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Abstract

In this thesis we study the relationship between coherent sheaves with a right action
of the Frobenius F' and constructible Z/pZ-sheaves on the étale site X¢ of a variety X
over a field of positive characteristic p. Our assumption is that X admits an embedding
into a smooth, F-finite variety.

If X is a smooth, F-finite variety, a result of Blickle and Béckle states that there is an
equivalence between the categories of Cartier crystals and locally finitely generated unit
modules. The abelian category of Cartier crystals arises from the category of coherent
Ox-modules M with a right action F,M — M of the Frobenius by localization at the
Serre subcategory of objects which are nilpotent for the Frobenius structure. Locally
finitely generated unit modules, Ifgu for short, are quasi-coherent Ox-modules with a
left “unit” action of the Frobenius, i.e. an isomorphism F*M — M, and some finiteness
property. This category was introduced by Emerton and Kisin in order to establish a
characteristic p analogue of the Riemann-Hilbert correspondence. In fact, Emerton and
Kisin proved that there is an equivalence between the bounded derived categories of lfgu
modules and constructible étale Z/pZ-sheaves, identifying the abelian category of lfgu
modules with perverse sheaves as defined by Gabber.

After working out some details, in particular compatibilities with pull-back and push-
forward functors, of this connection in the first two sections, we extend the notion of lfgu
modules to varieties X which admit a closed immersion into a smooth, F-finite variety
Y. This is done by defining Ifgu modules on X as lfgu modules on Y whose support is
contained in the image of X. The proof of the independence of the choice of such an
embedding uses an adjunction between the push-forward and pull-back of Ifgu modules,
which has already been shown by Emerton and Kisin for proper morphisms between
smooth schemes. However, for our purpose, we need a similar adjunction in the more
general case of morphisms which are only proper over the support Z of the considered
objects. This is the main result of section 4. Indeed, we first verify an adjunction between
the functors Rf, and RT'zf' in the general context of quasi-coherent sheaves and apply
this result to obtain the adjunction for the derived categories of lfgu modules.

This enables us to extend the equivalences between the derived categories of Cartier
crystals, lfgu modules and constructible étale Z/pZ-sheaves to varieties which are embed-
dable into a smooth variety. As a consequence, the abelian category of Cartier crystals
on an F-finite embeddable variety is identified with the abelian category of perverse
constructible étale Z/pZ-sheaves.

Finally, in section 6, we give a review of intermediate extensions in general and in
the context of perverse constructible p-torsion sheaves. After defining intermediate ex-
tensions of Cartier crystals, we show that our equivalence between Cartier crystals and
perverse constructible sheaves commutes with the intermediate extension functor in a
natural way.
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Introduction

At the International Congress of Mathematicians in 1900, David Hilbert formulated 10
of his famous 23 problems. The 21st problem grew out of Riemann’s work on linear
differential equations. Hilbert’s formulation was the following: “Aus der Theorie der
linearen Differentialgleichungen mit einer unabhéngigen Verénderlichen z mochte ich auf
ein wichtiges Problem hinweisen, welches wohl bereits Riemann im Sinne gehabt hat, und
welches darin besteht, zu zeigen, daf es stets eine lineare Differentialgleichung der Fuchs-
schen Klasse mit gegebenen singuldren Stellen und einer gegebenen Monodromiegruppe
giebt. Die Aufgabe verlangt also die Auffindung von n Functionen der Variabeln z, die
sich iberall in der complexen z-Ebene regulédr verhalten, aufler etwa in den gegebenen
singuléren Stellen: in diesen diirfen sie nur von endlich hoher Ordnung unendlich werden
und beim Umlauf der Variabeln z um dieselben erfahren sie die gegebenen linearen

Substitutionen. [...]” ([Hil00])
After removing the set .S of singular points, a linear differential equation
dY
— = A(2)Y.
= AGyY,

with A(z) € GL,(C(z)) for some integer n, defines a representation of the fundamental
group of P1(C)\S by monodromy: For a fixed point a € P!(C)\S there is a fundamental
solution matrix Z of functions which are analytic in a neighborhood of a by existence
theorems. Continuing Z analytically along a closed path v in P!(C)\S yields another
fundamental matrix Z’ such that Z’ = ZM, for a matrix M, € GL,(C). The assign-
ment 7 — M, defines a homomorphism from the fundamental group m (P!(C)\S;a) to
GL,(C). Hilbert’s 21st problem asks whether every representation of the fundamen-
tal group of P!(C) without given singular points occurs as the monodromy of a linear
differential equation.

The solution of the original problem has a history of its own, lasting almost the
entire 20th century. Here we are interested in generalizations in the context of algebraic
geometry. Following the introduction of [HTTO8], we explain the connection between
linear differential equations and D-modules. Every linear differential equation on an open
subset X of C" with coordinates (x1,x2,...,Z,) can be written in the form Pu = 0,
where P is an operator of the form

3 Fiin (o) ()2 (o
1 T2 Tn

115--5tn

for coefficients f;,, . ;, in the sheaf Ox of holomorphic functions. In other words, we
have to study the action of the sheaf Dx of the non-commutative rings of linear partial
differential operators with coefficients in Ox given by differentiation. This action turns
Ox into a left Dx-module. One immediately checks that the set of solutions of Pu =0
is naturally identified with the sheaf Homp (Dx/DxP,Ox) by the assignment

Homp, (Dx/DxP,Ox) — Ox
@ = (1)



More generally, systems of linear differential equations

l
Z P,-juj =0
7=1

with P;; € Dx for all 1 <7 < k correspond to coherent left Dy-module M defined as
the cokernel of the map ¢: D’)“( — Dé{ with

k

gp(Qlana v 7Qk‘)l = ZQZPZ]

=1

The sheaf of solutions of such a system is Homp (M, Ox). This shows how the study
of solutions of partial linear differential equations is connected with the theory of D-
modules.

We turn to the more general situation where X is a smooth variety over the complex
numbers. A fundamental step to the modern version of the Riemann-Hilbert correspon-
dence was the result by Pierre Deligne in 1970 ([Del70]), which states that there is an
equivalence

Conn'® — Loc(X™")

between the categories of regular integrable connections on X and local systems on X?",
i.e. Cx-modules which are locally free of finite rank for the analytic topology. Here
an integrable connection is a Dx-module M which is locally free of finite rank as an
Ox-module. This is nothing but a locally free Ox-module of finite rank together with
a C-linear map V: M — Qk ®oyx M. For the above equivalence, we have to pass to
a certain subcategory, namely the regular integrable connections, and the underlying
functor of the equivalence is given by taking the kernel of V. Note that if dx denotes
the dimension of X, this is the cohomology in degree —dx of the de Rham complex

O—>Q§<®0XM—>Q§(®@XM—>-~—>Q§<X®@XM—>O

located between the degrees —dx and 0 and whose differentials are induced by V. Let
DRx (M) denote this complex.

Both categories Conn'*® and Loc(X?") are not closed under push-forwards. For in-
stance, the push-forward of a local system on the origin to the affine line is obviously
not a local system. The correct extensions are (regular holonomic) D x-modules on the
left and constructible Cx-sheaves on the right. However, the functor H~% (DRx(_))
does not yield an equivalence between these larger categories. Again considering the
example of the inclusion i: {0} — A}, we see that H '(DRy1(i,C)) = 0. This is due
to the fact that we loose to much information by only taking into account the —dx-
th cohomology of DRx(__). To avoid this problem, one considers the derived functor

DRx(_)=0Qx %(9 « __ between the derived categories of D x-modules and constructible
Cx-sheaves. In the context of complex manifolds, Kashiwara ([Kas80] and [Kas84])
passed to a suitable subcategory called regular holonomic D-modules — more precisely
the full subcategory of the bounded derived category D°(Dx) consisting of complexes



whose cohomology sheaves are regular holonomic — and proved that the de Rham functor
is an equivalence

D%, (Dx) — D%(Cx),

which is compatible with the six operations fs, fi, f*, f', RHom® and é. Here D%(Cy)
denotes the full subcategory of D(Cyx) of bounded complexes with constructible coho-
mology sheaves. This result from 1980 and 1984 is known as the Riemann-Hilbert cor-
respondence. Around the same time, Mebkhout ([Meb84b] and [Meb84a]) gave a proof,
which is independent of Kashiwara’s work. Later on, Beilinson and Bernstein developed
the Riemann-Hilbert correspondence for algebraic D-modules on complex algebraic va-
rieties. Their work is explained in the unpublished notes ([Ber]). The Riemann-Hilbert
correspondence is a very general answer to Hilberts 21st problem, because DRx(_)
is closely related to the so-called solution functor Solx = RHom3, (_,Ox): for every
bounded complex M*® of D x-modules, we have

DRx (M?®) = Solx (Dx M?®)[dx],

where Dx is a certain duality. As explained above, for a coherent D x-module M, the
sheaf Homp (M, Ox) can be identified with the solutions of the system of differential
equations corresponding to M. Furthermore, there is an equivalence between represen-
tations of the fundamental group of X and locally constant Cx-sheaves.

Of course the essential image of the abelian category of regular holonomic D x-modules
under the equivalence DRy is an abelian category inside D%(Cx), but it turns out that
this category differs from the category of constructible Cx-sheaves. The example of
the immersion of the origin into the affine line from above already is a first sign of
this phenomenon. The abelian subcategory of DIC’(C x) given by the essential image of
regular holonomic D x-modules under the de Rham functor is called perverse sheaves.
There is a general tool for describing abelian subcategories of triangulated categories:
the theory of t-structures. A t-structure on a triangulated category D consists of two
subcategories D=9 and DZ° with certain properties. The intersection D<° N D20 is
called the heart of the t-structure. It is an abelian category. For example, the so-
called canonical t-structure of Db, (Dx) is given by the two subcategories thO(D x) and
D;hO(D x ) of complexes whose cohomology is zero in positive or negative degrees. In the
same way, the category of perverse sheaves on X is obtained as the heart of a ¢-structure
on D’C’((C x) which is called the perverse t-structure. Indeed, the development of the
theory of perverse sheaves by Beilinson, Bernstein, Deligne and Gabber was motivated
by the Riemann-Hilbert correspondence. A standard reference for this is [BBD82].

At the beginning of the 21st century, the time was right for a positive characteristic
version of the Riemann-Hilbert correspondence. The de Rham theory for varieties over
a field of positive characteristic p differs strongly from the one on complex varieties.
Instead of the Poincaré lemma, we have the Cartier isomorphism and as a consequence,
for a smooth variety X, the kernel of the map Ox — Q% is not a locally constant
Z/pZ-sheaf but given by the p-th powers (Ox)P. Therefore, one has to find a different
approach. The Frobenius endomorphism F' is a major tool in characteristic p. Especially



sheaves with an action of the Frobenius turned out to be very useful. The starting point
of these objects is the sheaf Op x = Ox[F] of non-commutative rings given on an affine
open subset U C X by the polynomial ring Ox (U)[F] with the relation F'r = rPF
for local sections r € Ox(U). A simple calculation shows that left Ox[F]-modules
are identified with Ox-modules F together with a morphism F*F — F. In [Kat73,
Proposition 4.1.1], Katz proved that there is an equivalence between the category of
locally free étale IF-sheaves and the category of coherent, locally free Ox-modules &
together with an isomorphism Fg — & of Ox-modules. This may be considered as an
analogue of Deligne’s result that there is a natural equivalence Conn*® — Loc(X?").

It is this result of Katz that motivated Emerton and Kisin to consider left Of x-
modules for establishing an analogue of the Riemann-Hilbert correspondence for smooth
varieties over a field k of positive characteristic p. As Katz’ work already suggested,
certain unit left O x-modules, i.e. Of x-modules F whose structural morphism F*F —
F is an isomorphism together with some finiteness condition, is the subcategory to look
at. In 2004, Emerton and Kisin published [EK04], where they proved that the functor
Sol = RHomg, . X (__¢t» Ox,, )[dx] yields an anti-equivalence

Df)fgu(ORX) - ch)(Xét, Z/pZ)

between the bounded derived categories of locally finitely generated unit (lfgu for short)
left OF x-modules on the one hand, and the bounded derived category of constructible
7,/ pZ-sheaves on the étale site Xg of X on the other hand. Their correspondence is
shown to be compatible with half of the six cohomological operations, namely f', fi

and %. They also prove that under the correspondence the abelian category fugg,(X) of
locally finitely generated unit modules corresponds to the category of perverse sheaves
Perv(Xet, Z/pZ) defined by Gabber in [Gab04] on D%(Xg,Z/pZ). In this Riemann-
Hilbert type correspondence, the sheaf of partial differential operators is substituted
by the sheaf Op x. Every Op x-module naturally has the structure of a Dx-module.
The crucial point is that the ring Dx of arithmetic differential operators introduced by
Berthelot equals the union JEndy, ,(Ox) ([Ber96], [Ber00]). The details of the Dx-
module structure of an O x-module are explained in [Bli03]. It follows that the category
considered by Emerton and Kisin is a subcategory of the category of left modules over
the sheaf of rings of differential operators.
The sequence

O_>0Xét i@xét —0

in some sense plays the role of the de Rham complex for varieties over C. For instance,
we can compute Sol(Ox) = RHomg, . (Ox,,, Ox,,)[dx] using the resolution

ét
1-F
0 — Orx, — Orx,

of Ox,, by free left Of x,,-modules. As a consequence of Artin-Schreier theory, the
sequence

0— (Z/pZ)X — OXét i OXét —0



is exact and therefore Sol,(Ox) = (Z/pZ)x[dx]. This observation is fundamental in the
proof of Emerton and Kisin’s Riemann-Hilbert correspondence.

In [BB11], Blickle and Bockle show that if X is smooth and F-finite (i.e. the Frobenius
morphism is a finite map), then Emerton-Kisin’s category pig,(X) is equivalent to their
category Crys, (X) of Cartier crystals on X. This category is obtained by localizing the
category of coherent sheaves M on X equipped with a right action by Frobenius, i.e. a
map F,M — M, at the Serre subcategory consisting of those M where the structural
map is nilpotent.

