturally isomorphic,
m a manner compatible with inseparable base-change.
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Proof. — If we note that f!(’)é‘(ét = (’){}ét [dy/x], then we may use Proposition 2.6 to
define a natural transformation

fSola(M®) = f RHomg,  (M®,0%,)ldx]

Xt

FM®, 08 ldy,x))dx]
= RHompy  ( M, 0% )[dy]

ét

= Solg(f'M*).

— RHom?
OgTvYét(

We must now prove that this natural transformation is an isomorphism.

By Proposition 2.7 this morphism is compatible with inseparable base-change.
Thus we may replace k by its perfect closure, and for the duration of the proof we
assume that k is perfect. Secondly, we may work locally on X and Y, and so we
may assume that X is affine. Thirdly, truncation and induction on the length of the
complex M?* allow us to reduce to the case of a single locally finitely generated unit
O%r7 x,,-module M. This completes our initial set of reductions.

Let B : M — F%*M be a generator of M, with M a coherent Og\{ét—module. Using
the construction of (5.3.5), we choose a resolution P® of M by finite rank free (’)3\(&—
modules, and a lift 3* : P®* — F4L*P*® of the morphism 3. Let P’ be the locally
finitely generated unit O§T7 x,,-module generated by B%. Then the complex P*® is a
resolution of M, and the complex f'P* is a resolution of f'M.

Thus there is a spectral sequence computing the cohomology sheaves of Solg (M)
whose F; terms are Eij = H’(Solg(P?)); applying the exact functor f~! yields a
spectral sequence computing the cohomology sheaves of f~1Sols (M) whose E; terms
are E{J = HI(f~1Sols(P?)). Similarly, there is a spectral sequence computing the co-
homology sheaves of H'(Solg(f'M)) whose E; terms are B}’ = H7(Solg(f'P?)). The
natural transformation f~'Solg — Solg f' induces a morphism of spectral sequences.
Thus it suffices to show that the morphism

S0l (P?) — Solgf' P!

is an isomorphism for each i. Write P = P;, P = P?, and choose an isomorphism
P = (0%,)". The map 3" is then identified with an n X n matrix p

p=p(0%,)" = (0%,)"
The generator P of P induces a free presentation of P
0— (08 x )" "5 (Ob x )" — P —0.

(Here, the n x n matrix puF" is acting by right multiplication on (OII}“T,X@)HJ
Similarly, f'P is the unit (’)%T,Ya—module with free presentation

0— <O%T,Yét)n 1ﬂr (OJF\‘T,Y@,)H - f‘P — 0,

placed in degree dx,y .
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We have the isomorphisms

Sola(P) = Hombs  (Ofrx,)" =5 (Ofr x,)" 0%, )ldx]

ét

~ n 1—pF" n
= (0" == (0%,)")

(where in this last complex, the two members of the complex sit in degrees —dx and
—dx + 1), and similarly

Sola(fP) = (O™ =5 (0% ™)

We may regard p as an F"-semi-linear transformation between two free Ox,,-modules
of rank n[A : F,]. Thus, to show that the natural map f~!Solg(P) — Solg(f'P) is
an isomorphism, is is enough to show that this is the case when P is considered as an
Opr x-module, since A is a finite ring. From now on we therefore forget the A-module
structure on P and assume that A = F,.

If (y;) is an n-tuple of sections of Ox over any étale neighbourhood U of X, the
equation

(L= pF") (@) = (2;) — p(af) = (i)
describes a (not necessarily finite) étale cover of U, and so the morphism
1 —pF": 0%, — 0%,
is surjective. Thus Solg(P) is isomorphic to the kernel of the morphism 1 — pF,
placed in degree —dx, and since ! is exact, we find that

nF

f71S0la(P) = fker(O%,, '8 0%, )ldx].

A similar computation shows that Solg(f'P) —— ker(O%, toef

that the map f~'Solg(P) — Solg(f'P) is simply the natural map

0y.) [dx], and

pnF nF

L 0%, dx] — ker(0%, "5 0% )[dx].

Thus to prove the proposition, we are reduced to showing that this map is an isomor-
phism. We begin by studying a number of cases.

(i) [ is the closed immersion of a divisor: As remarked at the beginning of the
proof, we may work locally. Thus we may assume that Y is the divisor cut out by a
global section a of Ox,,.

We may work on the level of stalks; thus we are reduced to showing that if A is
a strictly Henselian local ring occurring as a stalk of a geometric point of X, u is an
n X n matrix with entries in A, and a € A lies in the maximal ideal of A, then the
natural map

f_lker(O;L(ét !

F

ker(A" "5 A"y — ker((Afa) "5 (Aa)™)

is an isomorphism.
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To see that it is injective, suppose that (az;) € a A" satisfies (1 — pF")(az;) = 0.
Then (ax;) = pF"(ax;) = apuF"(x;), and

(0:) = @' uF" (1) = ¥ uF (a8 P ()

= g V@D BT ET (a0 T (2) = L
Continuing, we find that the x; € A are divisible by arbitrarily high powers of a, and
so vanish, since a lies in the maximal ideal of A. This yields the injectivity.

To see the surjectivity, suppose that (Z;) € (4/a)™ satisfies (1 — puF")(Z;) = 0. Let
(z;) € A™ lift (Z;). Then (1 — puF")(x;) = (az}) for some (z}) € A™. Now since A is
strictly Henselian, we may find an n-tuple (y;) € A" solving (1 —a? 'uF")(y;) = ().
Then z; — ay; = T; modulo the maximal ideal of A, and

(1 — pF")(z; — ay;) = (ax] — az}) = 0.

(i1) f is étale: We must show that

nF

flker(O%, '8 1zl

O, )dx] — ker(Oy, " — Oy, )[dx]

is an isomorphism. But since f is étale, f~1Ox,, = Oy.,, and so

F ke (0%, "L 0% Ydx] = ker(f1 0%, "5 0% ) dx]
= ker(0p, "5 03 Y[dx).

(Here we have used the exactness of f~1.) Thus in this case we do indeed have an
isomorphism.
(i) f is the projection X x A} — X: Let s be any section of f. Then the composite

nF pnF

s her(0%, "5 0% Ydx] — s ker(O%, 15 O )[dx]
F

— ker(O%, "7 0% )ldx],

corresponds to the identity map, and the second arrow factors as a composite of
embeddings of smooth divisors, and so is an isomorphism by (i). Thus the first arrow
is also an isomorphism. It follows that

I ker(O%, 5 O ldx] — ker(O%, ' 0%, )[dx]
is an isomorphism, as it is after pulling back by any section.
More precisely, denote the cone of this morphism by C. Any closed point of X x A}
is in the image of an étale local section of f (since k is perfect), and so we see that C
has vanishing stalks at any closed point of X x A7. Since these elements are dense in
X x A7, we see that C does indeed vanish.
() f is arbitrary: We factor f:Y — X as

v x xv 2L X,

Now I'y is a closed immersion, and so locally factors as a composite of embeddings of
smooth divisors. Thus part (i) above shows that the proposition holds for I's.
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Since the morphism Y — Spec k is smooth, it factors locally as an étale morphism
followed by the map A}} — Speck, and so the result follows by (i) and (). O

Ezample 9.3.1. — If X is a smooth k-scheme, then Sol4(O%,) = A[dx]. When
A is finite, this result follows from Proposition 9.3, since taking f : X — Speck to be
the projection to the point, one sees that it suffices to prove the result for the point,
where it is immediately verified.

In general, one may verify this result directly by computing

Sola(O%,) = RHomg,, (0%, Ok, )ldx]

using the canonical resolution of Oﬁ}ét by left O%T7 x,,~modules:

A 1-F" A
0— O "X, @ "X

It then amounts to the fact that the sequence of sheaves

ét”

0—>A—>(9X OX —0
is exact on X4.

It will be convenient to isolate the following lemma from the proof of Proposition
9.3.

Lemma 9.3.2. — Suppose as before that A is finite. Let P be a locally free (’)g}ét—
module, 3 : P — F"™ P an Oﬁ‘(ét—linear map, and P the unit @%r,xét—module generated
by B. Then P is acyclic for the functor Moghxét(j Of)\(ét). This holds in particular
if P = P is a unit F-crystal.

9.4. — The following lemma is a mild generalisation of part of [Ka 1, Prop. 4.1.1].
We recall the proof, which depends on a technique of Lang.

Lemma 9.4.1. — Suppose that A is finite, that X is a smooth k-scheme and that
M is a unit (A, F")-crystal on X. Then M is, étale locally on X, isomorphic to a left
O%ryxét—module of the form L®g, Ox,, for some finitely generated projective A-module

Proof. — Denote by L the kernel of the map M "= M. We claim that the natural
map £ ®p, Ox, — M is an isomorphism, and that £ is a locally constant sheaf.
This claim implies the lemma (and conversely it is easy to see that the lemma implies
that this map is an isomorphism). Indeed, if £ is locally constant, then, by descent,
it must be a locally finitely generated and locally projective sheaf of A-modules, as
M = L ®p, Ox,, is a coherent and locally projective sheaf of o% ,~-modules.

To prove the clalm it is enough to check that it is true when M is regarded as an
Opr x,-module, and so we may assume that A = [F,. In this case, we have to show
that M is étale locally isomorphic to O% as an OFTV x-module for some integer n.

By assumption M is locally free of finite rank on X. Let U be any open set of X
over which M =~ O% (as Ox-modules). Then the structural morphism of M is an
isomorphism O% = Fy 0% — O%, and so is given by some section A of GL,(Ox)
over U.
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If B is a section of GL,(Ox), let Bl4 denote the section of GL,(Ox) obtained
by raising the entries of B to the ¢*® power. Lang has observed that the equation
Bld = BA describes a finite étale cover V of U. Thus over V, we obtain the following
commutative diagram:

n A n
\% OV

B
Bldl \L

oy,
which shows that M is isomorphic as a left Op» x-module to O% over V. O
Corollary 9.4.2. — In the situation of the previous lemma, we have

. A _
RHomgy (M,0%,)=L

1 ét
for some locally constant étale sheaf of projective A-modules L. Furthermore, the
natural transformation

M — 7H0mA(£a Og(et) L 7H0mA(£7 A) ®Fq OXéL
is an isomorphism.

Proof. — Both claims may be checked locally on X, so that Lemma 9.4.1 reduces
us to checking them for M of the form L ®p, Ox,, for some projective A-module L.
Moreover, if L' is a finitely generated projective A-module such that L & L’ is free,
then the corollary holds for L provided it holds for L L’. Thus, we may assume that
L is a finite free A-module, in which case our result follows by example 9.3.1. O

Proposition 9.5. — (i) Suppose that A is finite. If f :' Y — X is an open
immersion of smooth k-schemes, there is a natural isomorphism of functors

fiSolgy — Solaf+.

(it) If g : Z —'Y is a second open immersion of smooth k-schemes then the diagram
of natural isomorphisms

Soletfrg+ ﬁ Sole(fg)+
part (i)i'v

fiSolgig part (i) |~
part (Ui”

figiSolgy —=— (fg)1Sols

(in which the natural isomorphisms have been labelled by the results which give
rise to them) commutes.

Proof. — We first construct a natural transformation fiSolg; — Solg f1, which will
clearly satisfy the compatibility with compositions claimed by part (%). We then
show that it is an isomorphism.
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Recall from Lemma 4.3.1 that f!(’)ﬁ\(é‘ = ffl(’)é\(ét = O&w and that if M* is any
complex in D;’fgu((’)pr,(]a)7 there is a natural isomorphism f'f; M® — M®. Thus

we obtain the natural isomorphism

FISola( f+ M) = f RHomd, (£ M®, 0%, )ldx]

(1) ”
— REIM:OF",U@ (f!f-‘rM.? Oget)[dU]

— RHomy,,, , (M?®, Of )du] = Solg(M®),

in which the isomorphism labelled (1) is provided by Proposition 2.6. By adjointness
of fy and f~!, the inverse of this isomorphism induces a morphism

fiSolgt(M®) — Solg(fr M*®),

which is the required natural transformation. It is straightforward to verify that this
natural transformation satisfies the claim of part ().

Let Z = X \'Y denote the complement of Y, endowed with the reduced induced
scheme structure, and let g : Z — X be the closed immersion of Z into X. To show
that the morphism fiSolg(M®) — Solg(f+M®) is an isomorphism, it suffices to show
that g~ 1Solg(fLM®) is quasi-isomorphic to zero.

This can be checked locally on X = Spec A, and so we may assume that X is affine,
and that Z = V(ay,...,as). Also, by truncation and induction on the length of a
complex, we may reduce to the case of a single finitely generated unit (’)Il}w’y—module
M. In this situation, the proof of Corollary 6.8.3 shows that f M is represented by
a Cech complex whose members are finite direct sums of modules of the form j, A/,
where j is the open immersion of some open subscheme of Y of the form X, (with a
being a product of some number of the a;’s) into X, and A is the restriction of M
to X,. The cohomology sheaves of Solg(f+ M) are computed by a spectral sequence
whose F; terms are finite direct sums of the cohomology sheaves of the Solg (5 N).
Thus g~ Solg(fy M) is computed by pulling back this spectral sequence by the exact
functor g, and so it suffices to show that each g~!Solg(j ) is quasi-isomorphic
to zero. Let h : V(a) — X be the closed immersion. Then Z C V (a), and so it will in
particular suffice to show that h=Sol(j,N) is quasi-isomorphic to zero. Thus we
need only consider the case where Y is the complement of a divisor V(a) in X.

The proof of Proposition 6.8.1 shows that fy M is a locally finitely generated unit

O%TVX-module which admits a generator of the form M LA F4*M, where M is a
coherent Oé\(éz—module, and 8 = af’ for some ' : M — F4*M.
Let P be a resolution of M by free finite rank (’)ﬁ\(éz—modules, and lift 8’ to
B'*:P— Fy P

Define 3* = a3'®. Let P’ denote the unit O%,\’Xﬁ-module generated by 3. Then P*
is a resolution of M, and by the usual spectral sequence argument, it suffices to show
that g~Solg(P?) is quasi-isomorphic to zero for each i.

Let P = (O%,,)" and write

p=0":(0%,)" = Fx"(0%,)" = (0%,)"
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Then, as was observed in the proof of Proposition 9.3,

Sola(PY) = ker((O%,)" 7 (O%)™)dx].

(It is at this point that the hypothesis that A is finite is used.) We want to show that
the stalks of this kernel vanish at the geometric points of V(a). Let A be the stalk of
(’)ﬁ\(ﬁ at such a point; then a lies in the maximal ideal of A. Thus if (z;) € A™ lies in
this kernel,

(2;) = apF" (z;) = " p(FTpF" (2)) = -

thus each z; is divisible by arbitrarily high powers of a and hence it vanishes. This
completes the proof of the proposition. O

Remark 9.5.1. — The reader should compare this result with Lemma 3.3 of [De,
p. 120]. In that lemma Deligne takes a “dual” approach to the one taken here.
Suppose that f:Y — X is an open immersion of the complement of a divisor, and
that M is a unit F"-crystal on Y. Let us follow the steps of the proof of Proposition
6.8.1 by letting IV be a coherent extension of M to X. In this proof we tensor the
coherent sheaf N with large positive powers of the sheaf O% (D) to obtain a generator

7: N ®oyx Ox(D)®™ — F{' (N ®oy Ox(D)®™)

for f M. Rather than doing this, Deligne tensors N with a large negative power of
O% (D), to obtain a morphism

D FY(N ®oy Ox(fD)(gm) — N Qo Ox(*D)®m.

Thus N becomes a (non-unit) Oﬁ\”, x,-module, and Deligne shows (when A = F,)
that

RHomzﬁﬁqxa(O?{éz’W;{(N Roy Ox(—D)®™)) = j!RHomZO%T,Yéi(OQa’W;M)'
The disadvantage of this approach is that there is no unique choice of the integer m,
and so the O%, y-module N ®¢, Ox(—D)®™ is not uniquely determined. From our
point of view, this is analogous to the fact that there is no unique generator for a unit
OI‘}T’ y-module. Although the generators are useful for computations, it is the locally
finitely generated unit (’)AT’ y-module f, M which is the object canonically associated
with pushing forward M via f.

Proposition 9.6. — (i) Let f :' Y — X be a proper morphism of smooth k-
schemes. Then there is a natural isomorphism

SOlét + ; f!SOlét.
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(it) If g : Z — Y is a second proper morphism of smooth k-schemes then the diagram
of natural isomorphisms

Soletf19+ —— Sola(fg)+

(3.7)
part (i)i’\f
fiSolgrg+ part (i) |~
part (1)i~

figiSole —= (fg)!SOIét

(in which the natural isomorphisms have been labelled by the results which give
rise to them) commutes.

Proof. — Since f is a proper morphism, we have f; = Rf,. Let M*® be an object of
D}t (O y). Then using part (i) of Theorem 4.4.1, we compute that

Solet(f+M®) = RHom  (f+M®, 0. x,)ldx]

ét

— RfRHomd,  (M*, f'Op x dx] = fiRHom,  (M*, O v, )[dy]
= fgSOlét./\/l..

The compatibility with compositions claimed by part (i) follows from the given con-
struction, together with part (%) of Theorem 4.4.1. O

9.7. — We would like to prove an analogue of Propositions 9.5 and 9.6 for an arbi-
trary morphism f : Y — X of smooth k-schemes. If we can factor f as a composition
of open immersions and proper morphisms then we can combine the results of Propo-
sitions 9.5 and 9.6 to obtain an analogous result for the morphism f. Unfortunately,
in order to prove that this isomorphism is independent of the choice of such a fac-
torisation, our techniques require us to assume that f has a factorisation of a more
restricted type.

We will say that f is allowable if there is a smooth k-scheme W and a factorisation
f = gh, where g : Y — W is an immersion and h : W — X is a smooth proper
morphism. The main examples of allowable morphisms that we have in mind are
quasi-projective morphisms. If one had resolution of singularities in characteristic p
then by combining it with Nagata’s theorem on the existence of compactifications,
one could show that every morphism f is allowable.

Theorem 9.7.1. — (i) Suppose that A is finite. Let f : Y — X be an allowable
morphism of smooth k-schemes. Then there is a natural isomorphism

SOlét + ; f!SOlét.
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(it) If g : Z —'Y s a second allowable morphism of smooth k-schemes such that the
composite fg is also allowable then the diagram of natural isomorphisms

Soletfrg+ ﬁ Sola(fg)+
part (i)i’“

fiSolgg part (i) | ~
part (i)i““

figiSoley ——— (fg)1Sole

(in which the natural isomorphisms have been labelled by the results which give
rise to them) commutes.
(iit) The natural transformation of (i) is compatible with inseparable base-change.

9.7.2. — The construction of the isomorphism of part (i) will depend upon the
factorisation of the allowable morphism f into a composition of proper morphisms and
open immersions, and so not only is the compatibility with respect to compositions
as stated in part (i7) not immediate from the construction, but it implicitly includes
as a special case the independence of the construction of part (i) from the particular
choice of such a factorisation.

Lemma 9.7.3. — Suppose that f :' Y — X is a morphism of smooth k-schemes
which has two factorisations,

Fiy lew Pk,
and
f:YLW2j$X,

in which each of W1, Wy is a smooth k-scheme, each of the morphisms ji,ja is an
open immersion, and each of the morphisms p1,ps is proper. Then the diagram of
natural isomorphisms

P1+J14+S0lgy —— p14Solg i ﬁ Solgpirju

(9.5) l

J+Solgt Solg fi

(3.7)T~ NT

Jo+Ppa+Solg ﬁ Jo+So0lgpar ﬁ Solgjarpar

(3.7)l~

(in which each isomorphism has been labelled by the result that gives rise to it) com-
mutes.
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Proof. — We may form the commutative diagram

J1

J1Xp2
Y*>W1 Xx Wgﬂwl

b, b

Wy, — 2~ X,
in which the square is cartesian, and the morphism j; X ps is both an open immersion
and a proper morphism. Applying parts (i) of Propositions 9.5 and 9.6 respectively
to the upper and left-hand triangles, we see that it suffices to verify the claimed
commutativity in the case that the pair of factorisations

f=p1j1 = jop2

arises from a cartesian square. In this case the result follows from the constructions
of Propositions 9.5 and 9.6, together with part (i) of Theorem 4.4.1. O

9.7.4. — Proof of Theorem 9.7.1. — Note that if we have the isomorphism of part
(i) for two morphisms f and g, Proposition 3.7 will allow us to construct such an
isomorphism for the composite fg. (In other words, we can take the diagram of part
(ii) to define the isomorphism for the composite fg.) Thus if f is allowable, and
f = fi--- fn is some factorisation of f into a composite of morphisms f; between
smooth k-schemes, such that each f; is an open immersion or a proper morphism,
we may construct a particular isomorphism Solgfy — fiSolg. (At least one such
factorisation exists, since we have assumed that f is allowable.) We will prove that
the isomorphism so constructed is independent of choice of such a factorisation of f.
This will in particular provide a proof of part (4i).

We first suppose that f is a closed immersion equipped with a factorisation f =
fi--- fn of f into a composite of open immersions and proper morphisms. Using
induction on n, we will show that the isomorphism of part (i) obtained by using this
factorisation of f is the same as that obtained by applying Proposition 9.6 directly
to the closed immersion (and hence proper morphism) f itself.

If n = 1 this is a tautology, and if n = 2 it follows from Lemma 9.7.3. The
general case now follows immediately by induction on n, since f being a closed im-
mersion shows that each of the partial composites f; - -- f,, (1 <i < n) is also a closed
immersion.

Now suppose that f: Y — X is an allowable morphism of smooth k-schemes, and
that we have a factorisation

R G AL L RS LA L e

)

in which each of the morphisms f; is either an open immersion or a proper morphism.
We will show that the isomorphism induced by this factorisation is independent of
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the given factorisation. In order to do this, we choose a factorisation of f,
I3% N SRV X,

in which 7 is a closed immersion, j is an open immersion, and p is a smooth proper
morphism. We will prove that the isomorphism of part (i) obtained using the fac-
torisation f = f1--- f, is the same as that obtained using the factorisation f = pji.
Since this latter factorisation is independent of the factorisation f = f1--- f, with
which we began, the independence will follow.

The argument depends on a consideration of the commutative diagram

g

n Xid id id
Y, XxU frnXidu "'fQXIUY1><XU fixidw U
J
idx ]z) ><X W frn Xidw N -fQXidwyl x W f1xidw W
\ i P
J2 Yi Ji X

(Because p is smooth, each of the k-schemes appearing in this diagram is smooth.)
The case of a closed immersion considered above shows that we get the same
isomorphism whether we use the closed immersion 4 or the factorisation

Y— Y, xxU——>--- >Y) xx U U.

Also in each square, opposite sides are either both open immersions or both proper
morphisms. Thus Propositions 9.5 and 9.6, and Lemma 9.7.3, show that we get the
same isomorphism whichever way we go around each square. Finally, the edges of
each of the two left-hand triangles are either open immersions or proper maps, so that
Proposition 9.6 and Lemma 9.7.3 show that we get the same isomorphism whichever
way we go around each of the triangles. This completes the proof of the first two
parts of the theorem. The compatibility with inseparable base-change follows from
remark 4.6, which observes that the constructions of that section, and hence those of
Propositions 9.5 and 9.6, and hence that of this theorem, are compatible with change
of ground field. O

Proposition 9.8. — Suppose that A is finite and let X be a smooth k-scheme. Then
Solg; restricts to a functor

Solet : Dir g (O x,,) — DF (X e, A).

and

SOlet legu(OF“" Xa )O — Dlgtf(Xét7A)'
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Proof. — First note that the compatibility of Solg; with inseparable base-change al-
lows us to replace k by its perfect closure, and so for the duration of the proof we
may assume that k is perfect.

Suppose M® is in D}, (Of. ). We begin by showing that Solg(M?®) is in
D} (X4, A). We proceed by induction on the dimension of the support of M®. Let
Z be this support. Let U be a smooth dense open subscheme of Z (given its reduced
induced structure), and denote by f the inclusion of U into X. Proposition 5.12.1
shows that there is a morphism M® — f, f'M® whose cone is supported on Z \ U,
which has dimension strictly less than that of Z. Thus to prove the proposition for
M, it suffices to prove it for fi f'M®.

Now Solg(frf'M®) = fiSolg(f'M?®), and f takes DI (Ug, A) to DI (X g, A).
Thus, it suffices to show that Solg(f'M?®) is in D} (Ug, A). Moreover, we are free to
replace U by any dense open subscheme.

Let N' = H'(f'M?*) be a cohomology sheaf of M®. By Proposition 6.7, f'M?* is
in D;’f gu(O§T7Uét), and so N is a locally finitely generated unit O%T,Uét—module. A
standard dévissage implies that it suffices to show that Solg(N) has constructible
cohomology sheaves. For this, we shrink U if necessary and perform the construction
of (5.3.5). That is, we choose a Oﬁﬁt—coheren‘c generator 3 : N — F™N for N, a left
resolution P*® of N by finite free O[/}ét—modules, and a lift of 3 to a map of complexes
of Oﬁét—modules B® : P* — F"*P*. The complex P* of locally finitely generated unit
O%nU—modules generated by (° is a resolution of A. Lemma 9.3.2 implies that

Sola(N) = Homea, (P*,0f,),

Vet -
and so it suffices to show that each term Solg(P?) = Hompa, (P, 0f) is con-
Hét -
structible. Shrinking U further if necessary, and combining Proposition 6.9.6 and the
fact that A is finite, we may assume that P’ is Op,-coherent. Since P? is flat over
O}y, it must also be a unit (A, F")-crystal. The desired constructibility now follows
from Corollary 9.4.2.

Now suppose that M* is in D?fgu(ozl}“r,xél)o' It remains to show that Sole(M®) is
bounded of finite Tor dimension. Again, we may proceed by induction on the support
Z of M*. Using our previous notation, note that f, takes Dgtf(Uét, A) to thf(Xét, A)
and that Lemma 2.3.2 implies that f'M® is in D}t gu(OFr x,,)°. An argument as
above shows that it is enough to prove that Solg(f'M?®) is in D, #(Ue, A) for some
dense open subset U of Z. By Proposition 6.9.6 we may choose U so that f'M?* has
Oy,,-coherent cohomology sheaves. Then Corollary 1.8.6 implies that f'M® has finite
locally projective dimension as a complex of left (’)%T’U&—modules, so that f'M®* is
represented by a finite length complex of locally projective left (’)AT’Uﬁ-modules Ne,
and we have

Sole(f'M®) == Hompa — (N*,0p,).

Vet
We complete the argument by observing that the right hand of this isomorphism is a
bounded complex of flat Oﬁét—modules, and so of flat A-modules. Indeed, since locally
on U each term of N'* is a direct summand of a free left O%Tﬂét—module, this follows
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from the fact that

A A A
Homps, U}f((anUéi)I, o) = H oy,
’ et
el

is Oﬁét—ﬂat for any index set I (since U is a Noetherian scheme). O

Proposition 9.9. — Suppose that A is finite, that X is a smooth k-scheme, that
M?® is a complex in D&gu(olfér7xét), and that N'* is a complez in Df’fgu(O%T)Xéi)o.
Then there is a natural isomorphism

Sola(M®) G Sola(N*) = Sola(M® Goy N*)ldy]

t

in DY(X¢), which is compatible (in an obvious sense) with inseparable base-change.

L
(Note that the ® on the left-hand side of this isomorphism is defined, since Proposi-
tion 9.8 shows that Solg(N'®) has finite Tor-dimension over A.)

Proof. — If we combine Lemmas 1.12.1 and 1.9.3, then we obtain a natural transfor-
mation

Solg (M*®) élé)A Solg(N*®)

L
—RHom,  (M*.0%,)[dx] & RHomg,  (N*,0%,)ldx]

ét ét

L L
—RHomp, (M @y N*,0%, @on  O%,)[2dx]

Xet

L
=RHomg  (M* Qoy N, 0%,)[2dx]

N et
=Solét(./\/l' ®@§, N.)[dx]

Denote the composite of the above maps by x(M®, N'®). This is the natural transfor-
mation which we will show is an isomorphism.
Suppose first that M?* is of the form L ®j Oﬁ\(a for some projective A-module L.
L
Then M*® ®ps N* =L@y N*® and Corollary 9.4.2 shows that

Solg(M*®) = L*[dx],

where L* denotes the A-dual of L. Thus the natural transformation constructed above
reduces to the isomorphism

L* [dx] QA Solét(N.) AN SOIét(L QA N')[dx},

and we are done in this case. The case when M® is a single unit (A, F")-crystal
follows from this by Lemma 9.4.1.

We now turn to the case of an arbitrary complex M®. Lemma 1.12.1 together
with the compatibility of Solg with inseparable base-change shows that y(M?®,N®)
is compatible with inseparable base-change. In particular this allows us to replace k
by its perfect closure, and so for the remainder of the proof we may assume that k is
perfect.
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We proceed by induction on the dimension of the support of M®. Let Z be this
support, and U C Z a smooth dense affine open subscheme (given its reduced induced
structure). Proposition 5.12.1 now shows that there is a map M® — f, f'M*® whose
support is contained in Z \ U, which is of dimension strictly less than that of Z. By
our inductive assumption, we are reduced to verifying that the natural transformation

(9.9.1) Sola(f4 F'M*) Gx Sola(N*) = Sola(f fM® éogﬁ N*®)[dx]

is an isomorphism.
Proposition 4.2 provides a natural isomorphism

Fof' M® Boy N* = L (fM® Gy fN*)ldxol,

and so we obtain the following commutative diagram:

Sole(f+f'M®) Sa Sole(N°*) (1N) fiSola(f' M®) a Solet(N°*)

l(9.9.1) ~
Solg(fy f'M® éL@og\(ét N*)[dx] fi(Solg(f'M*) N F1Sols(N®))
(4.2) | ~ (3) |~
Sola(f+(f'M® éoﬁét FIN®)ldx v])ldx] Si(Sola(f'M®) éL@A Sole(f'N*®))
~ (4)

Sola(f 1 (f'M® By 'N*))ldy] —o—= fiSola(f'M* Goy f'A*))ldy].

Here (1) and (2) are deduced from the natural isomorphism Solsfi — fiSoly, iso-
morphism (3) is deduced from the natural isomorphism Solg f = f~1Solg, and
(4) is obtained by applying fi to the morphism x(f'M?*, f'N'*) . ;From this dia-
gram we see that to show that (9.9.1) is an isomorphism, we have only to show that
x(f'M®, f'N'*) is an isomorphism. Let M’ = H*(f'M*) be one of the cohomology
sheaves of f'M?®. A standard spectral sequence argument shows that it suffices to
prove that y(M’, f'A/®) is an isomorphism.

Since U is affine we may apply the construction of (5.3.5) to a coherent generator
of M’, and so obtain a complex P* of locally finitely generated unit (91/},»7Uét—modules
resolving M’, whose members are flat as (’)ﬁﬁ-modules.

We are thus reduced to proving that the natural morphism (P*, f'A/*) is an
isomorphism, and a standard spectral sequence argument shows that is suffices to
prove that x(P7, f'A'®) is a quasi-isomorphism for each integer j. Shrinking U further,
if necessary, Proposition 6.9.6 allows us to assume that P’ is coherent as a Ol[}ef
module. Since it is flat as a Oﬁét—module, we see that it is in fact a unit (A, F")-crystal,
and so indeed x(P7, f'N'®) is an isomorphism. O
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Proposition 9.10. — We continue to assume that A is finite.

(i) Let A’ be a Noetherian A-algebra and X a smooth k-scheme. If M® is an object
of D}y, (O x.,)° then there is a natural isomorphism

L N L
N @4 Solg(M®) — Solg(A @5 M*®),

which is compatible with inseparable base-change.
(
(ii) If f :' Y — X is a morphism of smooth k-schemes, and if M® is an object of
D;’fgu(Oﬁr7Xét)°, then the following diagram of natural isomorphisms commutes:

AI ®A SO].ét(f!M.) (TNS’)) A, ®A fﬁlsole’t(M.) ﬁ) fﬁl(A/ ®A SOlét(M.))
part (i)lN

Sola (A’ @a f'M®) = Sola(f{(N @1 M*)) = [ (Sola(A @ M®)).

part (z)lN

(iir) If f 1Y — X is an allowable morphism of smooth k-schemes, and if M® is an
object of Df’fgu(O%T7yﬂ)°, then the following diagram of natural isomorphisms
commutes:

A @n Solg(fr M®) ﬁ A @n fiSolg(M®) ﬁ fi(A" @ Solg(M?*))

part (7.)l~ part (7.)l/~

Sola(A' @ [+ M®) = Sola(f+ (A ©a M®)) 7= fi(Sola(A’ 1 M*)).

Proof. — Let M® be an object of Df’fgu(O%r7Xét)°. Then Proposition 9.8 shows that

Sola(M*) = RHomp ~— (M®, 0%.)

' ét

is bounded, and so Lemma 1.13.4 yields a natural transformation

L L
A XA SOlét(M.) — Solét(A/ [N M.),

which by that lemma is compatible with inseparable base-change. (Here we are taking
into account the fact that Oé\(a is flat over itself, as well as the isomorphism (1.13.1).)
This is the natural transformation of part (i), which we must show is an isomorphism.
We will not prove this directly; rather, we first establish the commutativity of the
diagrams of parts (i) and (44i).

Since it is the natural transformation of Proposition 2.6 which gives rise to the
natural transformation of Proposition 9.3, it follows from remark (2.8.1) that the
diagram of part (#) commutes. Also, the commutativity of the diagram of part (%ii)
in the case that f is an open immersion is clear. (In this case, all the members of the
diagram have vanishing stalks on the complement of Y in X, and so its commutativity
can be checked after restricting to Y, where it becomes immediate.) It remains
to establish the commutativity of this diagram in the case that f is proper (since
any allowable morphism factors as the composite of open immersions and proper
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maps). This case follows from the compatibility of the adjunction isomorphism of
Theorem 4.4.1 with change of coefficient ring.

We now return to proving that the morphism of part (7) is an isomorphism. Since
it is compatible with inseparable base-change, we may replace k by its perfect closure,
and thus assume that k is perfect. We proceed by induction on the dimension of the
support Z of M*®. Give Z its reduced induced structure, and let f : U — X denote
the immersion of a dense open affine subset U of Z into X. An excision argument
(made permissible by the commutativity of the diagram of part (%ii) in the case that
f is an immersion), together with our induction hypothesis, shows that it is enough
to prove the result with f'M?® in place of M®. Thus we may replace M*® by f'M®*,
and X by U, and so assume that X is a smooth affine k-scheme.

Suppose to begin with that M* is a single object M of py¢gu(Xe, A). If M is a
unit (F", A)-crystal then Lemma 9.4.1 shows that M is étale locally isomorphic to a
tensor product L ®p, Ox,,, for some finitely generated projective A-module L. Let L*
denote the A-dual of L, and let L’* denote the A’-dual of A’ ®, L. Then the morphism
of part (i) simplifies étale locally to the canonical isomorphism A’ ®, L* —— L’*. This
establishes part (i) in this case.

If M is not a unit (F",A)-crystal then we apply the construction of (5.3.5) to
a coherent generator of M to obtain a resolution of M by O%ét—ﬂat locally finitely
generated unit (’)j}r’ x,,-modules. Since M is assumed to be of finite Tor-dimension,
some finite-length truncation of this resolution again consists of Oé‘(ét—ﬂat modules.
Using Proposition 6.9.6 and an excision argument to replace X by a dense open
affine subset on which the members of this complex are furthermore coherent as
(9§\Cét—1rnodules7 we obtain a bounded resolution of M by (A, F")-crystals. A spectral
sequence argument now shows that the morphism of part (i) is an isomorphism, since
it is so for a unit (A, F")-crystal.

We now proceed by induction on the number of non-vanishing cohomology sheaves
of the complex M*, and given the result of the preceding paragraph we may as well
assume that there are at least two such. For ease of notation, apply a shift to M?*
so that its highest non-zero cohomology sheaf appears in degree zero. Then we may
replace M?* by its truncation 7<oM?®, and so write it as a complex

-—)M_1—>MO—>O—>-~-,

By assumption, H°(M?®) is a locally finitely generated unit (9%‘ x,,-module on the
affine scheme X, to which we may apply the construction of (5.3.5).

Let 3 : M — F¥*M denote a coherent generator of HO(M?®), let P — M be
a surjection from a finite rank free Oé‘(ﬂ—module onto M, let v : P — Fg P lift
B, and let P*® denote the object of legu’(Xét,A) generated by +. The surjection of
P onto M induces a surjection of P onto H°(M®). Applying the construction of
Proposition 5.3.3 to «y yields a short exact sequence

0— O%r,xét ®O§f't P — O%r,xét ®O§"t P—-P—0.
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We may lift the surjection of P onto H°(M?®) so as to obtain a commutative diagram

I O%T’Xét(g)P*)O%TXét@P*)I*)
M2 M1 MO 0

Abbreviate the top row of this diagram by Q°, and let C*®* denote the cone of the
morphism Q°® — M?*® that it provides. Since both Q°® and M?®* are of finite Tor-
dimension, we see that the same is true of C®.

A consideration of the long exact sequence of cohomology sheaves provided by this
morphism shows that the morphism H(M®) — H*(C*®) is an isomorphism if i < —2
or if ¢ > 1 (in the latter case both cohomology sheaves vanish), and yields the exact
sequence

0— H 'Y (M®*) - H'(C*) — H°(Q*) — H°(M*) — H°(C*) — 0.

By construction the map H®(Q®) — HO9(M?®) is surjective, and so we see that
H°(C®) = 0. Thus C*® is a complex with one less non-vanishing cohomology sheaf than
M?®. Our induction hypothesis implies that the morphism of part (i) induces isomor-

L - L L ~ L
phisms A’ @4 Sole(C®) — Solg (A’ ®4 C°) and A’ @5 Solg(Q°) — Solg (A @4

L N L
Q°®). Thus it also induces an isomorphism A’ ®5 Solg(M®) — Solg (A @4 M®).
This completes the proof of Proposition 9.10. O

9.11. — Let 7/ be a multiple of r, ¢ = p", ' = A ®r, Fq, and suppose that
Fg C k. The following proposition studies the compatibility of Solg with induction
and restriction. Since the statement involves both the fields F, and Fy/, we will denote
the corresponding functors Solg; by Solg; , and Solgg .