The category of Cartier crystals is also defined on singular schemes, and a Kashiwara
type equivalence holds in this context [BB13, Theorem 4.1.2], showing that Cartier
crystals on a closed subscheme Z C X are “the same” as Cartier crystals on X supported
in Z. This suggests that for singular schemes, the category of Cartier crystals should be
a reasonable replacement for Emerton-Kisin’s theory, which was only developed for X
smooth. Hence one expects a natural equivalence of categories

Crys,.(X) — Perv(Xe, Z/pZ)

for any F-finite scheme X. In this paper we show this result under the assumption
that X is embeddable into a smooth F-finite variety. The closed immersion of X into
a smooth, F-finite scheme Y enables us to employ the Kashiwara equivalence to show
that the category of Cartier crystals on X is equivalent to the category of Ifgu modules
on Y supported in X. This equivalence on the level of abelian categories then extends
to a derived equivalence

Dgrys(chySn(X)) = fogu(oF,Y)X~

The details of this equivalence are worked out in Section 2 and involve showing that
the equivalence sketched by Blickle and Béckle between Cartier crystals and puggy, (X)
alluded to above is compatible with pull-back functors for immersions of smooth, F-finite
schemes and push-forward functors for arbitrary morphisms between smooth, F-finite
schemes.

In Section 4 we give an intrinsic proof of the fact that the category Df’fgu(OF,y) x is
independent of the embedding of X into a smooth scheme Y. If one had resolution
of singularities in characteristic p, one would have natural isomorphisms of functors
Sol f4 = fiSol for every morphism f between smooth k-schemes [EK04, Theorem 9.7.1].
This would enable us to work with derived categories of constructible étale sheaves,
which are defined on singular schemes as well. Consequently, the independence of a
chosen embedding is an easy exercise. As resolution of singularities is an open problem
in higher dimensions, we are required to extend the adjunction between the functors f'
and f; for proper f from Emerton-Kisin to the case that f is proper over some closed
subset, which is somewhat technical. The source of this is a general adjunction statement
for quasi-coherent sheaves, which we show in section 3, and which we believe to be of
independent interest:

Theorem. Let f: X — Y be a separated and finite type morphism of Noetherian



schemes and let i: Z —'Y and i': Z' — X be closed immersions with a proper mor-
phism f': Z' — Z such that the diagram

7L x

T

Z—ty

commutes. Then there is a natural transformation try: Rf.RTz ' — id such that, for
all F* € D(Ox)z and G* € D .(Oy)z, the composition

Rf.RHom$, (F*, RTz f'G*) — RHom$, (Rf.F*, Rf.RT 7 f'G*)

ltrf

RHom¢,  (Rf.F*®,G*)

is an isomorphism. Here the first arrow is the natural map. In particular, taking global
sections, the functor Rf, is left adjoint to the functor RT z f'.

Combining these steps, the following theorem summarizes the main results in this
paper:

Theorem. Let X be a k-scheme embeddable into a smooth, F-finite k-scheme. Then
there are natural equivalences of categories

ch)rys(chySm(X)) — fogu(OEY)X — ch)(Xéb Z/pZ)7

where Y is a smooth, F-finite k-scheme with a closed immersion X — Y. Here the mid-
dle category is independent of the embedding. These equivalences are compatible with the
respectively defined push-forward and pull-back functors for immersions. Furthermore,
the standard t-structure on the left corresponds to Gabber’s perverse t-structure on the
right.

Corollary. The abelian category Crys,(X) of Cartier crystals on a variety X embeddable
into a smooth, F-finite variety is naturally equivalent to the category Perv(Xg, Z/pZ)
of perverse constructible étale p-torsion sheaves.

While in the final stages of writing up these results, the preprint [Ohk16] appeared.
Therein the author shows that Emerton-Kisin’s Riemann-Hilbert correspondence can be
extended to the case that X is embeddable into a proper smooth W,,-scheme. The case
n = 1 hence also implies the right half of the just stated theorem in the case that X is
embeddable into a proper smooth scheme.

Finally, in section 6 we define the intermediate extension functor ji.: Crys,(U) —
Crys, (C) of Cartier crystals for a non-empty open subset U C X. For a Cartier crystal
M on U, its intermediate extension j,M is the smallest subcrystal A of j.M such that
the restriction of A/ to U is naturally isomorphic to M. This is equivalent to being



an extension of M to X without non-trivial subobjects or quotients supported on the
complement of U. The latter property is a characterization of the intermediate extension
defined in [BBD82] for a recollement situation. In fact, we show that ;.M is naturally
isomorphic to the intermediate extension of Sol, (M) in the context of perverse sheaves.

To illustrate the importance of the intermediate extension in general, we turn back to
algebraic varieties over C. In order to recover Poincaré duality for singular projective
complex algebraic varieties, Goresky and MacPherson considered the cohomology groups
TH (X) = H'(X, ji.Cx,,., [—dx]) instead of H*(X,Cx) for the inclusion j: X;eg < X of
the regular locus of X ([GM83]). For 0 < i < 2dx, there is an isomorphism

TH'(X) = [H** (X[,
which generalizes the Poincaré duality
H'(X,Cx) = [H*™7'(X,Cx)]*

for smooth projective varieties.
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Notation and conventions

Unless otherwise stated, all schemes are separated over the field IF,, for some fixed prime
number p > 0. For such a scheme X, we let Fx or F, if no ambiguity is possible,
denote the Frobenius endomorphism X — X which is the identity on the underlying
topological space and which is given by r — rP on local sections. Often we will assume
that our scheme is F-finite, i.e. that F' is a finite morphism.

Working with Emerton and Kisin’s category of locally finitely generated unit modules
forces us at some points to restrict to varieties, i.e. to schemes which are of finite type
over a field k containing F,. With “schemes over £” or “k-scheme” we always mean
schemes which are separated and of finite over k. For a smooth scheme X over a perfect
field k, the sheaf of top differential forms wy is an invertible sheaf with a canonical
morphism wxy — F'wy of Ox-modules given by the Cartier operator, see Example 1.2
for the affine space. One can check that it is an isomorphism. In general, if X is regular
and F-finite, we will assume that there is a dualizing sheaf wx with an isomorphism
kx:wx — F'wx. For example, this assumption holds if X is a scheme over a local



Gorenstein scheme S = Spec R ([BB11, Proposition 2.20]). Moreover, we assume that
wyx is invertible.
As in [EK04], for a smooth k-scheme X, we let dx denote the function

x — dimension of the component of X containing x.

If f: X — Y is a morphism of smooth k-schemes, the relative dimension dx/y is given
by dx/y = dX — dy o f

1 Review of Cartier crystals and locally finitely generated unit
modules

We begin by reviewing the definitions and results from the theory of Cartier crystals
as developed by Blickle and Bockle in [BB11] and [BB13]. In short, a coherent Cartier
module M on X is a coherent Ox-module together with a right action of the Frobenius
F. These form an abelian category and the category of Cartier crystals is obtained by
localizing at the full Serre subcategory of those M on which F' acts nilpotently. The
resulting localized category is an abelian category, which has been shown in [BB11] to
enjoy strong finiteness properties: All objects have finite length and all endomorphism
sets are finite dimensional [Fj-vector spaces.

1.1 Cartier modules and Cartier crystals

Definition 1.1. A Cartier module on X is a quasi-coherent Ox-module M together
with a morphism of Ox-modules

k: F,M — M.

Equivalently, a Cartier module M is a sheaf of right O x-modules whose underlying
sheaf of Ox-modules is quasi-coherent. Here Op x is the sheaf of (non-commutative)
rings Ox[F], defined affine locally on Spec R as the ring

R[F| = R{F}/(Fr—rPF | r € R).

On the level of abelian sheaves, M and F, M are equal, hence we may view the structural
map « of a Cartier module M as an additive map x: M — M which satisfies k(r?-m) =
rk(m) for all local sections r € Ox and m € M. In this way it is clear that defining
the right action of F' on M via k defines a right action of Ox|[F| on M, and vice versa.
Iterations of x are defined inductively: " := k o F,x"~!. Considering & as an additive
map of abelian sheaves, k™ is the usual n-th iteration.

For a finite morphism f: X — Y of schemes, the functor f, is left adjoint to the
functor f° := f*Hoimoy (f«Ox,_), where f is the flat morphism of ringed spaces
(X,0x) — (Y, fxOx), see [Har66, III. 6]. Hence the structural morphism of a Cartier
module M on an F-finite scheme may also be given in the form #: M — F°M.

10



Example 1.2. The prototypical example of a Cartier module is the sheaf wx of top
differential forms on a smooth variety over a perfect field k. If X = Speck[z1,...,x,],
then wy is the free k[x1,...,z,]-module of rank 1 generated by dx; A --- A dx,,. This
module has a natural homomorphism x: Fywx — wx called the Cartier operator given
by the formula

. . (GRS (int1) 4
T zrdey Ao ANdep —xy P e Tn ¥ dry N\ -+ Ndxy,

where a non-integral exponent anywhere renders the whole expression zero.

A morphism ¢: M — N of Cartier modules is a morphism of the underlying quasi-
coherent sheaves making the following diagram commutative:

M- N

M—*—N.

As Fy is exact, one immediately verifies that Cartier modules form an abelian category,
the kernels and cokernels being just the underlying kernels and cokernels in O x-modules
with the induced structural morphism. We denote the category of Cartier modules on
X by QCoh,(X). The full subcategory of coherent Cartier modules Coh,(X) consists
of those Cartier modules whose underlying Ox-module is coherent. A Cartier module
(M, k) is called nilpotent if some power of k is zero; (M, k) is called locally nilpotent
if it is the union of its nilpotent Cartier submodules. By LNil,(X) we denote the full
subcategory of QCoh, (X) consisting of locally nilpotent Cartier modules, and Nil, (X))
denotes the intersection Coh,(X) N LNil,(X). The full subcategory of QCoh, (X) con-
sisting of extensions of coherent and locally nilpotent Cartier modules (in either order)
we denote by LNilCoh,(X). One has the following inclusions

LNil, (X)
NiL(X) 7 T LNilCohy (X) > QCoh, (X)),
—
Coh,(X)
and each of the full subcategories are Serre subcategories in their ambient category!.
This leads us to our key construction.

Definition 1.3. The category of Cartier quasi-crystals is the localization of the category
of quasi-coherent Cartier modules QCoh, (X) at its Serre subcategory LNil,(X). It is
an abelian category, which we denote by QCrys,, (X).

Similarly, the category of Cartier crystals on X is the localization of the category
Cohy(X) of coherent Cartier modules at its Serre subcategory Nil,(X). It is an abelian
category, which we denote by Crys, (X ). Cartier crystals also can be obtained by local-
izing LNilCoh,(X) at the subcategory LNil,(X).

LA Serre subcategory is a full abelian subcategory which is closed under extensions.

11



In order to define derived functors we have to make sure that the considered categories
have enough injectives.

Proposition 1.4. The category QCoh, (X) is a Grothendieck category with enough in-
jectives whose underlying Ox-module is injective. Its Serre subcategory LNil,(X) is
localizing and hence QCrys,.(X) has enough injectives.

Proof. The first statements were shown in [BB13, Theorem 2.0.9 and Proposition 3.3.17].
That LNil,(X) is localizing now follows from Corollaire 1 on p. 375 of [Gab62] and from
the fact that each M € QCoh, (X) has a maximal locally nilpotent k-subsheaf M,;;, see
[BB13, Lemma 2.1.3]. Then Corollaire 2 of [Gab62] shows that the associated quotient
category QCrys,(X) has enough injectives.

Concretely, if T: QCoh,(X) — QCrys,(X) denotes the exact localization func-
tor, then the fact that LNil,(X) is localizing asserts the existence of a right adjoint
V: QCrys,(X) — QCoh, (X). If M/M,; — I is an injective hull in QCoh, (X), then
it is shown in op. cit. that 7’1 is an injective hull of T (M /M,;). O

The following finiteness statements are the main results of [BB11]:

Theorem 1.5 ([BB11, Corollary 4.7, Theorem 4.17]). Let X be a Noetherian, F-finite
scheme of positive characteristic p.

(a) Every object in the category of Cartier crystals Crys,(X) satisfies the ascending
and descending chain condition on its subobjects.

(b) The Hom-sets in Crys, (X) are finite dimensional Fp,-vector spaces.

These finiteness properties are precisely the ones one expects from a category of per-
verse constructible sheaves in the topological context. It is this result (and the related
statement [EK04, Theorem 11.5.4] in the smooth case) that prompted our investigation
of a connection between Cartier crystals and Gabber’s category of perverse constructible
7/ pZ-sheaves on Xg, which is the content of this article.

1.2 Cartier crystals and morphisms of schemes

Up to now, we studied different categories stemming from quasi-coherent sheaves on a
single scheme X. In this subsection, we consider morphisms f: X — Y of schemes
and construct functors between the categories of Cartier (quasi-)crystals on X and on
Y. With the notation D*(.A) for an abelian category A and * € {4, —, b}, we mean the
subcategory of the derived category D(A) of bounded below, bounded above or bounded
complexes.

The first result is concerned with the derived functor Rf, for quasi-coherent Ox-
modules. For a large class of morphisms it behaves well with the additional structure of
Cartier modules and with localization at nilpotent objects. In principle, to any quasi-
coherent Cartier module M with structural map xjs, we assign the quasi-coherent Oy-
module f,M together with the composition

FyofuM 5 fuFx M 2254 £
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This is the underived functor f.: QCoh,(X) — QCoh,(Y).

Theorem 1.6 ([BB13, Corollary 3.2.12]). Let f: X — Y be a morphism of F-finite
schemes. Suppose x € {+,—,b}. The functor Rf. on quasi-coherent sheaves induces a
functor

Rf.: D*(QCoh, (X)) — D*(QCoh,(Y)).
It preserves local nilpotence and hence induces a functor

Rf.: D*(QCrys, (X)) — D*(QCrys,(Y)).
If f is of finite type (but not necessarily proper!) then it restricts to a functor

Rf,: Diya(QCrys, (X)) — Diyy(QCrys, (1))
where the subscript crys indicates that the cohomology lies in LNilCrys,..
For essentially étale morphisms and for closed immersions there are pull-back functors.

Theorem 1.7. Let f: X — Y be a morphism of schemes.

(a) Suppose x € {+,—,b}. If f is essentially étale, the exact functor f* induces a
functor

It Diyo(QCrys,(Y)) — Diyyo(QCrys, (X)),
which is left adjoint to Rf,.

(b) Suppose x € {+,b}. If fis a closed immersion of F-finite schemes, the functor f°> =
?*Homoy(f*ox,i), where f denotes the flat morphism (X,0x) — (Y, fiOx) of
ringed spaces, induces a functor

F' Diys(QCrys, (V) — Do (QCrys, (X)),
which is right adjoint to Rf,.

Proof. Let M be a quasi-coherent Cartier module on Y. For essentially étale f, there
is a canonical isomorphism bc: Fx, f* — f*Fy,. Hence we may equip f*M with the
structural morphism given by the composition

R A BN S N Y TN Vi

As f* preserves coherence, we obtain a functor Coh,(Y) — Cohx(X). It is easy to see
that f* preserves nilpotency. Therefore, and by exactness of f*, we obtain the desired
functor DYy, (QCrys,(Y)) — Dby, (QCrys, (V).

In the case of a closed immersion f, the composition

b..
ML PR S B M,

where 7 is the adjoint of k, is a natural Cartier structure for the Ox-module f’M.
Once again it remains to check that it gives rise to a functor f !Dé’rys(QCrysK(Y)) —
Dgrys(QCrysH(X )). The adjunctions of Rf, and f* or f' follow from the corresponding
adjunctions for quasi-coherent sheaves. For more details see [BB13, Proposition 3.3.19]

and [BB13, Corollary 3.3.24]. O
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Now let i: Z — X be a closed immersion and j: U — X the open immersion
of the complement X\Z. Note that for a closed immersion i, the functor i, is exact
and therefore we drop the R indicating derived functors. The units and counits of the
adjunctions between i, and i' and between Rj, and j* lead to a familiar distinguished
triangle.

Theorem 1.8 ([BB13, Theorem 4.1.1}). In D{ (QCrys, (X)) there is a distinguished
triangle
ixit — id — Rj,j* — i,i'[1].

This theorem shows the equivalence mentioned in the following definition.

Definition 1.9. A complex M* of ch’rys(QCrysH(X)) is supported on Z if j'M*® = 0
or, equivalently, if the natural morphism 4,i'M® — M?® is an isomorphism. We let
D?,ys(QCrys, (X)) z denote the full triangulated subcategory consisting of complexes
supported in Z.

~

For Cartier crystals, there is a natural isomorphism of functors i,i' = RI'; where
RT'z is the local cohomology functor, see [BB11, Proposition 2.5] for the basic result
concerning the abelian categories of Cartier modules and the proof of [BB13, Theorem
4.1.1]. This isomorphism identifies the distinguished triangle of Theorem 1.8 with the
fundamental triangle of local cohomology. The following theorem is a formal consequence
of Theorem 1.8:

Theorem 1.10 ([BB13, Theorem 4.1.2]). Let i: Z — X be a closed immersion. The
functors i, and @' are a pair of inverse equivalences

Dl (QOrys, (2))) = Dhyyo(QCrys, (X))

1

We call this equivalence the Kashiwara equivalence. If Z is a singular scheme which
is embeddable into a smooth scheme X, the Kashiwara equivalence enables us to work
with objects in D% (QCrys(X)) instead of D% (QCrys(Z)).

crys crys

1.3 Review of locally finitely generated unit modules

In [EKO04], Emerton and Kisin consider left Op x-modules, i.e. Ox-modules M with a
structural morphism F*M — M. Instead of localizing, they pass to a certain subcat-
egory. If we speak of Of x-modules we mean left OF x-modules. In this subsection, all
schemes are separated and of finite type over a field k containing IF),.

Definition 1.11. Let X be a variety over k. A quasi-coherent O x-module is an Of x-
module whose underlying Ox-module is quasi-coherent. If the structural morphism
F*M — M of a quasi-coherent O x-module M is an isomorphism, then M is called
unit. We let ;1(X) and g, (X) denote the abelian categories of quasi-coherent and quasi-
coherent unit Of x-modules.

14



The term “locally finitely generated” for an Of x-module M means that M is locally
finitely generated as a left O x-module. Emerton and Kisin’s focus is on locally finitely
generated unit modules, Ifgu for short, on smooth schemes, where they form an abelian
category.

Definition 1.12. We let pfe,(X) denote the abelian category of locally finitely gener-
ated unit Of x-modules. We let Dy (OF x) denote the derived category of complexes
of Of x-modules whose cohomology sheaves are lfgu.

Proposition 1.13. Let f: X — Y be a morphism of smooth k-schemes. The functor
f': D(Opy) — D(Opx) defined by

L
FIM® =Opx .y Qf-10py FIM [dy)y]

restricts to a functor
! b b
f : legu(oF,Y) — legu<OF7X)'

Here Op x_y denotes Op x with the natural (Op x, f_lOpyy)—bimodule structure.
Proof. This is Lemma 2.3.2 and Proposition 6.7 of [EK04]. O

Ezxample 1.14. Let f: U — X be an open immersion of smooth k-schemes. Then we
have dyy/x = 0 and the inverse image of Op x is the restriction to U:

f10px = Opx|v = Ory.

Hence we regard Opy—x as Opy with the usual (Ofry, Oy )-bimodule structure. It
follows that f'M = f*M with the natural structure as a left Ory-module for every left
OF x-module M.

The construction of the push-forward is more involved. Emerton and Kisin first
show that OF,Y%X = f_IORY X 10y wx/y is naturally an (f_loF’y, (QF,X)—bimodule.
We summarize the construction of the right Op x-module structure from Proposition-
Definition 1.10.1, Proposition-Definition 3.3.1 and Appendix A.2 of [EK04]: The relative
Frobenius diagram is the diagram

F F!
x M xr Yx (1)

N b

y Y.

Here X' is the fiber product of X and Y considered as a Y-scheme via the Frobenius
and Fy/y is the map obtained from the Frobenius Fx: X — X and the morphism
f. We call Fx/y the relative Frobenius. Unlike Flx, it is a morphism of Y-schemes.
Locally, for X = SpecS and Y = Spec R, the structure sheaf of X’ is given by the tensor
product R ®pg S, where R is viewed as an R-module via the Frobenius Fr. Globally we
have an isomorphism Ox' = fT1Ox F ® 10y Oy where Ox F denotes the submodule of
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Ox[F] = O x generated as a left Ox-module by F. Consequently, for any Ox-module
M, F{¥ M may be viewed as f~'OxF ®p-10, M.
Let v: Oy — Fy Oy be the canonical isomorphism. The adjoint of the composition

N F! fl!’}’
F'Oy =5 Fi y f1 Oy =2

Fy)y " FyOy = Fy )y Fy f'Oy

yields a morphism Cx,y: Fx/y.wx/y — F{/*wx/y called the relative Cartier opera-
tor. Note that F/y is the identity on the underlying topological spaces of X and X !
Therefore C'x/y defines a map of abelian sheaves wy/;y — Fy wy/y- Together with
the identification F{/*wx/y ~ f(~lOxF R p-10y WX/Y and the inclusion OxF C Ofx
the relative Cartier defines a map wx/y — f‘lOFy ®f-10, Wx/y. Now we can state
the structure of f~1Opy @10y wx/y as a right Op x-module. The endomorphism on
f_IOEy ®f-10, wx/y induced by multiplication with F' € Op x on the right is given
by the composition

710 Cx/y 710 710
f Fy @10, wx)y — f FY Qf10, [ FY @f-10y WX/Y
= [T Ory ®f-10, wx/v,

where m is the the multiplication a ® b+ ab in the sheaf of rings f~'Opy-.
The functor f: D(Opx) — D(OFy) is defined by

FM® = RE(Oryx Gopy M®).
Proposition 1.15. The functor fy: D(Opx) — D(Opy) restricts to a functor
f+: Dy (O, x) — Diyu(Opy).
Proof. This is Theorem 3.5.3 and Proposition 6.8.2 of [EK04]. O

Ezample 1.16. Once again, let f: U — X be an open immersion. Then Fy/x is an
isomorphism, identifying X’ with the open subset U of X, and wy/ x = f 'Ox = f*Ox =
Oyp. Therefore we have

Orxev = f'0px ®-10, Ov = Ory ®o, Ou.

The left Op-module structures of Oy ®o, Oy and Ofy are obviously compatible
with the natural isomorphism Opy ®o, Oy = Opy. We verify that this isomorphism
identifies the right Opy-module structure on Opy ®o, Oy with the natural one on
Opy. Identifying X’ with U via Fy, /x, the relative Frobenius diagram reads as follows:

.d F
U—-U—""

N

X Xy

e
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The relative Cartier operator id, Oy = Oy — FxOyp is just the usual isomorphism.
On global sections R = Oy (V) of an affine open V' = Spec R of U, its inverse is the
map R’ ®g R — R given by r ® s — rsP. Here R’ denotes R viewed as an R-module
via the Frobenius. Locally on V, the right action of F' on Oy ®0,, Oy is given by the
composition

ocRr—>oQrF—orFel

since, under the isomorphism Fj;0y — OpF ®p,, Oy, an element r ® s € R Qg R
corresponds to rF'® s € OyF ®p,, Oy. On the other hand, the natural isomorphism
Oru ®o, Ov = Opy maps 0 ® r to or. Multiplication by F' on the right yields orF,
which corresponds to orF' ® 1 in Opy ®o, Oy = Opy. This shows that the diagram

Oru ®o, Ouv —— Opy

lF J{F
Orv ®o, Oy —— Opy

commutes, where F' denotes multiplication by F' on the right.

Depending on f, there are adjunction relations between f' and fy. If f is a closed
immersion, a Kashiwara-type equivalence for unit modules holds.

Lemma 1.17 ([EK04, Lemma 4.3.1.]). If f: X — Y is an open immersion of smooth
k-schemes, then, for any M® € D~ (Opy) and any N* € D (Op x), there is a natural
isomorphism

RHomp,, . (M®, f1N°) — Rf.RHomp, (f'M*N®)
in D*(X,Z/pT).

Theorem 1.18 ([EK04, Theorem 4.4.1]). Let f: X — Y be a proper morphism of
smooth k-schemes. For every M* in D% (Opx) and every N'* in Db (Opy), there is a
natural isomorphism in DY(X,Z/pZ):

RHom,, , (f1 M®,N'*) = Rf.RHom},  (M", f'N*®).

Here DZC(OF,X) denotes the subcategory of Db((’)F,X) of complezes whose cohomology
sheaves are quasi-coherent and analogously for Dgc(OF,Y)'

For the proof, Emerton and Kisin show that the trace map f.f*E® — E* for the
residual complex E*® of Ox is compatible with the natural map E* — FE®. Here
f2 denotes the functor f' for residual complexes, see [Har66, VI.3]. Thus it induces a
morphism f4 Op x[dx/y] — OFy, and with the isomorphisms

L
f—l—f!f. — f-i-(OF,X ®(9F,X f!}_.) - f+OF,X[dX/Y] ®OF»Y 7

the second one being a projection formula ([EK04, Lemma 4.4.7]), we obtain a trace map
tr: fo f'F® — F* for every F*® € Df’fgu(OF,y). Similarly, as in the case of the adjunction
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between Rf, and f' in Grothendieck-Serre duality, the natural transformation of the
theorem is obtained by the composition

Rf.RHom$, (M®, f'N*) —— RHomp),  (f+ M®, f4 f'N)

Jtr

RHom?,, . (f4M®,N'*®),

where the horizontal arrow is a natural transformation constructed in [EK04, Proposition
4.4.2]. Tt is this adjunction between f; and f' that we want to extend to morphisms
which are only proper over the support of the considered complexes. This will be done
in section 4.

Finally, for a closed immersion of smooth varieties, we have a Kashiwara type equiv-
alence.

Theorem 1.19 ([EK04, Theorem 5.10.1]). If f: X — Y is a closed immersion of
smooth k-schemes, then the adjunction of Theorem 1.18 provides an equivalence between
the category of unit O x -modules and the category of unit Oy -modules supported on X .
The fact that the natural map fy f' M — M is an isomorphism implies that HO(f")M =
M.

2 From Cartier crystals to locally finitely generated unit
modules

In order to construct an equivalence between Cartier crystals and locally finitely gen-
erated unit modules, one uses an equivalence between Cartier modules and so-called
~v-sheaves. It will induce an equivalence between Cartier crystals and ~-crystals. The
latter in turn are known to be equivalent to lfgu modules.

2.1 Cartier modules and ~-sheaves

We note that for a regular scheme X, the Frobenius Fx: X — X is a flat morphism
and hence F% is exact ([Kun69, Theorem 2.1]).

Definition 2.1. A ~-sheaf on a regular, F-finite scheme X is a quasi-coherent Ox-
module N together with a morphism vy: N — F*N.

The theory of y-sheaves is very similar to that of Cartier modules. With the obvious
morphisms, ~-sheaves form an abelian category with the nilpotent ~-sheaves being a
Serre subcategory. We obtain -crystals in the same way as we obtained Cartier crystals
and so forth. In this section we revisit the connection between Cartier modules and
~-sheaves as explained in section 5.2.1 of [BB11] and give some details of the proof.

Definition 2.2. For any isomorphism ¢: & — & of invertible Ox-modules, while
@1 & — & denotes the inverse, let ¥ denote the induced isomorphism &' — &
between the duals.
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If we speak of the y-sheaf Ox we mean the structure sheaf of X together with the
natural isomorphism vx: Ox — F*Ox. By abuse of notation we call this isomorphism
the Frobenius.