Proposition 9.11.1. — If X is a smooth k-scheme and A a Noetherian Fy-algebra,
then there is an isomorphism of functors on Df’fqu(OA;,Xét)o,

(9.11.2) Solgt,q 0 Ind}, — Resy, o Solg 4,

which is compatible with inseparable base-change. If furthermore A is a finite F -

o

algebra, then there is an isomorphisms of functors on Df’fgu(O%/r7X )°,

(9.11.3) Indg/ o Solgt 4 AN Solgs g © Resgl,

which again is compatible with inseparable base-change.

. . . . . /
Proof. — Let Z*® be an resolution of O%ét by injective 0%7,7 x,,-modules. Since Oﬁ\(é,,
. . . . . . /
is isomorphic to O% , and since O%, y -modules is flat as a right O% , = -modules
ét s X ét Fr ét
A/
Fr' Xa

X
(by Lemma 1.14.1), we see that Z*® is also a resolution of (’)ﬁ};t by injective O
modules.
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’

Let M*® be a complex in fogu((’)ﬁ,., <)

of complexes of étale sheaves of A-modules

Solgt,q 0 Indf, M*® = Hombgr N ((’)/}T7X6t Qo M®I%)
o

Xt X

. Then we have the natural isomorphism

EE Lol

s Hom? (M?®,Z*) = Res], o Sol¢ s M".
Fr' X4 ’
This constructs the isomorphism (9.11.2). It is easily seen to be compatible with
inseparable base-change.

Now assume that A is finite. To construct (9.11.3), let M*® now denote a complex
in Dy gu((’)j}ﬂ," +)- Then there is a natural morphism of complexes of étale sheaves of
A'-modules

Indg o Solg; (M*® = N @ Hombgrvxét (M®,Z%)

— Homz,)/;/w N (M?®,Z°) = Solgt 4 © Res{ M*.
1t
This induces the morphism (9.11.3). Again, it is clearly compatible with inseparable
base-change. Thus in order to show this is an isomorphism, we may replace k by its
perfect closure, and so assume that k is perfect.

We proceed by induction on the dimension of the support of M®. A spectral
sequence argument allows us to reduce to proving that the morphism under study
is an isomorphism when M?* is a single object M in pfgu(Xe, A). An excision
argument allows us to restrict to a dense affine open subset U of X. An application
of the construction of (5.3.5) to a coherent generator of M allows us to replace M
by a complex P*® of locally finitely generated unit (’)37 pr-modules which are flat as
O[’}é‘—modules, and another spectral sequence argument allows us to reduce to proving
the map in question an isomorphism for each member P? of P®. Proposition 6.9.6
together with another excision argument allows us to shrink U so that P® becomes
(’)ﬁét—coherent, as well as flat, and hence a unit (A, F")-crystal. Thus we are reduced
to the case when M*® = M is a unit (A, F")-crystal, and so, by étale localising and
applying Lemma 9.4.1, of the form M = L ®p, Ox, for some finitely generated
projective A-modules L.

Let L* denote the A-dual of L, and L'* denote the A’-dual of A’ ® L. Then the
above map now reduces to the map

N @pL* =N @) Homogr‘xél (L ®F, Oxét,A ®F, Oxét)

— MOF’"/,XS/L((A, A L) ®JFq/ OXé“A' ®]Fq/ OXéL) L.
Since this is simply the standard isomorphism A’ ®, L* =~ L*, we see that (9.11.3)
is an isomorphism, as required. O
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10.1. — Suppose that X is a smooth k-scheme. Then the sheaf of rings O%",Xa is
flat over A, and so any injective O%*, x,,-module is also an injective A-module. (The
forgetful functor “regard an O%r, x,,-module as a A-module” is right adjoint to the
exact functor OI/;’", x,,®r—) Thus if M* is any complex in Db(O%T’ x,,); any resolution
of M* by injective O% x,,-modules is also an injective resolution of M* by injective
A-sheaves. Thus we regard RHomj} (-, M®) as a contravariant functor

RHomj (-, M®) : D7 (Xa, A) — D* (O3 x,)-
Definition 10.1.1. — If X is a smooth k-scheme, we define the functor
Mg : D (Xe, A) — DY(O% x.)
as follows:

Ma(F*) = RHomj (F*,0%,)ldx].

Lemma 10.1.2. — If X is a smooth k-scheme then there is a commutative diagram
of natural transformations

Fi¥Mg(F*) == F RHom} (F*, 0% )ldx] — RHom} (F*, F*0%,)
\LqﬁMét(]—") w’%%, )
M (F*) =——— RHom}(F*, 0% )[dx] .

in which the upper horizontal arrow is an isomorphism. Since (bog\( 18 an isomor-
ét

phism, we deduce that the same is true of Gy, (Fe)-

Proof. — Let Z° be a right resolution of Oﬁ}ét by left OAT’ x,,-modules, which are

injective as A-modules. The sheaf Oé\((:) is locally free as a right Oﬁ}é;module, hence
F7° is a direct limit of injective A-sheaves, and so (by the usual Noetherian argu-
ment, since by [SGA 4, IX 2.9] any A-sheaf is the direct limit of its constructible
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subsheaves) we see that FF*Z* is again a complex of injective A-modules. Thus the
commutative diagram

FY Homj (F*,1°)[dx] — Homj (F*, FY'I*)

i A’:d’z')

Homj (7°,7°)[dx]

is a realisation of the diagram of the lemma on the level of complexes.

To show that the horizontal arrow is an isomorphism, the usual spectral sequence
argument reduces us to the case in which the complex F* is a single constructible
sheaf F. Since F is Noetherian, we may pass the tensor product with the locally free
sheaf Og((é:) through Hom, (F,-). This completes the proof. O

Remark 10.1.3. — We see from this lemma (via (2.11.1) and the remark follow-
ing it) that the structural morphisms of the cohomology sheaves of My (F®) are
isomorphisms. We will see in Proposition 10.4 below that in fact M (F*®) lies in
Dl—;gu(ograxét)'

10.1.4. — Let X be a smooth k-scheme, let k' be a purely inseparable algebraic
extension of k, and set X’ = X ®j, k. The morphism X’ — X identifies X/, with X,
and induces an isomorphism k' ®; 0%, — O% .

If Z° is a resolution of O%é& by injective O%T_’Xél—modules, then k' @i Z° is a
resolution of (93},, by O?N - -modules, and so we may find a quasi-isomorphism
k' @), I® — I'*, where I'* is a resolution of O%, by injective O%, ,, -modules. Thus

ét et
for any object F* of D}(X) there is a natural morphism
k' @ Hom} (F*,1°%) — Homjy (F*, k' @y I°) — Homj (F*,I"*),

and hence a natural transformation k&’ @, Mg — Mg (where My, denotes the functor
Mg computed on X’ rather than X).

Lemma 10.1.5. — The preceding natural transformation is an isomorphism. Thus
the functor Mg is compatible with inseparable base-change.

Proof. — Since the objects of F* are Noetherian, computing Hom®(F*®,—) commutes
with passage to direct limits. Since &’ is a limit of finite dimensional k-vector spaces,
we conclude that the morphism k' ®j Hom} (F®,Z°) — Homj (F*, k' ®; Z°) is an
isomorphism. Also, we see that k' ®; Z°, being a direct limit of injective A-sheaves,
is itself an injective A-sheaf. Thus k' ®j Z® — Z’® is a quasi-isomorphism of injective
A-sheaves, and so the morphism Hom} (F*, k' ®k Z®) — Hom} (F*,7'*) is a quasi-

isomorphism. O
10.2. — The following simple lemma will be the basis for all our computations of
MétZ

Lemma 10.2.1. — If X is a smooth k-scheme, then Mg(A) = O% [dx].

ét

Proof. — This follows immediately from the definition. O
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10.3. — In this section we will prove the existence of a natural isomorphism Mg, fi =
f+Mg when f:Y — X is an immersion of smooth k-schemes.

Lemma 10.3.1. — If f: Y — X is an open immersion of smooth k-schemes, then
there is a natural isomorphism of functors:

Meafi — f+Me.

Proof. — Let F* be an object in D (X¢g,A), and let Z® be a resolution of Oé}éi by
injective O%n x,,-modules (which are also A-injective, by the above discussion). Then
f71Z* is an injective resolution of Of  in the category of Oﬁryét—modules (since f~1
is right adjoint to the exact functor fi).

We have a natural transformation of complexes of (’)%T, X

Ma(HF®) = RHom} (fi.F°, O%,)dx] — Hom} (HF*,T°)dx]
= f Hom{ (F*, f1I%)[dx] — Rf Hom} (F*, f'I°)[dx] = Rf-Ma(F*),

where the final equality follows from the fact that X and Y have the same dimension.
To check that this is a quasi-isomorphism it suffices to check on the level of complexes
of étale A-sheaves in which case the composite of the natural maps above becomes
the composite of the isomorphisms

Mu(fiF*) = RHom} (AF*,0%,) — Rf.RHom} (F*, f10%X,) = RfMu(F*)

induced by the adjointness of f; and f~!.
Now we saw in Lemma 4.3.1 that

f+Ma(F*) — RfMe(F*).
Putting all these natural isomorphisms together, we see that
Ma(fiF®) = f+Ma(F*),
proving the lemma. O

Proposition 10.3.2. — If f: Y — X is a closed immersion of smooth k-schemes,
there is a natural isomorphism

Jf+Me — Mg fi.

Proof. — We begin by describing the natural transformation. Recall by example
5.11.6 that we have canonical morphisms (in the derived category)

f+03 ldy/x] = fif'O%, — RTy(0%,,) — 0%,

whose composite is the trace map of Proposition 4.4.9. Also, for the closed immersion
f«, no derived functors are required to define the functor f,; it is given by the simple
formula

f+() = f*(ogr,xéthyéi ®Ron, . )

F7.Yg
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Thus for any complex F* in D (Ys) we have the natural transformation
FMa(F®) == [uo(Ofr x v, Rop, , BHom} (F*, 0, )[dy])
— RHom}(£.F", [(O: x,cv, S0y, , Ob)ldv])

= RI_IM/.\(JC*F.a f+011>el[dY/X])[dX]
— RHomj} (f.F*,0%,,)dx]
- Mét(f*F.)a

which we will show is an isomorphism. This can be checked locally on X;. Note also
that both sides of this homomorphism vanish on the complement of Y in X, so it
suffices to verify that we obtain an isomorphism in a neighbourhood in X of each
point of Y. As the last step of our initial reductions, note that the compatibility of
Mg; with inseparable base-change allows us to replace k by its perfect closure, so that
for the duration of the proof we may assume that k is perfect.

By [De, Prop. 4.6, p. 93], F* is represented by a bounded above complex of
constructible, flat A-sheaves. Thus by the usual spectral sequence argument, it suffices
to treat the case of a single constructible sheaf F of flat A-modules.

Suppose first that the constructible sheaf F is locally constant. Then being flat
over A, it is a locally constant sheaf of finitely generated projective modules, and so
is étale locally a direct summand of a free A-module of finite rank. Thus to show that
the natural transformation f,Mg(F) — Meg(fiF) is an isomorphism, it suffices to
treat the case when F = A, in which case this natural transformation reduces to the
composite of the isomorphisms

f+0%, ldy] = RUy (0%, )ldx] — RHom}(f.A, O%,)ldx].

We now proceed by induction on the dimension of the support of F. Let Z denote
this support. There is a dense open subscheme V of Z (given its reduced induced
structure) which is smooth over k, such that over V' the sheaf F restricts to a locally
constant sheaf of finitely generated projective A-modules L. Let g be the immersion
of Vinto Y. Let W = Z\ V, a closed subset of X of dimension less than that of Z,
and let h: W — Y be the closed immersion. We have a short exact sequence

0—gLlL=gg 'F—F—>nh'F—0.
By induction, we already know the result for hyh~1F, so it suffices to prove it for giL.
We may factor the immersion g as the composite of an open immersion j with a

closed immersion i: g = ji. We also factor the immersion fj as the composite of an
open immersion ! and a closed immersion k: fj = [k. We obtain a diagram

f+Me(gL) == f+ Mg (L) —— f1jsMa(iL) == l1 ki Mg(i1 L)
Mét(f!glﬁ) —_— Mét(l!k!i!ﬁ) HN' l+Mét(k1i!£) << l+k+i+Mét(£)

in which the two right pointing horizontal arrows are the natural isomorphisms of
Lemma 10.3.1 applied to the open immersions j and [, the left pointing horizontal
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arrow is induced by the natural transformation (ki);+Me (L) — Mg((ki)L), and so
is an isomorphism since £ is locally constant, and the right vertical arrow is induced
by the inverse of the natural transformation iy Mg (L) — Mg(i1£) (which again is
an isomorphism because L is locally constant). One easily verifies that this diagram
commutes, and thus that the left vertical arrow is also an isomorphism, as required.

O

Corollary 10.3.3. — If f 1 Y — X is an immersion of smooth k-schemes, then
there is a natural isomorphism

J+Me — Mg fi.

Proof. — Since any immersion decomposes as the composition of an open and closed
immersion, this follows from the preceding two results. O

Proposition 10.4. — If X is a smooth k-scheme, then Mg has image lying in
Dl—;gu(OAT,X' ). Furthermore, My, restricts to a functor

€t

Mg : Dgtf(Xéth) - lefgu(o}\‘r,xa)o'

Proof. — The compatibility of M¢; with inseparable base-change allows us to replace
k by its perfect closure, and so for the duration of the proof we may assume that
k is perfect. Let F* be a complex in D, (X, A). By [De, Prop. 4.6, p. 93], F* is
represented by a bounded above complex of constructible, flat A-sheaves, which can be
taken to be of finite length in and only if F* lies in D’C’t f(O rr,x). A spectral sequence
argument then shows that to establish the proposition, it suffices to prove that if F
is a single flat constructible étale A-sheaf, then Mg (F) lies in fogu((’)pw~7xét)°.

We proceed by induction on the dimension of the support of F. Let Z denote this
support. Then there is a dense open subscheme Y of Z (given its reduced induced
structure) which is smooth as a k-scheme, restricted to which F becomes a locally
constant sheaf £ of finitely generated projective A-modules. Let f : Y — X denote
the immersion of Y into X. Let W = Z \ 'Y be the complement of Y in Z, a closed
subset of X of dimension less than that of Z. Let i : W — X denote the closed
immersion of W into X.

Applying Mg to the exact sequence 0 — fiL — F — 4yi "' F — 0 of constructible
flat A-sheaves yields the distinguished triangle

Mei(iri 1 F) — Mg(F) — Mg( L) — Mg(ii  F)[1].

Since iyi~1F is supported on W, it follows by induction that Mg(i1i~1F) is in
Df’fgu((’)ll}r) «)°. Thus to conclude the corresponding result for Mg,(F), it suffices
to prove it for Mg(fiL).

We have seen that Mg(fiL) — fiMg(L). Since fi takes lefgu(O%T,Yd)o to
Dy (O x,)°, it is enough to show that Mg (L) is a complex in Dy, (O x_)°.
In fact, we will see that it is a unit (A, F'")-crystal supported in degree —dy .

Indeed M (L) = RHom} (L*, 04 )[dy]. Locally on Y, £ is isomorphic to a direct

summand of A" for some n, and so RHom} (L, 0% ) = Hom,(L,0% ) is a sheaf
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which is étale locally on Y, isomorphic to a direct summand of ((’){\,ét)", and so is a

unit (A, F") crystal, as claimed. This completes the proof of the proposition. O

Proposition 10.5. — (i) Let X be a smooth k-scheme, and let A’ be a Noethe-
rian A-algebra. If F* is a complex in Dgtf(Xét7A), then there is a natural
isomorphism

! L ° ~ ! L ®
A" @A Met(F®) — Ma(A @a F°),
which is compatible with inseparable base-change. (Note that by Proposi-

L
tion 10.4, the ® appearing on the left side of the map is well-defined.)
(it) If f 1Y — X is an immersion of smooth k-schemes, and if F* is an object of
chjtf (Yer, A), then the following diagram of natural isomorphisms commutes:

N @A Mg (fiF®) ——= N @p [+ Ma(F®) —— f+ (A @a Mg (F®))

(10.3.3) (3.10)
part ('L)\LN part (’)l"’
Mg (A @ fiF*) ﬁ Ma(fi(A" @a F*)) m%g)h(Mét(A' @ F*)).

Proof. — We apply (the obvious analogue for X¢ of) Proposition B.1.1, taking A =
B="F; A=A A" =N, M®* =F* and N* = O%_. (Note that O%_ is of finite
A-Tor-dimension, in fact flat, over A, and that RH om;\(}",(’)ﬁ}ét) is bounded, by
Proposition 10.4.) This yields a morphism

I L . . A ) / L . ’ L A
A ®r RHomjy (F*,0%,) — RHomj, (A @ F*, A" @5 O%,)-

Shifting by [dx] and taking into account the isomorphism (1.13.1) yields the morphism
of part (i). Using functoriality of the natural transformation of Proposition B.1.1 in
the second variable, it is easy to see that this morphism is compatible with inseparable
base-change.

Before proving that the map just constructed is an isomorphism, we will establish
the commutativity of the diagram of part (ii). By factoring the immersion f as the
composite of an open and closed immersion, we see that it suffices to handle each
of these two cases separately. In the case of an open immersion, this commutativity
follows from the commutativity of the diagram of section (B.1.4) together with the
construction of the natural isomorphism of Proposition 9.5. The case of a closed
immersion is more tedious to check, but is nevertheless straightforward, if one takes
into account the commutativity of the diagram of section (B.3), as well as the fact that
the trace map of Proposition 4.4.9 (which is used in construction of the isomorphism
of Proposition 10.3.2) is compatible with change of coefficient ring.

We now turn to proving that the morphism of part (i) is an isomorphism. Since it
is compatible with inseparable base-change, we may replace k by its perfect closure,
and thus assume that k is perfect. Using [De, Prop. 4.6, p. 93], we may represent
F* by a bounded complex of constructible, flat étale A-sheaves. By induction on the
length of this complex, we see that it suffices to prove that the morphism of part (i)
is an isomorphism in the case that F* is a single flat constructible A-sheaf F.
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We now proceed by induction on the dimension of the support of F. Using part (i)
of the proposition, an excision argument of the type used in the proof of Proposi-
tion 10.4 reduces us to the case when F is a locally constant sheaf of finitely generated
projective A-modules. Working étale locally and writing F as a direct summand of
a sheaf of free A-modules, we reduce to the case when F equals A. In this case the
morphism of part (i) reduces to the natural isomorphism A’ ®x (’)ﬁ\(ﬁ = Oé\(/ét. This
completes the proof of the proposition. O

10.6. — Let v’ be a multiple of 7, ¢ = p”, A/ = A ®@r, Fg, and suppose that
Fg C k. The following proposition studies the compatibility of Mg with induction
and restriction. Since the statement involves both the fields F, and IF/, we will denote
the corresponding functors Mg by My o and Mggg .

Proposition 10.6.1. — Let ' be a multiple of r, ¢ = p”, A’ = A ®r, Fq, and
suppose that Fy C k. Then we have natural isomorphisms of functors on D (X, A),
respectively D (X g, A),

(10.6.2) G,y 0 Indg' — Resg/ oMt 4,
respectively
(10.6.3) Indg, oMy — Mgt 40 Resg,.

Both of these maps are compatible with inseparable base-change.

Proof. — Let L® be in D, (Xg, A). Then, keeping in mind the equality Oé\(él = Oé}lél,
we have the natural isomorphism
Mg o 0 Ind? £* = RHom$, (£* ®, A, O%)
= RHom} (L®, Oﬁ\(ély) = Resg, o Mg ,L°,
which is clearly compatible with inseparable base-change. This constructs (10.6.2).
Let Z* be an resolution of Og\(éi by injective O%T, x,-modules. As observed in
the proof of Proposition 9.11.1, Z* is also a resolution of Oé\(lét by injective (’)2,/,,,

modules.
Let £* be in D, (X¢, A'). Then we have a natural map

Xo

Il’ldg/ ¢} Mét,q"c. = O?‘T,Xc’f, ®OA’ , HOm;\/ (£.7I.)
Fr

Xt
— Hom} (£%,Z°%) = Mg 4 0 Res!, L*.

This induces the morphism of (10.6.3), and we have to show this map is an isomor-
phism. It is again clear that this map is compatible with inseparable base-change; in
particular in order to prove that it is an isomorphism, we may replace k by its perfect
closure, and so assume that k is perfect.

To prove that (10.6.3) is an isomorphism we observe first that the usual spectral
sequence argument allows us to reduce to the case when L® is a single constructible
étale A’-sheaf £. We proceed by induction on the dimension of the support of £°.
An excision argument (taking into account the fact that induction and restriction are
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compatible with f; and f; for any morphism f of smooth k-schemes, and that M
interchanges fy and f for any immersion of smooth k-schemes) allows us to assume
that £ is locally constant. Working étale locally, we may assume that in fact £ is the
constant sheaf corresponding to a finitely generated A’-module. Finally, by working
with a resolution of £ by free A’-sheaves of finite rank, we reduce to the case that
L=AN.

In the case that £* = £ = A, the map above reduces to a map

(r/r)—1
D OXF" = O x, @, Ok — Homy (A, 0X)
F

Xt
= Homy, (Fy,0%) — O% @, Homg, (Fy, Fy).
This map in turn is obtained by tensoring the natural map

(r'/r)—1
P F,F" — Homg, (Fy,F,)

n=0

n=0

by Oﬁ\(ét over Fy, and the latter map is an isomorphism because the automorphisms
LF" ..., Fr'=r of F /F, are distinct, hence linearly independent. O



11. THE RIEMANN-HILBERT CORRESPONDENCE FOR
UNIT Opx-MODULES

11.1. — Throughout this section A will be assumed to be a finite ring, unless ex-
plicitly stated otherwise.

We now have all the machinery necessary to prove our Riemann-Hilbert corre-
spondence between constructible A-sheaves on Xy and locally finitely generated
unit O%T, x,,-modules. We begin by noting that there are natural transformations
n :id — SolgMg and ¥ : id — MgSolg. If Z° is a right resolution of (’)é\(ét by in-
jective left O%T’ x,,-modules, then for any complex M* in Df’f gu(O%T’ x,)° we define
Came as the composite morphism

M® — HomR(Honggr . (M*,7%),1°)
— Homj (Homgs — (M*,I°%)[dx], I°%)[dx].

ét

Similarly, if F* is a complex in D, f (X4, A), we define 1o as the composite morphism

F* _)M?DQT < (Hﬂ;\(f.,:[.),f.)

~ Hompy,  (Homh(F*,7°)[dx], 7*)dx],
(We refer to [Con, 1.3] for a discussion of the sign conventions involved in the defini-
tions of these morphisms.) It follows from the analysis of signs in [Con, 1.3] that the
composites

CM gy (F*)

M (F*) %7 My (Sola(Me(F*))) M2 My, (F*)

and
NSol g (M®

Solg .
Sola(M®) A Solgy(Mer(Soler(M®))) llgee) Solet(M*)
are the identity morphisms. Also, it is immediate that both ¢ and n are compatible
with base-change by an inseparable field extension, in an obvious sense.
We will prove that both ¢ and n are isomorphisms, and consequently will conclude
that Solg; and Mg induce an equivalence of categories between Df’f gu(O%T, Xéf)o and

D(lztf(Xét, A). The proof will be via an excision argument, combining Theorem 9.7.1
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and Corollary 10.3.3. Before making this argument, we must verify that these two
results are compatible with the natural transformations ¢ and 7 in an appropriate
sense.

Proposition 11.2. — If f 1Y — X is an immersion of smooth k-schemes and if
M?® is an object of D?fgu(ognxét)", then the diagram of natural isomorphisms

Crom

JeM® M (Solg:(f+ M?*))
if—F(CM') (9~7-1)i~
erMét(SOlét(M.)) —= Mét(f!SOIét(M.))

(10.3.3)

(in which each natural isomorphism has been labelled by the result that gives rise to
it) commutes.

Similarly, if F* is an object of ch’tf(Xét,A), then the diagram of natural isomor-
phisms

ngre

fiF® ————— Sola(M&(f1F*))
if!(nf-) <1o.3.3>l~
fiSolgr (Mg (F*)) ( = )Solét(f+Mét(M'))

9.7.1

(in which each natural isomorphism has been labelled by the result that gives rise to
it) commutes.

Proof. — The natural transformations of both theorem 9.7.1 and of Corollary 10.3.3
are defined by factoring f as a closed immersion followed by an open immersion. One
verifies that the diagrams whose commutativity is to be checked are compatible with
compositions in an obvious sense, and thus it suffices to verify that each diagram
commutes in the case when f is either an open or a closed immersion.

If f is an open immersion, then the commutativity of both diagrams may be verified
after restricting to Y, at which point it is immediate from the constructions.



11. THE RIEMANN-HILBERT CORRESPONDENCE FOR UNIT Op x-MODULES 139

If f is a closed immersion we have the diagram

e \

RHom®(RHom®(f+ M*®, 0% )[dX],Oﬁ}ét)[dX]
RHom®(RHom®(f+ M?*, O Y,dY S Y,dY

RHom®(RHom®(f M®, f1O% [dy]), 0%, )ldx]

RHom®(f«RHom®(M®*, Oyi )dy], f+OY, )dy]

T

RHom®(f.RHom®(M®,0% )[dy], 0% )ldx],
as well as the diagram

| /_\ feme

RHom®(RHom®(f+ M®, f1O%, [dy]), f+ O ldy])

f+RHom®(RHom*(M*, 03 )[dy], Oy, )[dy]

T

RHom* (f,RHom* (M*, 0 )[dy], £ 03, )[dv].

The first of these obviously commutes, while the second is also seen to commute
once one unwinds the “double duality” maps that it involves. If one glues these
two diagrams along their common edge one obtains (an expanded version of) the
first diagram in the statement of the proposition, and so one sees that this diagram
commutes.

One sees that the second diagram in the statement of the lemma arising from the
closed immersion f commutes by considering an analogous pair of diagrams, whose
construction we leave to the reader. O
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Theorem 11.3. — The natural transformations of functors ¢ : id — MgSoly
and n : id — SolgMeg; on D?fgu(oi\*r,xé,)o and ch’tf(Xét,A) respectively, are iso-
morphisms. Thus, the functor Mg : Dgtf(Xét,A) — Df’fgu((’)pqxét)o is an anti-
equivalence of triangulated categories, with Solg; : Df’fgu(O%T7Xét)° — Dgtf(Xét7A)
providing a quasi-inverse.

Suppose that F® and G* are two complexes in Dgtf(Xét7A), and that M® and

N are two complezes in Df’fgu((’)%T,Xét)o.

complezxes of A-modules,

Then there are natural isomorphisms of

(11.3.1) RHom} (F*,G°*) — RHomb%T . (Mg (G®), Ma(F*))
and
(11.3.2) RHomégr » (M*®,N*) = RHom$} (Solg(N®), Solg(M?*)),

a natural isomorphism of complexes in lefgu ((’)%T)Xﬁ)o,

L ~ ° L °
(11.3.3) Mg (F*®) ®O9€f, Mg(G®) — Mg (F*® @4 G°)[dx],
and a natural isomorphism of complexes in thf (X, ),

(11.3.4) Solet(M*) G Solat(N®) < Sola(M® Goy  N*)[dx].

If f: Y — X is any map of smooth k-schemes, then there is a natural isomorphism
of complezes in Df’fgu(Oll}r7yét),

(11.3.5) FMa(F*) == Ma(f~'F°),
and a natural isomorphism of complezes in Dgtf (Yer, A),
(11.3.6) Solgf (M®) = fF71Sol4(M®).

If furthermore f is allowable (in the sense of (9.7)) then there is a natural isomor-

o

phism of complezes in lefgu((’)f\;r’xét) )

(11.3.7) GhH(F®) — f+Ma(F*),
and a natural isomorphism of complexes in thf (X, ),
(11.3.8) Solgf+(M®) = fiSolg(M?®).

Finally, this equivalence of categories and each of these natural isomorphisms is com-
patible in an obvious sense with inseparable base-change and with change of coefficient
ring, and interchanges induction and restriction.

Proof. — Assuming for a moment that n and { provide the asserted equivalence
of categories, we will construct the natural isomorphisms (11.3.1) — (11.3.8). The
isomorphisms (11.3.4), (11.3.6) and (11.3.8) were constructed in Propositions 9.9 and
9.3 and Theorem 9.7.1.

We define (11.3.3), (11.3.5) and (11.3.7) to be the corresponding isomorphisms that
arise from the equivalence of categories. (If f is an immersion then Corollary 10.3.3
yields an alternative definition of (11.3.7), but this is shown by Proposition 11.2.1 to
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agree with the more general definition just given.) In each of the results cited, the
compatibility with inseparable base-change has been noted.

11.3.9. — To explain the isomorphism (11.3.1) and (11.3.2) requires a slight digres-
sion on some sign conventions that are not treated in [Con, 1.3].
Suppose that A®, B® and C* are three complexes of objects of an additive category.
Then there is a natural morphism

¥ : Hom®(A®, B*) — Hom®(Hom*(B*,C*), Hom®*(A®*,C*))
defined as follows: if f = (f?) € J[, Hom(A?, B""9) is an element in the degree n
member of the left-hand side, then
P(f) € H Hom(H Hom(B?,CPt9), H Hom (AP, O™ FP+a))
q P P
(which is the degree n member of the right hand side) is defined via the formula
Y(E)7 1 (¢7) = ((=1)"" TP f7).

The sign is chosen so that (when one uses the sign conventions of [Con, 1.3] for the
Hom® complexes) v is a map of complexes. One checks that ¢ is compatible in with
the “double duality” maps

A®* — Hom*(Hom®(A*,C*),C*®)
and
B®* — Hom*®(Hom*®(B*,C*),C*),

in the sense that the diagram

Hom®(A®, B*®) Hom® (Hom®(B*®,C*®), Hom®*(A®,C*))

| l

Hom® (Hom® (Hom® (A®,C*®),C*®), B*) —— Hom"® (Hom"® (Hom®(A®,C*),C*®),Hom® (Hom"®(B*,C*),C*))

commutes. (Here the upper horizontal arrow is the map v, the right hand vertical
arrow is the analogous map obtained by replacing the pair (A®, B®*) with the pair
(Hom®(B*,C*),Hom"*(A4*, C*)), the left hand vertical arrow is induced by the double
duality map for A®, and the lower horizontal arrow is induced by the double duality
map for B®.) Also, it is compatible with making a simultaneous translation in A®
and B°®. The morphism induced by % on the degree n cohomology objects of each
side is (up to a sign) the natural morphism

Hom(A®, B®*[n]) — Hom(Hom®(B*[n],C*), Hom®*(A®, C*)).

11.3.10 (Construction of (11.3.1) and (11.3.2)). — Let F* and G* be two
complexes in Db, f(X ¢, \), and let Z° be a right resolution of Of(ét by injective left

OI‘}T’ x,,-modules. We may assume that F* is a complex of A-flat modules, and that
G*® is a complex of injective A-modules.
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Then we define the morphism (11.3.1) to be the derived category avatar of the
composite

Hom (F*,G*) — Homp,  (Hom} (", T%), Hom} (F*,T%))

— Honggr <. (Hﬂ;\(g.’I.)[dXLM;\(]:.,I.MdX]%
where the first morphism is defined via the discussion of (11.3.9). Note that since the
members of F* are A-flat, Honggr . (F*,Z°) is a complex of injective left Oﬁ\”v&;

modules. Thus this does realise on the level of complexes a morphism

RHomj} (F*,G*) — RHombgr . (Ma(G®), Mg (F*))
between objects of DT (Xg, A). To see that this is an isomorphism, it suffices to
consider the resulting map on cohomology modules; since My is an equivalence of
categories, these maps are indeed isomorphisms.

The morphism (11.3.2) can be defined in a similar way, or simply by applying
the equivalence of categories to (11.3.1). Both definitions yield the same morphism,
since the construction of (11.3.9) is compatible with double duality and translations.
Finally, we observed in remark (9.2.1) and Lemma 10.1.5 that Mg and Solg are
compatible with inseparable base-change, while if A’ is a finite A-algebra then Propo-
sitions 9.10 and 10.5.8 show that they are compatible with the change of coefficient

ring functor é]é/\ A’. That they interchange induction and restriction follows from
Propositions 9.11.1 and 10.6.1. (It is easy to check that the natural isomorphisms of
these two Propositions are compatible with the natural isomorphisms ¢ and 7n.) It is
also straightforward to check that the natural transformations constructed above are
compatible with these various operations.

11.3.11. — It remains to prove that ( and n are natural isomorphisms. It has
already been observed that these morphisms are compatible with inseparable base-
change; in particular, we may replace k by its perfect closure, and so assume that k
is perfect.

Let us suppose first that F* is a complex in thf(Xét, A), and show that n: F* —
Solg (Mg (F*®)) is an isomorphism.

We may assume that F* is a finite length complex of flat constructible A-modules.
We will argue by induction on the dimension of the support Z of F*. Let Y be a
dense open subset of Z which is a smooth k-scheme and over which F* restricts to
a complex L® of locally constant sheaves of finitely generated projective A-modules.
Let W = Z\'Y be the complement of Y in Z; then W is a closed subset of X of
dimension less than that of Z. Let i : W — X be the closed immersion of W into X,
and f:Y — X the immersion of Y into X.

There is a distinguished triangle

f!f—lj_-o N ]_-o N i!i_lf. N f!f—lj_-o[l]
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By induction, we already know the result for iyi~!F®, so it suffices to prove it for
fif 1F* = fiL*. But by 9.7 and 10.3.3 we have

fiSoler(Mer(L®)) — Solay(f+Mer(L£%)) — Sola(Mar(f1L*))

and Proposition 11.2 shows that the morphism 7o : fi® — Sola(Me(fiL®)) is
obtained by composing this natural isomorphism with the morphism obtained by
applying fi to the morphism nze : £* — Solg(Mg(L®)). Hence it suffices to show that
this latter morphism is an isomorphism. It is enough to check this for each one of the
members £ = L of the complex £°. Working étale locally, we may assume that £ is
a constant sheaf of finite projective A-modules. Writing £ as a direct summand of a
constant sheaf of finite free A-modules, we reduce to showing that #? — Solg (Mg (A))
is an isomorphism. Now Mg(A) = O% [dx], by Lemma 10.2.1, and the claim follows
by example 9.3.1. We have thus proved that n is an isomorphism.

11.3.12. — We now turn to proving that ¢ is an isomorphism. The proof is quite
analogous to the preceding proof that 7 is an isomorphism. There is a slight com-
plication however, caused by the fact that we have not proved that any complex in

lfgu (OFr x,,) can be represented by a complex of unit (A, F'")-crystals on a dense
open subset of its support. (This would be the analogue of the replacement of F* by
L® in the preceding argument.) That such a representation exists is a consequence of
the theorem we are trying to prove (consider the proof of Proposition 10.4), but we
have not been able to find a proof of this fact that does not depend on Theorem 11.3.
In the absence of this result, we proceed by an argument similar to that used in the
proof of Proposition 9.10.

Let M*® be a complex in legu(O%T)Xéi); our goal is to prove that ¢ : M*®* —

Mei(Solg(M®)) is an isomorphism. We begin by noting that if M® is a single unit
(A, F")-crystal, then the result follows by example 9.3.1 and Lemma 10.2.1, as above.

In general, we proceed by induction on the dimension of the support Z of M®*.
Give Z its reduced induced structure, and let f : U — X denote the immersion of
a dense open affine subset U of Z into X. An excision argument, together with our
induction hypothesis, shows that it is enough to prove the result with f, f'’M® in
place of M*, and Proposition 11.2.1 shows that (s, a¢e is an isomorphism provided
(' pme is. Thus we may replace M*® by f'M*, and X by U, and so assume that X is
a smooth affine k-scheme.

Suppose to begin with that M® is a single object M of pyfg.(Xet, A). We may
apply the construction of (5.3.5) to a coherent generator of M to obtain a resolution of
M by O%. -flat locally finitely generated unit oA, _x, modules. Since M is assumed
to be of ﬁnlte Tor-dimension, some finite-length truncation of this resolution again
consists of (’)A -flat modules. Using Proposition 6.9.6 and an excision argument to
replace X by a dense open affine subset on which the members of this complex are
furthermore coherent as OXét—modules, we obtain a bounded resolution of M by
(A, F")-crystals. A spectral sequence argument now shows that ¢ is an isomorphism,
since it is so for a unit (A, F")-crystal.

We now proceed by induction on the number of non-vanishing cohomology sheaves
of the complex M®, and in light of the result of the preceding paragraph we may
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assume that there are at least two such. As in the proof of Proposition 9.10 we may
include M* in a distinguished triangle --- — Q* — M® — C* — .- of objects in
D;’fgu((’)%r’ x,,)° such that Q° has a single non-vanishing cohomology sheaf, which
maps surjectively onto the highest degree non-vanishing cohomology sheaf of M*®. As
noted in the proof of that proposition, this implies that C*® is a complex with one less
non-vanishing cohomology sheaf than M*®, and our induction hypothesis then implies
that ¢ induces isomorphisms C* —— Mg(Solg(C®)) and Q® — Mg (Solg(Q®)). Thus
¢ also induces an isomorphism M® — Mg(Solg(M®)). This completes the proof of
Theorem 11.3.

O

11.4. — We are now ready to prove the Riemann-Hilbert correspondence between
ch)tf(Xétv A) and D;)fgu(oll}‘r,X)o'
Definition 11.4.1. — Define the functor
M: Dgtf(XéﬁA) - lefgu(OAT,X)o
to be the composition of the functors My and Rmx..
Define the functor
Sol : D?fgu(OAr,X)o i Dgtf(Xéth)
to be composition of the functors 7% and Sol.
Theorem 11.4.2. — The functors M and Sol are quasi-inverse to one another and
hence induce an anti-equivalence of triangulated categories between ch’t f(X e, \) and
L
lfgu((’)ll}ﬂr’x)o, which respects RHom® and @ (up to a shift of dy,x ), exchanges ft

and f*, fy and fy (for allowable morphisms f), and induction and restriction, and is
compatible with inseparable base-change and descent, as well as with change of ring.