For a regular, F-finite scheme X, let kx, or kg if X = Spec R is affine, denote the
natural isomorphism wy — F’wyx, which is the adjoint of the Cartier operator if X is
a smooth variety.

The next lemma makes explicit a fundamental isomorphism, which will be used re-
peatedly.

Lemma 2.3 ([BB11, Lemma 5.7]). Let f: X — Y be a finite and flat morphism of
schemes. For every quasi-coherent Oy -module F, there is a natural isomorphism

can: f°Ox ®oy [*G = f°G.

Proof. 1t suffices to construct a natural isomorphism locally and therefore we can iden-
tify f with a ring homomorphism R — S and F with an R-module M. Define the
homomorphism

can: Homp (S, R) ®s (M ®r S) — Hompg(S, M)

of S-modules by mapping a ® (m ® t) to the homomorphism s — «(st)m. Since f is
finite flat, we can assume that S is a free R-module and choose a basis s1, 9, ..., S,. Let
©1,-..,¢n be the dual basis, i.e. ¢; € Hompg(S, R) and ¢;(j) = d;;. One easily checks
that the map

HOHIR(S, M) — HOHIR(S, R) Xg (M KRR S)

n
Y= Z%‘ ® (i)
i=1

is inverse to can. O]

The following definition is extracted from [BB11, Theorem 5.9].
Definition 2.4. Let X be a regular, F-finite scheme.

(a) For every Cartier module M with structural morphism &, the sheaf M ® wy! has
a natural y-structure given by the composition

M® w)}l
l’fﬂl@(“}()_l
\4
F'M @ (FPwx)™? FPOx @ F*M @ (F°Ox)™!' @ Frwy!

F*(M @ wy') FPOx @ (F’Ox)™ ' ® F*M ® F*wy!,

can~! ® can

ev

where the vertical arrow on the right is the permutation and evz: £L ®0p, £t=
Ox is the evaluation map [ ® ¢ — ¢(l). This morphism is called the ~y-structure
of M ® w;(l induced by k.
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(b) For every v-module N with structural morphism 7y, the sheaf N ® wx has a
natural Cartier structure given by the composition

N Q®uwyx

J{’YN@’?X

F*N @ FPwy F*N @ F’Ox @ F*wx

| I

F’(N ® wy) F’Ox ® F*N @ F*wy,

id®@can—1t

can

where the vertical arrow on the right is the permutation. This morphism is called
the Cartier structure of N ® wx induced by vyn.

Remark 2.5. Thanks to the fact that the proof of Lemma 2.3 contains explicit formulas
for the isomorphism can and its inverse, we can concretely describe the induced Cartier
structure of N ® wg for a yv-module IV over a regular ring R such that F,R is free with
basis s1, ..., S, Form € wp set ¢, := kr(m) and let ¢1,. .., ¢, € Homg(FyR, R) be the
dual basis of s1,...,s,, this means ¢;(s;) = d;;. Following the arrows of Definition 2.4,
we see that the Cartier structure N ® wxy — F*(N @ wy) is given by

n®@m— y(n) om
=Y 7(n) @ i @ m(si)
7

= (5 2 7(0) @ @ils) © pm(si)-

We will need this concrete version later on to prove that, for affine schemes, assigning
a Cartier module to a y-sheaf commutes with certain pullbacks, see Lemma 2.17. The
use of the isomorphism F O x ® (F O X)_l = Ox involves the concrete formula for the
structural morphism of the ~-sheaf associated to a Cartier module.

Lemma 2.6. Let (N,vn) be a y-sheaf on a regular, F-finite scheme X. The adjoint
F.(N @ wxy) — N Q@ wx of the structural morphism of the Cartier module N ® wyx is
given by the composition

F(N®wy) X F.(F*N @wy) = N ® Fawyx -5 N @ wy,
where the isomorphism in the middle is given by the projection formula.

Proof. By construction, the structural morphism of N ® wx is the composition of the
upper horizontal and the rightmost vertical arrow of the following diagram:

N@wy — P N@wy —I PN @ FP Fux —% F*N © Fuy

E T

=1 ~
F'F,(N ®@wyx) 25 FPF,(F*N @ wy) 22 FP(N ® Fawy ) —— F*(N ® wy).
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Here adj denotes the respective adjunction morphism and proj is the isomorphism from
the projection formula. The third and the fourth vertical morphism are isomorphisms
stemming from can. For example, the morphism F*N ® Fux — Fb(N ® Fuwy) is the
composition

F*N @ Fuy 9890 i @ Fruyx @ FPOx 2% F'(N @ wy).
Following the leftmost vertical and the lower horizontal arrows we obtain the adjoint of
the morphism which is claimed to be the adjoint of the Cartier structure of N ® wx.
Hence it suffices to show that the diagram above is commutative.
The first and the last square commute by functoriality. The commutativity of the
square in the middle can be checked locally on affine open subsets of X because F' is an
affine morphism. O

For the proof of Proposition 2.10, we need the isomorphism wx ® w)_(l = Ox of ~-
sheaves, which is a consequence of the following general lemma.

Lemma 2.7. Let f: X — Y be a morphism of schemes and L an invertible Oy -module.

(a) If p: L = L1 ®oy L2 is an isomorphism with invertible O x-modules L1 and La,
then the diagram

p(pY) ! id®eve,

LROLT—— L RLRL @ L]

eve
eve,

Ox

Lo® Ly?

commautes.

(b) The diagram of canonical isomorphisms

F(L@o, L71) —— f*Leoy (f*L)7

| |

f[7O0x Oy

commutes.

Proof. Tt suffices to verify the claims for an affine scheme X = Spec R and, for (b), for
a morphism of affine schemes Spec S — Spec R and an R-module M.

(a) Let Iy, Iz, @1, @2 be elements of Lo(X), L2(X), L71(X), L31(X). For | :=
p 11 ® 1) and ® := pY(p1 @ 2) we have

(eveo(p@ (p) ) )l @l @1 @ pa) = eve(l @ ®) = (1) = p1(lh) - p2(la)
because @ is given by the composition
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On the other hand

(eve, o(id®eve,))(lh @ le ® 1 ® p2) = eve, (p1(l1) - (l2 ® p2)) = p1(lh) - p2(l2).

(b) We have to show that the diagram

(M ®r Homgr(M, R)) ®p S —*— (M ®p S) ®5 Homg(M ®g S, S)

Jﬂ L

R®pr S i S

with the maps
a:(mRe)Rs— (M s)@ (Nt t-pn))
B:(mRp)@s— p(m)®s
v (M®s) @Y= h(m s)

0:r®s—rs

commutes. This follows from

(voa)(m® ) ®s) =v((m®s)®(n@t— tp(n))) = sp(m)
and
(60B)((m® p) ®s) =d(p(m) ® s) = sp(m).
O

Example 2.8. The y-sheaf w := wx ® w)_(l on a regular, F-finite scheme X is canonically
isomorphic to the structure sheaf Ox equipped with the natural morphism Ox —
F*Ox. We have to show that the diagram

eve g

wx ® w)_(l OX
(can~ ! ok x)®(can™! O(KX)il)
FbOX ® Frux ® (Fb(f)x)*l ® F*w)_(l id
Vpboy ®id| ~
* *,,—1 ~

Frox ® F*wy i Ox

~ 0.4
1 ~

F*wx ® wyh) I F*Ox

commutes. The commutativity of both the top and the bottom rectangle follows from
Lemma 2.7. Note that the horizontal isomorphisms of the lower square are the inverses
of the natural isomorphisms of part (b) of Lemma 2.7. By definition, the ~-structure
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of wy ® w;(l is given by the composition of the vertical arrows on the right. Hence the
1

~-structure of Ox with respect to the natural isomorphism Ox Zexy x ® w)}l is the
Frobenius.

Similarly, starting with the y-module Ox, the induced Cartier structure of Ox ® wx
is compatible with kx with respect to the isomorphism Ox ® wx = wx.

Definition 2.9. Let QCoh,(X) denote the category of 7-sheaves and let Coh,(X)
denote the category of v-sheaves whose underlying Ox-module is coherent. We let
QCrys, (X) and Crys,(X) denote the corresponding categories of crystals, see Defini-
tion 1.3.

Proposition 2.10. If X is a reqular, F-finite scheme, then tensoring with wx and its
inverse induces inverse equivalences of categories between Cartier modules and y-sheaves
on X:

_®ox wy!
QCoh,(X) 7 QCoh, (X)
_Qoywx

and

In terms of this equivalence, the Cartier module (wx,kx) corresponds to the ~y-sheaf

(OX,'YX)'

Proof. Let w denote the y-sheaf w)_(l ® wx and 7, its structural morphism. (Note that
there is no considerable difference between wx ® w)_(l and w)_(l ® wx.) We start with a
Cartier module (M, kps). Consider the diagram (3) on page 26. Passing through the top
arrow we follow the construction of the structural morphism of M ® w)_(l ®wx while the
structural morphism of ks is given by the composition of the horizontal arrows on the
bottom: #j; = cano(can~!oky). Hence we have to show that (3) is commutative. Here
1 denotes a permutation of the tensor product followed by the evaluation map, similar
to the top most horizontal arrow. More precisely, it is the composition

FPOx @ F*M ® (F°Ox)™! @ Frwy' ® F’Ox ® Frwy
FPOx @ F*M @ Fruy' ® (FPOx)™' @ F’Ox) ® Frwy
ev

FPOx @ F*M ® Fruy' ® Frwy

~

FPOx ®@ F*(M ® wy' @ wy)
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of natural isomorphisms and ev. For simplicity, we will not distinguish between F*(M ®
w;(l ®wx) and F*M ® F*w)}l ® F*wyx. Consider the upper square. The map through
the top arrow is given by

a@MmRLRoRbRt— fla)- (b@MRo@t)
and p is the map
a@mLRoRbRt— B(b)- (a@MRo®t).

Because
B(a) - b= B(ab) = B(b) - a,

these two maps are equal. In the lower left square the map from M ® wyxy ® w;(l to
F’Ox @ F*(M ® wy' ® wx) is the composition

n—lo i w % _
M@wy @wy! L2 POy @ F*M @wy @wy 2% FPOx @ F*(M 9wy @wx).

Hence it suffices to show that

id ®d

F*M @ wy' @ wx = F*M ® Oy — F*M (2)
JF* M &Y id ®FJ NJ{
F*M @ F*(wy @ wx) 20 M@ F*Ox ———— F*(M ® Oy)

is commutative. The commutativity of the left square is Example 2.8 tensored with
F*M. That the right square commutes can easily be checked by hand: For an arbitrary
commutative ring R, an R-algebra S and an R-module M, the diagram

(M®@rS)®sS—— M QRS

| J

(M®rS)®s (R®pS)—— (M ®r R)®gr S

of natural homomorphisms is commutative. Along both ways an element (m ® s1) ® s9
is mapped to (m ® 1) ® s1s2. Locally the right square of (2) is just a special case of this
diagram.

Now let (N,~vn) be a y-sheaf. By definition, the structural morphism v of N Quwy ®
w)_(l is the line in the middle of the diagram (4). The upper squares of this diagram
commute by construction. Here the horizontal morphism to the top right corner is given
by id ®(can~! o& x) and the horizontal morphism below is the unique morphism making
the upper right square commute. Therefore we see that ~/; is the tensor product of vy
and 7, i.e. the bottom rectangle of (4) is commutative.
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Now consider the diagram

id @ YN ®id

Now N ® F*w F*N®Fw— " S FNouw)
id®@s id @Fﬂ{ id@F*s F*(id ®6)
NoOx —99%  Ng oy Y N FrOy — > 5 F*(N © Ox)
~ id®vyx ~
N w F*N @ Ox - F*N.

The upper left square is the commutative diagram of Example 2.8 tensored with N.
The upper square in the middle and the bottom left rectangle are clearly commutative.
The square to the left of it commutes because of the naturality of the isomorphism
F*N ® F*(_) — F*(N ® _). We already have seen that the bottom right square
commutes: It is the same square as the left one of diagram (2) with M replaced by N.
Moreover, the composition of the leftmost arrow is N ® § and the composition of the
rightmost arrow is F*(N ® §).

Hence the structural morphism of N is compatible with vx ® ~,,, which turned out to
be compatible with the structural morphism induced from the Cartier module N ® wy.
Thus we can extract the commutative diagram

_ 75 _
NQ@uwx @wy' ———— F*(N @ wx @ wx')
id ®5T F*(id ®5)T
N A F*N.

It follows that the functors & w)_(l and _ ®wx are inverse equivalences. From Exam-
ple 2.8 we know that _ ® w}l maps wx with the structural morphism xx to Ox with
the structural morphism vx. Consequently,  ® wyx maps the v-sheaf (Ox,vx) to the
Cartier module (wx, Kx). O

Corollary 2.11. Tensoring with wx and with w)_(l induces equivalences of categories

and

for every regular, F-finite scheme X.

Corollary 2.12. If X is regular and F'-finite, the categories QCoh., (X) and QCrys, (X)
have enough injectives.

Proof. This follows from Proposition 1.4 and Corollary 2.11. O
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(KXo @ Xm® N) = (Xm0 @ X0), ] @ N ol SCaNL L@ Xm@ N
(Em @ Xm@ N)d 2@ (Xm@ N)od Fmo Zo@Xme N
PL® k@?ﬁé%? 2%;:,8 %E@szo 1_ued)®NL

i @ (X)) ®@ X0ud @ Nutd @ XQ gl ¢ X0 @ (X0, @ N o] @ XQ ool ¢+ (X0 @ X0, @ XO oo @ Ny

Wed e o ® X0 od Tra—

bod (0P ®X O ool Xm® Xme n
(Xu@_(X¥)@MW), _ues
(X @ Xo® W)l 55— (X0 @ X0 @ W) sd @ XQod ¢ X0ud @ XO gl @ X0l @ 1 (XO ) @ W @ XQ ol

~ ~

X0, ] @ XQ gl @ X0, @ W 45— X0 @ XQgd @ X0,d @ Wi @ (1_(XO o) ®@ XO o)
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2.2 Compatibility with pull-back
The pull-back of quasi-coherent sheaves defines a pull-back functor on y-sheaves:

Definition 2.13. Let f: X — Y be a morphism of regular schemes and N a v-sheaf on
Y with structural morphism ~y. The y-structure for f*/N is defined as the composition

FIN LN N Y RN

First we consider a closed immersion i: X — Y of regular F-finite schemes. The aim
is to prove the following theorem:

Theorem 2.14. Leti: X — Y be a closed immersion of reqular, F-finite schemes with
codimension n. Then there is a canonical isomorphism of functors

-1 n b~ ok -1
_ Quwy oR" =i o Quy

inducing a corresponding isomorphism of functors of crystals, i.e. the diagram

s commutative.

We begin with the affine case. Noting that any closed immersion of regular schemes
is a local complete intersection morphism, it suffices to consider the case of a complete
intersection, where the pull-back of a Cartier module can be computed by using the
Koszul complex.

Lemma 2.15. Let f = fi, fo,..., fn be a regular sequence of elements of a commutative
ring R. Let I be the ideal generated by the f;. Then for every Cartier module M with
structural map k, there is an isomorphism

pr: Extp(R/I, M) — M/IM
where M /IM is viewed as an R/I-module with the Cartier structure

m+IM — kpr((fr- fa- fn)P tm) + IM.

Proof. By definition we have to compute RHompg(R/I, M). The structural morphism
kpay: Fui”M — i M equals the composition

F,RHomp(R/I, M) — RHomp(F,R/I, F.M) — RHomp(R/I, M),
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where the first morphism is the canonical one and the second is induced by F': R/I —
F.R/I in the first and x: F,M — M in the second argument. A free resolution of the
R-module R/I is given by the Koszul chain complex K(f). It is the total tensor product

complex in the sense of [Wei94, 2.7.1] of the following complexes K( f;)

O—>RL>R—>O

concentrated in degrees —1 and 0. Each complex K(f;) admits a lift of the Frobenius
F: R — F,R in degree 0 by mapping r to r? fF ~!. This means the diagrams

0 R—1 LR 0
il
0—FRTSER——0

-

commute. The maps R fl—) F.R give rise to a map of complexes F': KC(f) — FL.K(f)

lifting the Frobenius in degree zero: In general, if o: M — F,M and ¥: N — F,N are
R-linear maps, it is easy to check that the map

M®RN—>M®RN
m®n— p(n)p(n)

of abelian groups is p-linear, i.e. it is an R-linear map M ® N — Fy.(M ® N). Thus we
inductively obtain an R-linear morphism of complexes F': K(f) — F.K(f). Unwinding

the definition of the tensor product of complexes, we see that the left end of this map is
the square

(1)1 f)e

0 R R"
. ff'_l‘ l(l‘[#,. 70
(=1)""1f;); n
00— F,R F.R

Consequently, the n-th degree of the composition

Fo_ ok

F, Homp(KC(f), M) <20 Homp(F.K(f), FoM) —=— Homg(K(f), M)

maps m to ([T f*~")m) by the identification Hompg(R, M) = M via ¢ — ¢(1). The
differential Hompg (Ky—1(f), M) — Hompg(KC,(f), M) corresponds to the map

M" — M

The image is the submodule M and thus the n-th cohomology of Hompg(K(f), M) is
isomorphic to M /IM, equipped with the claimed Cartier structure. O
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Remark 2.16. The isomorphism Ext%(R/I, M) — M/IM of the underlying sheaves is
not canonical. It depends on the choice of the regular sequence f. From the construction
of this isomorphism we see that if ¢ = g¢1,...,9, is another regular sequence of R
generating I and g; = > ¢;; f;, the automorphism 7 on M /IM making the diagram

M/IM
f
ExtB(R/I, M) T
g
M/IM

commutative is given by multiplication with det(c;;).

Nevertheless, interpreting the top-Ext-groups as quotient modules in the case we are
interested in, namely Ext’%(R/I, M) ® Ext’(R/I,wg)~!, leads to isomorphisms, which
are independent of the regular sequence generating I, since the correcting factors from
both terms cancel.

Lemma 2.17. Let R be a commutative ring such that Fy R is finite free, N a y-module
over R and I C R an ideal which is generated by a regqular sequence of length n. There
18 a canonical isomorphism between Cartier modules

ExtR(R/I,N @ wg) = N/IN ® wg/r-

Proof. Choose a regular sequence f = fi,..., f, such that I is generated by the f;. Also
choose a basis rq,...,r: of R viewed as a free R-module via the Frobenius. The dual
basis ¢1, ..., is given by ¢;(rj) = 0;;. Let x denote the intrinsic Cartier structure of
Extk(R/I,N ® wg) and & denote the Cartier structure of N/IN ® wg/; as explained
in Proposition 2.10. Identifying Ext%(R/I, N ® wr) with (N ® wg)/I(N ® wgr) via the
isomorphism ¢ from Lemma 2.15, we obtain the map

k't F((N @wr)/I(N ®wr)) — (N @wg)/I(N ® wg)
n@m+I(N®@wg)— Y @i()n(n) @ kr(riff"'m) + I(N @ wg)
=1

as the induced Cartier structure on (N @ wgr)/I(N ® wr). Here vy is the y-structure of
N.

Also identifying wp,/; = Exty(R/I,wgr) with wr/Iwg via f, its Cartier structure s g/
is given by m+ Iwy + kr(fP~tm)+I(wy). From this perspective, the Cartier structure
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of & of N/IN ® wg/r induces the structural morphism

&' F.(N/IN ® wg/Iwr) — (N/IN @ wr/Iwg)

nem— > ¢i(1) - n(n) ® kr(r fP~Tm)
i—1

=" i (n) @ kr(rif*"'m) + I(N @ wr)
i=1

on N/IN ® wr/Iwg. Finally, there is a natural isomorphism
7: (N ®gwr)/I(N ®rwr) — N/IN ®p/; wr/Iwr

of R-modules, mapping n ® m to m ® m. The explicit formulas for x’ and &’ show that
7 makes the square in the middle of the diagram

Ext%(R/I, N ®@g wr) —— F* Ext%(R/I,N @ wr)
‘PL Fbwi
(N @ wr)/I(N ® wg) —s F*(N @ wg)/I(N ® wg))

T Fbr

N/IN ® wg/Iwg —— F*(N/IN @ wr/Iwg)

id ®¢y FP(id@gy)

i*N Qpwr/r — L PF(i*N®g WR/T)

commutative. The squares above and below commute by construction. Let ® be the
composition (id ®g0°]iR)*1 oTo @}V ®“R We have just seen that the diagram

Ext%(R/I,N ®r wr) —— F* Ext%(R/I,N ®r wg)

J |

*N ®R wR/] % Fb(l*N ®R wR/I)

commutes. Furthermore, ® is natural: Let g = g1,..., g, be another regular sequence
generating I with g; = > ¢;; f;. Then, by Remark 2.16,

(id ®g0‘;R)_1 oTo @i}V@wR = det(c;;) " (id ®gp‘}’R)_1 oTo det(cij)gp}\[@wR

= (id ®QOER)_1 oT O szi\f@)wg‘
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Proposition 2.18. Let i: X <— Y be a closed immersion of reqular, F-finite schemes
and let N be a y-sheaf on Y. There is a canonical isomorphism

®: 7 Extp, (i:Ox, N @0, wy) — i*N @0, wx

of Cartier modules, which is functorial in N. Here i denotes the flat morphism of ringed
spaces (X,0x) — (Y,i,.0x).

Proof. Choose an affine open covering {Uj}, = Spec Ry, of Y such that iy, : i (Uy) —
Uy is a complete intersection. By refining the covering we can assume that F, Ry is
free. Let I, C Ry be the ideal such that ¢|y, corresponds to the ring homomorphism

~Y

Ry — Ry/I;. By Lemma 2.17, we have an isomorphism Exts(Ry/Ix, Ny, ® wg,) =
i*Nl|y, ® wg, /1,» Which is natural and therefore, we can glue the local isomorphisms to
the desired global map ®. O

Proposition 2.18 shows that there is a natural isomorphism of functors R"i’ o R0y
wy & _ ®oy wx ot*. This enables us to prove Theorem 2.14 because _ ®¢, wy and
_ ®oy wx are equivalences of categories.

Proof of Theorem 2.14. For every y-sheaf N on Y, there is an isomorphism

R"(N @0y wy) =i 'Ext} (i.0x, N @0, wy)
= "N Qo wx

by Proposition 2.18, which is functorial in N. As _ ®o, wy and __ ®o, wx are equiv-
alences of categories, even the diagram

__ Qo wy
_®oxwx'
Coh,(X) ———— Coh,(X)
_Roxwx
commutes. Passing to crystals finishes the proof. ]

Now we turn to open immersions.

Proposition 2.19. Let j: U — X be an open immersion of reqular, F-finite schemes
and M a Cartier module on X. Then there is a natural isomorphism of vy-sheaves

JM oy wy' = 1 (M @ wi).

Proof. One easily checks that, for a Cartier module M on X with structural morphism
k: M — F)b(M, the Cartier structure on j*M is the composition

FM ZE R M s Byt M.
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The dualizing sheaf wy of U is given by j*wx. Therefore we have j'M ® wljl = (Me
wy') and the diagram

]*M®j*w;(l Fbj*M®Fbj*w;(1 ~ F*(]*M@)j*w;{l)

| | |

F(M @wy') —— 7 (F° M ® FPwy!) —=— 7*F*(M ® wy!)

commutes. Here the horizontal arrows are the y-structures of j*M ®¢,, wﬁl and j* (M ®
-1
Wy ) O

2.3 Compatibility with push-forward

For the construction of a push-forward for y-sheaves, we follow the construction given in
subsection 6.3 of [BB|. Then we show that the equivalence between Cartier modules and
~v-sheaves given by tensoring with the dualizing sheaf is compatible with push-forward
for morphisms of regular schemes. This proof is also mainly the one given in ibid. By
abuse of notation, let kx: Fx.wx — wx be the adjoint of the Cartier structure of wy.

Definition 2.20 ([BB, Definition 6.3.1]). Let f: X — Y be a morphism of smooth,
F-finite k-schemes. Let N be a ~-sheaf on X. Then we define the push-forward f1 N as
the twist of the push-forward f, of Cartier modules, i.e.

f+N = f*(N ®ox wX) Koy wl_/l'

The push-forward for ~-crystals is the one induced by the just given push-forward of
~-sheaves.

By construction, the push-forward for y-sheaves is compatible with the push-forward
for Cartier modules. In order to show that f. is compatible with the equivalence between
~-crystals and Ifgu modules, we need a different description of f, for ~-sheaves based
on the relative Cartier operator.

We recall two general constructions, which are repeatedly used in this subsection. For
this we consider a morphism f: X — Y of arbitrary schemes over SpecZ. Let F be
a quasi-coherent Ox-module and £ a quasi-coherent Oy-module. The adjoint of the
composition

J (LT ®oy €)= [ LF® 1€ 25 Fo e

where ad ¢1 f*f« — id is the counit of the adjunction, yields a natural morphism
proj: fiF ®oy € — f(F ® fE).

As a consequence of the projection formula ([Har77, Exercise I11.8.3]), it is an isomor-
phism if f is quasi-compact and separated and if £ is locally free.
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For two morphisms f: X — Sandg: Y — S, let f': XxgY — Yandg: XxgY —
X be the projections such that the square

X xsY v

b, b

X——S

is cartesian. There is a canonical morphism of functors

be: frge — gL f”
of quasi-coherent sheaves given by the adjoint of the composition

g*adf/ ~
Gx — g*fif/* = f*gi /*7

where ady: id — f] f" is the unit of the adjunction. If g is affine, bc is an isomorphism.
To see this, we can assume that S, X and Y are affine, because g and therefore ¢ is
an affine morphism. Then the claim is a well known property of the tensor product.
The morphism bc is also an isomorphism if X and Y are Noetherian, f is flat and g is
separated of finite type ([Har77, Proposition II11.9.3]). The next lemma relates these two
isomorphisms.

Lemma 2.21. Let f: X — S andg: Y — S be morphisms of schemes and let f': X x g
X —Yoand g: X xgY — X be the projections. Then, for every quasi-coherent Ox -
module F and every quasi-coherent Og-module &, the diagram

[xF @ guf —=——= fuF @ g€
proj Proj
fo(F @ frg.€) 9(g* L F @ €)
bc bc
fo(F® g f€) 9:(fLg" F @ €)
proj proj

fegi (g F @ 7€) —— gu fu(g" F @ f*E)
commutes.

Proof. For a morphism h of schemes, let ad;, denote the counit of adjunction h*h, — id.
The diagram of which we want to prove the commutativity is obtained by adjunction
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from the diagram

be ®id

i oid 1 lg"F @ 9" g.E
ad ;/®id

gl*f®g/*f*g*g ~ g/*f®f/*g*g*5

id ® be
g*F @ g g, f*E id @adg
id @ad
§*F @ [ —=g"*"F @ f"E.
Both parts of the diagram are commutative by construction of the morphism bc. O

We turn back to the situation of a morphism f: X — Y of smooth schemes over a field
k containing IF,. For simplicity, let wy denote the relative dualizing sheaf wx/y = f 'Oy

Lemma 2.22. Let f: X — Y be a morphism of smooth, F-finite schemes. For every
~v-sheaf N on X, there is a natural isomorphism

(N ®0y wx) ®0y wy' — fu(N @0, wy)
of quasi-coherent sheaves.