Db

Proof. — This follows immediately from theorem 11.3, which provide the analogous
result in the étale setting, together with the étale descent results of section 7. O

11.5. — Suppose that A is a product of finite fields, so that Df’fgu(O%mX) =
Df’fgu (OA,.7X)°. Theorem 11.4.2 shows that the triangulated category D2(X ¢, A) ad-
mits a t-structure whose heart is equivalent to the category of locally finitely generated
unit O%r y-modules. The purpose of this section is to give an explicit description of
this t-structure.

11.5.1. — In the analogous situation of Z-modules, one has the notion of a perverse
complex of sheaves with constructible cohomology sheaves F*. It is defined using the
following condition (which is dual to condition (p) of [Bo, IV, §22]):

(*) for any immersion i :' Y — X there exists a dense open subscheme Yy C Y
such that the cohomology sheaves of i~ *F®|y, are concentrated in degrees < —dimY.

Then F* satisfies (*) if and only if the corresponding complex M® of Z-modules
has its cohomology sheaves supported in non-negative degrees. (Here F*® and M®
are assumed to be related via F* — RHom?, (M®,Ox)[dx], which is the the
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contravariant form of the Riemann-Hilbert correspondence.) In particular (since the
Riemann-Hilbert correspondence is compatible with taking duals) F*® is perverse (that
is, the complex M*® reduces to a single 2-module placed in degree zero) if and only
if both F* and its Verdier dual DF* satisfy (*).

One can eliminate the reference to duality by introducing the condition

(**) for any immersion i : Y — X there exists a dense open subscheme Yy C Y
such that the cohomology sheaves of F® with support on Yy, that is, writing ig for
the immersion Yy — X, the cohomology sheaves of i, F®*, are concentrated in degrees
> —dimY.

Since i}, is naturally isomorphic to D o iy Yo D, we see that the complex of Z-
modules M*® attached to F* is supported in non-positive degrees if and only if F*
satisfies condition (**). In particular, perverse sheaves are precisely the complexes
F* satisfying both conditions (*) and (**).

Returning to the situation under consideration in this paper, Gabber has noted that
although there is no duality functor, and although the functor ilo does not preserve
the property of having constructible cohomology sheaves for a general immersion i,
nevertheless the conditions (*) and (**) make sense. Furthermore, he has shown that
they define a t-structure on the category of sheaves of A-modules on any k-scheme X.

11.5.2. — Before making a precise statement of Gabber’s result, we introduce some
notation and terminology. Let X be a k-scheme. For x € X, denote by i, : © — X
the natural inclusion. Recall that a (bounded) perversity function on X is a function
p: X — Z such that for all z € X and y € {x} we have p(y) > p(z). Given such a
function, define full sub-categories PD<? and PD=? of D%(X 4, A) by the conditions:

F* is in PD=C if and only if for all z € X H'(i,;*F*) =0 for i > p(z).
F* is in PD20 if and only if for all x € X H'(i', F*) = 0 for i < p(x).

Theorem 11.5.3. — (Gabber) The subcategories PD=<° and PD=° underly a (nec-
essarily unique) t-structure on D%(Xg, A).

Proof. — This is essentially [Ga, Thm. 10.3]. More precisely, he proves the theorem
in the case A = Z/p. The general case follows immediately from this one, by restriction
of scalars.

Gabber’s argument depends on first considering the analogous subcategories P D<?
and PDZ0 of D*(X 4, R) (using the same conditions as above), for any sheaf of rings
R, and checking that these underly a ¢-structure. He then proves that if R = Ox,,, the
t-structure on D®(X 4, Ox,,) induces a t-structure on the full subcategory consisting of
complexes with coherent cohomology sheaves. Finally, he uses Artin-Schreier theory
to pass from this case to the case of D%(X ¢, Z/p). O

The middle perversity is the perversity p : X — Z defined by
p(z) = —dim {z}.
The t-structure defined on D%(X, A) by the middle perversity is a precise analogue

of the perverse t-structure defined by conditions (*) and (**) above in the case of the
usual Riemann-Hilbert correspondence.
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We will recover Theorem 11.5.3 in the special case that X is smooth over k and p
is the middle perversity as a consequence of the following result.

Theorem 11.5.4. — Let p : X — Z be the middle perversity. Then under the
equivalence of categories of Theorem 11.4.2, the essential image of the full subcategory

Dlzfgu(O%r’X) is equal to the full subcategory PD<C of D%(X s, A), while the essential

image of the full subcategory Dﬁgu((?%rx) is equal to the full subcategory PDZY of
D% X4, A). In particular, the full subcategories PD<Y and PD=° define a t-structure
on D% X g, A), and a complex F* in DY(X g, A) is of the form Sol(M) for a locally
finitely generated unit O%TJ( -module M if and only if F* lies in PD<° NP D=0,

Proof. — By the usual arguments, we may replace k by a purely inseparable exten-
sion, and so assume that k is perfect. We do this from now on.

We begin by proving the statement of the theorem relating DZO(OA,,,yX) and PD<Y,
Let M* be a complex in Df’f gu and suppose first that the cohomology sheaves of M*®
are concentrated in non-negative degrees.

Fix z € X. Then H'(i; ' F*) is equal to zero if and only if there is a non-empty open
subset of {x} such that (letting iy : U — X denote the inclusion) H'(i;' F*) = 0. Let

U be such an open subset, and factor the immersion iy as a composite U — X’ L X,
where 7 is a closed immersion and j an open immersion.

Since the cohomology sheaves of M® are concentrated in non-negative degrees,
the same is true of the cohomology sheaves of j'M® = ;=1 M®, and so also of those
of i'j'M*® = i!U./\/l°, by Proposition 2.10.4. Proposition 6.9.6 shows that we may
shrink U so that the cohomology sheaves of it; M*® are unit (A, F")-crystals, and so
in particular acyclic for Homogr‘uét (-, (93&)7 by Lemma 9.3.2. Thus shrinking U, we

compute that
i "Sol(M*®) = Sol(iy M®) =
RHomg,  (mripM®, Op, )ldu] = Homey | (wiriyM®, Of,, ) [du]
is supported in degrees < —dy, and so conclude that H(i;*Sol(M?®)) = 0 for de-
grees ¢ > —p(z). Since x was an arbitrary point of X, we conclude that Sol takes
Dﬁgu((?%r,x) into PD=? as required.

We now turn to proving the converse. To do this, it will be enough to prove that for
any complex M*® in Dﬁgu((?f}r,x) for which H°(M?®) # 0, there is a point x in X such
that H~P®) (i-1Sol(M?*)) # 0. To this end, observe that by Proposition 6.9.6, we may
find an immersion iy : U — X with irreducible domain and such that i, H(M®) is a
non-zero unit (A, F")-crystal. We may furthermore shrink U so that each cohomology
sheaf of it;, M*® is a unit (A, F")-crystal.

Applying if; to the distinguished triangle

HO(MO) N Mo N 7'>0M.
yields the distinguished triangle
iy HO(M®) — ip M® — iy s g M®.
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Using the fact (observed in the preceding paragraph) that Z'U has non-negative coho-
mological amplitude, we see that this is equal to the distinguished triangle

HO(ip M®) — iy M® — Tgil; M.

Applying Sol(7},—) as in the preceding paragraph, and using the fact that unit (A, F")-
modules are acyclic for HomO%T . (= Oga), yields the distinguished triangle

T<_dy S0l(it;M®) — Sol(i; M®) — Sol(ir, H(M®)).

Thus H 4 (Sol(it; M*®)) — Sol(if, HO(M?®)) is a non-zero étale A-local system, since
iy, H°(M?®) is a non-zero unit (A, F")-crystal. Letting = denote the generic point of
U, we find that H P (i-1Sol(M®*)) # 0, as required.

We now prove the statement of the theorem relating DSO(OA,.,X) and PD=0. Let
M?® be a complex in Df’f gu and suppose first that the cohomology sheaves of M*® are
concentrated in non-positive degrees.

Fix x € X. Then H'(i},F*) is equal to zero if and only if there is a non-empty open
subset of {2} such that (letting iy : U — X denote the inclusion) H*(if, F*) = 0. Let

U be such an open subset, and factor the immersion iy as a composite U — X’ L X,
where ¢ is a closed immersion and j an open immersion.

Since the cohomology sheaves of M*® are concentrated in non-positive degrees, the
same is true of the cohomology sheaves of j'M® = j='M*. We now compute that

i Sol(M®) = i'j*Sol(M®) = i'Sol (' M*)
= RHom! (i, A, Sol(j' M®)) = RHom} (i,.Sol(O} [dy]), Sol (' M*))
= RHom (Sol(i O [dy]), Sol(j' M®)) = RHomg (' M®, iy O, [du]).

G
Since the cohomology sheaves of j'M® are concentrated in non-positive degrees,
and since i+0$ét sits in degree zero (remark 3.4.1), we see that the cohomology
sheaves of i};Sol(M®) are concentrated in degrees > —dy;. This shows that Sol takes
Dlgf(;u((’)}\v’x) into PD=0 as required.

We now turn to proving the converse. To do this, it will be enough to prove that
for any complex M* in ngf(;u(o?«“r,x) for which H°(M?®) # 0, there is a point x in X
such that H~P®) (5} Sol(M*)) # 0. To this end, observe that by Propositions 5.12.1
and 6.9.6, we may find an immersion iy : U — X with irreducible domain, factored

as above into a product of open and closed immersions U SN ERS ¢ , such that
F*HO(M?®) is equal to i, &, where &£ is a non-zero unit (F", A)-crystal on U. The
calculation of the preceding paragraph, applied to the members of the distinguished
triangle

TegM® — M*® — HO(M°)
then shows that

H™% (iySol(M®)) = Homes  (i475E,i+0p,) = Homes (1€, O,
rox/ ét i ét

Xl Vet
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which is non-zero, since £ is a unit (A, F")-crystal. Letting « denote the generic point
of U, we find that HP®)(3}.Sol(M*)) is non-zero, as required. This completes the
proof of the theorem. O

Remark 11.5.5. — It seems reasonable to call complexes in D%(X ¢, A) which lie in
the heart of the equivalent ¢-structures in the statement of Theorem 11.5.4 “perverse
sheaves” (or “perverse A-sheaves”, if we wish to emphasise the ring of coefficients A).

11.5.6. — Let us take r = 1 and A = Z/p. It follows immediately from [Lyu,
Thm. 3.2] that the category pqu(X,Z/p) is Artinian. Thus the same is true of the
category of perverse Z/p-sheaves on X. (Gabber has also given a direct proof that
this latter category is Artinian in [Ga].) Using this fact, it is easy to define, for any
immersion j : Y — X, an intermediate extension functor

Jiv t tupgu(Y,Z/p) = ppgu(X, Z/p);
for any object M of the source, the lfgu O x-module ji; M is the minimal subob-
ject of HY(j4 M) in wirgu(X,Z/p) whose restriction to Y equals M. (See [EK 2,
Cor. 4.2.2] for a detailed proof of the existence of this minimal subobject.) In [EK 2,
Lem. 4.3.1], we show that under the Riemann-Hilbert correspondence, this functor
corresponds to the functor ji, on the corresponding categories of perverse sheaves,
defined in the following way:
JiL* = Im(PHO(jiL*) — PH°(Rj.L?)),

for any perverse Z/p-sheaf £* on U. (Here PH?(-) denotes the Oth cohomology
sheaf computed with respect to the perverse t-structure on D?(X ¢, Z/p) given by the
pervesity p, and the image is computed in the abelian category of perverse sheaves.)

We also prove that any simple object of 744 (X,Z/p) is (up to isomorphism) of
the form 5, N, for some immersion j : ¥ — X and some simple F-crystal A" on Y
[EK 2, Cor. 4.2.3]. Correspondingly, one finds that any simple perverse Z/p-sheaf
on X is (up to isomorphism) of the form j.L[dy], where £ is an irreducible local
system of Z/p-sheaves on Y [EK 2, Cor. 4.3.3]. (Recall that the analogue of this

latter statement is a fundamental result in the theory of ¢-adic perverse sheaves of
[BBD].)

11.6. — Suppose that X is a smooth k-scheme. A natural question is whether the
functor D®(pufgu (X, A)) — Dy gu(Of}T7 ) is an equivalence of categories. Note that
in the context of holonomic Z-modules the corresponding result has been proved by
Beilinson [Be]: a bounded complex of Z-modules with regular holonomic cohomology
sheaves is represented by a complex of regular holonomic Z-modules. In the case that
r =1 and A = F, this result will be proved in §17. The proof uses in an essential
way the Riemann-Hilbert correspondence proved here, but also the theory of ZF x-
modules to be developed in §§13-17.
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12.1. — In this section we will define (in certain cases) L-functions for complexes in
legu((’)j},"x)o and D p(Xe, A) when X is a smooth scheme over a finite field k. Thus
for the remainder of our discussion we assume that k is a finite field containing F,.
In fact we give two definitions of L-functions, one when A is any reduced Noetherian
ring (which is applicable to complexes in Df’f gu(ol[}'T7 «)) and one when A is a finite
ring (which is applicable to complexes in Df’f gu(O%r, )°); however, these agree for
reduced finite rings (i.e. for a product of finite fields). Unfortunately we do not know
of a more general definition which encompasses both of these.

12.1.1. — Suppose first that A is a product of finitely many fields. We begin by
defining L-functions in the case that X is a point. Let k' = F,s be a finite extension of
k and write x = Speck’. Note that F, C k C Fps, by assumption. If M*® is a complex

in Df;,,(Ofr ), then the restriction ResgsM' is a complex in lefgu((’)f};’z), where
A" = A®p, k. For each integer i, we consider the inverse of the structural isomorphism

Do rsgaaey * HIM®) = EXH(M®) = H (M),

where the last equality holds because F is the identity on z.
We define

. - s *rri o\\(—1)iF?t
Ly(z, M®) = HdetA/(l 7¢R;ESH1,(M.)T [Res? H'(M®)D

One sees that this lies in A’[T], and in fact it lies in A[T7], as will follow from Lemma
12.1.2 below. Also note that if F, C Fyy C k then
L(z, Resg,/\/l') = Ly(x, M*®),
as follows directly from the definition together with transitivity of restriction.
Lemma 12.1.2. — With the notation of (12.1.1) the factor
deta/ (1 — ;{;SgsH%(M_)TﬂReSZSMi)
of Ly(x, M?*) lies in A[TT.
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Proof. — In fact consider any finitely generated A’-module M and any map (;57\/% :
M — F™ M which we do not assume is an isomorphism. Then we claim that the
characteristic polynomial of the A’-linear map

—1 . s—r*  —1 r*  —1 -1
ResZSM_'F oo F" g 0d

has coefficients in A. Choose a finite projective A ®p, k’-module A such that M &N
is finite free, and extend (;SX/% to M ® N by setting it equal to 0 on A. Clearly it is
enough to prove the claim with M ® N in place of M, so we may assume that M is a
finite free A’-module. In this case the result follows by choosing a basis of M (which
also gives a basis of F"** M for each i) and noting that the matrix describing o1

Rcsgs./\/l
is then invariant under the action of Gal(k’/F,), since this group is generated by F".
Hence this matrix must have coefficients in A. O

12.1.3. — Now let X be any smooth k-scheme. Denote by M (X) the set of closed
points of X, and for each x € M(X), write i, : * — X for the natural closed immer-
sion. Let M*® be a complex in Df;,,, (O, ). We define the L-function L, (X, M*) €
A[T] by the formula

LuX,M*) = [ Lu(z,i,M®).
zeEM(X)
That this L-function has coefficients in A follows from Lemma 12.1.2. If F, C Fy C k
then
Ly (X, Resd M*) = L, (X, M*),

as follows from the corresponding property of L-functions of points. Note also that this
L-function depends only on the scheme X itself (and of course the complex M?*), and
not on the particular finite field k over which it is a scheme. (Note that usually factors
in the L-function of an F-crystal are defined using the characteristic polynomial of
the structural morphism, not its inverse. Our definition has been chosen so as to be
compatible with the Riemann-Hilbert correspondence that we have constructed, as
Proposition 12.3.1 below will show.)

12.1.4. — We are going to define L-functions for complexes in lefgu<ojl§'“",X) for
arbitrary reduced, Noetherian A. Denote by Q(A) the total ring of fractions of A.
Since A is reduced and Noetherian, Q(A) is a finite product of fields. If X is a smooth
k scheme, and M?* is a complex in D?fgu(olj}‘",X) we set

L
Loy(X, M®) = Ly (X, M* @4 Q(A)),
where the expression on the right is defined using the construction of (12.1.2).

12.1.5. — Suppose now that A is a finite ring. We will give a definition of
L,(X, M?*) for M* in Df7]vgu((’)/‘,,.7X)O7 which agrees with our previous one if A
happens to be reduced.

For general X the L-functions will be defined by the same formula as in (12.1.3),
so we only have to define them for X a point = Speck’, where the notation is the
same as that in (12.1.1).
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If M* is a complex in Df’fgu (OA,.’QE)Q7 then it is represented by a finite length com-
plex P* of locally finitely generated unit (’)%T@—modules whose members are finitely
generated and projective as k&’ ®p, A-modules. To see this, note that M® = Mg (L*®)
for some L® in Dgt f (zet, A), and L® can be represented by a finite length complex of
finitely generated and flat, and hence projective, A-modules. Replacing £°® by such a
complex, we have

M® = Hom(P*, K g, A),
and the result follows. Just as in (12.1.1) we have a morphism
Opug'pe P F"P* = P°,
and we define (with the notation of (12.1.1))

Lu(x,’P') = HdetA/(l _ ;{isgs’piTs|R‘eSZSPi)(_1)i+1.

Lemma 12.1.6. — L, (x,P*) depends only on M® and not on the choice of P°.

Proof. — Suppose that P; and P35 are two different choices for the complex P*
above. Using Lemma 9.3.2, we have Solu(P?) = MZ@FQA(P{’OQ) Denote the
right hand side by L£?. It is a finite length complex of finitely generated projective
étale A-sheaves. Such complexes may be regarded as finite length complexes of discrete
(Gir, A)-modules, where Gy is the absolute Galois group of k’. Furthermore, Gy acts
on all the terms of L (i = 1, 2) through some finite quotient G, and hence there exists
a finite length complex £3 of A[G]-modules mapping quasi-isomorphically to £} and

5, such that the terms of L3 are finitely generated and projective as A-modules.
(To see this, take a left resolution of L} or £§ by free A[G]-modules, and truncate.)
Passing back to the sheaf theoretic point of view, we see that P§ = Hom (LS, O)
also represents M*® and admits a quasi-isomorphism from each of P} and P3. Thus
it is enough to prove the lemma under the additional assumption that there is a
quasi-isomorphism i : Py — Ps.

In this case we have an exact sequence of complexes of (A, F")-crystals

0 — Py — cyl(v)) — cone(v)) — 0,

and cone(v) is an acyclic complex of unit (A, F")- crystals. It is straightforward to
check that L, (z,cone(y)) = 1. On the other hand, the definition of cyl()) implies
that L, (z,cyl(v)) = Ly (2, P3). Thus we obtain

Lu(x,P3) = Lu(z,cyl(y)) = Lu(x, P) - Lu(z, cone(y)) = Ly (z, P7).
O

Remarks 12.1.7. — (i) Both types of L-functions that we have defined are mul-
tiplicative with respect to distinguished triangles. (In fact this was used to
conclude the preceding argument.)

(#) The definitions of (12.1.4) and (12.1.5) are compatible for A a finite, reduced
ring. This follows easily from the fact that the Euler characteristic of a finite
length complex is equal to that of its cohomology.
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(4ii) In the definition of (12.1.5) we have used a trivial case of the result mentioned
in (11.6), which says that a complex in fogu(O%T7X)° can be represented by a
finite length complex of flat locally finitely generated unit A-modules.

(iv) It is not a priori obvious that the L-function defined in (12.1.4) is compatible
with a change of coefficients A — A’ between reduced rings. We will prove that
this is the case in section 12.4. In general the proof makes use of de Jong’s
results on resolution of singularities in characteristic p [deJ, 4.1].

12.2. — We keep the notation of the previous paragraph. We will define L-functions
for complexes in D?, 7 (Xa, A), following [De, p. 116]. (In particular, the L-functions
that we define will depend only on X, and not on the particular finite field k over
which we view it as a scheme.)

12.2.1. — If x = Speck’ with ¥ = Fp- a finite extension of k¥ and L*® in
Db, #(zer, A) denotes a finite length complex of flat constructible A-modules, then we
define Ly (z, L*) € A[T] by the formula

)i+l

La(x, £°) = [[ deta(1 = (F*)'T2|£5) D,

where Z = Speck for some algebraic closure k of k containing k', and F* : a — a?”
is regarded as an automorphism of k over k (with inverse (F*)~1) which acts on the
fibre £ by functoriality. Note that if F, C F, C k then
Le(X,Ind? £%) = Lay( X, £°),
since determinants are invariant under base-change.
12.2.2. — If £®isin thf(X@’t,A) we define the L-function L (X, L) € A[T] b
La(X,£%) = ][ Lalxi;'L*).
zeEM(X)
IfF, C Fy C k then
Le(X,nd? £%) = Lay(X, L),
as follows from the corresponding property for the L-functions of points.
12.3. — For A a finite reduced ring, we can show that L-functions respect the
functor f; by using the Riemann-Hilbert correspondence, and the analogous fact for
constructible étale sheaves.

Proposition 12.3.1. — Suppose that A is a finite ring. If M® is in Df’fgu((’)}\,r’x)o
and L* = Sol(M?®) then we have

Lu(X, M®) = La(X, L*).

Proof. — As Sol is compatible with pull-backs, we reduce immediately to the case
X = x = Speck’, with k" a finite extension of k. Considering k¥’ rather than k to be
the ground field does not change the L-function, so we may also assume that k' = k.
Furthermore, since Sol interchanges induction and restriction, and L, is invariant
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under restriction and L is invariant under induction, we may replace I, by %, and
assume that k = F,.

As in (12.1.5) we may assume that M?* is a finite length complex of unit (A, F")-
crystals, and then by dévissage that M® = M is a single unit (A, F") crystal. Thus
M is simply a projective A-module equipped with an automorphism ¢ .

The complex £* = Sol(M) is then a single locally constant sheaf £, which when
regarded as a Gal(k/k)-module by taking its fibre over Speck is isomorphic to the
kernel of the morphism of Gal(k/k)-modules

_ 1—F"o(¢ )"
Homp (M, A @4 k) a

Homp (M, A ®y, ];3)

(where (q&j\/})* denotes the morphism of Hom-groups induced by the automorphism
q’)]} of M, and F" is the automorphism of k defined by a + a?). Thus we see that
(F™)~! and (¢))* have the same action on L.

A linear transformation and its adjoint have the same characteristic polynomial,
and this characteristic polynomial is invariant under extension of scalars. Also, the
natural morphism k ® £ — Homp (M, A ®; k) is an isomorphism. Putting these
observations together we find that

L, (Speck, M) = detp (1 — ¢X/}TT|M)
= deta (1 — () T"[Homp (M, A))
= dety g, (1 — (¢3)*T" [Homy (M, A ®y, k))
= detyg, 7 (1 = (900) Tk @1 L)
= det(1 — (¢0)*T"|L5)
= dety (1 — (F")"'T"|L;) = La(Speck, L).
O]

Theorem 12.3.2. — Let f: Y — X be a morphism of smooth k-schemes. Suppose
that A is finite and reduced (i.e. a product of finite fields). If M® is in Dll’fgu(O%r7y)
and L* = Sol(M?*) then

L,(Y,M®) = La(Y,L%) = Lee(X, fIL®) = Ly (X, f M®).

Proof. — The first equality follow from the previous proposition, while the middle
one is a result of Deligne [De, 22, p. 116]. (An alternative proof is presented in the
article [Cr, 5.1] of Crew. Yet another proof of the theorem (and in fact of a more
general result which was conjectured by Katz) is given in [EK 1] as an application of
the techniques developed in this paper. See (12.5) below for further remarks.) The
right-most equality follows from the previous proposition together with the Riemann-
Hilbert correspondence, in the case that f is allowable. To see this equality in the
general case, note that we may write Y as the finite disjoint union of locally closed
affine sub-schemes, and that since L-functions are multiplicative with respect to dis-
tinguished triangles and are computed point by point, it suffices to verify this equality
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for the restriction of M® to each of these affine subschemes. Since any map whose
source is an affine scheme is allowable, this proves the stated equality. O

12.4. — Given the definitions of the previous section, it is natural to ask whether
all the L-functions L, (X, M®) have coefficients in A, and whether one can prove a
trace formula for them as in Theorem 12.3.2. In this section we show that the answer
to the second question is affirmative if A is reduced, and that the answer to the first
question is affirmative if A is normal. Moreover, we will establish that our L-functions
are compatible with change of scalars A — A’ between reduced rings.

The main technique is a specialisation argument, which allows us to reduce to the
case of A a finite field already proved above.

Theorem 12.4.1. — Suppose that A is a reqular ring, A’ a reduced ring, and X :
A — A" a map of Fy-algebras. For any smooth k-scheme X and and any complex M*®
in Df’fgu((’)f}r’x) we have that L, (X, M®) is in A[T] and

L
(12.4.2) Ly (X, M® @p N) = AL, (X, M*)).
Proof. — First note that since A is regular any module over it has finite projective

dimension, so that M* é/\ Aisin Df’fgu(O%r7X)° and the left hand side of (12.4.2)
makes sense.

JFrom the definition, it is enough to consider the case X = x = Speck’, and as
usual we may replace k by k' and so assume that k' = k. Since the L-functions only
depend on Resff/\/l', where p° = |k|, we may also replace ¢, A and A’ by p*, A ®p, k
and A’ ®p, k respectively, and so assume that s = r.

By dévissage and the multiplicative properties of L-functions, we may assume
that M*® is a single locally finitely generated unit Oj}wwz—module M concentrated in
degree 0. Let 8 : M — F™ M be a generating morphism for M, with M a finite A-
module. Since A is regular we may take a finite left resolution N*® of M by projective
A-modules, and lift 3 to a map B’ : N®* — F™N*. Let N'* be the complex of (’)I’}r@—
modules generated by 3. By dévissage, it is enough to prove the proposition with
one of the terms of N'® in place of M, and so we may assume that the generator M
of M is a projective A-module.

Since X = SpecF,, we have that 3 induces a map 3: M — F"™*M = M. Now it is
easy to see that we have

Lu(z, M &2 Q(A)) = deta(1 — BT"|M),

L
which already shows that the left hand side is in A[T]. On the other hand, M ®x
N =M@y N, since M is flat over A, and M ®, A’ has generator

B Moy NS Mo, A
Thus we have
L
Lu(x, M @p N') =detp/ (1 — BT"|M @5 A') = Mdetp(1 — BT"|M)) = MLy (x, M)).
O
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Theorem 12.4.3. — Let f : Y — X be a map of smooth k-schemes, A a reduced
Noetherian IF -algebra, and M* in D?fgu(O%'”,Y)' Then we have

Lu(X7 fM®) = Lu(Ya M.)

Proof. — By dévissage we reduce to the case of M*® a single finitely generated unit
O%T’Y-module M concentrated in degree 0.

Now we are going to modify the ring A. To begin with, just from the definition of
the L-functions, we can replace A by Q(A), and so assume that A is a finite product
of fields. It is then clear that we may further reduce to the case in which A is a
single field. Next, since M has a generating morphism g : M — F™M with M
a finite O%-module, if we write the field A as a limit of finite type F,-subalgebras
A = lim A; then we may descend our situation to one of the domains A;. In other

i

words there exists a finite Oé‘,’i—module M’ and a morphism 3’ : M’ — F"™ M’ such
that M — M’ ®,, A and 3 ® 1 become (3 under this identification. Then we can
replace M by the Oh y-module generated by 8’ and A by A;. Note here that we
have used the fact that the field A = Q(A) is flat over A;, since it is a Q(A;) algebra,

so that M’ @a, A = M’ (%Lg/\i A.

We have reduced to the case where A is a domain of finite type over ;. Choose an
element u of A such that A[l/u] is a regular ring. Then we may replace A by A[1/u]
(since these both have Q(A) as their quotient field) and so assume that A is regular.

Now let m C A be a maximal ideal, and write Ay, : A — A/mA for the projection.
Using Lemma 12.4.1, Proposition 3.10, and Theorem 12.3.2 we compute

A(Lu (X, e M) = Lu(X, f1 My Ajm) = Ly(X, £ (M Sp AJm)

= Lu(Y, M G Afm) = An(Ly (Y, M)

Since this holds for every maximal ideal m, and the maximal points are dense in
Spec A we must actually have L, (X, ft M) = L, (Y, M), as required O

Corollary 12.4.4. — If X is a smooth k-scheme, A is a reduced Noetherian ring,
and M*® is in DY; ., (O x), then L,(X, M®) is rational.

Proof. — If X is a point, the result is obvious. The general case follows by applying
Theorem 12.4.3. O

Theorem 12.4.5. — With the above notation, if A is a normal ring, then
L, (X, M?*) is in A[T].

Proof. — Since A is normal, it decomposes as a product of normal domains, and it
clearly suffices to prove the theorem for each of these normal domains individually.
Thus we assume for the remainder of the proof that A is a normal domain.

If we let p C A be a height one prime ideal then A, is regular, and so Lemma
12.4.1 implies that L, (X, M*) lies in A,[T7]. Since A is a normal domain we also have
A ={, Ap. The result follows. O
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Theorem 12.4.6. — Suppose that X is a smooth k-scheme, that A is a reduced finite
type Fy-algebra, that M® is a complex in D;’ﬁqu((QI@mX)"7 and that L, (X, M®) lies in
A[T]. (The preceding result shows that this last condition is automatic if A is normal.)
Let A : A — A be a map of reduced Noetherian rings. Then we have

Lu(X, M® @5 A') = A(Lu(X, M®)).

Proof. — jFrom the very construction of L-functions, we see that we may replace
A’ by its flat extension Q(A’), which is a product of fields. It suffices furthermore
to prove the result with Q(A’) replaced by one of its field factors. Thus we may
assume that A’ is a field, which we do for the remainder of this paragraph. Then if
A is an injection, it is an injection of domains, and so induces an injection of fields
Q(A) — A/, for which the result is obvious. In general A factors as A — A/p — A/,
where p is a prime ideal of A, and the second arrow is an injection. Thus it suffices
to prove the result for the first of these morphisms.

For the remainder of the proof we let p denote a prime ideal of A, and assume
that A is the surjection A — A/p. We apply the desingularisation results of [deJ, 4.1]
to each of the irreducible components of Spec A. (It is at this point that we assume
that A is of finite type over F;.) Thus we obtain a smooth variety Z over F, and a
surjective proper map Z — Spec A, with the additional property that each irreducible
component of Z dominates an irreducible component of Spec A. Choose a point p of
Z mapping to p, and a dense open affine subset Spec[X C Z containing p. Then Spec A
dominates Spec A, and the corresponding injection of rings 1 : A — A extends to an
injection of total quotient rings Q(n) : Q(A) — Q(i&), as well as inducing an injection
of domains 7 : A/p — A/p. Thus we have a commutative diagram

QA) ~— A —2>AJp
i@(n) J{" i’?
< -~ XN q -
QA =——A—=A/p
in which all three vertical maps are injective, and we deduce, using the known

case of injections between domains (or of injections between products of fields,
which immediately reduces to the case of injections of fields) that n(L, (X, M®*)) =

L . L L.
Ly (X, M* @x A) and that 7(Ly(X, M® ®x A/p)) = Lu(X, M* @x A/p). We now
apply Lemma 12.4.1 to the morphism A (remembering that A is regular) to compute
that

(70 M) (Lu (X, M®)) = (3 0 0)(Lu (X, M*)) = A(Ly(X, M* &5 R))
= L,(X, M® & AJp) = 1(Lu(X, M® G AJp)).

L
Since 7 is injective, we conclude that A(L, (X, M®)) = L, (X, M* @ A/p). O

Remarks 12.4.7. — (i) We do not know if Theorem 12.4.5 holds without as-
suming A normal.
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(#) Corollary 12.4.4 generalises some of the results of [TW]. In particular it implies
Goss’s conjecture (proved in [TW]) that the local L-function attached to a
Drinfeld module is rational - see [TW, §7].

(ii7) Theorem 12.4.6 can be proved more generally. The assumption that A is of
finite type over I, was used only to know that there exists a regular ring A
containing A. However this is true in many cases when A is not of finite type
over F,.

12.5. — Theorem 12.4.3 can also be generalised to A where p # 0. In [EK 1] we
prove the following result.

Theorem 12.5.1. — Let k be a finite field of characteristic p containing F,, and let
f:Y — X be a morphism of (not necessarily smooth) k-schemes. If L* is a bounded
complex of W,,(F,)-sheaves of finite Tor-dimension and having constructible cohomol-
ogy sheaves on Yy, (where W, (F,) denotes the truncated ring of Witt vectors of Fy of
length n, for some given positive integer n) then the quotient Le(Y, L)/ Le(X, fIL®)
(where the L-functions are defined in the usual manner, generalising the definition of
(12.2) in the case when n = 1), a priori an element of 1+TW, (Fg)[T], is in fact an
element of 1 + pTW,,(F,)[T].

This theorem has the following corollary:

Corollary 12.5.2. — Let k be a finite field containing F, and X be a smooth
k-scheme. Let L be a lisse W(F,)-sheaf on Xs. Then the ratio of L-functions
Lay(X, L)/ La(Speck, fiL), which is an element of W(Fy)[T], defines an invertible
rigid analytic function on the closed unit p-adic disc.

Proof. — For each positive integer n we see that
La(X, L)/ Le(Speck, iL) = La(X, L/p")/La(Speck, fil/p") (mod p"),

which by the theorem lies in 1+ pTW,, (F,)[T]. Taking the limit as n goes to infinity
proves the corollary. O

12.5.3. — This result proves part of a conjecture of Katz [Ka 2, Conj. 6.1]. In
loc. cit., in addition to conjecturing our corollary 12.5.2; Katz conjectures that the
L-function Lg(X, L) extends to a meromorphic function of T' on the entire affine
line. (Since Lg(Speck, fif) is manifestly a rational function, this is equivalent to
the quotient L (X, L)/Le(Speck, fiL) so extending, where f : X — Speck is the
structural morphism of the k-scheme X.) However, this result has been disproved for
general p-adic lisse sheaves by Wan [Wa]. Note that from Corollary 12.5.2, one sees
that Le(X, L) is a meromorphic function on the closed unit disc (since as already
observed, it is the product of the quotient L« (X, £)/L&(Speck, f1.L£), which is defined
on the closed unit disc by Corollary 12.5.2, and the rational function Lg(Speck, fi£)).






INTRODUCTION TO §§13-17: Zp x-MODULES

In §§1-12, we worked over a field k of characteristic p, and (in particular) con-
structed for a smooth k-scheme X an anti-equivalence of categories between the
bounded derived category of constructible étale sheaves of IF-vector spaces on X,
and a certain triangulated category of Ox[F]-modules, where F' denotes the absolute
Frobenius. We showed that this anti-equivalence respects three of Grothendieck’s six
operations (that is, those three that are actually defined in this situation).

In §813-17 we extend these results to a situation where p is nilpotent, but
p # 0. Namely, we consider a perfect field k£ of characteristic p, and a smooth
W, (k)-scheme X. Denote by DY(Xg,Z/p"Z) the bounded derived category of
étale Z/p"Z-sheaves, and by D?, f(X ¢t, Z/p"Z) the full triangulated sub-category of
DP(X 4, 7,/p"Z) consisting of complexes with constructible cohomology sheaves that
have finite Tor dimension over Z/p"Z. We construct an anti-equivalence between
Dgtf<Xét,Z/an) and a certain triangulated category of “arithmetic Z-modules
equipped with an action of Frobenius.”

We now describe the contents of §§13-17 of the paper in more detail. In §13, we
introduce a certain sheaf of rings Zr x. This sheaf of rings is obtained by adding a
local lift of Frobenius to the ring Zx of arithmetic differential operators introduced by
Berthelot [Ber 2]. A key point is that the resulting ring is independent of the chosen
lifting, up to canonical isomorphism. Hence we get a sheaf of rings on X. Formally,
the construction of P x is based on the observation of Berthelot [Ber 3] that even
when one does not have a lift of Frobenius, one nevertheless has a functor F™* on the
category of Zx-modules. We then define Zr x = @, (F*)"Zx, and show that it
has a ring structure. -

We collect in §13 various results about Zp x-modules. The most important of
these are characterisations of left and right Zr x-modules in terms of the functors
F* and F' introduced by Berthelot. Namely, giving a left Pr,x-module is equivalent
to giving a left Zx-module £ together with a map of Zx-modules F*E — £. Giving
a right Zr x-module is equivalent to giving a right Zx-module together with a map

M — F'M.
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One may also consider a sheaf of rings Zp x, defined with reference to the F'
functor on Zx-modules, rather than the F'* functor. Left P x-modules are charac-
terised as being left Zx-modules £ that are equipped with a map of left Zx-modules
& — F*&, while right Zp: x-modules are characterised as being right Zx-modules
M that are equipped with a map of right Zx-modules F' M — M.

Thus if one considers both Zr, x-modules and Zp: x-modules, a certain symmetry
is maintained, which is lost if one considers Zr x-modules alone. Also, modules
over these two rings interact with one another when one considers tensor products
or Hom functors. (See section (13.8) below.) Nevertheless, we focus primarily on
Pr x-modules in this note, since such modules suffice for the construction of our
Riemann-Hilbert correspondence.