Proof. Since X and Y are smooth, any morphism X — Y is regular, i.e. it is a com-
position of a closed immersion X — W such that X is a local complete intersection in
W, followed by a smooth morphism W — Y. (For a smooth morphism f, the graph
factorization '

x 1 x v,y Py,

where pry denotes the projection, satisfies this requirement.) For a closed immersion 14
we have the isomorphism
P (wy) = Li*wy @ wg[—n]

of [Har66, Corollary II1.7.3] and a smooth morphism is quasi-perfect, see Definition 3.29
later on. Overall, we see that there are natural isomorphisms

wx = f!wy ;> f!OY ® Lf*wy ;> wyr & f*wy.

Now we obtain the desired isomorphism as the composition

fe(N@uwy)@wyt 24 f (N @wyx ® fruyt) 2 fo(N @ wy).
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With the relative Frobenius diagram

Fx

L

X' X

\Jf' . &

y —¥ .y,

X

see diagram (1) for the notation, we can define a y-structure yy s for f.(N ® wys) by the
composition

f(N@ws) — fiFx)y.(N ®wy)
= fLFx v (Fxy FY N @ wy)
£> fL(FY N @ Fxy,wy)
D FUFEN @ Fuy)
2% B fu(N @ w)).

We will show that ~yy s is the structural morphism of f; N via the isomorphism of
Lemma 2.22. But first, we clarify how the relative Cartier operator is related to kx and

Ky .
Lemma 2.23. With the notation of the preceding lemma, the composition
Fy.(wy ® frwy) — Fy, Fx y.(wy @ Fx )y [ wy)
o Fy (Fx/ywwy @ fwy)
Sy By Ry © £ wy)
e wr @ Fy, fwy
_be, wr ® f*Fy.wy
s wp @ frwy
1s compatible with the Cartier structure of wx under the canonical isomorphism wyx =
wr® frfwy.
Proof. In the appendix A.2.3. (iii) of [EK04], Emerton and Kisin explain how the relative

Cartier operators Cx/y, Cy/z and Cy/z are related for a composition X Ty 9,y
of morphisms. Our lemma is the special case where Z = Speck and g is the structural
morphism of the k-scheme Y. O

Proposition 2.24. Let f: X — Y be a morphism of smooth, F-finite schemes over k.
Let N be a v-sheaf on X. The canonical isomorphism

fo(N@wp) == fu(N @wx) @ wy'
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of quasi-coherent Oy -modules from Lemma 2.22 is an isomorphism of vy-sheaves.

Proof. As _ ®@uwyx and __ ® w;l are equivalences between the categories of y-sheaves
and Cartier modules on X and on Y, it suffices to show that the canonical isomorphism
[+(N®uws) @ wy — fi(N ®wx) is an isomorphism of Cartier modules on Y. The left
hand side of the diagram

proj

Fy(f«(N @ wy) @ wy) Fy f«(N@uwp @ ffwy)

Jw "

Fy(f«(Fy N ®@ wy) ® wy) i Fy fi(FYN @ ws ® frwy)

JN -

Fyo(fiFxy«(Fx y FY N @up) @wy)  Fyu fiFx)va(Fyy FY N @ Fy y [ wy @ wy)

~

Fyo(fiFxpvo(Fx y FY N @ wy) @ wy) By fiFxpy«(Fx y (FY N @ ffwy) @ wy)

proj~! proj~!

Py (fUFEN @ Fx/yawp) ® wy) —— s Py, fuF¥N @ fwy @ Fxy.wy)
Cx/y CX/Y

= Py fi(FY (N @wyp) @ fHwy)

Fy«(fiFy (N @ wp) ® wy)

be! ~
Fy (Fy f«(N @ wy) @ wy) [ By (FY (N @ wyp) @ f"wy)
proj—*
proj—! f+(N ®@ws ® Fy, fwy)
be™!
£(N @ wp) ® Fy.wy prel F(N ®w @ f*Fyray)
Ky Ry

o) Fo(N @ wr @ frwy)

fe(N ® wf) ® wy

is the structural morphism of the Cartier module f.(N ® wf) ® wy. It is easy to see
that the right hand side is the structural morphism of the Cartier module f,(N Qwyx) =
f+(N®wr® f*wy). Hence we have to show that the diagram above commutes. The three
upper squares and the bottom square commute by the functoriality and the compatibility
of the projection formula with compositions of morphisms. The commutativity of the
fourth square from above follows from Lemma 2.21. O
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2.4 Cartier crystals and locally finitely generated unit modules

The category of y-sheaves was just an intermediate step on the way to locally finitely
generated unit modules. Recall that there is a functorial way of associating a unit
Ox[F]-module to a y-sheaf N on X.

Definition 2.25. Let p1,(X) denote the category of unit left Op x-modules whose un-
derlying O x-module is quasi-coherent. For a smooth k-scheme X, let Gen be the functor

QCoh.,(X) — pu(X)

which assigns to any quasi-coherent ~y-sheaf N with structural morphism ~v: N — F*N
the direct limit A of ) ,

N2 N 0 prey B0
together with the inverse of the induced isomorphism N — F*N/.

Lemma 2.26. Let X be a smooth, F'-finite k-scheme. The functor Gen is essentially
surjective and induces an equivalence of categories

QCrys, (X) = pu(X).

Proof. Let Neg: py(X) — QCoh, (X) be the functor which assigns to a quasi-coherent
unit Op x-module M with structural morphism u: F*M — M the quasi-coherent ~-
sheaf M whose structural morphism is given by the inverse of u. Obviously there is a
natural isomorphism

Gen o Neg — id,

whence the surjectivity of Gen.

For a quasi-coherent ~y-sheaf N, the corresponding crystals N is nil-isomorphic to
the corresponding crystal of Nego Gen(N). The reason for this is the fact that the
structural morphism v: N — F*N of a quasi-coherent y-sheaf IV is a nil-isomorphism:
It is immediate that the structural map of the kernel and the cokernel of -y, interpreted
as a morphism of «-sheaves, is the zero map. O

The image of Gen of the subcategory Coh,(X) of coherent v-sheaves on X is the
category fuggu(X). Indeed, after localizing at nilpotent v-sheaves and considering ~-
crystals, Gen induces an equivalence of categories.

Proposition 2.27 ([BB11, Proposition 5.12]). For a smooth, F-finite k-scheme X, the
functor
GenX: COhW(X) — /J,lfgu(X)

factors through Crys,Y(X ), inducing an equivalence of categories:

Coh,(X)

l Gen

Crys, (X) —— tigu(X).
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Theorem 2.28. Let X be an F-finite, smooth k-scheme. Let G denote the composition
of the exact functors _ ® w;(l and Gen. It induces an equivalence of derived categories

G: Db (QCI‘YSH(X)) — D{)fgu(OF,X)'

crys

Proof. Combining Corollary 2.11 and Lemma 2.26, we see that G induces an equivalence
of abelian categories QCrys,(X) — uu(X) and therefore an equivalence of derived
categories D?(QCrys(X)) — Dby (X)). Since G is exact and restricts to an equivalence
Crys,.(X) — tuggu(X), we obtain an equivalence Dgrys(QCrysn(X)) — Diggu(ptu(X)).
It remains to show that Df’fgu(,uu(X )) is naturally equivalent to Df)fgu(OF, x). The
inclusion pugen(X) — w(X) induces an equivalence D°(jgg,) — Df’fgu(OF, x) ([EK04,
11.6]). As the inclusion fuge,(X) — p(X) factors through s, (X), this implies an equiv-
alence Df’fgu(,uu(X)) — fogu(oFyx). O

Finally, we prove that the equivalence G of derived functors is compatible with pull-
backs. Note that for a morphism f: X — Y of smooth schemes, the functor

L.y b
f : legu(ORY) - legu(oF,X>
is obtained from a right-exact functor of abelian categories.

Definition 2.29. Let f: X — Y be a morphism of smooth k-schemes. The (underived)
pull-back f*M of an Opy-module M is given by

f*M=0px.y ®pi0,, [T'M
= OF’X ®f—IOF’y f_l./\/l,

cf. Proposition 1.13. The pull-back f* for complexes M® of @ ry-modules from Definition
2.3.1 of [EKO04] is the left derived functor of f*, shifted by dx/y:

L
FIM® =Opx .y Qf-10py FTIM ldx )y ]

Corollary 2.30. Let f: X — Y be a closed immersion of smooth, F-finite k-schemes
of relative dimension dx;y = n. There is a natural equivalence of functors Crys,(Y) —

Hifeu (X))
f* o GY =~ GX O_l%nfb

Proof. Consider the following diagram of functors:

7®w71 Gen
Crys, (V) —— Crys, (Y) =, fgu(Y)

an Vid J’f* Jf *
Q!

_ Gen
CI‘ySN(X) — CI‘yS,Y (X) L} Hifgu (X)

The left square commutes by Theorem 2.14. The right square also commutes because
there is a natural isomorphism Geny of* = f* o Geny. For a y-sheaf N on Y, let N
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denote Geny (NNV), which is the direct limit hglF{,*N . As direct limits commute with
pull-back of quasi-coherent sheaves, we have a natural isomorphism
Geny f*(N) = lm(Ox ©5-10, FFN)
> Ox ®p-10, [ (lim FY*N)
=0Ox ®f*1(’)y fﬁl(./\/’)
One checks that for a left O y-module M, the underived pullback f*M = Op x®;-10 ey
f~'M is the quasi-coherent sheaf f*M = Ox ®f-10, f~IM with the natural mor-

phism F% f*M — f*M induced by the structural morphism Fy M — M. Hence
Ox @10, [ 1 (N) is isomorphic to f* Geny (N). O

Lemma 2.31. Leti: X — Y be a closed immersion of smooth, F-finite schemes over
k. Let P be a locally free left Oy -module. Then

R'((_®wy')o i'o(_®@wy))P =0 for all n # —dx/y,
where (__® wy) oi' o (_®wy) is understood as the composition of functors

_ Quwy

Z‘! 7®w71
D{)fgu(OEY) — Dgrys(chySm(Y)) D} (chysn(X)) — lefgu(ORX)'

crys

Proof. Locally free left Opy-modules are in particular locally free as quasi-coherent
Oy-modules. Thus we have

R ((_® w)_(l) 0i o (__®uwy))P

12

(L®wy')oR"' o (_®uwy))&jes Oy
(_®@wy')oR" @jcswy
0

12

12

locally for all n # —dx,y on the underlying quasi-coherent sheaves. O

Theorem 2.32. For closed immersions i: X — Y of smooth, F-finite k-schemes, the
equivalences Do (QCrys, (X)) — Dityy, (OFx) and Diyo(QCrys,(Y)) — Diy,(OFy)
of derived categories induced by Gx and Gy are compatible with the pull-backs i', i.e.

we have a canonical isomorphism
.l .l
Gyxoi' i oGy

of functors from DY (QCrys,(Y)) to Df, (OFx).

crys Ifgu
Proof. This is an application of the following general result concerning derived functors:
Proposition 2.33 ([Har66, Proposition 1.7.4]). Lat A and B be abelian categories, where
A has enough injectives, and let F1: A — B be an additive functor which has cohomo-
logical dimension < n on A. Let P be the set of objects X of A such that R'F}(X) =0

for all i # n, and assume that every object of A is a quotient of an element of P. Let
Fy, = R"Fy. Then RFy and LF> exist, and there is a functorial isomorphism

RF| =5 LFy[—n).
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First we have to check the requirements. Let F' denote the functor (__ ® w)_(l) o
RY% o (__®wy). As done in the proof of Lemma 2.15, the derived functors of R%’ =
i"Homy, (i.Ox, ) may be computed locally by resolving i,Ox by the Koszul complex.
Since this complex has length —dy/y, the cohomological dimension of F' is smaller or
equal —dy/y. AsY is smooth, every left Opy-module is the quotient of a locally free
left Opy-module ([EK04, Lemma 1.6.2]). Finally, for every locally free left Opy-module
P, Lemma 2.31 states that R"F'(P) = 0 for all n # —dx/y.

It follows from [Har66, Proposition 1.7.4] that RF' = Li*[dy/y]| = i' because i* =
R™4x/¥ F (Theorem 2.14). Thus

(7®w§1) 0i o (_Quwy)= i,

i.e. the diagram

_ Qwy
(] K2
_Qwy'

Dgrys(chySn (X)) <®— fogu(OF,X)
_®uwx

is commutative. O

Corollary 2.34. For every closed immersion of smooth, F-finite k-schemesi: X — Y,
there is a canonical isomorphism

GYOZ*gZ*OGX.

Proof. This follows formally as Gx and Gy are equivalences of categories and since i,
is uniquely determined as a left adjoint functor of 4. O

Proposition 2.35. Let j: X — Y be an open immersion of smooth, F-finite schemes.
Then there are natural isomorphisms

GXOj*gj!OGY and Gy oRj, =2 jy oGy

Proof. We already have seen that ~ ®@ wx 'oj* & j*o _ ® w{/l (Proposition 2.19)
and that Geny oj* = j' o Geny (see the proof of Corollary 2.30, this part holds for an
arbitrary flat morphism of smooth k-schemes). Therefore Gx oj* 2 j' o Gy. The rest
follows from the adjunction of Rj, or jy and j* or j'. O

Up to now, we have seen that the equivalence G between Cartier crystals and lfgu

modules is compatible with the (derived) push-forward for open and closed immersions
by showing the compatibility for the adjoint pull-back functors. In fact, G is compatible
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with push-forward for arbitrary morphisms of smooth schemes, but we can give a proof
only up to the following theorem?, which is a result of Lurie, see [Lur16, Theorem 1.3.3.2].

Theorem 2.36. Let F: D(A) — D(B) be a functor between derived categories of
abelian categories A and B, which is a morphism of triangulated categories. If F' lifts to
an ezact functor of the stable oco-categories whose homotopy categories are the cohomo-
logically bounded below derived categories DV (A) and DV (B), if F is t-left exact for the
canonical t-structure, i.e. F maps D=°(A) to D=°(B), and if the cohomology of F(I)
is concentrated in degree 0 for every injective object I of A, then F arises as a right
derived functor between the abelian categories A and B.

Proposition 2.37. Let f: X — Y be a morphism of smooth, F-finite k-schemes. There

is a natural isomorphism
Gy oRf. — f+oGx

from D?. (QCrys,. (X)) to D{)fgu(OF7Y)'

crys

Proof. As 7®w;1 oRf, = Rf, oi®w;(1 by construction, it suffices to show that there
is a natural isomorphism of functors Gen Rfy — fy Gen from Dé’rys(QCrysv(X )) to
lefgu(OF,Y)- For every complex N*® of v-sheaves, the complex Gen N*® of quasi-coherent
unit Op x-modules has a two-term resolution by induced modules, namely the short

exact sequence

0 — Opx ®ox N*® 17, Orx ®oy N* — Gen N®* — 0

of [EK04, Proposition 5.3.3]. Here ': Opx Qo N* — Opx ®o, N® denotes the
morphism corresponding to 3 via the identification

Homo,. . (Orx ®0x A, Orx @0y B) — Homo, (A, &2 (Fk)*B)

for Ox-modules A and B described in 1.7.3 of ibid.

First we verify that the requirements of Theorem 2.36 are satisfied. Let I® be a
bounded below complex of injective y-sheaves with H*(I®) = 0 for i < 0. Let 3: I* —
F5I°® be the morphism of complexes induced by the structural morphisms of the I i

The complex fI°® represents Rf,1® and, as explained above, we have a short exact
sequence

1— /
0 — Orx ®ox fal® ﬂ) OFr x ®oy f+I® — Gen fLI* — 0.

Applying f to the two-term resolution of Gen I*® yields a distinguished triangle

) 1- ! ) ) ()
F(Orx @0y I%) T2 ¢ (Opx @0y 1%) — fo(GenI*) — f(Orx @0, I*)]1].

2We will not discuss this theorem here as its theoretical background, for example co-categories, goes
beyond the scope of this work. We just note that the requirement that fy Gen lifts to a functor of the
corresponding stable oco-categories is satisfied, because fi is a composition of left and right derived
functors, which have this property ([Lurl6, Example 1.3.3.4]).
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The sheaf Ory . x is locally free as an O x-module. It follows that locally Oy x®o, I*
is a direct sum of flasque sheaves and hence flasque. We have

L
f+(Orx ®ox I*) = Rfi(Opy«x ®opx (OFx ®ox I°))
L> Rf*(OF,YeX ®(’)X I.)

= fe(Opyex @0y I°),

see also [EK04, Lemma 3.5.1] and its proof. In particular, the complex f(Op x ®0, I*)
is represented by the complex whose i-th degree equals the sheaf f (Or x ®o, I 4.

The canonical isomorphism Op x ®o, f+I®° — f+(Opx ®o, I*) of the proof of
[EK04, Theorem 3.5.3] makes the left hand square of the diagram

o 1-f+8 . .
Opx @0y f1I® ———— Opx @0y f+I® ——— Cen fi I (5)
J f+(1-5) J v

f+(Opx @0y I*) —— f+(OFpx ®oy I*) — f+(GenI®)

commutative ([EK04, Proposition 3.6.1]). This shows that the cohomology sheaves of
f+(Gen I*®) vanish in negative degrees, i.e. fi Gen is left t-exact for the canonical t-
structure of the bounded derived category of «-sheaves on X. Furthermore, for a single
injective y-sheaf I on X, the upper row of the commutative diagram

1-f4+.8
Orx @0y f1] ———Opx @0y f+1——— Gen f T

J’ f+(1=5") J’

f+(0px ®oy I) ——— f1(Opx ®oy I) —— f+((§en I)

is a short exact sequence when adding 0 at the ends. Consequently, the cohomology of
f+ Gen [ is concentrated in degree 0.

To see that there is an isomorphism of functors Gen fy = H?(fy) Gen, let M be a
~v-sheaf on X. Choose a resolution I* of M by injective y-sheaves. The long exact
cohomology sequences for the triangles of the diagram (5) yield a unique isomorphism

Gen fy M = HY(Gen Rf M) = H°(Gen f, I*) = H°(f, GenI®) = H(f, Gen M).

By Theorem 2.36, the functor f, Gen is the right derived functor of H%(f,) Gen. Fur-
thermore, as Gen is exact, Gen Rf is the right derived functor of Gen f,. Thus, there
is a natural equivalence Gen Rf, = f, Gen of functors from the bounded derived cat-
egory of y-sheaves on X to the bounded derived category of quasi-coherent unit left
Opy-modules. It induces an isomorphism of functors between Df:’rys(QCrysv(X )) and

lefgu(OF,Y) because D®(uy(Y)) — Df’fgu((’)p,y) ([EK04, Corollary 17.2.5]). O
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3 Adjunction for morphisms with proper support

This section is largely independent from the rest of the paper. We establish an extension
of the adjunction between Rf, and f' for proper morphisms from Grothendieck-Serre
duality to the case where f is only proper over the support of the complexes considered.
We do not assume that the schemes are of characteristic p. However, all schemes
we consider are assumed to be Noetherian. For a scheme X, we let Dy (X) or D (X)
with %« € {+, —,b} denote the derived category of Ox-modules with quasi-coherent or
coherent cohomology. Here * = + or * = — or * = b means that we require that the
cohomology sheaves are bounded below or bounded above or bounded in both directions.
Recall the classical adjunction:

Theorem 3.1 ([Har66, VII, 3.4(c)]). Let f: X — Y be a proper morphism between
Noetherian schemes with Y admitting a dualizing complex. For F* € D_ (X) and
G* € DL, (Y) the composition

coh

Rf.RHom¢, (F*, f'G*) —— RHom¢, (Rf.F*, Rf.f'G*)

J/trf

RHomg,,. (Rf.F*,G*)
s an isomorphism. Here the first morphism is the canonical one and the second is the
trace map.

In [Lip09], Lipman proves this theorem with weaker assumptions. For example, by
[Lip09, Corollary 4.4.2], Theorem 3.1 holds even if F*® and G* only have quasi-coherent
cohomology.

In this section we relax the properness assumption and show the following:

Theorem 3.2. Let f: X — Y be a separated and finite type morphism of schemes and
leti: Z — Y andi': Z' — X be closed immersions with a proper morphism f': 7' — Z
such that the diagram

7 x
[
7.y

commutes. Then there is a natural transformation try: Rf.RT , f' — id such that, for
all F* € D,(Ox)z and G* € D.(Oy)z (see Definition 3.4), the composition

Rf.RHom$ (F*, RTz f'G*) —— RHom®,  (Rf.F*, Rf Rz f'G*®)
ltrf
RHomg, , (Rf.F*®,G*)

is an isomorphism. In particular, taking global sections, the functor Rf. is left adjoint
to the functor RT z f*.

Note that the properness of f’ is equivalent to the properness of i o f’.
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3.1 Local cohomology

Let X be a topological space, Z a closed subset and F a sheaf of abelian groups on X.
The subsheaf I'z(F) of F is given by

U {s € F(U) | The support of s is contained in ZNU},

see the beginning of Section 1 of [Har67]. The functor I'z is left exact, its right derived
functors are called local cohomology sheaves. Now we consider the more specific situation
where X is a Noetherian scheme. Let i: Z <— X be a closed immersion and j: U «— X
the open immersion of the complement U = X\ Z:

74 x LU

Let Z be a sheaf of ideals defining Z. A priori, I',(F) := limHomo (Ox/I™ F) is a
neN
subsheaf of 'z (F) for an O x-module F. If F is quasi-coherent, we have I}, (F) = 'z (F)

([Har67, Theorem 2.8]). In what follows, we consider local cohomology in the context
of derived categories and we restrict to quasi-coherent cohomology. Therefore we make
the following

Definition 3.3. The local cohomology functor RI'z: Dqc(X) — Dqc(X) is the derived
functor of the left exact functor

'z := limHomo  (Ox /7", _),
neN

where 7 is any sheaf of ideals defining Z.

A reference for this point of view is [ATJLLI7]. For example, Definition 3.3 is equation
(0.1) of ibid.

Definition 3.4. We say that a complex F* of Ox-modules has support in or on Z or
that F* is supported in or on Z if j*F* = 0in D(X). We write D(X)z, Dqc(X)z etc.
for the subcategory of objects of D(X), Dgc(X) etc. whose cohomology is supported on
Z.

The natural inclusion I'y — id induces a transformation RI'; — id. As pointed out
in the proof of [ATJLLI7, Lemma (0.4.2)], one has the following triangle:

Proposition 3.5. For every F* € Dy.(X), there is a fundamental distinguished triangle
RUzF* — F* — Rj.j"F* — RI'zF*[1],

where the second map is the natural one from the adjunction of Rj. and j*. This triangle
restricts to the subcategories D.(X) and DZC(X) because j* is exact and Rj.: D} (U) —
D;rc(X) has finite cohomological amplitude.

In particular, RI'z only depends on the closed subset i(Z) and not on the scheme
structure of Z. The fundamental triangle allows another characterization of Dyc(X)z:
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Corollary 3.6. The subcategory Dg.(X)z consists of all complexes F® € Dgo(X) such
that the natural map RU zF® — F* is an isomorphism.

Lemma 3.7. IfZ is an injective quasi-coherent sheaf, then also the quasi-coherent sheaf
I'z(Z) is injective.

Proof. Tt suffices to check the injectivity of I'z(Z) locally. Thus the assertion follows
from ([BS13, Proposition 2.1.4]). O

As RT'z o RT'z = RI'z, the image of RI'z is exactly the subcategory Dgyc(X)z. Fur-
thermore, the functor RI'z is right adjoint to the inclusion Dgc(X)z < Dgc(X). This
is a consequence of the following proposition, see the proof of Theorem 3.2.

Proposition 3.8. Let G* be a complex in Dy.(X)z. Then there is a functorial isomor-
phism
RHomg,, (G*, RT'zF*) = RHomg,  (G*, F*)

for every F* € Dy (X).

Proof. This is [ATJLL97, Lemma (0.4.2)]. We even do not have to assume that the
cohomology sheaves of F* and G® are quasi-coherent. O

L
Next we verify the compatibility of RT'; with the derived functors Rf,, f' and ®.

Lemma 3.9. Let f: X — Y be a morphism of finite type and i: Z — Y a closed
immersion. Let i': Z' — X denote the projection Z' := Z xy X — X.

(a) There is a natural isomorphism of functors

Rf.RT 7 = RTRf,.

(b) If f is flat, then there is a natural isomorphism of functors

F*RTy = RT f*.

Proof. First we show that Rf,RI'z is supported on Z. Let u: U — Y and v: V — X
be the open immersions of the complements of Z and Z’' in Y and X. Let f’ denote the
restriction of f to V. We obtain a cartesian square

Vs X

N

U—25Y.

Hence u*Rf+ Rz = Rf.v*RT'z = 0. From Proposition 3.8 we know that the canonical
morphism Rf,Rl'z; — Rf, factors through RI'zRf.. Let o denote the corresponding
morphism Rf,R['zs — RUzR f.
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Recall that the natural isomorphism be: u*Rf, — Rf/v* is the adjoint of the com-
position
Rf* ady x !, *x
Rf, —— Rf.Rv,v" — Ru,Rf,v".

Here ad, is the unit of the adjunction between Rv, and v*. The square

Rusw Rf — P Ru, Rfv*

ady Rf*T NT
Rf* adv

Rf. — " Rf.Ru.v*

commutes because Ru, bcoad, Rf, is the adjoint of bc and hence equals the original
morphism Rf, — RusRf.v*. Let 8 be the composition of the natural isomorphism
Rf.Rv,v* ~ Ru,Rf.v* with the inverse of Ru,bc. We have just seen that the right
square of the diagram

Rf.RD 7 Rf, RfyRuv*
| -Js
RU'zRf. Rf. Ru,u*Rf.

commutes. The left square commutes by construction. As the lines are distinguished
triangles, « is an isomorphism. This shows (a).
For (b) we proceed similarly. The cartesian square above gives rise to the isomorphism

ffRl'y —— f* —— f*Ru,u*

5 .

RPZ/f* E— f* E— RU*U*f*
of distinguished triangles. O

Remark 3.10. With the notation of part (b) of the preceding lemma, for every quasi-
coherent sheaf F, we even have a natural isomorphism

[Tz F Z T2 f°F,
see [BS13, Lemma 4.3.1].

Lemma 3.11. Let F* and G*® be complexes in DZC(X). There are natural isomorphisms

(RT1F*) Goy G* = F* Goy (RT2G*) = RU4(F* Go,, G°)

in Dge(X).
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L L L
Proof. The natural map F* ® RI'zG* — F* ® G* factors through RI'z(F* ® RI'zG*®)
because

L L
J(F*® RT'2G®) = 7" F* @ j*Rl'zG* = 0.
Let p denote the composition of the natural isomorphism
. X ® ]L o\ ~v . &3 ® ]L = ¥ell
Rjj*(F* @ox G°) = Rj- (7" F* Qox 5°G°)
and the isomorphism from the projection formula
. -3 ® ]L = ¥eil ~Y ® ]L S el
Rj(§"F* @0y j°G°) = F* ®oy Rj-j*G°.

We obtain a morphism of distinguished triangles

L L L
F*Q@RI'zG* — F*®@G* —— F* ® Rj.j*G*
J |
L L . L
RTz(F*®G®) — F*®@G* —— Rj.J*(F*®G*).
Therefore, the left vertical arrow is an isomorphism. Analogously, one shows that
® ]L L] ® ]L L]
RI'zF* ®G®* = RI'z(F* ®G*).
O

Finally, for an open immersion j: X — X, we study the connection between RI'z
and RI'z, where Z is the closure of Z in X.

/

Definition 3.12. Let Z and Z’ be be closed subsets of a scheme X. We let Dy.(X)%
denote the full subcategory of Dy.(X)z of complexes F* with RI'z =0

Proposition 3.13. Let j: X — X be an open immersion of schemes, Z C X a closed
subset and Z the closure of Z in X. The functors Rj, and j* are inverse equivalences

DqC(X)Z%ch(X)Z\ .