In §14 we introduce direct and inverse images fy and f' for P x-modules, and
prove some of their properties. As usual, the definitions depend on the construction
of suitable bimodules. The most delicate result here is that f, is left adjoint to
f' when f is a proper morphism. It is this result that underlies the fact that the
anti-equivalence of categories, constructed later on, respects direct images. To prove
this result we rely heavily on ideas of Virrion [Vi 1], [Vi 2], and in particular on
her interpretation of certain complexes in terms of residual complexes on nilpotent
neighbourhoods of the diagonal X «— X**! However, our method differs somewhat
from hers, since we replace her use of the dual Cech-Alexander complex [Vi 2 I,
§2] by an application of the unnormalised bar complex construction (see (14.4.2)).
Our approach has the advantage that several compatibilities that our construction is
required to satisfy can be deduced from known compatibilities in the theory of the
trace map for residual complexes. This allows us to avoid some of the more painful
calculations in [Vi 2]. Although we work with Zp x-modules, the reader will check
that our method also works for Zx-modules, and hence gives a new construction for
the trace map of [Vi 2].

Since the theory of arithmetic Z-modules does have a duality functor (see [Ber 1]),
the reader may wonder if the theory of Zr x-modules does also. This would allow

one to extend the three operations f, f' and éox to the full six operations. Unfor-
tunately this seems not be the case, because a good duality theory for Zr x would
involve Tate twists, which one cannot make when p is nilpotent.

In §15, we study unit and locally finitely generated unit (lfgu) Zp x-modules. A
unit Y, x-module is a quasi-coherent Zr x-module M such that the map F*M — M
is an isomorphism. An lfgu module is a unit Zg x-module that is finitely generated
locally on X. A key point is that when n = 1, there is an equivalence between
the category of unit Zp x-modules and the category of unit Op x-modules, which
was studied in §5. This equivalence preserves the property of being locally finitely
generated. Using this, we are able, by dévissage, to reduce problems about unit
and lfgu Zr x- modules to analogous questions about Op xgr-modules, which have
already been handled above.

In §16, we construct the Riemann-Hilbert correspondence alluded to earlier. To ex-
plain it, denote by D°(Zr x) the bounded derived category of Zx x-modules, and by
Df’f gu(Zr,x)° the full triangulated sub-category of D*(Pr x) consisting of complexes
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that have Ifgu cohomology sheaves, and finite Tor dimension over Ox. We construct
an anti-equivalence between this category and Dlgt f (X4, Z/p"7Z), and we show that it

interchanges éox and %Z/pnz, ftand f~', and f, and f;. The proofs proceed mostly
by reduction to the results of §11, using the dévissage technique explained above.

Let piirg. denote the abelian category of lfgu Zp x-modules. In §17, we show
that the natural functor D® (i 1g4,)° — Df’fgu(@F,X)o is an equivalence of categories.
This is an analogue in our context of a theorem of Beilinson concerning the derived
category of regular holonomic Z-modules [Be]. Its proof depends on the Riemann-
Hilbert correspondence.

Let us note that in the first two sections, we work in more generality than indicated
here: namely, we study @gg(—modules for any level v € N20 | J{oo}, and establish the
results indicated above at any such level. Since unit modules always have a natural
module structure over the full ring of differential operators, beginning with the third
section we restrict our attention to Zr x-modules.

Finally we mention some extensions of the results of this paper that we have not
included here:

(1) The most important extension would be to pass to the limit in all our constructions
(in a sense which will not be made precise here) and so develop a theory of @};’ x-
modules. Although many of the constructions are formal, and almost completely
analogous to those performed in the work of Berthelot (see for example [Ber 1, §§3—
4]), they nevertheless take some space to write out, and we decided not to include
them here.

(2) There is a connection with F-crystals. If X is a smooth k-scheme, then it is easy
to define a category of F-crystals on the infinitesimal site of X/W,, (i.e. no divided
powers), that play the role of lfgu modules: namely these should be locally provided
by lfgu ZF x-modules on liftings of X to a smooth W,-scheme. Using the results of
§16, one can then easily define an anti-equivalence between D, f (X4t,Z/p"7), and a
suitable triangulated category of F-crystals. This has the advantage that one needs
only a smooth k-scheme to get a Riemann-Hilbert type correspondence. The draw
back is that this correspondence is not as interesting, because, for example, we do not
know of a definition of direct image functors on the categories of such crystals.

(3) Assume that F, C k, where ¢ = p”. As in §§1-12, one could consider Zp- x-
modules, and even Zpr x @, (r,) A-modules for some noetherian W, (F,) algebra A.
Since the changes necessary for these variants are all explained in §§1-12, it seems
safe to leave their implementation as an exercise for the reader.
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13.1. — We fix a prime p, an integer n, and a perfect field k of characteristic p. We
let W, (k), or just W, if k is understood, denote the ring of Witt vectors of length n
with coefficients in k.

We let o denote the canonical Frobenius automorphism of W,,. If X is a k-scheme,
we let F'x denote the absolute Frobenius endomorphism of X.

13.1.1. — Let X be a smooth W,,-scheme. Liftings of the absolute Frobenius on
X ®@w,, k will play a crucial role in this paper. If X is affine, then such a lifting always
exists: it exists locally by smoothness, and the obstruction to a global lifting lives in
the cohomology of a coherent sheaf, hence vanishes.

If f:Y — X is a smooth map of smooth W,,-schemes, and Fx is a lifting of the
absolute Frobenius to X, then there is a lifting Fy of the absolute Frobenius to Y
that is compatible with f and F'x, using the smoothness of f, and the fact that Y is
affine, as above.

If f is étale then there is a unique lift Fy with the above properties (and so in this
case Y need not be affine).

13.1.2. — If X is a smooth W,-scheme, write X’ for the pull-back of X by o :
W, — W,, and Fyw, : X’ — X for the canonical projection.

Suppose one is given a lifting ' to X of the absolute Frobenius of X ®w, k. By
definition, the map F' : X — X factors through X’. We write Fx,w, : X — X' for
this factorisation, and call this map the relative Frobenius of X/W,,. It is a lifting of
the relative Frobenius of X @, k.

13.1.3. — Let X be a smooth W,,-scheme. Assume that there exists a lifting F'
of the Frobenius on X. We denote by Op x the twisted polynomial algebra Ox[F]
defined by the relation F(a)F = Fa for a € Ox. As an Ox-bimodule we have

Orx =P Frox = Poy
r>0 r>0

where Og) denotes Ox viewed as a left Ox module in the usual way, and as a right
Ox-module via the map F" : Ox — Ox.
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Proposition 13.1.4. — Let M be an Ox-module. Then giving a left Op x -module
structure on M is equivalent to giving a map of Ox-modules v : F*M — M.

Proof. — Given a morphism v : F* M — M we define

N -
Or.x ®oy M~ P F*0x 80, MOV M.
r>0

One verifies immediately that this gives M the structure of a left Op x-module.
Conversely, given an Of x-module M, we have in particular a morphism

b F*M=0xF ®0, M — M.
0

13.1.5. — If M is a left O x-module, we call the map F*M — M defined by
Proposition 13.1.4 its structural morphism, and denote it by ¥s. We denote by
opm : Opx ®oy M — M the map describing the left action of O x on M. Note
that for any non-negative integer r, F'"* M has a natural structure of left O x-module,
defined by pulling back the structural morphism of M by F"*.

Consider an Ox-module M. Then M = Op x ®o, M is naturally a left Op x-
module. Left O x-modules of this type are called induced. The following proposition
shows that any left Op x module has a canonical two term resolution by induced
OF,x-modules

Proposition 13.1.6. — Let M be an Op,x module. Then there is an exact sequence
of Op x modules

0 — Opx @0y F*M — Opx @0y M 4 M — 0.
Proof. — Consider the map

F*M a®mHa®m—_1)®wM(a®m) FFMaMc Or.x ®oy M.

One sees immediately that this is an Ox-linear map, when Op x ®0, M is regarded
as an Ox-module via the left O x-module structure on Of x. It follows that there is
an induced map of induced OF, x-modules

Orx ®oyx F*M — Op x ®ox M.

given by

Z aiFi X m; — Z(aiF”l X m; — CLZsz(]. & mz))

i>0 i>0
(where the m; are sections of M). This map is immediately seen to be injective,
because if r is chosen such that a,.F" ® m, # 0 and a; = 0 for ¢ > r, then there is
nothing in the sum above to cancel the term a,F"t!' ® m,. The image of our map
is clearly in the kernel of the natural map OF x ®o, M — M. We claim that this

image is equal to the kernel. To see this consider an element h = Z;:o a;F' @ m;
such that Y.\, a;F*(m;) = 0 € M. We will show that h is in the image of our map
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by induction on r. If r = 0, we have h = 0, so there is nothing to prove. In general
we have

h = Z(aiFi X m; — azFI(mZ)) = Z(aiFi X m; — aze(mZ))
i=0 i=1
By induction on r, it suffices to show that F" ® m, — F"(m,.) is in the image of our
map. We have

F'@m,—F"(m,)=F " @m,—F '@ypleom,))+Fey(lem,) —F (m,))

Now the first term on the right hand side above is the image of F"~! ® m,., while the
second is in the required image by induction. O

13.2. — Let v € N2 U {co}; furthermore, assume that v > 1 if p = 2. Keeping the
notation above, we denote by @)(:/)Ww or simply 9;’) (when W,,-scheme structure on
X is understood), the sheaf of rings of differential operators of order v on Ox over
W,, — see [Ber 2, §2]. When v = oo, we sometimes denote this sheaf simply by Zx.
More generally, omission of the index v in some piece of notation means that we are
working with v = co.

For any left @)((U)—module M we denote by B : @)(g) R0y M — M the map that

gives M its @)(;) ) module structure.

Proposition 13.2.1. — Let X be a smooth W, -scheme, and M a left Qg)-module.
Then for any Frobenius lifting F' on X, F*M has the canonical structure of a left
.@)((U"_l)—module, that is independent of F' up to canonical isomorphism.

Proof. — Base-change by o equips Fy;, M with a structure of left .@)(g,)—modules Ber 3
2.1.3. Since Fy, is independent of the choice of F, this structure on Fyj, is evidently
also independent of the choice of F. (Note that we are using the notation of (13.1.2).)

Thus Ber 3 2.2.3 shows that F*M = Fg y, Fy, M has the structure of a left
_@)(?H)—module. If Fy, Fy are any two liftings of Frobenius on X then by [Ber 3,

2.2.5]. there is a canonical isomorphism of left .@gfﬂ)-modules

TF,Fs - FiM = Fl*,X/WnFI;/,,M — F;,X/WW,FITVW,M =M

that for any three lifts Fy, Fy, F3 satisfies the transitivity property 7p rm, = 75, F, ©
TFy,F3- O]

13.2.2. — Let X be any smooth W,-scheme, and M a left _@)(g))-module. Then
13.1.1 shows that locally on X there exists a Frobenius lift F), so we can define F* M
by the above proposition. The above proposition shows that this left @)(;) Y module
is independent of the choice of F' up to canonical isomorphism. Thus, even when no
global lifting F' exists on X, we can nevertheless define a functor F* on the category
of left Qg)—modules on X. (As always, we are assuming that v > 1 if p = 2.) This
crucial observation is a mild variant of [Ber 3, 2.2.6], which is the analogous result
for lifts of the relative Frobenius.
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The functor F* commutes with the left @g)—module pull-back functor f* for f an
arbitrary map of smooth W,,-schemes f : X — Y'; more precisely, there is a canonical

isomorphism of functors F* f* — f*F* (as follows immediately from the arguments
of [Ber 3]).

13.3. — Let X be a smooth W,,-scheme. We write
(13.3.1) 7% = PEFE) 2,
r>0
where F* is the functor defined in (13.2.2). By Proposition 13.2.1 this is naturally
a left .@)(? )_module on X. This subsection will be concerned with showing that @}”}(

has a natural structure of a sheaf of rings, extending the ring structure on @g).

We begin by defining a map of left Qg)—modules
(v) (v) (v)
Dy x O g Drx — Dpxs

where the term on the left is a @g)—module via the first factor. First note that, using

the left @g))—module structure on (F™*)™ )((v ), we have, for any non-negative integer
m, a natural map

DY @y (F)" 9L = (F )" 9L

Using the functor (F*)", for any non-negative integer r we then obtain an isomorphism

(F*)T@)(;)) ®@(U) (F*)m@;}) -~ (F*)77L+T‘@§})~
X

Combining these for all m,r > 0 gives the required pairing.

13.3.2. — To verify that the above pairing makes @g}g{ a sheaf of associative rings
we will give a more explicit local description of @l(mv;( and of the above pairing on it.
We work locally on X, so that we may and do fix a lifting of Frobenius F on X.
In this situation we have
D% = PEY 7Y = Opx @0y 75,
r>0
Consider a left _@)(;))—module M, together with a map of left @g)—modules (LYVEE
F*M — M. We call M equipped with such a datum, a left @gj}(-pre-module. (The
term “module” is not justified before we know that 91(;);( is a ring !).

A morphism of left pre-modules is defined to be a morphism of 9)((” ) _modules
h : M — N that is compatible with the maps ¥, ¥y in the sense that we have
Yn o F*h=hotpm.

If M is a left Qé?k—pre—module, then it is, in particular, a left O x-module, by
Proposition 13.1.4. Using the left @)((”) and O x-module structures on M, we obtain
a map

YM : @I(;g( ®@§:) M =0prx ®ox @)(;) ®@§(u> M= Orx ®ox M — M.
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In particular, @I(,v;( is a left @gj}(—pre—module via the natural inclusion F' *@gj}( C
9}“;( It is easy to see that if we apply the above construction to @g};( itself, then
the resulting map Qﬁﬂv; ®@§:) @}”3( — _@ff%( is equal to the pairing of (13.3).

More generally if M is any left 9)(: )—module, then .@I(JU;( ® 2 M is a @g& pre-
module, via the first factor.

Lemma 13.3.3. — Let M be a left @gg(-pre-module. Then the map Yam
91(;);( ® gy M — M is a map of left Qévk—pre—modules, if the left hand side is
: % ,

regarded as a left @1(;”;( -pre-module via the first factor.

Proof. — Since M is a module over the ring @g), the morphism Gaq : @g) ® 4@
X
M — M is a map of left 9)(: )—modules, when the term on the left is regarded as
a left Qg)—module via the first factor. By functoriality it follows that (F*)"fxq is
also a map of left @)(;))—modules. Composing this with the map of left @)(:)-modules

(F*)" M — M induced by ¥ yields a map of left .@)(;)-modules

(F*)r 7 Dy M = (F)' M — M.

The direct sum of these maps is the map yaq, which is therefore a map of left @)(f )
modules.
Since yaq is visibly a map of Of x-modules, we see that it must be a map of left

9 g’;( -pre-modules. O

Lemma 13.8.4. — Let h : M — N be a map of left @I(;g(-pre—modules, Then we
have a commutative diagram

@}”3( By M oz .@}”}X ® g N

P

M N
Proof. — This is immediate from the functoriality of the construction of yxs and
YN - O
Corollary 13.3.5. — -@1(?1,))( s a sheaf of associative Wy, -algebras. The natural em-

bedding @g;)) — @g’;( is a Wy,-algebra homomorphism.

Proof. — The multiplication on @;,v;( was described in (13.3) and (13.3.2). Lemma
13.3.3 implies that the multiplication @g};( ® 5w @gg( — 91(;;( is a map of left @I(,U;(—
! ¢ , , )

pre-modules, when the left hand side is regarded as a left @;?;(—pre—module via the
first factor. The associativity of the multiplication now follows by applying Lemma
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13.3.4 with h equal to this multiplication map. That the map @)(;)) — I(,v;( is an

algebra homomorphism follows directly from the construction of the multiplication
on .@g’;. O

13.3.6. — We conclude this subsection by providing a characterisation of left @1(,73(-
modules. Let X be a smooth W,,-scheme. We do not assume that there exists a
global lift of Frobenius on X, but we nevertheless have the functor F* on 9)(: )
modules, explained in (13.2.2). We generalise the definition of (13.3.2), and call a left

@Z(;B(—pre—module a ng)—module M together with a morphism 1 : F*M — M.
Morphisms of left Qé?Q—pre—modules are defined as in (13.3.2). We then have:

Proposition 13.3.7. — There is an equivalence of categories between the category
of left @}({)X -pre-modules, and the category of left @}U;( -modules.

Proof. — If M is a left @gj;(—module then we have in particular a map
* ~ * (V) (v
FFM — F ‘@X ®@§(v) M C QF,;( ®@§:) M — M.

Since M is assumed to be a .@}?;(-module, this is a map of left @;’ )_modules.

Conversely, let M be a left Qg(v)—module, and suppose that we are given a map of
left @)(:)-modules Yy 2 F*M — M. Pulling back ¥ by F repeatedly we obtain
maps of left @;’)—modules Y o (F*)"M — M, which combine to yield a map of
left Qg)—modules

Dk ©g M =PEFE) M SLxr .
r>0

Lemma 13.3.3 shows that this is a map of left .@gf;(—pre—modules, and Lemma 13.3.4
then implies that it is a map of left @}?Ef-modules. One easily checks that the two
constructions we have given are quasi-inverse to one another. O
Corollary 13.3.8. — There is a functor F* from the category of left @}U;( -modules
to the category of left 9}?;1)—modules, that agrees with F* on underlying 9)((1;)_
modules, and which is an equivalence of categories.
Proof. — If M is a left Qéfg—modula then pulling back the map ¢ by F* gives a

map of left .@)(g’ﬂ)—modules
F*F*M — F* M.
This endows F*M with the structure of a left 91(;”;1)—module. The fact that F™* is
an equivalence of categories follows from the corresponding result for 9;’ ) _modules
[Ber 3, 2.3.6], and Proposition 13.3.7. O
13.4. — We want to give a description of right @g;(—modules, analogous to Propo-

sition 13.3.7. The functor F* that plays a key role in theory of left _@I(;g(—modules
will be replaced by the functor F' of coherent duality theory.
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More precisely, suppose first that X is a smooth W,,-scheme equipped with a lifting
F of the absolute Frobenius. If M is a right “@g)—module, then we define

(13.4.1) F'M = F'Home, (F.Ox, M)

In fact this definition makes sense for any Ox-module M, but if M is a right @)(f )
module then we have the following proposition, which is the analogue of Proposition
13.2.1 for right Qg)—modules.

Proposition 13.4.2. — Let X be a smooth W, -scheme, equipped with a lifting F
of the absolute Frobenius. If M is a right @)(f)—module, then F'M has a natural

structure of right @;’H)-module. The right 9)(;)+1)-module F'M is independent of
the choice of F up to canonical isomorphism.

Proof. — [Ber 3, 2.4.1, 2.4.5] proves the above proposition, but with the relative
Frobenius Fx/w, in place of F. The result of the proposition follows as in Proposition
13.2.1, by applying [Ber 3, 2.4.1] to F‘!/Vﬂ./\/l. (Note that as always we are assuming
that v > 1if p=2.) / O

13.4.3. — Let X be a smooth W,,-scheme, and M a right .@)(;’)—module. By (13.1.1)
there exists a lift F' of the absolute Frobenius locally on X, so we can define F' M.
Proposition 1.5.2 implies that F' M is independent of the choice of the local lift F, up
to canonical isomorphism. Thus, even when no global lift exists we can nevertheless
define a functor F' on the category of right _@)((U)—modules. (Again, we require v > 1
ifp=2.)

This observation is a mild variant of [Ber 3, 2.4.5], where the analogous functor
is defined in the relative situation. Namely, let X’ denote the pull-back of X by the
Frobenius on W,,. If X admits a lifting of the absolute Frobenius, then there is an
induced map Fy,w, : X — X', and one can define the functor F)'( W from right

.@)(f/) to right @;’H)— modules. If M’ is a right .@)(;}/)—module, then F)!(/Wn turns out
to be independent of the choice of lifting up to canonical isomorphism, so that we can
define a functor F)'( W from right 2)-modules to right :@)(;’H)—modules, without
assuming the existence of a global lifting of Frobenius.

13.5. — Let X be a smooth W,,-scheme. We call a right Qg)—module M equipped
with a map of right @)(;))—modules Ym0 M — F'M a right @g’};{—pre—module. A
morphism of right @gg(—pre—modules (M, ¥p) — (N, 9n) is amorphism h: M — N

of right .@g(v)—modules such that ¥ o h = F'ho .
The aim of this subsection is to prove an analogue of Proposition 13.3.7. We will
need two lemmas.

Lemma 13.5.1. — There are canonical isomorphisms of(ggg“), 9)(;)+1))—bim0dules

(13.5.2) ¢t 2 PR g L PR g
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Proof. — The second isomorphism follows as in [Ber 3, 2.5.1], from the formal prop-

erties of a 9)(;1 )_bimodule: that the two @gf) actions commute.
We adopt the notation of (13.4.3). By [Ber 3, 2.5.2], we have an isomorphism of

2¢™ bimodules 2¢ T FXw., F)!(/Wn 2\, and it is easy to see that one has

an isomorphism 7y) = Fy. F‘I,Vn 9;’). Thus we obtain

v4+1) ~ * ! * | v
.@& ) X/WnF)'(/WnFW"FI'/Vn -@)(<)

= F o iy Fpw, Fiy, 720 = 9.

Here the second isomorphism follows as before, as a formal consequence of the defi-
nition of a bimodule.

In fact the result of [Ber 3, 2.5.2], is proved assuming that there is a fixed lifting F’
of the Frobenius to X. Thus, one has to check that our isomorphism (or equivalently
the one of loc. cit.) is actually independent of the choice of F. It is enough to check
this after a base change, so we may assume that k is an algebraically closed field.

Suppose that F7 x, F> x are two liftings of the absolute Frobenius to X. The con-

struction above yields two isomorphisms 9)((” MRy O !@g) corresponding to the
choice of F} x and Fh x respectively. Composing the first with the inverse of the

second gives an automorphism of the (.@)(;H),.@;’H)) bimodule .@)((UH). Such an
automorphism is given by multiplication by a unit a(F1 x, F2 x) in the centre of Px.

This centre is equal to W,,. Indeed, locally on X, we can embed X into a smooth
W (k)-scheme X and lift F} x and F5 x to automorphisms Fj x and Fs x that cover
the absolute Frobenius on W (k). Now the reductions of Fy x and F x modulo p? give

rise to a unit in the centre of Q;vgvb)i(k)-

a unit in the centre of 93(;}“) =: imD@ DX @ W;(k). Let « € X be a closed point,

These units are compatible, and hence give

with residue field k(z) = k. Then the completion of the local ring Ox , is isomorphic
to a power series ring over W (k). It follows that our unit must be contained in W (k)
for every closed point z € X. Reducing modulo p™ proves our claim.

Now suppose that f : X — Y is a smooth map of smooth W,,-schemes, and that
we have liftings F}y and Fyy of the absolute Frobenius to Y such that F; x and
F;y are compatible via f, for ¢ = 1,2. It is not hard to see from the construction of
[Ber 3] that we must have a(Fy x, Fo x) = a(F1,y, Fay). Applying this in the case
where Y = Spec (W,,) and Fy = F; = o we see that we must have a(Fy x,Fs x) =1,
as required. O

Lemma 13.5.3. — If M is a right @)((U)—module and & is a left @;j)—module, then
there is a canonical W, -linear isomorphism

F!M®@§(v+1) F*§ 5 M® y E

¢

that is functorial in M and E.
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Proof. — Let X' be the pull-back of X by the absolute Frobenius on W,,. By [Ber 3,
2.5.7], there is an isomorphism

F!M ®@§{U+1) F*g ;) F‘;(/W’LFI!/‘/"LM ®@§:+1) F;(/WTLF‘;E/H((: ;) F‘!/VnM ®@§;//) F‘}/n(‘:.

In fact Berthelot’s result is proved in the context of of a fixed Frobenius lift, so one
has to check that the isomorphism of [Ber 3, 2.5.7] is independent of the choice of
F, and hence glues over all of X. However, examining the constructions of [Ber 3],
it is not hard to see that this follows once one knows that the isomorphism [Ber 3,
2.5.2] is independent of the choice of F, because [Ber 3, 2.5.7] is constructed using
formal manipulations of [Ber 3, 2.5.2], which makes sense without assuming a local
lift of Frobenius. However we already saw in the proof of Lemma 13.5.1 that this
isomorphism is indeed independent of the choice of Frobenius lift.
It remains to show that there is a canonical isomorphism

FI'/V,LM ®_@(u) F;Vng =M ®_@(v) E.
X/ X
‘We have
Fyy M = Homo, (Fyw,.Ox/, M) = Homw, (Fw, « Wy, M).

Under these identifications the required isomorphism is given by h ® F*e — h(1) ® e.
Alternatively, we could have deduced the lemma from Lemma 13.5.1, using the
same formal manipulations that one uses to deduce 2.5.7 from 2.5.2 in [Ber 3]]. O

Proposition 13.5.4. — There is an equivalence of categories between right 91(;:;(—
pre-modules and right Qé?k-modules.
Proof. — We will construct functors between the two categories, but leave it to the

reader to check that these really are inverses.
Suppose that M is a right @Z(;);( module. We have a map

M ®@(v) F*@X C M ®9(v) @F,X - Ma
p.e X

where the last map is given by multiplication on the right. Since M is assumed to be
a right Qéfk—module, this is a map of right @)(;’ )—modules, where the left hand side
is viewed as a right @ﬁ(v) module via the second factor F™* @;’ ), Applying the functor
F' and using Lemma 13.5.1, we obtain a morphism of right @)(f)—modules

M= Mo, w28 Moy w FF9Y s F (Mo, wm FF9Y) — F'M.
X

2% 2%

Conversely, suppose we are given a right @I(;g(—pre—module (M,¥prm). Let r be a
non-negative integer. Repeatedly applying F' to a4 and composing the resulting
maps gives a morphism of right @)(f)—modules Vet M — (FY)" M. We therefore
obtain a map of right .@g(v)—modules

. 1 (V) Pm,r®1 I\r #\7 (V)
'YM,T-M®@§(“) (F")"2y’ == (F) M®@§(u) (F*)" 2y

— (F'Y" M Dgttn (F*) ¢ = M D) 7P =M.
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Here the third map is obtained by applying Lemma 13.5.3 n times. Below, it will be
convenient to denote by B, the composite of the last three maps above. Taking the
direct sum of the maps yaq,» we get a map

@’YM7

M ®@(u) @FX = @M ®9(v) (F*) .@(v M.

r>0

We have to check that this map makes M into a right @g’;( module. In fact this
turns out to be formal: what we have to check is that for non-negative integers m,r
the following diagram commutes

(F )erTM@j(v)( *)m@&v) ® )(F*)r@)(g)) . (F!)m+rM ®@§:) (F*)err@)((v)

25
lﬁw’)"M,m@l
(F) M@0 (F*) Zx Batmesr
lmm
M M

where the top map is given by the multiplication in 9}”;(. Using the definition of the
maps S, one reduces to the checking the commutativity of the following diagram

(F!)m(FI)rM ®@§:> (F*)m@)(;)) ®@§U) (F*)r_@;f) (F!)TM ®@§:) (F*)rgggf)

|

(F)™ (P M & g (F )M (F) 7 e (F) M@0 (F) I

where the map on the left is given by multiplication in .@I(;j;(, the bottom map is
induced by the map in Lemma 13.5.3, and the top map is B(pryr pq,, @ 1. In fact this

follows from a more general situation: Suppose that £ is a quasi-coherent left Q(U)

module. The multiplication map pe : @( yE — £ is a map of left @g( modules,

oy
hence we also have a map of left 9(0 -modules (F*)™pug : (F*)m@g) ®yHw € —
X

(F*)mE. We claim the following diagram commutes
(FY"™ (F')Y M@ (F)" D) @00 € — (F) M Bg00
et

(F!)m(F!)TMQ@ (F*)mg

P (FHr M ® g &

where the map on the bottom is induced by the map of Lemma 13.5.3, and the top

map is B(ptyrpq,m @ 1. When € = (F*)" 9(1)) this diagram becomes the previous one.
The question of whether the diagram commutes is local on X. Hence we may assume
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that we have a surjection of left @g)— modules £’ — & with £’ a free @)(f)-module. By
the functoriality of all the maps in the diagram above, we are reduced to checking that
the diagram commutes in the case £ = 9)((” ), when this commutativity is obvious. [J

Corollary 13.5.5. — There is a functor F' from the category of right @;,U;{ -modules
to the category of right @Sﬁ;l), that agrees with F* on underlying @)(?)—modules, and
which is an equivalence of categories.

Proof. — If M is a right @gj;(—module, then we may pull back the map ¥ by F'
to obtain a map of right Qgﬂ)—modules F'M — F'F' M. By Proposition 13.5.4 this
implies that F' M has a structure of a right ‘@g}tl)—module. That F' is an equivalence

of categories follows from the corresponding result for right Zx-modules [Ber 3, 2.4.6)
and Proposition 13.5.4. O

Corollary 13.5.6. — The right Zx-action on the canonical bundle wx extends
canonically to a right Zr x -action

Proof. — Using [Ber 3, 2.4.2], one deduces that there is a canonical isomorphism of
right Zx-modules wy — F'wx. The result now follows from Proposition 13.5.4. [

Lemma 13.5.7. — Let M be a (9;),@¥))—bimodule. Then there is a canonical
isomorphism of (.@ggﬂ), 9§(v+1))-bimodules
F*F'M = F'F* M

Proof. — Suppose first that X admits a lift of Frobenius F. Then the required iso-
morphism is easy to construct, as in [Ber 3, 2.5.1]. We have to check that this
isomorphism does not depend on the choice of F. If M’ — M is a surjection of
(9;;’ ), @)(f))—bimodules, then by the functoriality of our isomorphism, it is enough to
prove this independence for M’.

Write M as a quotient of a locally free Ox-module E. There is a surjection of
(2, 2)-bimodules

.@)(;)) Qw, Ew, .@;}) — M.

For the bimodule on the left, the fact that F* and F' are additive functors implies
that we have obvious (and in particular intrinsically defined) isomorphisms

FFP oY eEe9Y) 5 ol o Ee F oY) = FF'(9Y @ Ee 2L,
where all the tensor products are taken over W,,. O
Proposition 13.5.8. — There is an isomorphism of (@g’;;U’ 9}?};1))-bimodules,

Tix’ = FU P70

Proof. — The bimodule structure on F*F !ng;( is deduced from Corollaries 13.3.8
and 13.5.5.
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By Lemmas 13.5.1 and 13.5.7 we have for each non-negative integer r, the following
sequence of isomorphisms of (.@)((v H), .9)(? H))-bimodules

(Fy o = (Y F R = PR (E) 7y
Taking the direct sum of these over n > 0, gives an isomorphism of (@;’H), @;’H))—
bimodules @I(;j;gl) = F*F !@gf;(
To check that this is a map of (@gj;l), 9}?;1))—bimodules is an easy exercise, and

left to the reader. (It may be done by “pure thought”, or by choosing a local lift of
Frobenius, and using the explicit local definition of the isomorphism in 13.5.7). O

Corollary 13.5.9. — Let M be a right @}?;(-module, and & a left :@g’?x -module.
There is a canonical Wy, -linear isomorphism

FM@ g0 F'E& 5 M@0 E.
F,X X

7S

Proof. — The proof of this is formally identical to the proof of [Ber 3, 2.5.7] using
Proposition 13.5.8 in place of [Ber 3, 2.5.2]. O

Corollary 13.5.10. — The equivalence of categories F* of Corollary 153.53.8 has an
explicit quasi-inverse, given by the formula

1)
E—F ‘@F7X ®@;}j;r(1) E.
Proof. — This follows from Proposition 13.5.8, and Corollary 13.5.9. O

13.6. — Let M be a (left) @)((v)—module. Then @g);( ® 0 M is naturally a (left)
’ X

@gj) -module, which we call the left Qé?k-module induced from M. We want to
explain the analogue of Proposition 13.1.6.

Proposition 13.6.1. — Let M be a @g;(-module. There is a canonical exact se-

quence of @I(,v;( -modules

0— @1(;);( ®

g FTM = D% @500 M — M =0,

where the first two terms are regarded as left .@g};{ modules via the first factor .@g}g(.

Proof. — By Proposition 13.3.7 there is associated to M a map of Qg)—modules
Y F*M — M. We define a map as in Proposition 13.1.6

w g g o hE=Y(R) o o (v) (v)
F*M —  F*9 ®_@§’>M@MC@F,X ®_@§:> M.
This is a map of Qg)—modules, as 1 is. Here we have identified F*Q)((U) ® ) M
X
and F* M via the isomorphism obtained by applying F* to the natural isomorphism
.@)(f) ® 5@ M =5 M. Note that if we fix a lifting F' of the absolute Frobenius, then
X

this map is given by a®@m — aF @ m —¢(a®@m), for a@m € F*M = Ox F ®p, M.
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The above map of left 9)(;) )-modules, induces a map of induced @g;(—modules
(13.6.2) 91(;,))( ®@§;) "M — _@g&- ®@§:) M.

We claim that (13.6.2) is injective, and that its image is equal to the kernel of the
multiplication 91(;};( ® ) M — M. This claim is local on X, so we may assume that
’ pe

there exists a Frobenius lifting F' on X, and write @1(;);( =0px®ox @g). In this case

(13.6.2), when viewed as a map of Op x-modules, reduces to the map of Proposition
13.1.6. The proposition follows. O

Corollary 13.6.3. — If M is a right .@g;(—module, then M has finite Tor dimen-

ston as a right —@1(«});( -module if and only if it has finite Tor dimension as a right _@)(f)-
module.

Proof. — Suppose that M has finite Tor dimension as a right .@l(mg(—module. Let NV
be any left @g)—module. Then we have

5 ~ M O
M@y N — M@y (Zrx @g0 N)

and the right hand side is a finite length complex, since 91(;’;( is locally free as a right
@)(;) ) _module.

Conversely, suppose that M has finite Tor dimension as a right :@)(f)—module. We
have to show that there is an integer ¢ > 0 such that for any left ng;(—module N,

L
M ® 4 ) N is acyclic in degree < —i. By Proposition 13.6.1, it is enough to show
F,X
this for N of the form N = @g};( ® 4w N for some left :@)(?)-module N. However, in
’ X

this case we have
L L
v = v N
M ®9; ), N =M ®@; ) 4V,
so the existence of the integer ¢ follows from the factor that M has finite Tor dimension
; (v)_
as a right 75 ’-module. O

13.6.4. — There is a similar notion of induced right @g;{—module: if M is a right
9)((”)— module, then M =M ® ) @g);( is a right Qévk—module.
¢ ' ,

The following result shows that if M is a right @j?(,%(-rnodule7 then F'M has a
canonical two term resolution by induced modules.

Proposition 13.6.5. — Let M be a right .@gj}(—module, and denote by M’ the right
.@)(;))-module M ® 5w F*@ﬁg)). There is a canonical exact sequence of Tight @}v;(_
¢ !
modules
0— M @, I - Me

Iy — M —0

2% 28

where the first two terms of the exact sequence are right @I(:U;( -modules, via the second
factor in the tensor product
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Proof. — Let M” be the right @)(;171)—m0dule M ® F*@ggil). Then we have

isomorphisms of right @g;{—modules

2

M ®@§:) .@1(;13(— =M ®@§(1)) F*.@)(:) ®@§:) .@1(;13(— =M ®@§(1)) F*.@}(;jg(

Mg B @y B M 0y 98

Proposition 13.5.8 implies that we have M - F'M”. Proposition 13.5.4 implies
that M” has a canonical right Dg)_(l)—module structure which induces the right 91(;:;(—
module structure on M by applying F'. In particular we have map of right @ﬁ:il)-
modules Yo : M — F'M"” = M.

Denote by (3 the composite the isomorphism of right 9)(;1 ~Y_modules

~ | * v—1
M// AN F M// ®@§;’) F @)(( )
given by Lemma 13.5.3. We define a map of right .@)(;]_l)qnodules

MII meM’/(_mz@iﬁ(m) F!MII @ F!MII ® ) F*-@;_l)

7
— MoeM By ¢ c M ® () 91(;)3(

We get an induced map of right Q}f;(—modules

(13.6.6) M@= Pk — M P 5%

To prove the proposition, it will suffice to show that (13.6.6) is an injection, and that
its image, is exactly equal to the kernel of the natural map of right @I(;g(—modules

p:M® .@}&HM.

2

Consider an element m = Y., _,m; € M” ® gw-1) _@I(;U;( with m; € M" ® gw-1)
X ’ X

(F*)i@g) and m, # 0. The image of m under the composite of (13.6.6) with the
projection

M g0 Dy = M® g (F) 95

is equal to the image of m, under composite of the isomorphisms

—B®1
*\T ) ~ | * -1 *\T
(13.6.7) M@0 (F) 72 = F'M” Dy F ¢ )%;,_1) (F*)" 9
— M@, (F) gy

Since m, # 0, we see, in particular, that the image of m under (13.6.6) is non-zero,
whence (13.6.6) is injective.
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To check that the image of (13.6.6) is in the kernel of p, it is enough to check that
u kills the image of M itself. For this we consider the following diagram

’ll)M//

M M

- 1T

x cp(v—1) ! * p(v—1) ! * (V)
F ‘@X leFMQ?@;,)F ‘@X 4>FM®@§(U+1)F ‘@X

F! " Y
M ®@§(>

Note that the left rectangle in the above diagram commutes by the functoriality of
the isomorphism 3. On the other hand the maps obtained by composing F'r @1 =
Ypm ® 1 with the two maps going around the triangle on the left are equal, since the

right .@I(,U;(l)—module structure on M is obtained from by restriction of scalars from
its right .@}?;(—module structure. This implies that the outer boundary of the above
diagram commutes. Since p o § is the map obtained by going around the diagram
counterclockwise, one sees that p kills the image of M” under the map (13.6.6).
Finally we check that (13.6.6) is a surjection onto the kernel of p. Suppose that

m =3 _gmi withm; € M®,w (F*)i@)((v), and p(m) = 0. To show that m is in the
X
image of (13.6.6), we proceed by induction on r. If r = 0 then we must have m = 0. If
7 >0, choose h € M" @ -1 (F*)T_lggf) such that (13.6.7) maps h to m,. Let m’
X

denote the image of h under (13.6.6). Then we have m = m —m’ +m’. Now m —m/
is in the image of (13.6.6) by induction, while m’ is in the image by definition. O

13.7. — Proposition 13.3.7 (resp. 13.5.4) shows that if M is a left (resp. right)
@)(? )—module, then extending this structure on M to a left (resp. right) @gﬁ;{—module
structure is equivalent to equipping M with a pre-module structure — that is, a map
of left (resp. right) .@)(f)—modules F*M — M (resp. M — F'M).

It is natural to also consider left (resp. right) @g)—modules together with a map

of @)(g))-modules M — F*M (resp. F'M — M). (Objects of the first type ap-
pear, for example, in Berthelot’s treatment of F-crystals from the Z-module point of
view [Ber 1, 5.1.1]. This section is devoted to giving an analogous module-theoretic
interpretation of such objects.

13.7.1. — Let X be a smooth W,,-scheme, and let v be an element of N=° | J{co};
as always, we assume that v > 1 if p = 2. We define

v \r v
gl(v!?x = EB(F) -@)(()-
r>0
(Of course, we are using the functor F"' on right _@)(f)—modules described in (13.4.3).)
Each summand in this direct sum is naturally a right .@)(? )—module; hence for any

integer r > 0 we have an isomorphism of right @)((v )_modules

(FY 93 @ 95 = (F) 9.
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Applying (F')™ for any integer m > r gives an isomorphism
(F') 28 @40 ()" 2% = (Fy 2y
Combining these for all m,r > 0 gives a map of right @g)—modules

(13.7.2) P Og i)y = P4«

13.7.3. — Let X be a smooth W,-scheme. We call a left Qg)—module M equipped
with a map of left 9(”)—modules vpm c M — F*M a left @(T?X—pre—module. A
morphism of left @(U)X -pre-modules (M, () — (N, ) is defined to be a morphism
h: M — N of left :@)(f)—modules for which ¢ar o h = F*h o . (Here we are using
the functor F'* on left @(“)—modules described in (13.2.2).)

Fix a left @(, -pre-module (M,4r), and let r be a non-negative integer. Re-
peatedly applylng F* to ¥aq and composing the resulting maps yields a morphism

Ymyr - — (F*)"M of left @)(;)—modules. We thus obtain a map of left _@;)
modules

s Yat,r®1
TM,r - (F') gg() Q(U)M e ( ) QX

— (F') 29 @ gin (F) M 90 850 M > M.

Dy (F7)'M

(The third arrow is provided by Lemma 13.5.3.) Taking the direct sum over all » > 0
yields a map

(13.7.4) D) @ s M — M.

g
13.7.5. — Wecall a right @(v)—module equipped with a map of right Q(U)—modules

F'M — M a right @ X -pre-module. A morphism of right .@(, X pre-modules

(M, pm) — (N, 9nr) is defined to be a morphism h : M — N of right @X -modules

for which 1p-0h = F'hotr. (Here we are using the functor F* on right .@)(;)-modules
described in (13.4.3).)

Fix a right @Si) -pre-module (M, ). Repeatedly applying F "to ¥ uq and com-
posing the resulting maps yields a morphism ¥, : (F')"M — M of right 9)(;) )
modules. We thus obtain a morphism of right @)(g)—modules

M@0 (FYy 2 =5 (F'Y" M — M.
Taking the direct sum over all 7 > 0 yields a map

(13.7.6) M &0 Py — M.

Proposition 13.7.7. — Let X be a smooth W, -scheme.

(i) The map (13.7.2) makes 1749 )X a sheaf of associative W, -algebras, such that

(v)

the natural embedding @X ey 18 a Wy-algebra homomorphism.
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(it) If M is a left @g{?x—pre-module, then the map (13.7.4) gives M the structure
of a left @I(;f)x -module.

(iit) The association of a left .@g‘f?x—module to a left .@gjyx—pre—module given by (ii)
establishes an equivalence of categories between the category of left .@@X—pre—
modules and the category of left @}(;?)X -modules.

(iv) If M is a right 9@!?)( -pre-module, then the map (13.7.6) gives M the structure
of a right @g}!)x -module.

(v) The association of a right .@g?x—module to a right .@I(;f?x—pre—module given
by (i) establishes an equivalence of categories between the category of right
.@l(;f?x -pre-modules and the category of right .@I(;}!?X -modules.

Proof. — The proofs depend on formal considerations similar to those used in the
proofs of Corollary 13.3.5 and Propositions 13.3.7 and 13.5.4. O

13.7.8. — Recall that (for any value of v) there is a natural isomorphism of left @;’ )
modules F*Ox — Ox. Thus not only is Ox naturally a left Qéfk—module, it is also
naturally a left 91(;1) w-module (as one sees by applying part (i) of Proposition 13.7.7
to the inverse of this isomorphism). Similarly, the isomorphism wy — F'wx recalled

in the proof of Corollary 13.5.6 allows one to define a right .@f;,) -module structure
on wx.

13.8. — Recall from [Ber 1, 1.3.6] that if £ and F are two left @g))—modules (resp. a
right @)(;))-module and a left @)(;))—module), then the tensor product £ ®p, F is

naturally a left @)(g)—module (resp. a right 2 )((v )—module). We will consider the various
refinements of this result that occur when £ and F are equipped with Frobenius
structures.

Lemma 13.8.1. — If £ and F are two left @)((v)—modules, then the natural isomor-
phism of Ox-modules

wx ®oy (E®oy F) — (wx @0y &) ®oy F
is an isomorphism of right .@g)-modules.

Proof. — This “associativity” property can be seen directly from the local formulas

for the @)(g)—module structures on the tensor products in [Ber 1, 1.3.6] and [Ber 3,
1.1.7). m

Lemma 13.8.2. — Let & be a left 9;))—module, and M a right @;’)—module, Then

there is a canonical isomorphism of right @)(f)-modules

wx ®ox e = FI(wX Rox 5)
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and a canonical isomorphism of left @g)—modules
F*(M®oy w)_(l) = F'M Rox w;(l.

Proof. — The isomorphisms are a mild variant of [Ber 3, 2.4.5.1, 2.4.5.2], where
they are proved for the relative Frobenius. We adopt the notation of (13.4.3). To
prove the first isomorphism, we apply the analogous result in the relative situation to
&' = Fy, €. We obtain

wx ®ox F'E =wx ®ox Fxyw,& — Fxw, (wx ®oy, &)
o~ F)!(/Wn (wx ®o, &) = F)!(/Wn(Ffl/Van ®o, &)
— F)!(/W,LFI!/VH(WX ®ox £) = Fl(wx ®oy )

The second isomorphism is proved in a similar way. O

Proposition 13.8.3. — (i) Let & and F be two left @f,&—modules. Then E®@oy F
carries a natural structure of left @1(;);( -module.
i) Let £ and F be left 9(1}!) -modules. Then £ ®o, F carries a natural structure
, X X
of left -@1(;1))( -module.
i1i) Let M be a right 2% -module and € be a left “@(v,) -module. Then M ®p, &
F.X F'.X X
carries a natural structure of right @gg(-module.
(iv) Let M be a right @I(;],?X—module and & be a left @;ﬁj}(—module. Then M ®@opy €

carries a natural structure of right :@I(;i)x—module.

Proof. — In each case it suffices to construct the corresponding pre-module structure
on the tensor product.

(i) [Ber 3, 3.3.1], and its proof, show that there is a natural isomorphism of 9)(;1)-
modules

F*€ @0y F*F "5 F*(€ ®0y F)

More precisely the discussion of loc. cit proves the analogue of the above isomorphism
for the relative Frobenius, and it is easy to deduce the above isomorphism from the
relative case, as in (for example) Lemma 13.5.1 and 13.5.3. Hence we obtain a map

of @)(g)—modules

F*(€ oy F) > F*E @0y, F*F "% £ 00, F,
which endows £ ®p,, F with the requisite pre-module structure.
(ii) One uses the same isomorphism as in the proof of (i) to construct a pre-module

structure

E @0, F 2 P € 0o, F*F =5 F*(€ ®0, F).

(iii) There is a natural isomorphism of right Qg(v)—modules

(13.8.4) FIM®oy, F*é = F' (Mo, &).
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To see this, set M’ = M ®o, w;(l. Lemma 13.8.1 yields a natural isomorphism of
right Qg)—modules

wx ®oy (M @0y ) — (wx Boy M) R0y €=M ®oy E.
Applying F' to the above isomorphism, and using the isomorphisms of Lemma 13.8.2,
we obtain the required isomorphism. Thus we obtain a map of right @)(;)—modules
M®o, € 111/\@?5 F'M Ro, F*E = F!(M Roy &),
endowing M ®p, € with a right @l(;i) -pre-module structure.
(iv) One uses the isomorphism (13.8.4) to construct a pre-module structure
FI(./\/l Roy &) — F'M Ro, F*E V®ge M®oy, €.
O

13.8.5. — Recall (again from [Ber 1, 1.3.6]) that if £ and F are two left @g)-
modules (resp. a left and a right :@)(?)—module, resp. two right .@)(f)—modules) then
Homp, (€, F) is naturally a left Qg)—module (resp. a right @)(g)—module, resp. a left
@)(f)—module).

Proposition 13.8.6. — (i) If £ and F are left modules over the algebras 9?3(
and @(1;))@ respectively, then SHomo, (€, F) is naturally a left @(T)X-module.

)

1) If € and F are left modules over the algebras @(1?) and 2.9 , respectively, then
X F.X
Homg (€, F) is naturally a left @gj;—module.
(iir) If € and M are left and right modules, respectively, over the algebra “@1(;:;(, then
Homg (€, M) is naturally a right @I(;g(-module.

(iv) If € and M are left and right modules, respectively, over the algebra 7

X then

Homy, (€, M) is naturally a right Qg)x—module.
(v) If M and N are right modules over the algebras @g’;{ and ‘@g?x7
then Homey (M, N) is naturally a left @éij;(-module,
vi) If M and N are right modules over the algebras .@(ﬁ) and 9 , respectively,
F'X F,X
then Home, (M, N) is naturally a left @@X—module.

respectively,

Proof. — This is proved in a similar fashion to Proposition 13.8.3. The required
natural isomorphisms are: an isomorphism of left @gf)-modules

F*Homy (E,F) — Homy  (F*E,F*F),
if £ and F are left @;’ )-modules; an isomorphism of right @;’ )_modules

F'Homey (E,M) = Homy (F*E,F'M),
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if £ is a left @)((v ) _module and M is a right @g)—module; an isomorphism of left
@)(? )_modules

F*Homy, (M,N) > Homy, (F'M,F'N),
if M and NV are right Qg(v)—modules. The first isomorphism is easily constructed using

the functoriality of F*, and the other two can be deduced from the first one using
Lemma 13.8.2. We leave the (straightforward) details to the reader. O

13.8.7. — Asobserved in (13.7.8), the canonical bundle wy is naturally both a right
@gg(—module and a right Q(Z)X-module. It follows from Proposition 13.8.3 that if

£ is a left @gj;(—module (resp. a left @l(mv.) X—module) then wx ®p, € is naturally a
right ng?x—module (resp. a right @I(;g(—module). Similarly, it follows from Propo-
sition 13.8.6 that if M is a right .@gg(—module (resp. a right .@g?x—module) then
M @0, wy' is naturally a left 9}7) -module (resp. a left Qé?k—module). (Here we

have also used the natural isomorphism M Q¢ w)_(l = Homgy  (wx, M).)

13.9. — The natural (.@)(;’), .@)(;}))—bimodule structure on _@g)) induces a pair of com-
muting right @)(f )_module structures on the tensor product wx ®o @;’), and a pair

of commuting left @)(? )_module structures on the tensor product @g) R0y wx - There
are canonical isomorphisms (in fact an involutions)

1

(13.9.1) wx ®ox @g) 5 wx oy @g) and 9)(;}) Royx Wy — @)(;) R0y W'

known as the transposition isomorphisms, that interchanges these two module struc-
tures [Ber 3, 1.3.4.1, 1.3.4.3]. We will present some extensions of these isomorphisms
to the context of 2()-modules with Frobenius structure.

Fix an integer r > 0. First note that, since (F!)rgg) is a @)(g))-bimodule, the
tensor product wyx ®o (F!)’”Q)(f ) is equipped with a pair of commuting right @)(f )
module structures: the first arising from the right Qggj)—module structure on F' !9)(;} ),
and the second arising from the twisting by wx of the left @)(? )_module structure on
(F!)T.@g). Similarly, wx Qo (F*)ngg) is equipped with a pair of commuting right
.@)(f)—module structures. On the other hand, (F*)T.@)(g) R0y w)_(l is equipped with a

pair of left Qg)—module structures, as is (F!)Tﬁgg) ®oy Wy . In each case, we will
refer to the obvious module structure as the first module structure, and the module
structure arising via the twist as the second module structure.

Lemma 13.9.2. — (i) There is a natural isomorphism
wx Box (F7)' 7y > wx @ox (F)' 7Y

that interchanges the first and second right Qg)-module structures on its source
and target.
(ii) There is a natural isomorphism

(F*) 2% @0y wx! 5 (F)' 7Y @0, vy,
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that interchanges the first and second left @g)—module structures on its source
and target.

Proof. — Consider the transposition isomorphism wx ®o @)(:) = wx ®oy @)(g)).
This interchanges the first and second right .@)(g) )_module structures on its source and
target. If we apply F" to this isomorphism, computed with respect to the second right
@)(;j )_module structure on the source, and with respect to the first right @g)—module
structure on the target, we obtain an isomorphism

(F)" (wx ®ox 2¥)) 5 wx @0y (F) 2.
Now Lemma 13.8.2 yields an isomorphism
wx ®ox (F)' 7 = (F) (wx ®ox %)),

Composing this with the preceding isomorphism yields the isomorphism of part (i).
The isomorphism of part (ii) is constructed in a similar fashion. (Alternatively, it
can be deduced from the first as [Ber 3, 1.3.4.3] is deduced from [Ber 3,1.3.4.1].) O
13.9.3. — The discussion of (13.8.7) shows that each of wx ®o .@}(7”;( and wyx ®oy
@1(;1) « 1s equipped with commuting right @gf}rmodule and @(1;? -module structures,
while each of @}U; R0y w)_(l and @Sﬁ) ¥ ®ox w)_(l is equipped with commuting left

9}1};( and ng) -module structures.
Proposition 13.9.4. — (i) There is a natural isomorphism
wx ®oy @I(;j;( = wx oy .@g}.)x

that respects both the right @g’;{ -module and the right .@f,li)x-modules structure
on each of its source and target.
(ii) There is a natural isomorphism

P @ Wy 5 W R0, wy

that respects both the left @I(;g(—module and the left @;ﬁ)x -modules structure on
each of its source and target.

Proof. — Taking the direct sum over all » > 0 of the isomorphisms of Lemma 13.9.2
yields the required isomorphisms. (We leave it to the reader to check that each is

compatible with the @1(«},))( and 91(;?) +-module structures on its source and target.) [
13.9.5. — If £ is a left 7-module, then 7, @, € is a left 2 -module,

and so by the discussion of (13.8.7) the tensor product wx ®o, (.@gf)x ® g E) is
) p'e
a right @g;(—module. On the other hand, the tensor product wx ®p, £ is a right

Qg)—module, and hence (wx ®oy €) ® ) .@g};{ is also a right Q}U;(—module.
) 7F, :
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Proposition 13.9.6. — In the situation of (13.9.5) there is a natural isomorphism
of right @}(,”;( -modules

(wx ®oy &) ®_@§J> @I(;v;( = wx Roy (@}‘??X ®@§:> E).

Proof. — Fix an integer r > 0. We have isomorphisms of right 9)(;1 )_modules

(139.7)  (wx oy £) @y (F) 2K <5 wx B0 (€ Boy (F7) X))

s wx Oy (F)' 2% ®ox €) = (wx Boy (F*)'2%)) @0 €

= (wx ®oy (F) 7)) By € — wx B (FY 2% @0y €),
the first, third, and fifth being the natural associativity given by Lemma 13.9.8 below,
the second being induced by transposition of the second and third factors, and the
fourth by the isomorphism of Lemma 13.9.2 (i).

Taking the direct sum over all values of r of the maps obtained by taking the

composite in (13.9.7), yields the isomorphism of the proposition. (We leave it for

the reader to check that this isomorphism respects the .@;,fg(—module structures on its

source and target.) O

Lemma 13.9.8. — If £ and F are two left @&U)-modules, and M is a right @)(;))-
module, then the natural associativity isomorphism

(M®oy &) ®oy F —— Moy (€®oy F)

induces an isomorphism
(M @0y €) ® i F = M0 (€ @oy F).
X X
In particular, taking F = Ox, we obtain a natural isomorphism
(M Koy 5) ®@(u) Ox =M ®@(v) E.
X X

Proof. — For any smooth W,,-scheme X, and left .@gg )_module £ , recall from [Ber 3,

1.3.3] the isomorphism of (.@)(g),:@)(g))—bimodules e .@ﬁ? Royx £ = £ R0y .@)(g)).
Thus, we have natural isomorphisms

M®oy &) ®@§(v) F= M ®@§(u> @;v) Roy €) ®_@§:> F

id®ve ®id
= M ® g (E®oy .@g)) ® g F =M ® () (E®oy F).
X e X

Since ~yg restricts to the identity on £ C @)(;) ) ®oy €, we see that this isomorphism is
covered by the associativity isomorphism. O
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13.9.9. — If £ and F are two left @g)—modules, then there is a natural isomorphism
(wx ®ox €) ®ywm F —— wx @0 (€ ®oy F)
X X
= wx B0 (F Qo £) — (wx ®ox F) @y E.
X X
(Here the first and third isomorphisms are provided by Lemma 13.9.8, while the second
isomorphism is given by transposing the factors.) This isomorphism is covered by the
isomorphism wx ®o, EQo F = wx ®oy F®o, € given by transposing the second

and third factors. The following Lemma gives a version of this for @)(;) ) _modules with
Frobenius structures.

Lemma 13.9.10. — If € is a left Qé?k—module and F is a left Qg)x—module, then
the natural isomorphism wx ey € oy F — wy Qo F Qoy & obtained by inter-
changing the second and third factors induces an isomorphism

(wx ®oy E) @ 0 F — (wx ®oy F) ®

, X

(v y E.
9F1 x

2y
Proof. — Using (13.8.7) and Proposition 13.9.4, we obtain isomorphisms of right
Ql(;i?x—modules

(v)

(13.911)  wx oy € > w0y 21k Dy € (W B0x Dpix) O €
Applying ® ) F to both sides of (13.9.11) yields
F'.x

~ (v) ~
(wx ®oy &) ®@1(;!),x F — (w®oy ‘@F‘,X ®@g§),x F) ®9g;;( E— (wWRo F) ®@}(ng( E.

O






14. DIRECT AND INVERSE IMAGES FOR
7.-MODULES

14.1. — In this section we will define direct and inverse image functors for 91(;3(—
modules, and establish their basic properties. Since these functors are only defined on
the level of derived categories, we begin with the definition of the relevant triangulated
categories.

If X is a smooth W, -scheme we denote by ,u(@l(;);() the full subcategory of the
abelian category of left Q}fk—modules consisting of those modules which are quasi-

coherent as O x-modules.

We denote by D(_@I(,ﬂv;() the derived category of the category of left @I(;f;(—module&

and by ch(‘@gj}() the full triangulated sub-category of D(@}Ug() consisting of com-
plexes whose cohomology sheaves are in ,u(.@fvvgc)

If e is one of ¢, —, +, b then we denote by D’(@gj;) and D;c(@g;) the full triangu-
lated subcategories of D(@}U;) and ch(_@gg() respectively, consisting of complexes
that satisfy the appropriate boundedness condition.

We denote by Db(@g;()o (resp. Dgc(@g‘)x)o) the full triangulated subcategory of
Db(@gg() (resp. DSC(Q}%()) consisting of complexes that have finite Tor dimension
when considered as complexes of Ox-modules. A theorem of Bernstein implies that
the natural map Db(u(.@gk)) — Dgc(.@gj}() is an equivalence of categories (see [Bo,
VI 2.10]). In particular, any complex in Dgc(@g’)}() is represented by a complex of

quasi-coherent & },U;(—modules.

14.2. — In this sub-section we are going to define inverse image functors for Qgg(—
modules.

14.2.1. — Let f : Y — X be a map of smooth W,,-schemes. By [Ber 3, 2.1.2], if M
is a @gf)—module, then f*M has a structure of a left @}(,v)—module. Ifg:Z—-Yisa
map of smooth W,,-schemes, then there is a canonical isomorphism (fog)* — g*o f*.
There are analogous results for @I(;f;(—modules.
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Proposition 14.2.2. — With the notation above, suppose that M is a @I(,U;( -module.
Then f*M has a natural structure of a .@g@,—module. Moreover, there is a natural
isomorphism of @}?z/-modules (fog)*M = g*f*M.

Proof. — Consider the map of @)(f)—modules F*M — M given by Proposition 13.3.7.
Applying f* we get a map of .@}(,U)—modules

F*f*M = f*F*M — M,
that endows f* M with a structure of @I(;j%,—module, by Proposition 13.3.7.

The verification that the natural isomorphism of Oz-modules (f o g)*M —
g* f*M is in fact a map of @gj)z modules is straightforward. O

14.2.3. — We keep the notation above. Proposition 14.2.2 implies, in particular,
that f* @1(;;( has a canonical structure of left @gj;—module. It has an obvious structure

of right f *1@gj;(—m0dule, and these two actions commute, by functoriality of f*. Thus
o5 is a (20, f 12 )-bimodule, that we denote by 74y _ .
We define a functor
I':D(7g%) = D7)
by the formula
v L — °
JM® =Dy &g, 17 M [y x]

where M* is a complex in D~ (@}v;), and dy,x denotes the relative dimension of Y’
over X.

The derived tensor product may be computed either by taking a left resolution
of .@(Fqg,_) « by (.@g’g,, f *19}%() bimodules that are flat as right f ’1.@$:;(—modules,
or by replacing M?*® by a quasi-isomorphic complex of flat left _@}?;(—modules, if such
a complex exists. It is defined on the entire derived category (rather than the sub-
category of complexes bounded above) because “@gz/_) y has finite Tor-dimension

as a right f _1_@}%{—module (using the fact that Oy has finite Tor-dimension as an
f1Ox-module — see Lemma 14.2.7 below).

Lemma 14.2.4. — There are canonical isomorphisms of (-@gj)za (fo g)’l.@gj}() bi-
modules

~ LL _ ~ _
‘@}(’_"Lj)ZéX - ‘@](‘_’1,))Z—>Y ®g—1@g){/ ) 1‘@1(713)Y—>X - 9157?)Z—>Y ®g_19§;}{/ g 1‘@}(:'1,]2/—>X
Proof. — We have isomorphisms of left @I(T?)Z—modules

; gl(;‘ij)z_)y ®g_1@;‘v%/ 97191(;:2,_))(
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Moreover, it is easy to see that this is also a map of right (f o g)_lggf;(—modules.
L

Thus, to prove the lemma, it remains to show that the complex .@}U)Z_)Y ®g,1@(v)

’ F\Y

g*lgﬁ{’;ﬁ + is concentrated in degree 0. On underlying Oz-modules, this complex is
equal to

L ~ L _ )
TIEy Ogrgw, 9 Dpyox — 0z S0, 97 " D1k

k)

The complex on the right is concentrated in degree 0, since f*.@l(,v;( is flat as a left

Oy -module, because .@g’;{ is flat as a left Ox-module. O
Corollary 14.2.5. — There is a canonical isomorphism of functors (f o g)' —
! !

gof.

Proof. — If M*® is any complex in D(@I(f;() then using Lemma 14.2.4, we obtain
isomorphisms

v L _ _ °
(f 0 9) M®[=dz/x) = 74 x Dyrpage) 9 1M
~ v L — v L 1 p— °
— I(:',)ZHY ®g*1_@;},’§/ g 192’;'*})( ®971f71_@§;,’;( g lf 1M
~ v L — v L — ° ~ el °
=Ry ®y-190), 9 YD _x Dp1ge [ IM®) 5 g M [—dyx).
O
Proposition 14.2.6. — The functor f' restricts to functors
I': Dye(Z7) — Dael Z57)

1" D(2g%) = DY(ZEY)
and
f DY DE%)° — DY) )°

Proof. — The first claim follow immediately from the fact that on the level of Ox-
modules, the functor f' is simply the derived functor of usual @x-module pull-back
f*, composed with a shift.

We prove the second and third claims. Let M*® be in D*(Q}U;(). On underlying
Oy-modules we have ’

4 L L] L (]
P'MO=dyx] = [* Dy © 190 M® = Oy @10, M.

If M* is a bounded complex, then the Lemma 14.2.7 below implies that the complex
on the right is bounded. This proves the second claim. If M® has finite Tor dimension
as a complex of Ox -modules, then the complex on the right has finite Tor dimension
as a complex of Oy-modules, which proves the third claim. O

Lemma 14.2.7. — With the notation above, Oy has finite Tor dimension as an
f~1Ox-module.
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Proof. — Factoring f as its graph followed by a projection ¥ — X xw,_ Y — X,
one sees that it is enough to show the lemma in the two cases when f is a closed
immersion, and when it is a smooth map. In the former case, the result follows from
the fact that f is a local complete intersection. In the second, f is smooth, hence, in
particular, flat. O

14.2.8. — Forgetting the Frobenius structure yields forgetful functors D(@}U;() —
D(@g)) and D(@}vg/) — D(@x(,v)), and the resulting diagram

D(2y%) —= D(2)

J/f! l(f!)g
D(2%),) — D(2")

commutes. (Here we have written (f')? to denote the inverse image functor on

complexes of @g)—modules. Recall from [Ber 1, 2.2.3] that this functor is defined
analogously to the functor f', using the (93(}}), f *1.@§§’))—bimodule f *9;’). In light of
this, the claimed commutativity is obvious.)

14.2.9. — There is an obvious analogue of (14.2.2) for left @I(f,)X—modules. Thus

f*@g)x is naturally a (91(55))/, f_lA@g?)X)-bimodule, which we denote by ‘@g)Y—»{'

We can introduce appropriate derived categories of @(T)—modules, and use the bi-

module Qg)yﬁ « to define a derived inverse image functor f ', The analogues of the

preceding results clearly hold.

14.3. — In this subsection, we will define direct image functors for Qév)—modules

and @g)—modules under a map f : Y — X of smooth W,,-schemes. The bimodules

@gg,ﬂ y and @(T)YH  defined above allow one to define the direct image functor on

right modules. We use the usual trick of tensoring with the canonical bundle, together
with (13.8.7), to define the direct image functor on left modules.

14.3.1. — Let £° be a complex of left @gz,—modules. The tensor product wy ®o, £°
is then a complex of right @I(;}!)Y—modules. We may form the left derived tensor prod-

uct with the (@1(«};))/7 f’lggf)x)—bimodule ‘@g)yﬁx of (14.2.10), to obtain a complex

L
(wy ®o, E°) ® 5 @1(;;)1/%)( of right f_lg(vl)X—modules. Finally, the tensor prod-
Fly ’ ’

L
uct ((wy ®oy €°) @, Q}U!)Yﬁx) ® 10y flwy' is a complex of left fflgl(;g(—

(v
F'Y

modules. Applying Rf. yields a complex of left .@gg{—modules. Thus we obtain a
functor D(@gjz,) — D(@I(;J;()
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14.3.2. — As usual, it is helpful to give a description of the functor defined above
in terms of an (f _1.@1(;2(, 9}?;)—bimodu1e. Lemma 13.9.10 (applied to a resolution
of _@I(;g/HX by (@(T?W f_lﬁgj,?x)—bimodules that are locally free as _@g?y—modules)
yields an isomorphism of right f *191(;’,? -modules

L ) ~ v L .
(wy ®o, E°) ®@1(:!)y @(’?YHX — (wy Roy @(’?YHX) ® 4 E°.

FY

(Here the right ffl.@g},?x—module structure is defined on both source and target
via the right f_lgg?x—module structure on .@g?y_) - That this isomorphism is
compatible with these module structures follows from its naturality.) Thus tensoring
with f~'wy! over f~'Ox, and so converting these right f’lggf?x—modules to left
f _191(;:;(-modules, we obtain an isomorphism

L » _ -
(wy ®oy E°) Do gél?yﬂx) ®f-10x [Tk

~ v — _— L L ]
= ((wy ®oy Dy x) D105 F ") D) €.

The tensor product (wy ®e, 7% ) @f-104 f*1w§1 appearing in the target of

FLY X
this isomorphism is the sought-after ( ffl.@gg(, .@I(,fj;,)—bimodule.

14.3.3. — We will give another description of the bimodule of (14.3.2), which elimi-

nates the reference to @(1?)

Yox Recall that Proposition 13.9.4 yields an isomorphism

‘@gf?X ®(9X w)_(l e g[(«}g( ®0X w)_(la

which respects the commuting left 91(;?) -module and left .@gg(-module structures on
each of its source and target. Applying f* (with respect to the left @F!’ -module
structures) to each of the source and target of this map, we obtain objects equipped
with commuting left @(If)y-module and left f _1@}?;(—module structures, and an iso-
morphism

I (1;3X Qox w;(l) - f*(@g,};( ®ox w;(l)
that respects these left module structures. Tensoring both the source and the target

of this isomorphism with wy over Oy, each of them becomes a ( f_lgé?;{, .@é”;,)_

bimodule, and we obtain an isomorphism of bimodules

wy ®oy (24 ®ox wx') = wy @o, (25 % ®ox wy')-

Clearly the source of this map is isomorphic, as a ( f_l‘@gg(,@g;)—bimodule, to

(wy ®oy Qz(;i)yﬁx) ®t-10y flwy'. We denote its target by _@}?;(Hy.
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14.3.4. — Let @;’LY be the (f_lg)(f), @é”))—bimodule defined in [Ber 3, 3.4.1]. Tt
is clear from the construction that there is a morphism of (f _1.@)(;) ), “@ﬁv))—bimodules
2%, - ‘@I(;g((_y, which induces an isomorphism of ( fflgl(;g(, 2{)-bimodules

f_l%(vvjx Dp190 2% = @gg(HY'

This observation will be important in the proof of the following proposition.

Proposition 14.3.5. — %&hy has finite Tor dimension as a right .@g@, -module.

Proof. — By Corollary 13.6.3 it is enough to show that 9},{};(4_1/ has finite Tor di-
mension as a right 9& ) module. Since @g} is locally free as a right @gg )—module7

the isomorphism of (14.3.4) shows that it is enough to show that _@)(Q)LY has finite

Tor dimension as a right @1(/” )_module. This is proved in [Ber 4]. (It is announced in
[Ber 3, 3.4.3]). O

14.3.6. — We now define a functor f; : D(@}"g,) — D(@I(;g() For any complex
M?® in D(@}f}), we define

v L L]
f+M. = Rf*(gj(«"’;(hy ®@g’{/ M )

That this functor is well-defined follows from Proposition 14.3.5 and Grothendieck’s
vanishing theorem (which shows that Rf, is of finite cohomological amplitude). It
follows from the discussions of (14.3.2) and (14.3.3) that it is naturally isomorphic to
the functor defined in (14.3.1).

Proposition 14.3.7. — Let g : Z — Y be a map of smooth W, -schemes. Then
there are canonical isomorphisms of (g’lffl.@gg(, .@gj)z)—bimodules

~

(v) ~ 1) L (v) ~15(v) (v)
Drxez —9 Drxcy ®g-190), Deyez —9 Dpxy By-19), Dy —z-

Proof. — We prove the second isomorphism first. In order to show that the complex
L
g_lgl(f;(Hy ®g,1@<v) @gjz,&z is concentrated in degree 0 it suffices to check on the
, W, TF,

underlying complex of Oz-modules.
Note that @g);( is locally free as a right O x-module. Indeed, to see this, it suffices

to see that 9)(;)) is locally free as a right Ox-module, and this follows for example
from [Ber 3, 1.3.1], using the fact that @)(?) is locally free as a left Ox-module. This
immediately implies that “@z(;go_y is locally free as a right Oy-module.
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We compute

1)k (v)
9 Drxcy By-19), Dry—z
~L gl L (W) —1
— 9 Dpxey Qyig0) 9 (Zry ®oy wy' ) ®o, wz
~ L _ L
07Dk B yrgp) 9NN B0y wi') Bgrioy wa
-~ L
—g 19}"?;{(—}/ ®g—1(’)y Wwz/y-

Now the final expression is a complex concentrated in degree 0, since we saw above,
that @ﬁfgﬂ_y is a flat right Oy-module. In the second isomorphism of the calculation

above we have used the fact that .@?2, is locally free as a right Oy-module, and
that the pull-back ¢g* appearing in the second line is taken with respect to the left
@)(/”)—module structure on -@1(?”1)/ R0y w;l induced by the right @}(,v ) module structure

on _@}U; (this will also be important below).
Before making the calculation that will establish the first isomorphism, we make

some observations in a more general setting. Suppose that M is a right @gg,—module,
and that £ is a (_@1(7”2,7 @}(,v))—bimodule. Then M ® ) & is aright 91(/”)—module7 and
’ F,Y

& ®o, w;l has the structure of a left @gf;—module, and a left @)(,v) module, with
these two actions commuting. There is an obvious W,,-linear isomorphism

-1~ -1
(M D) &) ®oy wy — M Dy, (€ ®oy wy ).
Both sides of this isomorphism are left Qx(,v)—modules, and one checks immediately

that this is an isomorphism of @5(,1) )_ modules. Applying the pull-back functor g* for
28 -modules, we obtain an isomorphi
Y 5 phism

T (Mg €) S0, w7') g7 M®, g0 0"(E B0, w7").

Applying this isomorphism with £ = 91(;3)/ and M = @1(01,};(&1/ we obtain isomorphisms
of (g_lf_l.@gg(, .@év))—bimodules
—1 ) (v)
) 1@F1,}X<—Y ®g—1@g§/ '@F,YHZ
=9Ik Ly ®g-190), 7 (283 @0, wy') B0, wz
A (7 D) 2) ®oy wih) ®o, wz
s g (FH (28 ®ox wy') Boy wy Boy wi') Bo, wz
= g* (28 ®oy wi) o, wz = Dk g

It is straightforward, but somewhat tedious to check that the composite of the iso-
morphisms above is in fact a map of (g7 f _191(;?;(, @I(;f)z)—bimodules O
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Corollary 14.3.8. — With f and g as above, there is a canonical isomorphism of
functors (fog), > frgs.

Proof. — Let M* be in D(@I(,”)Z) Using the previous proposition we compute

v L L]
(F9)+ M® = R(f 0 9)u(Tx_z D) M®)

™, RfRg(g7 90y & Dy &) M
— Rf.Rg.(g FX—Y ®g—1@;v;, FY—2Z ®91(;>Z )
L RIAD ey By Re(DE) ) &, M) = frgiM®
— Rf( FX<Y ®@1<;§/ 9 ( FY—2Z ®@l<;>z ) = frg+ M*.
0

Proposition 14.3.9. — The functor fi restricts to functors

f+: DYDY) — DY(Z),

Fi i Dge(283) — Dy 2%),
and
o i Dg(283)° — D (D% )°.

Proof. — The first claim follows immediately from Proposition 14.3.5. To prove the
second (resp. third) claim, note that by Proposition 13.6.1, it suffices to prove it for

a complex M*® in D(@I(;jy) that has the form
M =9, @, 0 M* = 93 & w M*
Y @g Y @

where M*® is a complex of quasi-coherent @}(,”)—modules (resp. complex of quasi-

coherent @év)-modules, of finite Tor dimension as a complex of Oy-modules). We
compute

v L v L ) v L L)
FeM® = RETE Xy @y, Dry O M) = RE(T Ky Gg M°).

Now the isomorphism of (14.3.4) shows that the expression on the right is equal to
@D, (F*)" f1M®, where f M* denotes the 2(*)-module direct image. The claims are
local on X, so we may assume that X admits a lifting F' of the absolute Frobenius.
Since F' is a finite flat map, we see that to show the second (resp. third) claim it
suffices to show that fi M*® has quasi-coherent cohomology (resp. has quasi-coherent
cohomology and is of finite Tor dimension as a complex of O x-modules). These results
are proved in [Ber 4] (see [Ber 1, 2.4.2, 2.4.5] for the announcements). O

14.3.10. — The functor f; that we have defined is not compatible with the analo-
gous functor for ‘@1(;’ )_modules defined in [Ber 3, 3.4.3], for general v. Let f_? denote
this latter functor. The inclusion of (.@)((v ), @)((U ))-bimodules “@)(f) — 1(,”;( induces an
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inclusion of (f_lﬁ)(:), @)(/”))—bimodules L @;fly — @%{Hr Thus, we have maps
in the derived category of (f *1@)(;), @g@,)—bimodules

(v)

L 01®02—1(01)0
v v v 1 2 1 2
7% ® -91(& = Dxcy Ogw 2% —

Applying the functor R f.(— @(U) M?*) to the composite of the above maps yields a
map of @;’)—modules
(14.3.11) fIM® — fr Mo,
This map is not an isomorphism in general, but is an isomorphism when v = co. Let
us explain why.

It will be simpler to consider the corresponding functors on right Qg)y—modules.

Let M*® be a complex of right @g)y—modules. We have to consider whether or not
the composite

L . WL
M® @y [1IY) = M® S0 I,
Fly
induced by the sequence of natural maps
IL, & FIP - 92, 2 - o
' @(v) f - g(v) f - f ' X0

is an isomorphlsm. Thus we have to consider whether or not the composite of these
latter maps is an isomorphism. These maps in turn may be written as the direct sum
of maps

v L * r * v * T
(FY DY S 190 = () B 000 19 — f1(F') 2,

as r ranges over the non-negative integers. To see whether or not the composite of
these maps is an isomorphism, it suffices to consider the corresponding sequence of
maps obtained by applying the functor (F")* (since this functor induces an equiv-
alence between the category of left .@)(,v)-modules and the category of left 2{*"-
modules). If we apply this functor (and use the isomorphisms (F T) (F !)T.@}(,U) =
95(/””) and (F*)Tf*(F!)TQ)(f) == fr(F)(FY' 2y = oy (vr) ) we obtain the
sequence of maps

v+r L * v v+r * v * v+r
(14.3.12) Py S [T = W @ 1IY — FrT.

2

For a finite level v € N20_ it is typically the case that neither of the maps appearing
n (14.3.12), nor their composite, are isomorphisms. On the other hand, if v = oo,
then v +r = v, and so both maps are obviously isomorphisms. This proves our claims
concerning the natural transformation (14.3.11).

14.3.13. — If f : Y — X is a morphism of smooth W,-schemes, then we can
define a direct image functor for complexes of ng)y—modules. Again, it admits two
descriptions. In the first description, we convert from left modules to right modules.
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More precisely, if £° is a complex of left @gf)y—modules, the direct image functor is
defined as

L . 1 -
£ = RE((wy ®0y %) Sy Tiiyx) @105 705"

In the second description, we introduce the (f ~1g9W) .@g)y)—bimodule

F' X0
@gf?x_y = wy oy f*(.%(pv!?x ®ox wx') — wy Roy f*(-@fmv;g ®ox wx')
(the isomorphism being induced by the isomorphism of Proposition 13.9.4), and con-
sider the functor
v L [ ]
£ RE(Tpxy By £°).

Considerations analogous to those of (14.3.2) shows that these two functors are nat-
urally isomorphic, and the obvious analogues of the preceding results hold for these
functors.

14.3.14. — There is one respect in which the direct image functor for @g)y-
modules is better behaved than that for Qéfz,—modules. Namely, it is compatible

with the direct image functor f_? on .@}(,U)—modules. To see this, it is easier to

consider the direct image of right .@gjgf—modules. Considerations analogous to those
of (14.3.10) shows that we have to consider whether or not the composite

14.3.1 W), & 9, ) ) = o)
(14.3.15) by Qo ["Dx = Dpy @uw ["Ix" = [ Dpx

is an isomorphism. If we work locally on X and Y, we may assume that both X and
Y are equipped with a local lift of Frobenius, compatibly with the map f. We may
then rewrite the sequence of maps as

v) L * v
(14.3.16) Ory ®oy .@}(/) ®@$) f .@)(()
— Ory ®oy 93(/1]) ®@§/@) f*@&)) — [ (Orx Qoy .@g(v)).

Since Opy is locally free as a right Oy-module, and since there is a natural isomor-
phism Opy — f*OF x, we that both maps in (14.3.16) are isomorphisms, and thus
that this is also true of both maps in (14.3.15). This establishes our claim.

14.3.17. — Let us note one final compatibility. If £° is a complex of left .@(??Y—
modules, then there is a structural morphism of left @1(/” )_modules £* — F*E*. If we
forget the left Qéf?y—module structure on the members of £°, and merely remember
this map as a map in the derived category D(@é,v)), then we may regard £° as an
F - @1(;’)—complex7 in (an obvious modification of) the sense of [Ber 1, 5.1.1]. It is
easily checked if £® is an F — @}(,U)—complex, then the direct image ff £ is again an
F— 9& )—complex in a natural fashion. (The corresponding fact for F'— .@é—complexes
is observed in [Ber 1, 5.1.2]) We leave it to the reader to check that the direct image
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functor on complexes of @;ﬁ)y—modules that we have defined is compatible with the

forgetful functor to F' — 91(/")—complexes7 and the direct image functor ff acting on
such complexes.

14.4. — In this subsection we will construct a trace map, which is the key to the
adjointness of fy and f' for proper f, proved in (14.5). This adjointness plays a key
roles in showing that the Riemann-Hilbert correspondence constructed later respects
direct images.

As usual, the construction of the trace map is one of the most delicate points in
the theory. We begin with the following result, about Zf x-modules

Proposition 14.4.1. — Let f : Y — X be a proper map of smooth W, -schemes.
There is a map in the derived category of right P x -modules

Rf.(wyldy] $ap.y [*Prx) — wxldx].

Proof. — The proof will proceed in several steps, and is partly inspired by the tech-
niques of Virrion [Vi 2]. We begin by recalling some results about the unnormalised
bar resolution. O

14.4.2. — Let A be a commutative ring, and B an associative, unital A-algebra.
We denote by i : B®4 B — B the multiplication map.

Recall that the unnormalised bar resolution of B, Ce(B), is given in degree —n
by C,(B) = B®™+2) for n > 0 with the differential d : B®("+2) — B®(+1) given
by d = E;:Ol(—l)idi where d; = id®" " @ p ® id®". Here all the tensor products are
taken over A and B®" = B4 B®4 -+ @4 B.

The augmentation map u : B®2 — B makes Co(B) into a left resolution of B by
(B, B)-bimodules. In fact, the map B®" — B®"*l given by by @+ @b, — b1 ®---®
b, ® 1 is a contracting homotopy for the augmented complex Co(B) — B viewed as
a complex of left B-modules. Thus, if M is a right B-module, then M ®p Co(B) is a
resolution of M by right B-modules. We also have the analogous statement for left
B-modules.

Finally, suppose that B is flat over A, and that N is a left B-module that is flat
over A. Then we have isomorphisms in the derived category of left B-modules

BEMH2) & N, el § N 7, pRmtl) g N, BRm+2) g N

It follows that M ®p Ce(B) ®p N computes M é]éB N.

We will use the above considerations, in a sheafified situation. Namely, we will
usually take A = Ox, and B either Zx or ZF x.

The reader who wishes to compare our calculations to those of Virrion [Vi 2]

should note that the complex C.(@gg)) ® 5 Ox, which is a resolution of Ox by left
X
@)(;j )-modules, is closely related to the “dual Cech-Alexander” resolution of Virrion.

14.4.3. — Recall that for any map g : X; — X of finite type W,,-schemes, there
exists a functor g2 taking residual complexes on X5 to residual complexes on X1, and,
if g is proper, a morphism of functors g.¢g* — id [Ha 1, VI]. The functor ¢g* realises,



198 14. DIRECT AND INVERSE IMAGES FOR 2{'\-MODULES

on the level of complexes, the functor g' on the derived category of quasi-coherent
sheaves (when applied to residual complexes) [Ha 1, VI].

The A-pull-back construction is compatible with composition of morphisms. More
precisely, for (composable) maps h1, ho between W,,-schemes, there is an isomorphism
Chy hy ¢ (R10h2)® = h5h% [Ha 1, VI 3.1].

For any (not necessarily smooth) W,-scheme X, we set Kx = p5W,, where
px : X — SpecW,, is the natural projection. The compatibility of A-pull-back with
compositions implies that Kx is equipped with a costratification. (We are using here,
and will use frequently below, the fact that f' and f® coincide as functors on residual
complexes when f is a finite map.) This implies that if g is as above, then ¢* Kx,
depends only on the reduction of g modulo p up to canonical isomorphism. Thus,
g9° K x, makes sense, even if g is only defined modulo p, provided that g has a lifting
locally on X; and X,. Moreover, in such a situation g* Ky, is still equipped with a
costratification, because the isomorphisms ¢, p, satisfy an “associativity” property
for the composition of three maps [Ha 1, VI 3.1, Var 1)]. The same property implies
that cp, n, exists, even if hy and hy are only defined modulo p, as long as h; and hs
are locally liftable.

In particular, if X admits a local lifting of the absolute Frobenius, then F'2 Ky is
a well defined complex on X, equipped with a costratification. We also have a map

iy Kx = py W = py FAW, <5 FOp4 W, = FOKx.
That this map respects costratifications follows from [Ha 1, VI 3.1, Var 1)]. Similarly,
if X7 and X5 admit local liftings of Frobenius, then loc. cit. implies that the maps

-1
C. FOC
A PX F,px
9 VK,

/(/)QAKXQ : gAKXQ — gAFAKXQ L) FAgAKX27
and the isomorphisms
Kx, = p&,Wn — ¢°p%,Wn — ¢*Kx,
are compatible with costratifications, and with the maps ¢¥x,, and Ygapy, -

If X, is smooth these observations translate, via [Ber 3, 1.1] and Proposition
13.5.4, to say that Ky, and g*Kx, are right Pr,x,-modules, and that there is an
isomorphism of right Zp x,-modules Ky, — g Kx,.

If X is smooth, then Kx is the unique residual complex quasi-isomorphic to wx [dx]
[Ha 1, VI, §1]. It is a resolution of wx[dx] by injective O x-modules. The definition of
the right ZF x-module structure on wx = p W, [—dx] in [Ber 3, 2.4.2] and Corollary

13.5.6, using costratifications, shows that Kx is actually a resolution of wx|[dx] by
right Zr x-modules.

14.4.4. — Let f: Y — X be a map of smooth W,,-schemes. By (14.4.2), the (total
complex of the) complex of right f~' Zpy-modules Ky ®g,. , Co(Zry) Qs [*Pr,x

represents Ky &)@RY f*Pp x. Following [Vi 2], we will interpret this complex in
terms of residual complexes.

Fix an integer k& > 0. For each positive integer r we denote by Py (k) (resp.
(k)) the nilpotent neighbourhood of order r of the image of Y in Y**1 (resp. Y*x

Pyx
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X.) (cf. [Vi 2, 1I 2.1]). Since the above are regular closed immersions, the structure
sheaves Py (k) and Py, (k) of Py (k) and Py (k) respectively, are locally free of
finite rank when considered as Oy-modules via the first projection to Y [Ber 2, 1.5].
By definition [Ber 2, 2.2], we have
Py = lim Home, (Py (1), Oy ),

where the Hom,, . is taken with respect to the left Oy-module structure on Py (1).
Similarly, we have

[*Zx =lim f*Hom, (P%(1),0x)

— lim Home,, (f*P% (1), Oy) — lim Home, (Py,x (1), Oy)

r r

Here we have used f*P% (1) — Py, x(1), which follows easily from the results of
[Ber 2, 1.5].
Next we have

(Zy)®ov® =5 lim Home, (P (1), Oy)®* =5 lim Homy,, (P} (1)¥%, Oy),

T r

where the second isomorphism is given by

f1®...®fk|—>f1o(1®f2)~-~0(1®k_1®fk)~

Finally for r, 7', k, k" > 0 there is a natural map P{,Jrr/(k +E) = Py(k) @0, Py (K),
which becomes an isomorphism after applying Hom,,,, (-, Oy) and passing to the limit
over r and 7’ (cf. [Ber 2, 2.1.4] and [Vi 2, IT 2.1.1]). Thus we obtain isomorphisms

(Zy)®* == lim Homg, (P} (1)%%, Oy) = lim Home, (P (k), Oy ).

s T

Similarly, we have
PP oy [*Px 5 lim Home,, (P (1)%F ! @0, Py (1),0y)

— lim Hom, (Pyx (k), Oy ).
For i = 0,...k — 1 denote by p["* (resp. p"*') the map from Py (k) (resp. Py« (k)
to Y induced by the projection from Y**! (resp. Y* x X) to the (i + 1) factor. We
have

(144.5) Ky ®0, 2% 5 lim Ky ®0, Hom, (Py(k), Oy)

= lim Home,, (P (k), Ky) = lim pgl py ¥ Ky
and similarly
(14.4.6) Ky ®o, @gk—l R0y D N liglpg,*k/pg,k/!KY.

T
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Next, we introduce pull-backs by Frobenius. For this it will be convenient to
remark that PJ (k) is also the nilpotent neighbourhood of order r of the diagonal
Y — Y**+1/SpecZ, when the product is taken over SpecZ. This follows because the
residue field of W, is perfect, and p is nilpotent on W,,, which implies that the ideal
sheaf of the inclusion Y**! <« Y*+1/SpecZ is equal to its own square. A similar
remark applies to Py, v (k),

Let s = (so,51,...,8¢—1) be a k-tuple of non-negative integers. If F' is a local lift
of Frobenius on Y, then we have maps

FP0x F®1 x...x FPk—1 xid
—

Y** /Spec Z Y+ /Spec Z.

and
FP0x F®1 x...x F°k—1xid
—

(Y* x X)/SpecZ Yk x X/SpecZ.
The remarks of the previous paragraph imply that these induce maps Py, (k) — Py (k)
and Py, v (k) — Py (k), which we also denote by F'® x F*t x - x F*=1 x id.

As usual, if M is a quasi-coherent sheaf on PJ(k), which is equipped with a cos-
tratification, then (F® x id)'M is independent of the choice of F up to canonical
isomorphism, so that there is a well defined sheaf on (F% x id)'M on P} (k) even if
no lift F' exists. Similarly, if M is a quasi-coherent sheaf on P / +(k), equipped with

a costratification, then (F2 x id)'M is a well defined sheaf on Py x (k).
We write F=* 23 for the pull-back of 2% (resp. 285 @0, f*Px) by (F*®---®
F#r=1)*_ The k-fold product Ky ®o, @?k has k& commuting structures of right %y--

module corresponding to the k ways of writing it as the product of a left Zy-module
and a right Zy-module. (More precisely,for each i between 1 and k we write

Ky ®o, 78" = (Ky @0, @+ ®0y, Zv) oy (Py ®oy -+ @0y Dy),

where there are i — 1 copies of Py in the first bracketed factor, and k —i+ 1 copies of
Py in the second bracketed factor. We regard the first factor as a right Zy-module
via the Zy-action on its right-most factor, and the second factor as a left Zy-module
via the Zy-action on its left-most factor. The indicated factorisation then equips
Ky ®oy @{?k with a right Zy-module structure. We ignore for the moment the
right Zy-module structure induced by the last factor in the product). We denote
by F*'(Ky ®o, 2") the pull-back of Ky ®¢, Z¢" by F*' @ ... @ F*-1'. In other
words, we pull back .@f?k by F with respect to its i+ 1%t right Zy-module structure.
The result is independent of the order in which one applies these pull-backs.

Now for i = 0,1...k — 1 set t; = Z?;il s;j. Using (14.4.3), (13.8.4), (13.5.2) and
(14.4.5) we compute

(14.4.7) Ky ®o, FZ*28% = (FY Ky ®¢, F&P2"

= (F)HKy oy Z9%) = lim ppl (F x id) py ™ Ky
Similarly, we obtain an isomorphism
(1448) Ky ®o, F¥(23" @0, [*7x) = lmpg,” (Ft x id)'pj ™" Ky

T
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14.4.9. — We are going to construct a map of complexes of right Z x-modules
(14.4.10) [«(Ky ®9py Co(Zry) ®@apy [*Prx) = Kx Qg5 x Co(Prx).

The calculations of (14.4.8) show, in particular, that the argument of the functor f.
above is a double complex whose terms are acyclic for f,, since they are direct limits of
push-forwards by finite maps of terms of residual complexes on certain thickenings of
Y. (Here we are again using the fact that (-)' and (-)® coincide on residual complexes
when (+) is a finite map.) Thus, according to (14.4.2) such a map induces a map in
the derived category of right Zr x-modules

(14.4.11) Rf.(wyldy] é%y [*Prx) — wxldx]

as required by Proposition 14.4.1. We construct the required map by specifying it
term by term. Let k be a non-negative integer. In degree —k we have

(14.4.12) Ky ®g,y C_(Pry) @25y [*Prx — Ky ®0, D55 @0y [*Drx
;) @KY ®Oy F§*(@§k ®Oy f*@X)

where s runs over k + 1-tuples of non-negative integers. Similarly we have

(14.4.13) Kx @y C_x(Prx) — @KX ®oy F(2EF)

Applying (14.4.8), and (14.4.7) with X in place of Y, we see that it suffices to
construct for each ¢ as above, a map

(0410) L i) g Y Ky ) — g i) Ko

where p:’k" denotes the analogue of the map pz’k but with X in place of Y. At this we
have replaced ! by A in the notation to emphasise that we are dealing with residual
complexes. (Recall again that these two functors are, by definition, equal for finite
maps.)

Now let fmF : P{}/X

ko

x T xkt1 e isomorphism py* ™ o frE+tl = f o plF Y vields an isomorphism
of functors pyF ™" o fIFTE = f, 0 prFtY . Thus, to construct the map of (14.4.14), it

is enough to construct a map

(14.4.15) PR xid) 2 pp e Ky — (FE < id)2pp A Ky

(k) — P%(k) denote the map induced by the projection Y* x

By the adjointness between fI'** and f"*+12 and using the isomorphism Ky —

2 Kx discussed in (14.4.3) this means we have to construct a map (which will turn
out to be an isomorphism)

(14.4.16) (FLx id)2ppF Ve FO K — frk+is (Pl id)2pr A Ky
Now after reducing our whole situation modulo p we have

FoppFt o (Ft xid) = pp*™ o Ft x id o f7F+1,
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(of course F* x id only exists globally modulo p) so the discussion in (14.4.3) and
[Ha 1, VI 3.1, Var 1)] shows that there is indeed an isomorphism between the two
sides of (14.4.16).

14.4.17. — So far, we have constructed the map (14.4.10) as a map of graded
sheaves. We have to check that this is a map of complezes of right Pr x-modules.
We first verify that (14.4.10) is compatible with differentials. For the differentials
coming from Kx and Ky this is immediate from the functorial properties of our

construction. The differentials coming from the complexes Co(Zry) and Co(ZF x)

can be written as d = Zfzo(fl)idi corresponding to the analogous expression in

(14.4.2). We will show that each of the d; commute with the map of (14.4.10). Our
technique for doing this involves giving a geometric interpretation to the differential
in the complexes appearing in (14.4.10) (here we always mean the differential coming
from the complex Co(ZF,y ), and not from Ky ). The required compatibility will then
follow from functorial properties of the trace map for residual complexes.

Before doing this, it will be convenient to slightly reinterpret the isomorphism
(14.4.14). Note that by [Ha 1, VI 3.1, Var 1)] the isomorphism (14.4.16) fits into a

commutative diagram of isomorphisms

(14.4.18) (Ftx id)2py" e fo Ky —> fri+1s (Ftxid)2pp" " K x

o |

mk+1/A pA tgn k+1a,,mk+111A mtga
Py JOF Kx fr’+po F"®Kx

So via the isomorphism given by the left hand vertical map (14.4.15) corresponds to
the map

:,k+1p8,k+1/AfAFtoAKX -~ f:,k+1fr,k+1Ap6,k+l AFtoAKX
tr .. "
g pg,k-i-l b ptod e
where t7¢rx+1 denotes the trace map for residual complexes [Ha 1, VI 4.2].

For i =0,...k, the map d; is obtained by contracting the i+ 1" and i+ 2" term in
the product Ky ®o, _@%@ ®oy, Prx (resp. Kx ®oy @%ﬁ(ﬂ). We begin by showing
that (14.4.10) is compatible with d; for i = 1,... k. Let p; : Py (b +1) — Py (k)
(resp. P%(k+1) — P%(k)) denote the map induced by the map Y**1 x X — Yk x X
(resp. X**2 — X)) obtained by omitting the i + 1'% factor.

We begin by showing that (14.4.10) is compatible with d; for ¢ = 1,... k. For such
1, we have a map

(14.4.19)  ppltpht e AR A K s pot piapf py" O FOFA K x

Wy pk r kA oA toA
— Pox Po fOF°Kx.

An unwinding of definitions shows that, via the isomorphisms (14.4.7), (14.4.8), and
the isomorphism induced by the left vertical map of (14.4.18), d; is obtained by
summing (14.4.19) over t and passing to the limit over . The compatibility of d; with
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(14.4.10) now follows from the commutativity of the following diagram of functors
applied to the residual complex F2 Ky :

TkJrl Tk+1'A A ~ r,k+1” rk+1 k41 T,kJrl”A
f+po fo—np A A )

Po 0x
~ \LtTfr,k-H
Fortl paepf "o £ i ppketa
s J{N
rk' rkA A ok N A
f*po* Po f pO* Mz*ﬂl Py

~

k" T,kfr’kA r k' A
0

(0F3 *
t"'fr,k
r k" k" A
pO* pO

The commutativity of this diagram follows from the compatibility of the trace map
for residual complexes with composition of maps [Ha 1, VI 4.2, TRA 1)], applied to
L © fr k _ fr k41 o 1.

It remains to show that (14.4.10) is compatible with dg. We have maps

(14.4.20) pyitVppttla oot |y s ppk ke paptos pe
r k417
Pox gy

~ k k K
S TR pr ptos o o K b pl A FOY Ky
trug pr k_r, kAfAFtOAK

Here ey is the map pg’kH/AfAFtoAKX = pg’kH/AfAFtoﬁKX obtained using the
costratification on f2F*%2 Ky, while the second isomorphism is simply the fact that
all the projections p:’kﬂ are homeomorphisms. Unwinding definitions shows that
dp is obtained via (14.4.7), (14.4.8), and (14.4.18) by summing (14.4.20) over ¢, and
passing to the limit over r. The compatibility of dg with (14.4.10) now follows as before
from the compatibility of the trace with composition of maps applied to g o f™* =
Tkt o 1o, together with commutativity of the following diagram

rk+1'A pp g ~ k+1a,,mk+1" A mtga
Po fFOKXHfT’ero F"*Kx

l” iax

rk+1'A rk+1" A
] fAFtOAKX S fr,k-i—lApl FtoAKX
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The commutativity of this diagram follows in turn from the definition of right 2-
modules structures on F2 Ky and f2F2Ky, discussed in (14.4.3), together with
[Ha 1, VI 3.1, Var 1)].

Finally, we have to show that (14.4.10) is a map of right Zr x-modules. Since the
method for this is largely the same as the proof that (14.4.10) is compatible with d;
fori=1,...,k we will only sketch it. First, just as we constructed (14.4.10), one can
construct a map

(14.421)  fu(Ky @95y Co(Zry) @apy [*Drx @p-105 [T Drx)

— Kx @9y Co(Zr,x) ®0x Drx
This is done by interpreting the left (resp. right) hand side of (14.4.21) in terms of
residual complexes on nilpotent neighbourhoods of the image of ¥ in Y* x X x X
(resp. X¥*+2), and applying the trace for residual complexes.

The same argument that showed the compatibility of d; with (14.4.10) for i =
1,...,k shows that (14.4.21) and (14.4.10) are compatible via the maps px+; which
contract the last two factors Zp x in the left and right hand side of (14.4.21). However,
the compatibility of the trace map with base change shows that (14.4.21), is nothing
but the map (14.4.10) tensored by ®o, Zr x. Thus, the compatibility of px+q1 with
(14.4.10) and (14.4.21) becomes the compatibility of (14.4.10) with the right Zp x-
module structures.

This completes the proof that (14.4.11) is a map of complexes of right I x-
modules, and hence the proof of Proposition 14.4.1.

Corollary 14.4.22. — Let f : Y — X be as in Proposition 14.4.1, and v € NU{oo}.
There is a map in the derived category of right ‘@g;-modules

]:L v
Rf(wyldy] g0 F23%) — wxldx].

Proof. — We have the following maps in the derived category of (Zpy, f _1@1&3{)-
bimodules

L L L
v
Dry R ) f*@fw%g = Dry Quw) ["Prx — Pry Qopy [ Prx.
2, , 2, :

Here the second map is induced by the derived category analogue of the morphism
Ryw) — Qopy of bifunctors on the category of Zry-module. We leave it as an
FY ’

exercise to the reader to check that this map really induces a map of functors on
derived categories (Hint: The fact that any quasi-coherent Oy-module is a quotient

of a locally free one implies the analogous fact for 7y and @g’g/—modules.) Applying

L
the functor Rf.(wy|[dy] ®2,, —) to the composite of the above maps yields a map
of right f~'Zr x-modules

L L
Rf(wyldy] g0 F25%) — Rfu(wyldy] Gopy [*Drx).

Composing this map with the map of Proposition 14.4.1 yields the map of the corol-
lary. O
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14.4.23. — We end this subsection by explaining a compatibility between the mor-
phism of Corollary 14.4.22 and the usual trace map. Namely, we have a commutative
diagram in the derived category of O x-modules

Rf.(wy[dy]) — > wx[dy]

|-

L v
Rfo(wy[dy] Gy 73)

|

L v
Rf*(CUY[dY] ®@1(;)§/ f*@év}()  —— wX[dX]

Here the top map is the usual trace map of coherent duality theory, while the bottom
one is given by forgetting the right .@l(wv;(—module structures in the map Corollary
14.4.22. ’

The construction of Corollary 14.4.22 shows that to check the diagram commutes
it is enough to handle the case of Zry-modules. In this case, we have maps

(14.4.24)  fu(Ky @9,y Co(Zry)) — [+«(Ky @21y Co(Zry) @py [*Pr x)
— Kx ®g, x Co(Zrx)

with the second map given by (14.4.10) Now the discussion of (14.4.2) shows that the
first term in (14.4.24) is a resolution of f.(Ky ), while the third is a resolution of K x
(note that the terms in all our complexes are acyclic for f.). We have to check that
the diagram

[«(Ky @95y Co(Zry)) — [«(Ky)

i(14.4.24) itrf

Kx ®9p x Co(Zr,x) Kx

commutes. For this we only have to examine the effect of (14.4.24) on the term
[+«(Ky ®@ap, Co(Zry)). So we have to check the commutativity of the following
diagram

[«(Ky ®oy Pry) — [«(Ky)

|

[+«(Ky ®oy f*Pr x)

|

Kx ®ox 9r,x Kx

The commutativity of this diagram follows by an argument similar to the one we used
in (14.4.17) to show that (14.4.10) was compatible with dy. In particular, it is based
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on the compatibility of the trace for residual complexes with composition of maps,
and the commutativity of the diagram

Pr) 2y

|

Py x(1)

f‘r',l
pﬂl/l

1

Py(1)——X
14.5. — In this subsection, we will use the trace map constructed in (14.4) to show

that f, is right adjoint to f', for f a proper map of smooth W,,-schemes.

Proposition 14.5.1. — Let f : Y — X be a proper map of smooth W, -schemes.
There is a canonical map in the derived category of (@1(;;(7 @gj}()-bimodules, called
the “trace map”

f+f!9$f§( - @1(:;(
Proof. — We begin with a lemma.

Lemma 14.5.2. — Let f :' Y — X be a map of smooth W,-schemes. If M is a
right @}(,”)—module, and & is a left @gg)—module then there is a canonical isomorphism
of right f_lgg)—modules

(14.5.3) (M oy 7€) @y oY = M ®ge F9Y @0, fFE.

If M is a right 91(;:2,—module, and & is a left Q(Q)X—module, then there is a canonical

isomorphism of right f_l.@gg( -modules
(1454)  (MGoy ['€) @y [*Tpx — M& 0 [T @10 f7E.

Proof. — Let M be aright 93(}’)—module7 and & aleft @gf)—module. We define (14.5.3)
to be the composite of the natural isomorphisms

(M &0, F€) Dy 1L 5 MO0 (F€ 90, )
id®f g !
T M@, [(E R0y 7)) T Mo, (7Y oy €)
S M@oy ROV @50, [TUE,

with the first isomorphism being provided by Lemma 13.9.8, and where v, 1is the
inverse of the transposition isomorphism of [Ber 3, 1.3.3]. By virtue of the naturality
of the isomorphisms of Lemma 13.9.8, this isomorphism respects the right f ’19)(;1 )
module structures on its source and target.
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To construct (14.5.4) note that we have an isomorphism of (@gﬁgﬂf_l@)(;}))-
bimodules f*@l(,fg( = @}“{V ®@§;)> f*@)(g). Thus as a right fflﬁ)(;)—module the left
(resp. right) side of (14.5.4) is isomorphic to the left (resp. right) side of (14.5.3).

We define (14.5.4) by requiring that on underlying right f_l.@g)-modules (14.5.4)
reduces to (14.5.3) via the above isomorphisms.

We claim that the resulting map, which we will denote by y, respects the right
f719r x-module structures on the two sides of (14.5.4). To see this, note that, by

the functoriality of our construction, if M" — M is a surjection of right @gz/—modules,
then it is enough to check the claim with M’ in place of M. Thus, we may assume
that M is a locally free Qévé—module. Moreover, we may work locally on X and Y,

so we are reduced to the case M = @I(;v;/ Again, working locally on X and Y we may
assume that there exists lifts F' of the absolute Frobenius to X and Y respectively,
and that these lifts are compatible with f: fo F'= F o f.

Let 1® e ® 1 be a section of the left hand side of (14.5.4), with e a local section of

&, and let ¢ : £ — F*E denote the map defining the @gf) -pre-module structure on

E. Write ¢(e) = aFe’, with a a section of Ox, and €’ a section of £. We again denote
by e the image of e in f*£, and similarly for a and €’. A simple calculation shows

that in (M @0y, f*€) ®,0) [*Ix, we have (1® e ® 1)F = aF ® e ® 1. Thus, we
FY ’
compute

X(1®e®1)F = (191®e)F = 10aF®e = aF®1®e = x(aFRe®1) = x((1®e®1)F),

where in the fourth equality we have used that, by functoriality, x is @gz/—linear
(when M = 9}”2,) Using this linearity again, and the fact that we already know

that x is a map of right f *19§§’)—modules, we find that for any local sections m and

0 of M and 91(;1;( respectively, we have
x(m®e®1)d=x(Mme® ).
Thus for any sections 0, 02 of Zr x we have
X(m®e® )02 =x(M®e®1)0102 = x(m & e ® 0102).

Since any local section of (M ®@, f*E) ® ) f*@l(pvg(, can be written as a sum of
F.Y ’

sections of the form m ® e ® d;, this shows that x in indeed a map of right f~!Zp x-

modules. O

14.5.5. — To prove Proposition 14.5.1, we will apply the above lemma with £ =
9}1};( R0y w)_(l, where the pull-back f*€ is to be computed with respect to the left

@)(f ) module structure on @;,U;{ R0y Wy obtained from the right @g)—module struc-
ture on @g’;(

Note that if M is a right 9}?2,—module, that is locally free as a right 9}(}’)—module7
then M ®o, f*€ is locally free as a right @)(,v)-module7 for example by using the
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isomorphism 7y«¢. It follows that M ®o, f*& is acyclic for the functor ® ) f* @1(?1);(7
FY ’
because on underlying ‘@}(,v)—modules this functor is simply @, f *@ég)). Similarly,
Y
M itself is acyclic for the functor ® ) f*@gj;(. Thus, if we take a resolution of
FY ’

wy by locally free right .@I(;jz,—modules (which are, in particular, locally free as right
@év)-modules), and apply (14.5.4), we obtain, using the functoriality of (14.5.4), an
isomorphism in the derived category of (9}”}0 Q}fk)bimodules

v * L * v
(145.6)  f1f' 2% = Rf((wy Boy [7€) g F* T4 ldy)x])
~ L «yv) L —1
— Rfwy @y ["Ppx @p-10x [ Eldyx])

~ L o) .« L
= Rf(wyldy] @500 ' I(%) oy E[—dx]

Composing with the trace map of Proposition 14.4.1, we obtain maps in the derived
category of (_@I(f;(, @I(;g()—bimodules

Fol' D% — wxldx] ®ox (Trx ®oy wih)—dx] > 2Lk

The composite of these maps yields the map of Proposition 14.5.1.
O

14.5.7. — The map of Proposition 14.5.1 satisfies a certain compatibility with the
usual trace map for quasi-coherent sheaves. To explain it, note that on the level of
(Ox, Ox)-bimodules, we have

F+ZEvldy x] = REF (TR ®ox wx') @0y wy)ldy/x]

= P oy Riu(wyyxldy/x]) = 2% @0y Rf.f5.0x,
where we have set wy,/x = wy Qo f *w;{l, and written f,;c to denote the functor that
is normally denoted f' in the duality theory of quasi-coherent sheaves. Then we have
a commutative diagram in the derived category of (Ox, Ox)-bimodules

(14.5.8) F+ P80 ldy)x] —= 2% @0y R fhOx — D0k
Fof' 2 D%

where the second map in the top line is given by tensoring the trace map of quasi-
coherent duality theory by QI(JU;(, the vertical map on the left is given by shifting

the projection 91(;’2, — f*.@,(;f}( by [dy,x], while the map on the bottom is that of
Proposition 14.5.1.
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To verify that the diagram commutes we begin by noting that for any @;’ ) module
& we have a diagram

—1
’Yf*g

9P @0, f1€——> D @10, L€

FE®o, 2

|

fE®o, ¢

\L A

£
FHE@oy DY) "> (2 @0, €) — > "Px ®p-10, [TIE

The commutativity of this diagram can be seen either via an explicit local calculation,
using the local formulas for the maps v¢ and 7«¢, or, more easily, by using strati-
fications, and the definitions of the maps v¢ and vs+¢ in [Ber 3, 1.3.1]. Using the
diagram above, we easily deduce the commutativity of the following diagram, where
the notation is that of Lemma 14.5.2:

(14.5.9) M®o, f*E M ®p, f*E
(M oy f*€) @y Ty M&g0 Dpy ©oy €

. v o (v) (14.5.4) . (v B
(M@0, [*E) @y f 9% =M@y f D% @p-10x FTIE
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Now consider the following diagram, where we write £ = Zp x ®o w;(l :

f+91(vqj2/[dy/x] f+fI@,(vqj;(

v L
Rf*(gf(f’,;(«—Y Ozp.y f*-@F,X[dY/X])

l(14.5.4)

L L
Rfs(wy ®oy f*Eldy/x]) — Rf.(wy B, f*.@(ﬁ,@( Q105 [TE)[dy)x]

lw

Rfi(wy ®oy f*E[dy;x])

Rf.(wyldy/x]) ®oy € (14.4.1)
itT’f@)l
wx Box € wx ®ox €

(where the labels indicate the result we have used to construct the relevant map). If
we identify wx ®o, € with @1(;3(7 then the boundary of the above diagram can be
identified with the diagram (14.5.8). The above diagram commutes, because the top
rectangle commutes by definition, the middle rectangle commutes because (14.5.9)
does, while the bottom rectangle commutes by the discussion in (14.4.23).

Lemma 14.5.10. — Let f : Y — X be a map of smooth W -scheme, let M*® be in
Dgc(@gg,), and let N'* be in Dgc(@gg,). Then there is a natural map

Rf*RHom@(Fvi/ (M N®) — RHom_@;u;( (f4M®, fLN®).

Proof. — This is the analogue of Proposition 4.4.2, and the proof is formally identical,
the main point being the construction of enough objects that are acyclic for the
operations of tensoring by certain bimodules. O

Lemma 14.5.11. — Let N'* be in D(;C(_@I(;g(), and f 'Y — X a map of smooth
W,-schemes. There is a canonical isomorphism

~ 1 v) L °
Fof' N 25 fLf o D N

Proof. — Consider first a bounded above complex of (f *1.@1(;3(, *1.@;};{)—bimodules

M?*. We may assume that N'® is a complex of locally free ‘@gg(—modules. Then using
the projection formula we compute

REM® S,y f7N®) = RE(M® @y fTN)

N L
— Rf.(M®) ®@1(;y)x N°.
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The lemma now follows from the above isomorphism, if we take
o _gl) & i) _ o) & (v)
M* = '@F?XHY D) [P0 x =Prx vy ®@1<;§, -@Fq,jyﬂx'
O

Theorem 14.5.12. — Let f : Y — X be a proper map. If M* is in DZC(QI(;’);) and

N*® isin Dgc(@g’g{) then there is a canonical isomorphism
Rf.RHom ) (M®, f'N*) = RHom ., (ftM*,N°®).
F,Y F, X

Proof. — We begin by constructing the required morphism. Combining Lemmas
14.5.10, 14.5.11, and Proposition 14.5.1, we obtain natural maps

M® fIN*®) — BHom,, (f+ M, f+f'N*®)
! v L () ° (]
R RHom@(F&(ﬁM',fg-@}}( Dy, N*) = RHom o (F+M®N*).

We have to show that this map is an isomorphism.
For this, we may assume that M is a complex whose term in degree i € Z are of the

form 9}”2/ ®p, M" with M? a locally free Oy-module, and M*® = 0 for i sufficiently
large. Indeed this follows from the fact that M is represented by a complex of quasi-
coherent @Sjg,—modules, by Bernstein’s theorem, and the fact that any such module
is a quotient of one that is of the form 9}”2, ®o, M with M locally free.

Let 0 € Z. We have the “brutal truncations” M< and M2, and an exact triangle

MZ7 = M® — M7 — M=71].

Fix an integer i. Since the functor f, has finite cohomological amplitude, we can
choose ¢ small enough that if we replace M*® by M<? in (14.5.13), then the coho-
mology of both sides of the resulting morphism vanish in degree > i. Thus, to show
that (14.5.13) induces an isomorphism on cohomology in degree 4, it suffices to show
it with M2 in place of M®. Finally, by dévissage we are reduced to the case where
M?* is a single .@g’g,—module in degree 0, of the form M = 9}}’% ®oy M with M a
locally free Oy—mddule. In this case we have

(14.5.14)  fr M 5 RE(f (20 ®oy wy') @oy wy ®oy M)
— —@1(7”;( ®ox Rf(wy/x ®o, M),
and hence a commutative diagram

Rf.RHomy., (M, f*N*[dy,x]) — RHomy  (Rf.(wy/x ®oy M),N*®)

- -

Rf.RHom_ ) (M, f'N°*) _ (4519 RHom, (f+M,N*®)
@F,Y @F,X



212 14. DIRECT AND INVERSE IMAGES FOR 2{'\-MODULES

Here the right vertical map is deduced from the isomorphism (14.5.14). The compat-
ibility explained in (14.5.7) shows that the top map is simply the map induced by
duality for quasi-coherent sheaves:

Rf.RHome,, (M, f*N°*[dy,x])
— Rf.RHomy, (wy,x ®0, M,wy;x Qoy [*N*[dy,x])
= Rf.RHom, (wy/x ®oy M, [;.N*) = RHomy (Rf.(wy/x ®oy M),N*).

In particular, this map is an isomorphism, whence so is (14.5.13). O

Corollary 14.5.15. — Let f : Y — X be a proper map. Suppose that M® is in
Dgc(@g’)g,) and N'® is in D;C(@}U;() Then there are canonical adjunction morphisms
frf'N® = N® and M® — f'f L M®.

If f is a closed immersion, then the second map exists even if we only assume that

M?® is in @_(@1(;;,).
Proof. — For M*® in Dgc(@gfy) and N'® in Dgc(@gjx) this follows immediately from
the adjointness of (14.5.12). In general, the first morphism is given by the composite

~

! ° ! v L () (]
Fef'N® 5 f T G N* = N

where the first map is given by (14.5.11) and the second by the adjunction morphism

already constructed for bounded complexes, applied to @g’;(
Similarly if f is a closed immersion we have

M I S 0 M DY) G M®
FY 9, tIRY Po,
~ 1) L (v) L .
s Oy xSy 1l E g, M

~

v L v L [ 3
T F DY x B TRk y By MCldyx]) = 1M

O
14.6. — To complete the formalism of our “three operations” we note that Propo-
sition 13.8.3 (i) implies that we have a bi-functor
L
D(7f%) x D= (@) N o),
This restricts to a bi-functor
DY) x DY) — DML,
14.7. — In this section we will compare the functors defined above with those de-

fined in §§2,3. We will use the notation of that paper, in addition to the notation
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introduced above. Suppose that X is a smooth k-scheme (i.e. n = 1). Note that we
have functors
D*(Zg) = D*(Or x),

D*(Or.x) = D*(ZEX),
where the first is given by regarding a complex of _@g}(—modules as a complex of Of x
L
modules, and the second is given by M*® — @I(JU;( R0px M?®.

Proposition 14.7.1. — Let f : Y — X be a map of smooth k- schemes. We have
diagrams

D* () —= D*(OF x)

if! lf!
D*(24}) —= D*(Ory)

and

D*(Opy) —— D‘(@}U’;)

lﬁr iﬂ
D*(Op,x) — D‘(@gﬁ;()

which commute up to natural isomorphism.

Proof. — The existence of the first commutative diagram is clear from the construc-
tion of f' in each of the two cases. (On the level of the underlying O x-modules it is

L
just Oy ® ~[dy/x].)

The second diagram is more delicate, since the construction of fi in the case
of complexes of OF x-modules given in above is not obviously compatible with the

corresponding construction in the case of complexes of Qé?k—modules given above.
The required compatibility may be verified using the fact that the Cartier operator
is compatible with composition of morphisms of smooth k-schemes - see A.2.3 below.
applied to the composite Y — X — k.

In a large number of cases (which will be sufficient for applications) there is an easier
way to construct the required diagram: Suppose that f is an allowable morphism in
the sense of §9.7. This means that f may be factored as a composite of an immersion
and a smooth proper map between smooth k-schemes. For such a morphism the
construction of the second diagram is reduced to the special cases where f is either
an open immersion, or a proper map. If f is an open immersion, then the existence
of such a diagram is clear, as f; both for Op x and .@gg(—modules is simply Rf..
For a proper map, note that Theorem 14.5.12 implies in particular that f; is left
adjoint to f' for @gf;(-modules, and Theorem 4.4.1 implies the analogous fact for

@I(;g(—modules. Suppose M* is in D*(Opy) and N'® is in Db(@gg(). Using the first
commutative diagram, we obtain



214 14. DIRECT AND INVERSE IMAGES FOR 2{'\-MODULES

v L ° (] ~ [ (]
Hom@;”;{ (‘@1(5‘7.))( ®OF,X f+M aN ) - HomOF,X <f+M aN )
~ . (] ~ v L . (]
= Homoy, (M*, f'N*) = Homy (743 Gory M®, FN?)
~ v L [} L]
- Hom@g; (f+(@£“,;( ®0p x M )7N )-
This implies that
(v) = . ~ (v) &= .
D x Oopx [+M® — fo(Dpx ®0px M?)
as required O

L
14.7.2. — As with f', the functor ®p, is not compatible with the extension of

scalars functors D*(Op x) — D‘(@I(,U;(), but with restriction of scalars: we have a
commutative diagram.

D~ (25%) x DL (25%) —= D~ (OF x) x D4.(Op x)

iéox 5.
D~ (2%%) D~ (Opx)

14.8. — Suppose that X is a smooth W,,-scheme. For any positive integer 7 < n
there is a functor

L .
MO MO @y pn /DT

D~ (2%) D™ (2% X g w,)-

Proposition 14.8.1. — Let f:Y — X be a map of smooth W, -schemes. If M*® is
in D*(ng;() then there are canonical isomorphisms
L L . L :
fime ®z/prz LI L — (M ®zpnz L/ L).

If M® is in D*(@g”g,) then there are canonical isomorphisms

L o . L .
faM® Rz ypnz LD L — f1(M® Qzpnz /P ZL).

If f is proper, and M?* is in DSC(@};;), then these isomorphisms are compatible with
the isomorphism of Theorem 14.5.12.

Proof. — The first two claims follow immediately from the definitions. The final
claim follows using the compatibility of the trace map with base change [Con]. O
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15.1. — We call a left @Sg(—module M a pseudo-unit Qgg(—module if the structural
morphism F*M — M is an isomorphism. By Corollary 13.3.8, a pseudo-unit .@I(;g(—

module is automatically equipped with the structure of a @;,f’;() = Y x-module. Thus
for the remainder of the paper we will deal with pseudo-unit Zf x-modules.

A unit Pr x-module is a pseudo-unit Yy x-module, which is quasi-coherent as an
O x-module.

Proposition 15.1.1. — Pseudo-unit (resp. unit) Pr x-modules form a thick sub-
category of the category of Dr, x-modules.

Proof. — We must show that if
My = My — Mz — My — Ms

is an exact sequence of Y x modules, such that M;, My, My and M5 are all
pseudo-unit (resp. unit) Zp x-modules, then Mj is also a pseudo-unit (resp. unit)
Pr,x-module.

The fact that ¢, is an isomorphism follows from the exactness of F, together
with the 5-lemma. (Compare Lemma 5.2.) Since quasi-coherent Zp x-modules form
a thick subcategory of all modules, we see that if My, My, M, and M5 are unit,
then M3 is quasi-coherent. O

15.1.2. — We have already seen in Corollary 13.5.10 that the functor F* admits
a quasi-inverse given by £ — F’@F)X ®gp x €. For r a positive integer, we denote
the r-fold iterate of this inverse functor by (F*)~". For any 2 x-module M, we can
apply (F*)~! to the morphism F*M — M and obtain a morphism M — (F*)~! M.

We write

(1513) @F,F!,X == lgl (F*)_T@F,X
Proposition 15.1.4. — The Dy x-module Dr g1 x has a structure of a sheaf of as-

sociative algebras, which naturally contains Yy x and D x as subrings.
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There is an equivalence of categories between the category of g gt x -modules, and
the category of pseudo-unit P x -modules.

Proof. — We have Zp g1 x = ®rez(F*)"Zx The multiplication on Zg g1 x is defined
by maps

(F*)T@X ®@x (F*)S@X N (F*)T-‘,—S@X’
one for each value of r and s obtained by applying (F*)" to the isomorphism Zx ®9,
(F*)*9x — (F*)*ZPx, and keeping in mind Lemmas 13.5.1 and 13.5.7 if r and s have
opposite signs.

One checks as in the proof of Corollary 13.3.5 that this makes P g x into a sheaf
of associative rings, and it is clear from the definition that it contains Zp x and I x
as subrings.

To prove the last claim of the proposition, consider a Zp g x-module M. Then
M is, in particular, both a Zr x-module and a Dp: y-module, and thus is equipped
with maps of Zx-modules ¢ : F*M — M and ¢ : F'9x ®4, M — M. Since
M is a D g1 x-module, the composites

~ F* ¢

M 5 F* Dy @9y F'Ox @9y M5 F* 95 @0 M M
and

M 5 F Oy @, F*Dx 09, M 25 F'ox @5, M 25 M
are both the identity map. But this condition means that ¢ is an isomorphism with
inverse F*¢/y,.

Conversely, given a Zx-module M and an isomorphism ¢ : F* M — M we can

define ¢’y by

1 ~
P F'Dx @9 M®@ b3y — F'Dx @g F*M " M
where the last isomorphism is that of Lemma 13.5.3. Then ¢ and ¢'y, give M the

structures of Yy x-module and % x respectively, and one checks easily that there
is a unique I g x-module structure on M compatible with these. O

Corollary 15.1.5. — (i) The forgetful functor from the category of pseudo-unit
(resp. unit) g x-modules to the category of all D x-modules (resp. quasi-
coherent Dr x -modules) admits a left adjoint U and a right adjoint V' (resp. V).

(ii) U is exact while V (resp. V') is left exact

(#3) For M a pseudo-unit (resp. unit) P x -module, the adjunction morphism M —

V(M) (resp. M — V(M)) is an isomorphism

Proof. — Let M be a ZPr x-module. Set
UM) = Dpp x @zpx M

It is evidently exact and left adjoint to the forgetful functor by Proposition 15.1.4.
Since

(F*)_T@F,X ®@F,x M= (F!)T@F,X ®@F,x M= (F*)_T(M)
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we have U(M) = lim (F*)™" M. In particular one sees that if M is quasi-coherent,

then U(M) is quasi-coherent. This proves the claims concerning U.
Next we set

V(M) = M@F,X(‘@F,F!,X?M)'

The functor V' is evidently left exact, and right adjoint to the forgetful functor. To
construct V', we recall that the forgetful functor from the category of sheaves of Ox-
modules to the category of quasi-coherent Ox-modules has a right adjoint A~ A

by [Ha 1, Appendix, Cor. 1], and we set V(M) = V(M). Then V clearly has the
required adjointness property.

The final claim follows from the adjunction property of V' (resp. f/) which implies
that M and V(M) (resp. V(M)) represent the same functor on the category of
pseudo-unit (resp. unit) Zr x-modules. O

Corollary 15.1.6. — The category of unit P x-modules has enough injectives.
Furthermore, a unit Yr x -module is injective in the category of unit Ir x -modules if
and only if it is injective in the category of quasi-coherent P x -modules.

Proof. — The category of quasi-coherent Zp g y-modules has enough injectives, so
the first claim follows from Proposition 15.1.4. This claim can also be deduced from
the fact that the category of quasi-coherent Zf x-modules has enough injectives, as
the functor V takes injectives to injectives, being right adjoint to an exact functor.
Now for any unit Zp x-module J there is a natural isomorphism J AN V(] ).
We have already observed that V preserves injectives, and since the forgetful functor
from unit Zr x-modules to quasi-coherent Zr x-modules is right adjoint to the exact
functor U, it also preserves injectives. Thus we see that J is injective as a unit Zr x-
module if and only if it is injective as a quasi-coherent 2 x-module. This completes
the proof of the corollary. O

15.2. — In this sub-section we show that when n = 1, the theory of unit Zp x-
modules can be reduced to that of unit O x-modules, which was studied in §5.
Together with a dévissage technique to be introduced later, this often allows us to
reduce question about unit Zr x-modules on a smooth W,-scheme X to questions
about unit Op xg) modules.

Suppose that X is a smooth k-scheme. It is well-known that if M is a unit Op x-
module, then there is a unique way to endow M with a connection compatible with
its structural morphism ¢4, and that this connection necessarily extends to a strat-
ification. In other words, the left O x-module structure on M extends in a unique
way to a left Zp y-module structure. (This is discussed in [Ka 2, §6] in the case
that M is a locally free Ox-module, and in the general case in [Lyu, §5]. It is also a
consequence of the Frobenius descent results of [Ber 3].) In proposition 15.2.3 below
we will prove a strengthened form of this result.

15.2.1. — For any integer v > 0, we let @gﬁ) denote the image of Qg(v) in Yx; then
@;}) can be described as the subring of Zx generated by the differential operators of
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order at most p”*. Similarly, we denote by 9 P X the image of :@1(; x in I x. We also

write .@FX) =0Orx.

Lemma 15.2.2. — The .@FX form an increasing chain of sheaves of subrings of

.@FX, with D x as their direct limit. They have the property that for any v > 0,

T\ F C OXF.@(F”; .

Proof. — The first statement of the lemma is immediate. To see the second, note
that @g_l) is a .@;’71)-submodule of .@)(;), and so F*@g?_l) isa .@)(;))-submodule of
F* @g). In other words,

9O Y c Y,
and so for any integer r,

(F 2 F* 7Yy

(U 1) (F(rﬁ-l))*ﬁg?*l)

In particular,
(Fr)*g)(:) . F*OX c ( T+1 ) @(U 1)

for all r, and thus we have @?X -FCOxF @%’ x )7 where both sides are now regarded
as subsets of ZF x. O]

Proposition 15.2.3. — If X is a smooth k-scheme and M is a unit O x -module

; L
then the natural morphism M leid Drx @opx M in D™ (Drx) is an isomorphism.
In particular, M is canonically endowed with a left Pr x -module structure.

Proof. — The claims of the proposition may be checked locally, so we assume that
X is affine. Let 3 : M — F M be a generator of M, let P® be a free resolution of
M, and lift 3 to

8% P* — F;P°.
Let P? be the unit O y-module generated by 3°. Then the complex P* is a resolution
of M (compare 5.3.5), and so it suffices to prove that the morphism

Pt Dr,x R0r x pi

is an isomorphism for each 1.

Let us fix some value of i, and write P* = O% for some set I. Then also F§ P =
(9&, and so 3% is simply an I x I matrix u whose entries are global sections of Oy,
each of whose columns has only finitely many non-zero entries. Thus P? has the free
presentation

0_>O£‘,X1 IU‘FOFX_>7)1_>O

L . _
and so Zr x Qo P* is represented by the complex 9{;, x i .@{7’ x- We must
show that the morphism of complexes

1—pF 1—pF
(Okx — Ohx) = (Zhx = Zix)

is a quasi-isomorphism.
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1[LF

The argument in the proof of Proposition 5.3.3 that proves that (91{1 (’)
1—p

is injective also proves that @I{ﬂ’ x — @l{ﬂ’ y is injective. Thus it suffices to show that
the morphism

coker(Of x —> = — Of.x) — coker(Zf x —5 tonf 2% x)

is an isomorphism.
For any integer m, we see by Lemma 15.2.2 that (@?X) (.@;Xl)) , and

thus
(Zrx)' € Trx) + Dh (1= uF),
By descending induction on m, we conclude that
(D)’ € (D) + Dh (1~ uF) = Oh x + 2 (1 - uF).
Since v was arbitrary we conclude that
D x C Op x + Pix (1 — puF).

Thus the morphism of cokernels is surjective.
To show that this morphism is injective, we must show that

Ok x m D x(1 = pF) = Of x (1 — uF).
Let e; (i € I) denote the standard basis elements of both O{Q + and @§ «- Let

P;,,..., P, be an n-tuple of elements of Zf x giving rise to a section F;,e;, +---+
Pzneln of @FX such that (P,e;, + -+ P, e;, )(1 — uF) lies in O{;’X. We may find
v such that P;,,..., P; are sections of .@(FU;( Then
(Pieiy + -+ P e )(1— pF) + (Pyeiy + -+ B e, )l

is the sum of sections of O F.x and (@(v 1)) Thus P;,, ..., P;, isin fact an n-tuple
of sections of DE.; Xl). By descending induction on v, we conclude that F;,,..., F;,
is indeed an n- tuple of sections of Op x, and thus that the morphism of cokernels is
injective. This completes the proof of the proposition. O

Corollary 15.2.4. — Suppose that M is a unit Yp x-module. Then the natural
morphism Pp x @opx M — M (given by left multiplication of Zr x on M) is an
isomorphism.

Proof. — The composite M 1 Dr,x ®0px M — M is simply the identity mor-
phism of M, and the first arrow is an isomorphism, by the proposition. Thus the
second arrow is also an isomorphism. O

15.3. — In this sub-section we begin to investigate left Zr x-modules M on a
smooth W,,-scheme X that are locally finitely generated unit modules. This means
that M is a unit Yr x-module, and that locally on X, there is an Ox-coherent sub-
module M C M such that the natural map Zp x ®o, M — M is a surjection. We
will usually refer to such a module as an lfgu module.
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Lemma 15.3.1. — If X is a smooth k-scheme, and if M is a sheaf of quasi-coherent
left Pr x -modules whose structural morphism is surjective, then M is locally finitely
generated as a sheaf of left Dr x-modules if and only if M is locally finitely generated
as a sheaf of left O x-modules.

Proof. — Since OF x is a sheaf of subrings of ZF x, the “if” direction is trivial. Now
suppose that M is locally finitely generated as a Zr x-module. Then we may find a
coherent subsheaf M of M such that M = 2P x M. We will begin by showing that

in fact M = @?XM for some non-negative v.
By assumption ¢ is surjective, which is to say that

M= OxFM = OxFPpxM = | ] OxFZyx M.
v=0

Since M is coherent, we find that M C OxF @?XM for some finite v. Using Lemma
15.2.2 we have

M C Ox FPs M C Ox FTp\Ox FTws M C

OxF*TyM C - C Ox "D\ M
for every positive integer s. Now if v’ is any integer, choose s > v/ — v. Then
Dy yF* C OXFSEE;”;S) C OXFS§%U))X c 9%{
Thus ) /
DY aM C DY F T\ M C Ty Do M = Ty M.

Since v’ was arbitrary, we see that M = Pp xM = @g))XM . This completes the first

step of the proof.
Now reconsider the equation M = Ox F'M. Since M is coherent there is a coherent
submodule M; of M such that M C OxFM;. Then we see that

M= @g?xM = @g))(OXFMl C Obug;(l)Ml C Eg;(l)Ml

We may continue by descending induction on m to conclude that there is a coherent
J— 71 .
submodule M, ; of M such that M = D;X)MUH = Op xM,41. This completes the

proof of the proposition. O

Lemma 15.3.2. — Let X be a smooth Wy,-scheme, and M a unit (resp. lfgu Dr x)
module. Then for every integer i < n, the tensor product M ®z;,nz Z.)p'7 is a unit
(resp. lfgu) module.

Proof. — Clear. O

Lemma 15.3.3. — Let X be a smooth W,,-scheme, and assume that there exists a
lifting F' of the absolute Frobenius to X. Let M be a unit Pr, x-module.

(i) M is locally finitely generated as an Op x-module if and only if it is so as a
Dr,x -module.
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(i) If M is an lfgu Dr x-module, then there exists an Ox -coherent submodule M C
M such that the isomorphism ¢ 2 F* M —> M sends M into F*M, and M
generates M.

Proof. — We prove (1). The only claim which is not immediate is that an lfgu module
is locally finitely generated over Op x. For this we proceed by induction on n. The
case n = 1 is provided by Proposition 15.3.1. In general, we have an exact sequence
of lfgu P x-modules

M ®z/pnz Z/pn_lz - M- M ®z/pnz Z/pZ — 0

The two outer terms are finitely generated over Op x by induction on n. Hence M is
also finitely generated over Op x. This proves (1).
The proof of (2) is the same as Theorem 6.1.3. O

Proposition 15.3.4. — Let X be smooth W,,-scheme. The locally finitely generated
unit left Dr x-modules form a thick subcategory of the category of quasi-coherent left
Dr,x -modules, which furthermore is closed under passing to quasi-coherent subobjects
and quotients.

Proof. — To show that the lfgu Zr x-modules form a thick subcategory of the cat-
egory of all left Zp x-modules we have to show that this category is stable under
taking kernels, cokernels, and extensions. By Lemma 15.1.1, we only have to show
that these are finitely generated, and this is obvious in the case of a cokernel or an
extension. For kernels it follows by the argument of [Lyu, Thm. 2.8], using Lemma
15.3.3. The same argument shows that any unit submodule of M is an Ifgu module.

It remains to show that any quasi-coherent left Zr x-submodule of M is necessarily
a unit module. To this end, let N be a Zp y-submodule of M. Since N is a subobject
of M, we see that its structural morphism must be injective, whence we must also
have an injective map N' — U(N). On the other hand, the inclusion N' — M factors
as

N —-UWN)—UM) = M.

Then U(N) is a unit submodule of M, and so by what we have already observed,
it must be locally finitely generated. Since U(N) is the union of the Zp x-modules
(F*)=4N), i > 0, we must have (F*)™'N = (F*)7*"I\ for i sufficiently large. As
(F*)~1 is an equivalence of categories, this implies that N” -~~~ (F*)~! A/, whence also
F*(N) = N. O
Lemma 15.8.5. — Let X be a smooth W, -scheme and M be a unit (resp. lfgu)

D, x-module. For every positive integer i < n the groups Torjz»/pnz(M,Z/piZ) have
a natural structure of unit (resp. lfgu) Pr x -modules.

Proof. — Let J*® be a left resolution of Z/p‘Z by finite free Z/p™Z-modules. Then
the Tor groups in (1) are computed by (M® &z ,nz J*)7°. Since this is a complex
of Zr x-modules, this shows that these Tor groups have a natural structure of I x-
modules. Since F* is an exact functor we have

F*Torjz/pnz(./\/l, Z./p'7) = Torz/p’nZ(F*M, 7./p'7) = Tor?/pnz(/\/l, Z/p'Z)

J
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so the Tor groups are unit Zr x-modules.
We now show that they are locally finitely generated if M is. For any choice of
1 < n, the long exact sequence, obtained by tensoring the exact sequence

0 — Z/p" 2 % Z/p"Z — Z)piT — 0
through by M over Z/p™Z yields an isomorphism
Tory" (M, Z/p'Z) = Tor}"§" (M, Z/p"~'2),

for j > 1. Thus we see that it suffices to consider the case j = 1 (and ¢ arbitrary).

The same long exact sequence shows that Tor?/ b "Z(/\/l, Z/p'Z) is a unit submodule
of M ®z,pnz Z/p™ "Z, and hence is lfgu by Proposition 15.3.4. O

15.4. — In the notation of (14.1), we denote by D&(Zrx) (resp. D2(Zr x)°)
the triangulated sub-category of Df.(Zrx) (resp. D!.(Zr x)°) consisting of those
complexes with whose cohomology sheaves are unit Zp x-modules. We define
Dt (Zr x) (vesp. Diy,, (Zr x)°) in a similar way.

The following two results, combined with Proposition 14.8.1, will often allow us to

reduce questions about complexes in D (ZF x) to the analogous results for complexes
in D2 (Op x) proved in §11..

Proposition 15.4.1. — Let j < n be a positive integer. Then the functor

L .
B MO MO @y iDL
D=(Z7)) DDy X o, w,)
restricts to functors
L .
L _ MO MO Gz /DT
~ @gpnz Z/PL : Dy (D x) Dy (Zr.x)
and
L .
L ) M'HM'@Z/pn,ZZ/pJZ _
- ®z/pz Z/PL : Diyy(Prx) Dty (Zr.x).
Proof. — The only point which is not immediate is that the functors in question

preserve the property of having unit (resp. lfgu) cohomology sheaves. To prove this
we reduce by a standard spectral sequence argument to the case of a single unit
(resp. lfgu) Zr x-module. The result then follows from Lemma 15.3.5. O

Lemma 15.4.2. — Let f :' Y — X be a map of smooth k-schemes. (So we put

L
ourselves in the situation where n = 1.) The functors fy, f' and @0, restrict to
functors

' Du(Zrx) — Du(Zry)
f+ : Du(Zry) — Du(Zr,x)
and
L
®0XZ D;(@F,X) X D;(@F,X> — D;(@F,X)-
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The analogous results hold for complexes with [fgu cohomology sheaves.

Proof. — The proof will be given in the course of the proof of the following proposi-
tion. O

Proposition 15.4.3. — Let X be a smooth k-scheme (i.e. n = 1). There is an
equivalence of triangulated categories

D, (Zrx) — D, (Orx),

given by viewing a complex of P x-modules as a complex of Op x-modules. A quasi-
inverse is given by the functor

L
M.’—’@F,X(@(QFYXM

D, (Orx) D, (ZF x).

This equivalence respects the property of a complex having Ifgu cohomology sheaves,

L
and is compatible with the functors fy, f' and R, , where f is any map of smooth
k-schemes.

Proof. — We begin by checking that the two functors are quasi-inverse. Let A/® be
in D, (Zr x), and M*® be in D (Op x). We have to check that the natural map of
complexes of Zr x-modules

L
-@F,X Q0 x N = N°®

is a quasi-isomorphism, and that the natural map of complexes of O x-modules

L
M® — QF,X ®OF,X M

is a quasi-isomorphism. Since both claims can be checked on underlying OF x-
modules, it is enough to check the second claim. By dévissage, we can reduce to
the case where M?® is a single unit (resp. lfgu) module concentrated in degree 0. In
this case the required result is contained in Proposition 15.2.3.

That the equivalence respects the property of a complex having lfgu cohomology
sheaves follows from Lemma 15.3.1. Now Proposition 14.7.1 implies that the forgetful
functor from D (Zr.x) to D (Opx) is compatible with f', and that the functor

M® — Drx éIéOF,X M?® from complexes of Of x-modules to complexes of P x-
modules is compatible with the functor f;. The equivalence of categories we have
just proved then yields the first two claims in Lemma 15.4.2 as consequences of the
analogous claims for Op x-modules, which are proved in Theorem,5.8 (resp. Proposi-
tion 6.7 and Corollary 6.8.4] for complexes with lfgu cohomology sheaves). (Note that
although at first it only implies them for complexes bounded above, since both f' and
f+ are of finite cohomological dimension, it then follows for complexes that might be
unbounded above.) To see the final claim in Lemma 15.4.2, and the compatibility of

L
our equivalence with ®o, , we reduce as above to the analogous statement for O x-
modules by using (14.7.2). The analogue of this claim for Op, x-complexes with unit
(resp. lfgu) cohomology sheaves is given in Corollary 5.5.2 (resp. Corollary 6.4.1). [
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15.5. — In this subsection, we deduce the analogues for unit Zr x-modules of some
results of §5. The proofs are by reduction to the case of unit O x-modules, using
the results of (15.4).

Proposition 15.5.1. — Let f :' Y — X be a map of smooth W,,-schemes. The

L
functors fi, f' and @0, restrict to functors
' Du(Prx) — Du(Zry)

f+ : Dy(Zry) — Du(Zr,x)
and

L
Rox: D;(@R)() X D;(@RX) — D;(@R)().
The analogous results hold for complexes with [fgu cohomology sheaves.

Proof. — Since the functors f' and f, are both of finite cohomological amplitude, a
standard spectral sequence argument shows that is suffices to check this for complexes
bounded above. Then we use Propositions 14.8.1 and 15.4.1 to reduce to the case
n = 1. In this case the result follows from Proposition 15.4.2.

Above we have implicitly used (via Proposition 15.4.2) the second commutative
diagram of Proposition 14.7.1, for which we gave a proof only in the case where f is
allowable. One can reduce to this case as follows: let M*® be in D, (Zry). We show
by induction on the dimension of the support Z of the cohomology sheaves of M?*
that fyM®isin D (Zr x). Let U C X be a dense open affine subscheme, such that
UNZ is dense in Z, and let j denote the inclusion of U in X. If M® isin D~ (Zry),
then the cone of the natural morphism M® — 5, M?®|y is supported on X\U N Z.
Hence by induction, it is enough to prove that fij.M®|y is in D, (Zr x). However
Corollary 14.3.12 shows that this complex is quasi-isomorphic to (foj)+ M?®|y. Thus,
we may replace X by U, in which case X — Y is allowable. O

15.5.2. — Let X be a smooth W,,-scheme, and Y C X a closed subscheme. As
in 5.9.2, we denote by D, yv(Zr x) the full triangulated subcategory of D, (ZF x)
consisting of complexes whose cohomology sheaves have support contained in Y.

Proposition 15.5.3. — Let f : Y — X be a closed immersion of smooth W,-
schemes. The functor

[+ Du(Zry) — Du(ZF x)
is fully faithful, and induces an equivalence of categories between D, (Pry) and
D, y(Zr x). A quasi-inverse is given by the functor fh.

Proof. — If M*isin D, (ZFy), then it is clear that fL M®isin D (ZF x) (it is in
D, (ZF x) by Proposition 15.5.1). Corollary 14.5.15 yields an adjunction morphism
M® — f'fL M®. Conversely, if N'® is in D, y(ZF,x), then Corollary 14.5.15 yields a
morphism f, f'N'* — N*. We will show that these two morphisms are isomorphisms.
Since fy and f' are both of finite cohomological amplitude, it suffices to check this
for complexes bounded above. Then we use Propositions 15.4.1 and 14.8.1 to reduce
to the case n = 1. Proposition 15.4.3 then reduces us to showing the analogous result
for complexes of Op x-modules, which is given by Corollary 5.11.3. O
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Corollary 15.5.4. — Let X be a smooth W,,-scheme, and'Y a closed subscheme. If
M isin D, (Pr x) then the complex RI'y (M?®) has unit cohomology sheaves. If Y is
a smooth subscheme of X, then there is a canonical isomorphism
RTy (M®) = fi f'M®.
In particular if j denotes the inclusion of X\Y in X, then we have an exact triangle
FefM® = M® — ' M® — fo f MO

Proof. — The proof of the first two claims is the same as that of Proposition 5.11.5,
using Proposition 15.5.3 in place of Corollary 5.11.3. The final claim follows from the
stated isomorphism. O






16. THE RIEMANN-HILBERT CORRESPONDENCE FOR
UNIT %px-MODULES

16.1. — In this section we prove the Riemann-Hilbert correspondence alluded to in
the title of the paper.

16.1.1. — We will begin by working in the étale site. We have the obvious analogue
of all the theory developed in the last three sections, but with the Zariski topology
replace by the étale topology X In fact much of the étale variant of the theory
follows from the Zariski version by étale descent. We refer to §7 for a more complete
discussion of the analogous situation in the case of complexes of Of x-modules. In
particular we have functors

x : Dge(Pr,x) — Doe(Pr x.,)
and
TXx - ch(@F7Xét) — ch(gF,X)7

and these are equivalences of categories, each a quasi-inverse of the other. As the
notation suggests, the functor mx, is induced by an exact functor 7x, on the category
of Dr x,-modules. This is explained in 7.3.2, and uses the fact that Rmx. has finite
cohomological amplitude.

16.1.2. — We begin by defining the relevant functors from Df’f gu(ZF x,)° to the
derived category of étale sheaves of Z/p"Z-modules. For technical reasons, it will be
convenient to define a sequence of functors: for each positive integer j < n, and M?*
in DY (Zr.x,,)°, we write

Sola (M*) = RHom, , (M®,Ox,, @w, W;)[dx).

Replacing M*® by a complex of locally free Zr x-modules, we see immediately that
there is a canonical isomorphism

) L , N .
(16.1.3) Solg’ (M. ®z/prz Z/p]Z) — Solg/’ (M.),
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L :
where M® ®z /7, Z/p’ Z is regarded as an object of D?fgu(gp,xét@)wn w,)°. Moreover,
we have an exact triangle

(16.1.4) Solg? (M®) — Solg™(M®) — Solg" 7 (M®) — Solg? (M*)[1]

Sometimes we will simply write Solg in place of Solg".

16.1.5. — Suppose that X is a smooth k-scheme (i.e. n = 1). Then the functor
Solg; is compatible with the functor Solg for complexes in Df’fgu(OF, X,,)-modules,
defined in §9, via the equivalence of categories given by Proposition 15.4.3: if M*® is
a complex in lef gu(O r.x,)°, then we have a canonical isomorphism of complexes of
étale sheaves

- L
SOlét(M.) — Solét(@F,Xét ®0F7XéL M.),
as follows immediately from the definitions.
16.1.6. — We denote by D®(Xg,Z/p"Z) the bounded derived category of Z/p"Z-

sheaves on X¢;. We denote by D%, #(Xet, Z/p"Z) the full triangulated sub-category of
DP(X 4, 7,/p"Z) consisting of complexes having constructible cohomology sheaves and
finite Tor dimension. A result of Deligne [De, p. 93] asserts that any such complex is
represented by a finite length complex of flat, constructible Z/p"Z-sheaves.
Proposition 16.1.7. — The functor Solg’ induces a functor
Soler’ : D}ty (Zrx.)° — D2y (Xet, /P 7).

Proof. — Let M?* be in D?fgu(@F,Xét)o. We first show that Solg’ is bounded, with
constructible cohomology sheaves. A dévissage argument using (16.1.3) and (16.1.4)
reduces us to the case j = n = 1, and (16.1.5) then reduces us to the analogous

statement for OF x,-modules. This is given by Proposition 9.8. It remains to show
that Solg’ (M®) is of finite Tor dimension over Z/p’Z. This is so if and only if

} L
Solg’ (M®) ®z/piz Z/pZ is a bounded complex. However, we have an isomorphism

. L ~
Sole’ (M®) @21z Z/pZ — Solg' (M®)

(as can be see by taking a resolution of Z/pZ by flat Z/p’Z-modules), and so the
complex on the left is bounded, by what we have already proved. O

Proposition 16.1.8. — Let f : Y — X be a map of smooth W,,-schemes, and j a
positive integer < n. If M® is in D?fgu(9F7Xét)° there is a canonical isomorphism

F1Solgd (M®) =5 Solg(fH(M®)).
Proof. — First note that if M* is in D*(%p x,,) and N'® is in D*(ZF x,,), then we
have a natural morphism
f_lRHom@FYXét (M N®) — RHom@F)Yét(f!Mﬂ f'N®).
This can be obtained by replacing N'® by a bounded below complex of injective Zp x,,-
modules, and taking a resolution of Zry, .x, by (Zry,, f ' %r x,)-bimodules,
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which are flat as right f~!%p x,-modules (compare Proposition 2.6). Applying
this to an arbitrary object M*® of D?fgu(gp7xél)o and the particular object N'® =
Ox,, ®w, Wjldx] yields a morphism

F71Sole! (M®) — Soled (f'M®).
We have to show that this is an isomorphism. Using (16.1.3) and (16.1.4), together
with a dévissage argument, we reduce to the case j = n = 1. Then (16.1.5) and

Proposition 15.4.3 reduce us to the analogous statement for O x ,-modules, which is
provided by Proposition 9.3. O

Proposition 16.1.9. — Suppose that f : Y — X is an allowable morphism (i.e. can
be factored as a composite of an immersion and a smooth proper maps between smooth
W, -schemes), and that M® is in Df’fgu(@F,Xét)o. Then there is a canonical isomor-
phism

fiSolg? (M®) = Solg (f M®).

Proof. — To construct a morphism of the required sort, it suffices to construct it
when f is either a proper map or an open immersion. In the former case, we get
immediately an isomorphism of the required kind by applying Theorem 14.5.12. In
the latter case, a simple argument using the map constructed at the beginning of the
proof of Proposition 16.1.8 (which is an isomorphism in this case) and the isomorphism
f'feM® =5 Me®, shows that there is an isomorphism

f1Sole (f- M®) =5 Solg (M®)

(compare with the proof of Proposition 9.5). By adjointness, the inverse of this
morphism gives a morphism

fiSolg (M®) — Solsd (f+ M®),

which we have to show is an isomorphism. By the same dévissage argument that we
used in the proof of Proposition 16.1.8, we reduce to the case j = n = 1, and then,
by Proposition 15.4.3, to the analogous statement for complexes of Op x,, modules.
This is given by Proposition 9.5.

We have now constructed an isomorphism of the required type, depending on the
chosen factorisation of f as a composite of open immersions and proper maps. That
our morphism is independent of this factorisation is proved as in §9.7. O

Proposition 16.1.10. — Let M* and N'* be in D}, (Zr x,,)°- There is a canonical
isomorphism

. L . N . L
Solg? (M®) ®z,/piz Solet’ (N*) — Solg? (M® @0y, N*)[dx]

Proof. — The construction of a natural morphism from the left hand side to the right
hand side is easy and formally identical to that in Proposition 9.9. To prove that this
is an isomorphism we reduce, as above, to the case j = n = 1 (using dévissage on both
M?® and N'*), and then to the analogous statement for complexes of Op x,-modules,
which is provided by Proposition 9.9. O

16.2. — In this section we define the functor which will be quasi-inverse to Solg”.
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16.2.1. — For L® in ch’tf(Xét,Z/p”Z), and j a positive integer < n, we set
Mg’ (L£%) = RHomy ny(L*, Ox,, @w, W;)[dx].
Mg’ can be computed by taking an injective resolution of Ox,, ®w, W; by Dr x -
modules, and therefore has the structure of a complex in D" (Zp x,,). (Since Zr x,,
is flat over Z/p"Z, any injective Zp x,,-module is also injective as a sheaf of Z/p"Z-
modules.) Thus we obtain a functor
Mg’ : D2 (X, Z/p"Z) — DY ( Dk x,)-
Just as for Solg?, we have a distinguished triangle
(16.2.2) Mg (L£%) — Mg™(L®) — Mg (L) — Mg (£%)[1]

and an isomorphism
. L . - —
(16.2.3) Mg (L* ®zpnz Z/P"Z) — Mg (L®),
L . A
where we regard L£® ®z/,nz Z/p’Z as belonging to thf (Xet, Z/pP°Z).

16.2.4. — If j = n = 1, then the functor Mg = Mg' is compatible with the
functor Mg defined in §10, via the isomorphism of Theorem 15.2.4. Indeed, this
follows from the fact already noted, that if M is an injective Zr x,-module, then it
is in particular injective as an Z/p™Z-module, and so can be used to compute the
functor Homy,,nz(—, M), now thought of as taking values in the derived category of
complexes of OF x,,-module.

Proposition 16.2.5. — Let j be a positive integer < n. For M® in .@lbfgu(gp,xét),
there is a natural isomorphism
L o . .
M. ®Z/p”Z Z/p]Z — Mét‘] (SOlét(M ))
For L*® in ch’tf(Xét,Z/p”Z) there is a natural isomorphism

L o .
L* ®Z/p"Z Z/pJZ — SOlét] (Me’t(ﬁ.)).
In particular the functors Mg and Solg are quasi-inverse anti-equivalences of cat-

egories.

Proof. — Tt is straightforward to construct the morphisms of the proposition (com-
pare §11.1). We have to show that they are isomorphisms. To show that the first
morphism is an isomorphism, we begin by applying the usual dévissage arguments
which reduce us to the case j = 1. Then, since

~ L .
Métl(solét(M.)> S Métl(Solét(M') ®Z/an Z/ij)

~ ° ~ ° L
5 Mg (Soler' (M®)) — Mg (Sola(M® ®g/pnz Z/pZ)),
we are reduced to the case j = n = 1, and thus to the analogous statement for

complexes of O x-modules, which is provided by Theorem 11.3. The proof that the
second morphism is an isomorphism is formally identical. O
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Corollary 16.2.6. — The functors Mg and Solg are quasi-inverse anti-equivalences
of categories between Df’fgu(@F,Xét)" and ch’tf (Xet, Z/p"Z), and satisfy the following
properties

(i) Mg and Solg interchange the functors éoxél and éz/pnz (up to a shift).
(it) If f: Y — X is a morphism of smooth W, -schemes, then Mg and Solg; inter-
change f' and f~1.
(éii) If f is an allowable morphism then Mg and Solg interchange fi and f

Proof. — This follows from Propositions 16.2.5, 16.1.10, 16.1.8 and 16.1.9. O

16.2.7. — To complete the construction of our Riemann-Hilbert correspondence, we
descend the results above to the Zariski topology. More precisely we define a functor

Sol : D}t (Zr,x)° — D" (X e, Z/p"Z)
by
Sol(M?*) = Sol g (i M*®)
and a functor
M : D"(X 4, Z/p"Z) — D}} (%5, x)°
by
M(L®) = mx Mg (M?®).
Using Corollary 16.2.6 and the observations of (16.1.1), we immediately obtain the
following result.

Corollary 16.2.8. — The functors Sol and M are quasi-inverse anti-equivalences of

L L
categories. They exchange ®o, and @z /pnz, (up to a shift), and also f* and =, for
any smooth morphism of W, -schemes. If furthermore f is an allowable morphism,
then they exchange fi and fi.
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17.1. — Let X be a smooth W,-scheme. The goal of this section is to prove that
the natural functor Db(mfgu(@F’X))" — Df’fgu(@F,X)" is an equivalence of categories.
The Riemann-Hilbert correspondence of the previous section is a crucial ingredient
in the proof.

Let * be one of (), gc, u, or Ifgu. For any abelian subcategory A of the category
of P x-modules, we denote by K%(A) the full subcategory of the bounded homo-
topy category K®(A), consisting of complexes whose cohomology sheaves satisfy the
condition *. We denote by D?(A) the corresponding derived category. We denote by
DY(A)° the full subcategory of D?(A) whose complexes have finite Tor dimension
over Ox.

With * as above, we denote by p. the category of Zr x-modules satisfying the
condition .

We denote by Ind — pi74., the category of Zp x-modules which are direct limits of
objects in pfgy.

Proposition 17.1.1. — Let E®* denote the residual complexr of injective quasi-
coherent Ox ,-modules resolving Ox,,. Then E® is in a natural way a complex of
unit Pr,x -modules resolving the P x-module Ox. The terms of this complex are in
Ind — Hifgu-

Proof. — Since the residual complex on the étale site is obtained by pulling back the
residual complex on the Zariski site, it suffices to prove the analogous fact on the
Zariski site. Thus in the course of the proof we let E® denote the residual complex
resolving Ox on the Zariski site of X, rather than the étale site.

Let P%(1) be as in (14.4.4). We denote by p} and pj the two projections from
P% (1) to X. Both these maps are finite and flat and, using local co-ordinates, one
checks easily that their fibres are complete intersections. It follows by [Ha 1, VI 5.3],
that pi*E® and ph*E*® are residual complexes on P% (1), and they resolve pi*Ox and
p5*Ox respectively. Thus, by [Ha 1, VI 1.1], the isomorphism of pointwise dualising
complexes

P Ox — Opr (1) — 5" Ox
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induces a unique isomorphism of residual complexes pj*E® — p5*E®, compatible
with the augmentation map Ox — E*°. This collection of isomorphisms for r > 1,
is compatible with pullback via the inclusions P% (1) — P (1), and gives E* the
structure of a complex of Zx-modules resolving the Zx-module Ox.

A similar argument shows that we have an isomorphism of Ox-modules F*E® —
E* (compare with the proof of Theoremm 4.4.9). To check that this is a map of
P x-modules we have to check that the diagram

~

p'll"*F*Eo ~ F*p'll"*Eo ~ F*pg*Eo pg*F*Eo

| |

prE? ~ Py E*

commutes. This follows from [Ha 1, VI 1.1] and the fact that the corresponding
diagram, with E*® replaced by Ox, commutes, since Ox is a ZF x-module.

We have proved that E°® is a complex of Zr x-modules resolving Ox. To check
that its terms are in Ind — 4y, we remark that by definition [Ha 1, IV, §3], the
terms of E* are (infinite) sums of terms of the form H% (Ox), where Y is a closed
subvariety of X. It is not hard to check that the Zr x-module structure on the terms
of E* defined above, is compatible with the Zp x-module structure on H @(OX)
mentioned in Corollary 15.5.4, the point being that both arise by functoriality from
the Yr x-module structure on Ox. It follows by 15.5.4 that the terms of E*® are in
Ind — Hifgu- L]

Corollary 17.1.2. — The functor D®(uigu)° — Df’fgu(@F,X)o is essentially sur-
jective. If M® and N'* are in D*(puif4)° the natural map
Home(szgu)(M.’N.) - Home(@F,x)(M.7N.)

18 surjective.

Proof. — Let Cx denote the category of constructible étale sheaves of Z/p"Z-modules
on X, and let fo(C x) be the full subcategory of D?(Cx) consisting of complexes
with finite Tor dimension over Z/p™Z. The residual complex E* of Proposition 17.1.1
is a complex of injective sheaves of Ox-modules, and hence a complex of injec-

tive sheaves of Z/p™Z-modules. It follows that the functor M may be computed
as mx«Homy j,ny(—, E*) and we have a commutative diagram

D} (Cx)

iWX*I_IO'rnZ/an(7E.) \LM

Dgtf (Xet, Z/p"Z)

D?fgu(lnd - :u’lfgu)o - D?fgu(‘@Fyx)o

Using [De, p. 94], one easily checks that the top functor is essentially surjective, and
induces a surjection on Hom’s. (In fact it is even an equivalence - compare with
§17.2 below). The right vertical functor is an equivalence by Corollary 16.2.8. The
corollary now follows because the natural map D° (i f4,) — Df’fgu(Ind — Uifgu) is an
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equivalence of categories. This last claim is an easy exercise (compare with the proof
of Lemma 17.2.3 (i) below). O

17.2. — To prove that the functor of (17.1) is an equivalence it remains to prove
that it is faithful. For this we need some preparation.

Lemma 17.2.1. — Let M be a unit Pp x-module.

(i) There exists a unique mazimal subobject L(M) C M which lies in Ind — 14,
(it) The assignment M — L(M) is functorial, and the functor L is left exact, and
right adjoint to the inclusion Ind — pifgy — fu-

Proof. — If My, My are two submodules of M, which are in Ind — j4; ¢4, then M7 +
Moy is unit, being the image of the map M; & Ms — M, and is locally finitely
generated. Now (i) follows by an easy application of Zorn’s lemma. The functoriality
in (ii) also follows from the fact that the image of a map of unit modules in unit. The
left exactness and right adjointness are clear. O

Recall from Corollary 15.1.6 that the category p, has enough injectives. Thus we
may form the right derived functor of L, and we obtain a functor

RL : D*(1,) — D®(Ind — piy£4u)-

The following lemma is crucial to proving the full faithfulness of the functor in Corol-
lary 17.1.2.

Lemma 17.2.2. — Objects in 4, are acyclic for L.

Proof. — Let M be in p4,,. Choose a resolution M — M?* by injectives in p,,. For
n > 0, let Z" denote the image of the differential M™ — M"*+1. To check that M is
L-acyclic it suffices to check that the map L(M™) — L(I™) is surjective.

Let J C Z" be an lfgu ZF x-submodule. We denote by M=" the brutal truncation.
The complex M=" has trivial cohomology outside degrees 0 and n, and corresponds
to an n+ l-extension of Z" by M. Let ¢ € EXthl (Z, M) be the class of this extension,

and let ¢; denote the image of ¢ in Ethjl(j, M). Since
EXthl(j,M) = HOme(Mu)(j[—TL},M)

corollary 17.1.2 implies that there is an n + 1-extension of Ifgu Zr x modules, cor-
responding to ¢y. This is a complex of lfgu Zp x-module N'* whose terms are 0 in
degrees outside [0,n] and such that H(N®) = M if i = 0, J if i = n, and is 0
otherwise. Since M?* is a complex of injectives there exists a map of extensions

0— M —> MSh——=T" ——=)
R
0 M N* J 0
Now consider the exact sequence

Hom,,, (7, M") — Hom,, (7,Z") > Ext"*1(J7, M) — 0.
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By definition of ¢y we have §(f) = ¢z, and if ¢ : J — ZI™ denotes the natural

—_~

inclusion, §(0") = cy. Thus 6’ — 6 lifts to a map (8’ — 0) : J — M™. This induces a

map N — M™ which we also denote by (6 — ¢’). Now (8™ + (9’/—\—_/9))(N”) is an lfgu
PDr, x-submodule of M™ which surjects on 8'(7). This proves the lemma. O

Lemma 17.2.3. — Let ur— ac denote the full subcategory of p,, consisting of objects
which are L-acyclic. The following functors are fully faithful:

(i) D*(pggu) — D*(pr—ac).
(i4) D*(pr—ac) — Db (pu)
(”2) Db(:uu) - Db(MqC)-

Proof. — Each of the three morphisms comes from a morphism of corresponding ho-
motopy categories. If K — K’ is one of these latter morphisms, then it is evidently
fully faithful. We will apply the criterion of [We, 10.3.13], which says that the corre-
sponding morphism of derived categories is fully faithful if either of the following two
conditions hold:

(a) If M®* — N* is a quasi-isomorphism in K’ with M*® in K, then there exists an
M?* in K and a quasi-isomorphism N*® — M*'.

(b) If N'* — M?®* is a quasi-isomorphism in K’ with M® in K, then there exists an
M* in K and a quasi-isomorphism M* — A®

For (i) we apply (b): Take N'* — M® in K}, (ur—ac) with M® in K*(pufgu)-
The adjunction map L(N*®) — N® is a quasi-isomorphism because by Lemma 17.2.2,
the terms of A'* and its cohomology sheaves are acyclic for L. Now L(N®) has terms
in Ind — j 74, and lfgu cohomology sheaves. A simple argument shows that L(N*)
contains a subcomplex M* contained in K°(f1f4,,) and quasi-isomorphic to L(N®).

For (ii), the full faithfulness follows from (a) and the fact that any complex in
K*(p1,,) has an injective resolution.

For (iii) we also apply criterion (a). If M®* — AN*® is a quasi-isomorphism in
K®(ige), with M® in K*(u,), then using the exact functor U of Corollary 15.1.5,
we get an adjunction map N°® — U(N*®), with U(N*®) in K*(p,). Since U(N®) is
quasi-isomorphic to U(M?®) = M?*, this adjunction map is a quasi-isomorphism. O

Corollary 17.2.4. — The functor D®(u5gu) — Dgc(@F,X) 18 fully faithful. In par-
ticular, the functor D®(uifgu) — Df’fgu(@RX) is fully faithful.

Proof. — By Lemma 17.2.3, D®(urgu) — D®(pge) is fully faithful. Now the corol-
lary follows from Bernstein’s theorem which says that D®(u4.) — Dgc(@F, x) is an
equivalence of categories. O

Corollary 17.2.5. — The natural functor D*(pgu)® — Dpy,,(Pr.x)° is an equiv-
alence of categories.

Proof. — This follows from corollaries 17.1.2 and 17.2.4. O



APPENDIX A: DUALITY AND THE CARTIER
OPERATOR

A.1. — We recall some facts about duality for quasi-coherent sheaves on
schemes.Let f : Y — X be a morphism of finite type between Noetherian
schemes which admit a dualising complex (in the sense of [Ha 1, V], and [Con, 3.1]);
for example f could be a morphism between schemes of finite type over a field. There
exits a functor f': D} (X) — DI (Y) with the property that if f is proper, then f'
is right adjoint to Rf, in the sense of derived categories: for any two complexes £°
in D_.(Y) and F* in D} (X) we have a natural isomorphism

Rf.RHom$ (E°, f'F*) =5 RHom?, (Rf.E° F*).
If we take global sections and then apply H°, we obtain an isomorphism
Homp (o, (€%, f'F*) == Homp(o,)(Rf.E®, F*).

This adjointness yields a morphism Rf, f'F® — F*, which we denote tryF*. (In fact,
in the development of the theory, the key point is to first construct this morphism
in the special case when F* is a dualising complex.) This theorem is explained in
[Ha 1, VII] and [Con, 3.4], where along with many other compatibilities it is shown
that if g : Z — Y is a second morphism of finite type k-schemes then there is a
natural isomorphism (fg)' — ¢'f', which is compatible with traces if f and g are
both proper.

This theory ought to be compatible with flat base-change, in the sense that if
u: X' — X is a flat morphism of finite type k-schemes, giving rise to the cartesian
square

y! L) Y
b
X' v X,
then there should be natural isomorphisms

ul*f! L) f/!’U,*.
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If furthermore f (and hence f’) is proper, the diagram of natural transformations

. trys
[

flu ft == L g

should commute. Such a result is proved in [Ha 1, VI, §5] and [Con, 3.2], in the case
that the morphism w is residually stable (which is a very strong restriction). The case
of a general flat base-change is treated in [Ve|, using however different foundations.
(See the remarks in the introduction of [Con] on the possibility of reconciling the
approach of [Ve] (which is due to Deligne) with that of [Ha 1].)

A.1.1. — In some situations the theory described above, which is constructed via
residual complexes, can be made more explicit, and extended to more general com-
plexes F°®. Suppose that f : Y — X is a regular morphism of Noetherian schemes
admitting a dualising complex, in the sense that f may be factored as the composition
of of a closed immersion i : Y — W which makes Y a local complete intersection in
W, and a smooth morphism p : W — X. Then f'Ox is equal to a line bundle on Y’
placed in degree dx/y . (Thus such a morphism f is a special instance of a Gorenstein
morphism, as defined in [Ha 1, p. 143-4]; note that this definition is more inclusive
then the definition given subsequently in [Ha 1, V 9.7], in which the morphism is
required to be flat. The remarks of this subsection provide a special case of the pro-
gram outlined by Hartshorne for such morphisms.) We denote this line bundle by
wy,x (although of course it depends on the morphism f). If f is proper then we have
the trace map try : Rf*f!wY/X[dx/y] — Ox.
Now if F* is any complex in D} (Ox) there is a natural isomorphism

(A1.2) FIF® "5 wy x @ LF*F*[dy)x).

(Note that since f is regular, Lf* has finite Tor-dimension, so the right hand side
makes sense as a functor on D (Ox).) In the case that the morphism f is the closed
immersion of a local complete intersection, this isomorphism follows from [Ha 1,
III 6.9(a)], together with the compatibility of f' with the explicit duality for finite
maps provided by f°, as discussed in [Con, 3.3]. When f is smooth, it follows from
[Con, 3.3]. In general, we may define (A.1.2) via a factorisation of f; its independence
of the choice of such a factorisation follows from the compatibilities proved in [Con,
2.7].

One may use the right hand side of (A.1.2) to define f'F* for any object F* of
D;C(O x ), and then in the case when f is proper, use the projection formula to define
tryF® (as in [Ha 1, VII, §4] and [Con, 4.3]. A limit argument as in the proof of
[Con, Thm. 4.3.1], then shows that the resulting morphism

Rf.RHomd, (E°, f'F*) — RHom?, (Rf.E*, F*)

is a quasi-isomorphism for any two complexes £* in D (Oy) and F* in D (Ox).
(Unlike in the situation considered there, we do not need to assume that F* is bounded
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with coherent cohomologies, since we are restricting ourselves to a finite-dimensional
Noetherian situation, in which case Rf, is of finite cohomological amplitude, and we
may rely on the usual projection formula, without having to take recourse to the
isomorphism of [Con, 4.3.2].) Furthermore this definition of ¢r; is compatible with
that defined via residual complexes for complexes in DICJ(OX)7 when one compares
the two via isomorphism (A.1.2). (This compatibility in the smooth case is proved in
[Con, Thm. 4.3.2]. In the case when f is the closed immersion of a local complete
intersection, it follows from [Ha 1, III 6.9.(c)]. Note that although both trace maps
are defined for complexes in D“‘ (O X) the necessary compatibility in the smooth case
is only proved in [Con] for bounded complexes.)

The isomorphism (A.1.2), and the resulting trace map in the case that f is proper,
is also compatible with flat base-change. To see this, one treats the case when f is
smooth and the case when f is the closed immersion of a local complete intersection
separately. For the first case the base-change result follows from [Con, Thm. 3.6.5].
In the case of the closed immersion of a local complete intersection, it follows from
[Ha 1, III 6.3, 6.6(2)].

Let g : Z — Y be a second regular morphlsm such that the Comp081te fg is
also regular. The isomorphism (fg)'Ox — ¢'f'Ox gwy/X = wzy ®o,
g*wy,x provides the sense in which formation of wy, x is compatible with composition.
Furthermore, we then have a commutative diagram

(fg)'F* wz/x ®o, L(fg)*F*ldz)x]

lw

~ wz)y ®o, 9wy /x ®o, Lg*Lf*F*ldz/v][dy/x]

lw

g f'F ——wz)y ®o, Lg*(wy/x ®o, Lf*F*ldy;x])dz/v]-

These compatibilities will be used in the discussion of the Cartier operator in A.2.

An important example of a regular morphism is one where X and Y are smooth
of finite type over a field k and if f is a morphism of k-schemes. Factoring f as the
graph morphism followed by a projection shows that f is regular. There is a canonical
identification wy, x = wy @ f *w;(l, where wy (respectively wy ) is the canonical bundle
of X (respectively Y).

It would be useful to fully realise the program outlined in [Ha 1, III, p. 143-4] for
Gorenstein morphisms. (These would include as a special case morphisms which are
regular (in the above sense) locally on Y, which is a more flexible condition than the
global factorisation that we have required.) The case of flat Gorenstein morphisms is
covered by [Con].

A.1.3. — If f:Y — X as above is in fact a finite morphism then the compatibil-
ity of duality, as defined via residual complexes, with the explicit duality for finite
morphisms of [Ha 1, III, §6], yields a natural isomorphism

f'F* = f°F* = RHom% (f.Oy,F*).
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Thus if f is the closed immersion of a local complete intersection then (A.1.2) spe-
cialises to an isomorphism

(A.1.4) RHomg, (f.Oy,F*) == wy;x @ Lf*F*ldy/x].

In this situation the line bundle wy, x can be identified with the top exterior product
of the conormal bundle of ¥ in X, and the isomorphism (A.1.4) is then explicitly
constructed using Koszul complexes. More precisely, one uses Koszul complexes to
construct an isomorphism

d ~ *
Exts ! (f.0y,F) = wy)x ®oy [*F

for any sheaf of Ox-modules F (the fundamental local isomorphism of [Ha 1, III,
§7] and [Con, 2.5]), and then the isomorphism (A.1.4) is deduced by the homological
algebra of [Ha 1, I 7.4] and [Con, 2.1]. This explicit description of (A.1.4) is com-
patible with flat base-change; to see this, it is enough (by the construction of [Ha 1,
I 7.4] and [Con, 2.1]) to observe that the property of being acyclic for the derived
functors appearing on each side of (A.1.4) is preserved by flat base-change. But since
locally both derived functors may be computed via Koszul complexes, this is clear.

Let us close this subsection by making a remark on notation. If I is an ideal cutting
out a closed subscheme Y of X, and f : Y — X denotes the closed immersion, we will
sometimes write F[I] = Hom, (f.Oy,F) = H°(f*F) for the sheaf of sections of F
annihilated by I. We regard F[I] as a sheaf of Oy-modules. Given this convention,
we should write f.F[I] if we wish to regard F[I] as a subsheaf of the sheaf F of
O x-modules; however, no confusion should be caused if we sometimes abuse notation
and denote this sheaf simply by F[I] also.

A. 2. — For the remainder of the appendix we assume that k is a field of character-
istic p. Suppose that f : Y — X is a morphism of smooth k-schemes. For any integer
r we may form the r*" relative Frobenius diagram of Y over X :

(r)
Fy/x FY

Y y () Y

Ny

X ——=X.

This is a commutative diagram defined so that the right square is cartesian, and the
composite of the two upper horizontal arrows is equal to FY. (Note that the fibre
product which we denote by Y (") is frequently denoted by Y "), Since we always deal
with a fixed prime p, our notation should not cause any confusion.

In particular if we replace Y by X (for any smooth k-scheme X) and X by Speck,
then we may write F'y as the composition of the ™ power of the relative Frobenius
Fep:X—X (") (which is a morphism of k-schemes) and the base-change F}’ of the

r*® power of the Frobenius morphism F} : Speck — Spec k. The morphism F)T(/k isa

finite flat map (since X is smooth over k), but the morphism F} need not be so (it is
finite flat if and only if k has finite degree over kP). However it is an affine morphism,
and k is free over kP, which implies that F’ is an affine map such that F§ /k*C’) X/ 1S
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free over Ox. Thus Fy = F)T(/kF]:’ is affine, with the property that F'y,Ox- is locally
free over Ox.

Now return to the situation of a morphism f : Y — X between smooth k-schemes.
Since X and Y are of finite type over k, we may find a subfield k; of k which is finitely
generated over I, smooth schemes X; and Y7 over ki, and a morphism f; : ¥1 — X3
such that the schemes X and Y and the morphism f :Y — X are obtained by base-
changing the schemes X; and Y7 and the morphism f; : X; — Y7 from the field &y
to the field k.

Since the morphism F and Fy. are finite flat (k; being finite over k7) we see that

the morphism F}(,:)/ x, 1s finite (although it is not flat in general). Since the morphism
Fx(;/)x is obtained by base-changing from k; to k, it is also finite.

Now consider the isomorphisms

fOx = FUL 100x = FYLfOFFOx = FYLFY 1Oy

is finite, we may apply adjointness of F)(,T/)X* and FS})}‘( and obtain a map

Fy/X*f’OX — L 'Oy

Since F}(]})X

Since X,Y are smooth, we may rewrite this (after shifting) as
We refer to this morphism as the r*! relative Cartier operator of Y over X.

A.2.1. — Suppose that f : Y — X is a smooth morphism of k-schemes. Then the r*®
relative Cartier operator coincides with the restriction to top forms of the " iterate
of the usual Cartier operator (as described for example in [DI]). For in this case F}(,T/)X

is a finite morphism of smooth X-schemes, and so C)(/T/)X : F)(/T/)wa/x — F)T(/*wY/X is
given by the usual trace map on top forms.

A.2.2. — Suppose that f : ¥ — X is a closed immersion of smooth k-schemes.
Then the relative Cartier operator is calculated in the last paragraph of page 96 of
[Lyu] (although not under this name). In this subsection we make several useful
computations involving the rt" relative Frobenius diagram of the closed immersion f,
which in particular make apparent the connection with the calculations of [Lyu].

Let M be an Ox-module. The isomorphism f'M - F}(,Z))I(f(r)!M yields a mor-
phism
Eat™/¥ (£.0y, M) — Ext"x/»® (£ Oy, M)[I};

this is an edge map of the spectral sequence
Eatl, (FY) Oy, Eath, (£ Oy, M)) == Eatly (.0, M).

We will describe this edge map in terms of the fundamental local isomorphism.
Let ay,...,as be a regular sequence of sections which (locally) define Y. Then

af,...,a? define Y (). We may compute Esct?j;/y (f«Oy, M) as the top cohomology
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of the complex K*(a,M). (We are following the notational conventions of [Con,
1.3].) This is the complex whose n'! term is equal to Hom(A"O%, M), and whose

n*™ differential is given by the formula (letting e;, ...e, denoting the standard basis
of O%)
n+1
d"ale;, N---ej, ) = Z(—l)jﬂai_ja(ei1 NN N Neg ).
j=1

de o (r
Similarly, we may compute El’to};/y( )(f(r)(’)y(,«) ,M) as the top cohomology of
K*(a? M). Given this, it is not hard to see that the above edge homomorphism is
given by the taking the top cohomology of the map of complexes

t:K*(a,M) — K*(a?, M)

defined in degree n by the formula

va)(e, Ao Aei ) =alt - al tale, Ao Aey,).

Thus the following diagram (in which the horizontal arrows are given by the funda-
mental local isomorphism and the left hand vertical arrow is the above edge map)
commutes:

Exty* (f.0y, M)

(dal/\---/\das)71®m
—ad7t a7 N dal A Adad) " lom

~

Wy x ®oy f*M

d - r r)*
MO);/Y( C(FD Oy, M) — Wy x B0y, fO* M)

~

(FY*wy/x ®o_, fO*M)[].

In the particular case that M = Ox, we deduce that the composite of the right
hand vertical arrows is the map

wy/x — Fy(/?)!(F)T(/*WY/X
which induces
Yy FY v x — F¥wy)x
by adjointness. Thus C}(,T /) « is given by the formula
(day A - Adag) ™t —a? ' a?7 @ (day A - Adag) L

There is one more construction in the context of the closed immersion f that we
will explain. Suppose that N is an Oy-module. Then we may tensor C}(f/) « with
FY*N to obtain a morphism

F)y (wyix ®0, Fy'N) = F{)y wy)x ®o, ) FX'N

_ F;‘(/*WY/X ®Oy(r) F;’(/*N ;> F)T(/*(u)y/x ®OY N)
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Adjointness yields a morphism
wy/x ®oy Fy'N — (F¥{" (wy/x @0y N))[I].
The above formula for Cg: /) + yields the explicit formula

(day A - Ndag) P @mi—a?™' a7 @ (day A -+ Adag) " @m
for this morphism. This map is an isomorphism (as follows either from the isomor-
phism [Ha 1, III 6.9(a)], with F'* = wyo,x = F{*wy/x and G* = F{*N, or from
the calculations at the bottom of page 96 and the top of page 97 of [Lyu]).

A.2.3. — The following list of properties uniquely determines the relative Cartier
operator:
(i) Etale morphisms: If f 1Y — X is étale, so that wy,x = Oy and F}(,T/)X is an

}(/T/)X : F)(/T/)X*Oy — Oy is the inverse of the isomorphism
Oy — FX(/T/)X*OY defined by the isomorphism FE(,T/)X (This follows from (A.2.1).)

(ii) Products: If Z is a smooth k-scheme, we may form the product morphism

fxidz:YxZ—->XxZ

isomorphism of schemes, C

(all the products being taken over F;). Then there is a natural identification of
(Y x Z)") with YY) x Z.

Letting py (respectively p) denote the projection of the product Y x Z (respectively
(Y x Z2)" = Yy x Z) onto its first factor, there is a canonical identification

Wyxz/Xxz = Piwy,x- Then CgiZ/XXz is given by

Fy 2/ X % 29Y x 2/ X x 2~ (F;(/T/)X X idz)piwy x — Pi Fy/x. wy)x
pll*ci’r/)x /% o Ik ~ r/ T\ *, % ~ ! *
Py Y Twy x — (FY X Fz)'piwy)x — F'xyz " wyxz/xxz-
(This follows from the compatibility of duality with flat base-change.)
(#ii) Composition: Suppose that f:Y — X and g: Z — Y are two morphisms of
smooth k-schemes. Then we may amalgamate the relative Frobenius diagrams of Y
over X, of Z over X and of Z over Y into the following diagram:

r

(r) (r)!
Ty 0 K
g ” ”
\lg&)(.) lg() \Lg
FY7/X jaled
Y y )

The relative Cartier operator
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is determined by the relative Cartier operators Ci(f /) X7C(Zr/)y, as follows

~

Fg/)X*wZ/X - Fl(/r/))/(*Fg;)y*(wZ/Y ® g*wy/x)

~ ) T )k (7r)*
- F)(f/)X*Fé/)y*(WZ/Y @ Fé/)ygé) WY/X)
F(r)/ *(c(r) ®1) , .
v/xeCz/y F}(,/))/(*(F;'*wz/y ® g;)*wy/x)

— F}(fr/))/(*(Fx(/;)l);F)T(”*WZ/Y & gg)*wy/x)
1 (r)

; FQ’I*Wz/Y ®F3(,T/)X*gy *WY/X
-~ F)Tg/*wZ/Y ®g(7')*F1(/T/)X*WY/X

109 ey)

— F)T(//*CUZ/Y ®g(r)*F§’*wy/X

~ T % Ik %
— FxTwz)y @ Fx g wy)x

/%

- FY (wz/y ® g wy)x)-
(This follows from the compatibility of duality with composition.)

(iv) Embedding a divisor: If f : Y — X is the closed immersion of a divisor, let
Ox(Y) denote the invertible sheaf corresponding to Y (the inverse of the ideal sheaf
of Y). Then Y (") is the divisor corresponding to the invertible sheaf Ox (Y)®9. There
is a natural isomorphism wy,x = f*Ox(Y) = Ox(Y)/Ox, and

FY wy/x == FY* ffOx(Y) = fO*FLrOx (Y)
-~ f(?“)*@x(y(v')) AN OX(Y(T))/OX~

(r)
Y/X
Cartier isomorphism

) FO) (0x(Y)/0x) — Ox (Y (") /Ox
is the map induced by the inclusion
OX(Y) — OX(Y)®Q — OX(Y(T))

(This follows from (A.2.2), if one works in terms of a local equation for Y.)

(v) Mapping G,, to a point: In the particular case of Y = G,, = Speck [t,t™}],
the differential dt/t forms a global basis for the invertible sheaf wg, , allowing us
to identify this sheaf with Og,,, and under this identification the Cartier operator
becomes the trace of the Frobenius Fy, , : Og,, — Og,,. (This follows from (A.2.1).)

Note that (i) — (v) determine the Cartier operator for any morphism ¥ — X of
smooth k schemes. Indeed any such map is the composite of a closed immersion and a
smooth map (use the usual factorisation via the graph), and any smooth map factors
étale locally into a composite of projections G,, x X — X.

The map is the closed immersion of Y into Y ("), In this situation, the relative
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B.1. — Let X be a topological space equipped with a sheaf of commutative rings
A, let A" and A" be two sheaves of commutative A-algebras on X, equipped with a
morphism of A-algebras A" — A”. Let B be a (not necessarily commutative) sheaf
of B-algebras on X, and write B’ = A’ @4 B, B" = A" @4 B.

Proposition B. 1.1. — In the situation of section (B.1), suppose that A" is flat
over A. Let M® be a bounded above complex of left B'-modules, let N'® be bounded
complez of left B'-modules of finite A’-Tor-dimension, and suppose that the complex
of A'-modules RHomp, (M®*,N*®) is bounded. Then there is a natural morphism in
the derived category of complexes of A”-modules

L L L
A" @4 RHomp, (M®*,N*®) — RHomp, (A" @4 M*, A" @40 N°*).

(Note that our assumptions on M® and N'® guarantee that all the derived functors
appearing in the source and target of this morphism are well-defined.)

Proof. — In order to compute RHomp (M®*,N*®), we replace N'* by an injective
resolution. Since the former complex is assumed to be bounded, we may in fact
replace N'® by one of the finite truncations of this injective resolution. Thus we may
assume that N® is of finite length, and that the complex Homp, (M?®,N'®) computes
RHomp (M®*,N*®).

The given morphism A’ — A" allows us to regard A" as an A" ® 4 A’-module. Let
P* be a left resolution of A" by flat A” ® 4 A’-modules. (Such a resolution can be
constructed by the technique of [Ha 1, II 1.2].) Since A" is assumed to be flat over
A, we see that P*® is flat as a complex of sheaves of A’-modules. If F* is a bounded
above complex of B’-modules then we regard P® ® 4 F* as a complex of B”-modules
via the A”-action on P*® and the B-action on F*. This computes the derived functor
A" (% A Fe.

There is a natural A’-linear morphism

Hom (M*,N*) — Hom$ (P* &0 M*,P* &1 N'*),
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which induces a A”-linear morphism
(B.1.2) A" @4 Homp (M®,N®) — Homp, (P* @4 M*,P* @4 N°®)

Let Z° be a bounded below injective resolution of P* ® 4 N'® (which exists because
our assumption on A® implies that this complex has only finitely many non-vanishing
cohomology sheaves). Then combining the augmentations P* — A" and P*Q 4 N*® —
Z* with the map (B.1.2) we may construct a map

P* @ Homp (M, N*) — Hom®(P* @4 M*,I°%),

which yields the natural morphism of the proposition upon passing to the derived
category. O

Proposition B. 1.8. — In the situation of section (B.1), suppose that f : Y — X
is a map of topological spaces, with Y Noetherian of finite dimension, and also that
A" admits a left resolution by sheaves of A" @ 4 A’-modules which are locally free as
A’-modules. If M® is any bounded above complex of left f~'B'-modules, then there
is a natural isomorphism in the derived category of complezes of left B -modules

" L e —1 47 L .
A" @4 Rfx M® — Rf*(f A Qf-14/ M )
(Note that since Y is assumed to be Noetherian of finite dimension, by Grothendieck’s
vanishing theorem the functor Rf. has finite cohomological amplitude [Ha 2, III 2.7],
and so the derived functors appearing on either side of this map are well-defined.)

Proof. — If F is a sheaf of left f~!B’-modules on Y, then Godement’s canonical
resolution yields a right resolution of f~'B’ by flasque f~!'B’-modules. Since Y is
Noetherian of finite dimension, say d, the d*" truncation of this complex is again a
flasque resolution of F. Thus we have a canonical construction of a bounded length
flasque resolution of any sheaf of left f~!B’-modules. Applying this construction to
the members of M*®, we may assume that M® is a bounded above complex of flasque
sheaves. Then f,M®* computes Rf,M?* (even though M*® may not be bounded below,
again because f, has finite cohomological amplitude).

Let P* be the left resolution of A" by A” ® 4 A’-modules which are locally free
as A’-modules, whose existence we have assumed. Then f~!P*® is similarly a left
resolution of f~*A” by f~* A" ®;-1 4 f~1 A’-modules which are locally free as f~1A’-
modules. Thus f~!P* ®f-14 M® is a complex of flasque sheaves (since it is locally
a direct sum of flasque sheaves, and Y is Noetherian). We regard this complex as a
complex of sheaves of left f~1'B"”-modules, via the f~!.A”-action on f~!P* and the
f~!'B-action on M?*. The projection formula yields an isomorphism of B”-modules

P @a fM® 5 f(fTIP @ f M),
Passing to the derived category, this yields the desired isomorphism. O
B.1.4. — In the situation of (B.1), suppose both that A" is flat over A, and that
A" admits a resolution by A” ® 4 A’-modules which are free as left A’-modules. Let

j : U — X be the immersion of an open subset U of X, and assume that U is
Noetherian of finite dimension.
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Let M* be a bounded above complex of sheaves of left j~!B’-modules on U, and
let A* be a bounded complex of sheaves of left B’-modules on X which is of finite A’-
Tor-dimension. Suppose furthermore that RHomp, (j1M*®,N'*) is bounded (in which
case RHom$—155(M?®, j7'N'®) is also bounded, since it is obtained by pulling back
the former complex by j).

We may form the following diagram:

L L L
A" @ 4o RHomz, () M®*, N'*) B11 RHom3y (A" @ 41 iM®, A" @ 41 N'*)

L L L
A" @ 41 RjsRHom?_y ,,(M®,j7IN*?) RHomp, (jiI(A"” @41 M®), A" ® .1 N'*)

(B.1.3) | ~ J(N

L L L
Rj (71 A" @;-1 4 RHomS 4, (M®,j7'N®)  Rj.RHom$ ., (57 A" @21, M®,j7 (A" ® 4 N'*))

(B.1.1) /

L L
Rj.RHom$ 5, (j7 A" @ -1 4 M®,j7 A" @1 4 57 IN®).

We leave it to the reader to check that this commutes.

Proposition B. 2. — Let f :' Y — X be a morphism of topological spaces with' Y
Noetherian of finite dimension, and let B be a (not necessarily commutative) sheaf of
rings on X containing the sheaf of rings A in its centre. Then if M® is a bounded
above complex of left f~1B-modules and N'® a bounded below complex of sheaves of left
f'B-modules on 'Y, there is a natural morphism in the derived category of A-modules

RfiRHom$-15(M®*,N*) — RHomp(Rf . M®, Rf.N®).

Proof. — As in the proof of Proposition B.1.3, we may and do assume that M?*®
is a complex of flasque left f~!B-modules, and we may also assume that N'® is a
complex, bounded below, of injective left f~'B-modules. There is a natural morphism
of sheaves of A-modules

(B.2.1) fellom$ -1 g(M®,N®) — Homp(f M®, fL.N*®).

Since N'® is a complex of injectives, the complex M;—lB(M.,N.) computes
RHom$-15(M?*,N*®). Furthermore, again using the fact that the members of N'®
are injective, this is a complex of flasque sheaves. Since M® is a complex of flasque
sheaves, the complex f,M?* represents Rf,M®. Similarly, the complex f,A® com-
putes Rf,N®. Finally, since f, is right-adjoint to the exact functor f~!, we see that
f+N® is a complex of injective left-B-modules, and so Homg(f.M?*, f.N'*) computes
RHomp(Rf.M*, Rf.N*). Putting all these remarks together, we see that (B.2.1)
provides the natural transformation of the proposition upon passing to the derived
category. O

B. 3. — Let us return to the situation of (B.1). Suppose furthermore both that A"
is flat over A, and that A" admits a resolution by A” ® 4 A’-modules which are free
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as left A’-modules. Let f : Y — X be a morphism of topological spaces with Y
Noetherian of finite dimension.

Let M*® be a bounded above complex and N'® a bounded complex of sheaves of left
f~'B'-modules on Y. Suppose furthermore that A® is of finite f ~'.4’-Tor-dimension,
that Rf.N® is of finite A’-Tor-dimension, and that

RHom§ 15 (M®,N*®)

and
RHomp (Rf M®, Rf.N®)
are both bounded complexes. Then we may form the following diagram

L
A" @ 41 Rf*RHom;,lg,(M',./\P)

(B.1.3) \
B2)

L
Rf(f VA" @y 14 RHom'_y (M, N*)) A" & 4 RHom®, (Rfu M®, REN®)

(B.1.1) (B.1.1)\L

L L
Rf.RHom' . (f VA @y 10 MO, fTEA &1 40 N*) RHom%, (A" &4 REM® A" & 40 REN®)

(B.2)

RHomf,, (Rf.(f ™" A" & ;-1 40 M*), RE(FTV A" &1 40 N*))
We leave it as an exercise for the reader to check that it commutes.

B.4. — Although the previous results were phrased in the context of sheaves on a
topological space, it is clear that they extend to more general situations; for example,
to the étale site of a scheme.
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