Proof. Let u: U — X and v/: U’ — X denote the open immersions of the complements
Uof Zin X and U’ of Z in X. Let j' be the restriction of j to U. We obtain a cartesian

square
— X
= X.

Q%Q
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The natural isomorphism u'* Rj. be, Rjlu* shows that the essential image of Dqc(X)z
under Rj, is a subcategory of ch(y>2' The inclusion j factors through the open
immersions o: X — U'U X and 7: U' UX — X. In particular, we have a natural

isomorphism Rj, = R7,Ro,. Since the composition

id—> Rru1* 7* RTye —id

Rt.Ro, Rr.7*RT,. R0, R7.Ro,

is the identity and the second morphism is an isomorphism, the first map is an isomor-
phism too. As 7 is the open immersion of the complement of Z\X into X, it follows
from the distinguished triangle

Rl'z y —id — Rr. " — RFj\X[l]

that R y Rj.j* = 0.
The adjunction morphism j*Rj. — id is always an isomorphism. It remains to show

that the natural map id — Rj.j* is an isomorphism. For every F* in D (Y)g\x, we

have F* = RI';F* and RFZ\ F* =0. It follows that

RUx\ F* = Rl'g, ( RIF*
= Rl o F°
> (),

Thus the second morphism in the fundamental triangle
RFY\XJT' — F* — RjJF* — RI’Y\X}"[l]
is an isomorphism. O

Remark 3.14. In the standard reference [Har66, Corollary I1.5.11], Hartshorne proves
that for a morphism f: X — Y of schemes, the functor Lf* from D_ (Y) to D_ (X)
is left adjoint to the functor Rf, from DT (X) to D*(Y). One the one hand, we can
relax the coherence assumption because in the case of an open immersion, which is a
flat morphism, f* is exact. On the other hand, Proposition (3.2.1) of the more recent
reference [Lip09] shows this adjunction generally for ringed spaces and without any
boundedness or (quasi-)coherence assumptions on the complexes.

Corollary 3.15. If Z is a closed subset of a scheme X and j: X — X is an open
immersion such that the image of Z in X is closed, then there is a natural isomorphism
of functors

e: RTz = Rj.RT 25",

Proof. We define € as the composition of the natural map RI'y — Rj.j*Rl'z, which
is an isomorphism by Proposition 3.13, and the natural isomorphism Rj,j*RI; —
RjRL z5*. O
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For example, the condition that Z is also closed in X is satisfied if j: X — X is
an open immersion of Y-schemes and i: Z — X is a closed immersion of Y-schemes
over some base scheme Y such that the structural morphisms Z — Y and X — Y
are proper, see Lemma 3.23. When constructing the generalized trace map, we will be
exactly in this situation.

Lemma 3.16. Let j: X — X be an open immersion. Let Z C X be a closed subset
such that j(Z) is closed in Z. Then for F* € D (X)z and G* € D;.(X), the natural

transformation
7: Rj.RHom¢, (F*,G°) — RHomby(Rj*}",Rj*Q')
s a functorial isomorphism.

Proof. Consider the following diagram

Rj.RHomy, (F*,G*) ———— Rj.RHom¢, (5 Rj.F*,G*)

I i

RHom$,_(Rj.F*, Rj.G*) — RHom¢,_(Rj.j* Rj.F*, Rj.G*)

T |

RHomby(Rj*]:‘, Rj.G*),

where the horizontal arrows are induced by the counit j*Rj, — id of adjunction —
these maps are isomorphisms by Corollary 3.15 since F* is supported in Z — and the
arrow to the bottom right corner stems from the unit id — Rj,j* of adjunction. The
upper square commutes because of the functoriality of 7. The triangle on the bottom
commutes because the composition of the unit and counit of an adjunction in the manner
of the diagram is canonically isomorphic to the identity. Hence the whole diagram is
commutative. Finally, the composition of the two vertical arrows on the right is an
isomorphism ([Lip09, Proposition (3.2.3)]. It follows that the vertical arrow on the left
is an isomorphism. O

3.2 Adjunction for quasi-coherent sheaves

As pointed out in the introduction of this section, the adjunction between Rf, and
f' for a proper morphism f: X — Y is based on the trace map, which is a natural
transformation of functors

try: Rf.fH — id.

The classical way to construct the trace is to define it for residual complexes and then
“pull ourselves up by our bootstraps”: As Y is regular, the structure sheaf Oy is a dual-
izing sheaf, and hence in particular a pointwise dualizing complex. Its Cousin complex
K* := E*(Oy), see [Har66, IV.2], is an injective resolution of Ox and an example for a
residual complex. We recall the basic facts from chapter 3.2 of [Con00].
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Definition 3.17. For every z € X, let i, denote the canonical morphism Spec(Ox ;) —
X. We set J(z) = iz«J(x), where J(z) is an injective hull of the residue field k(x)
considered as a module over Ox ;. A residual complez K*® on X is a complex in D (X))
of quasi-coherent injectives such that there is an isomorphism of Ox-modules

PK" =P I().
nez reX

One can show that, given a residual complex K*®, there is a unique function dge: X —

N such that
K'= @ J().
dyce(z)=n
Restricting to residual complexes one can construct a functor g®: Res(Y) — Res(X)
for every morphism ¢g: X — Y of finite type by gluing the functors ¢” for finite g and g
for separated and smooth g. This gives rise to the twisted or exceptional inverse image
functor:

Definition 3.18. Let g: X — Y be a morphism of finite type. We define the functor
g DEL(Y) — Dy (X) by

g' = Dyage o Lg* o Die,
where D is the duality.

For proper f, we can define a map of complexes try(K*): ffAK® — K*® ([Har66,
VII, Theorem 2.1]), where f2 is the functor f' for residual complexes, see [Har66, VI.3.).
With this map in hand one defines the natural transformation try: Rf. f ' — id in the

category D;t)h(Y) as the unique map making the diagram
Rf.f' == Rf.RHom} (Lf* o Dys+(_), [AK")
by RHomg, (Dge(_), fufAK®)
ltrf(K.)
id ——~ RHom}, (De+(_), K*)

commutative. Here the first vertical isomorphism on the right is the natural isomorphism
from the adjunction of Rf, and Lf*. Note that f*(K*) is injective, hence f,f>(K*®)
computes Rf.f2(K*®).

Instead of constructing the twisted inverse image functor f' by pasting it from special
situations such as smooth and proper maps, Lipman uses a more abstract method,
the Special Adjoint Functor Theorem, to obtain a right adjoint of Rf, under weak
assumptions on the morphism f. Then he extends this result to a “sheafified duality”,
i.e. for F* € Dy (X), G* € D(I:(Y) and quasi-proper f, a natural isomorphism

Rf.RHom} (F°*, f'G*) — RHom¢, (Rf.F*,G°).
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The compatibility of the approaches of [Har66] and [Lip09] is involved, as pointed out
in the introduction of [Lip09].
Let us recall some results of the trace for proper morphisms.

Definition 3.19 ([Har66, VI. 5.]). A morphism f: X — Y of schemes is called residu-
ally stable if it is flat, integral and the fibers of f are Gorenstein.

Lemma 3.20 ([Lip09, Corollary 4.4.3]). Let f: X — Y be proper and let g: Y — Y
be flat. Let ' and g’ be the projections of X Xy Y’ such that the square

!

YV ixy X 25X
Jf’ J{f
vy — Sy
is cartesian. The morphism B: ¢ f' —> f"g*, defined as the adjoint of the composition

! 1% gl b7 19Tty
)

REG ] —— g"RfS
is an isomorphism.

Let us recall two compatibilities of the trace, which usually are known as “TRA 1”7
and “TRA 47

Lemma 3.21. Let f: X — Y be a proper morphism of schemes.

(a) (TRA 1) If g: Y — Z is another proper morphism, then there is a commutative
diagram

trgof .
R(gf)(gf) —"—1id
S
p oy try !
Ry Rf.f'g —— Rgg
where the first vertical arrow is the natural isomorphism.

(b) (TRA 4) For a flat morphism g: Y' — Y, there is a commutative diagram

*t
GREf —T g

NJ(bC Ttrf/ g*

R !
Rflg*f —L L Ryt gy,

where ¢’ and f' are the two projections of X xy Y.

Proof. (a) is [Har66, Corollary VIL.3.4]. The diagram in (b) commutes by construction
of #: The composition try g* o Rf.5 is the adjoint of the adjoint of the composition
u*tryo be™!, see Lemma 3.20. O
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Remark 3.22. Part (b) of the preceding lemma holds under the milder assumption that
f is of finite Tor-dimension, see [Lip09, Corollary 4.4.3]. In this more general case one
considers the left derived functors L f* and L f*. However, we will need the compatibility
of the trace with pullback only for flat morphisms.

From now on we do not assume that f is proper. We are interested in the case where
f: X — Y is a separated morphism of finite type of smooth Noetherian schemes and
1: Z —Y and ': Z/ — X are closed immersions with a proper morphism f’: 7/ — Z
such that foi = io f/. The compactification theorem of Nagata ([Nag62], see also
[Liit93] for a more recent proof) states that there exists a factorization of f into an open
immersion j: X — X and a proper morphism f: X — Y.

Lemma 3.23. Let f: X — Y be a morphism of schemes that factors through an open
immersion j: X — X followed by a proper morphism f: X — Y. Then for every
closed immersion i: Z — X such that f o1 is proper, the composition j o1 is also a
closed immersion.

Proof. We have to show that j(i(Z)) is closed in X (which is a special case of the first
part of exercise I1.4.4 of [Har77]). By assumption the composition fojoi = foi is
proper and f is proper, in particular f is separated. Hence by [Har77, Corollary 11.4.8],
j o is proper, which implies that the image j(i(Z)) is closed. O

The following generalization of the trace map stems from [CR12]. Our construction
is similar to the morphism Tr from Corollary 1.7.6 of ibid.

Definition 3.24. For a morphism f: X — Y of finite type and closed immersions
i: Z — Y and 7': Z' — X with a proper morphism f’': Z' — Z such that foi =io f’,

choose a compactification, i.e. an open immersion j: X — X and a proper morphism
f: X — X with foj = f. We obtain the following commutative diagram:

VAN gEEEN, ¢
oA
. f
AN e
We define the trace of f as the morphism of functors
tryz =trp: RERU 7 f' — id

on D;.(Oy) given by the composition

| RFZ/ —id
e

_ — f 8717! wd b =2 U7
Rf.RUy f' 5 RF,Rj.RT 7 F =1\ g7 RU, 7 RT.T L id,

where ¢ is the isomorphism of Corollary 3.15 and the last morphism is the classical
Grothendieck-Serre trace for the proper map f.

52



Because Rf.RT 7 f' = RT zRf.f' (Lemma 3.9), the complex Rf,RI'z f' is supported
on Z. By Proposition 3.8, try factors through RI'z, i.e. there is a commutative diagram

| try X
Rf.RT 4 f id,

o

RI'z

where t~rf is induced by try and the map RI'z — id is the natural one. We will not
distinguish between try and try. For a residual complex E*®, the trace is a morphism of

complexes because f2E® and TAE' are residual complexes and I'z preserves injectives.
Of course we have to show that tr; is well-defined, i.e. it does not depend on the choice
of a compactification. The next lemma prepares the proof of this independence.

Lemma 3.25. Let f: X — Y be an open immersion. Let Z C X be a closed subset

such that f(Z) is closed in'Y . Then for every compactification X ENy gER Y, the map
try equals the inverse Rf,RI'z f* = RI'z of the isomorphism of Corollary 3.15 followed
by the natural morphism RI'; — id.

Proof. Let a: RI'z — id denote the canonical morphism of functors. The claim of the
lemma is the commutativity of the diagram

Rf.RU;f* —— Rf,Rj,RT 15*F

~ g1 NlRf*E_lf!
RIy, Rf,RT ]
o lRf*af*
trT _
id¢e—Rf.f,

where ¢ is the isomorphism of Corollary 3.15. Let Z’ be the closed subset ?_I(Z ), which
contains Z. Let ¢ denote the composition

_ _ _ L g tr=
Rf,RT;f — Rf,RU;F < RU4Rf.f — RTy

of canonical transformations obtained from the natural transformation RI'y — RI'z,
the isomorphism of Lemma 3.9 and the trace. It fits into the commutative diagram

RUy <% Rf.RU,F

Ja JRf* oa?!
tr—

id«—! _RF.T.
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Hence it suffices to show that

~

Rf.RT " —~ Rf,Rj.RT 25" F

NJ{s_l NlRf*elf!

RUy+«—*%  Rf.RU,T
commutes. This diagram can be extracted from the following bigger diagram:

~

Rf.RT,f* — Rf,Rj.RT7j*F

: 1=

RUZRf.f* — RTzRf,Rj.j*F «~— Rf.RT 7/ Rj.j*F

~ adf NTadj NTadj

Rly+— "  RU,Rf,f " RF.RU,F.

Here ad; and ad; denote the units of adjunction as in the proof of Lemma 3.9. The only
part whose commutativity is not obvious is the bottom left square. For this it is enough
to show that the diagram

R T tr id (6)

ady J{adf
P Rf*f*tr? .
Rf.f*Rf ] ———— Rf.f

bc

= ~ !
Rf,Rj.j* f «+——— Rf.Rf.j* f

\L trf/ r

_ N Rf.
Rf.Rj.f" f* «———RfRfLf" f* ————

RfJ*

commutes. Here the morphism bc is the base change morphism with respect to the
cartesian square

X7 .x
Jf’ J(f
x—1,v

The commutativity of the upper left triangle of the diagram (6) was part of the proof of
Lemma 3.9. The upper square of this diagram commutes by naturality of ad; and the
commutativity of the square below follows from Lemma 3.20. Finally, the bottom left
square commutes by naturality of the transformation Rf,Rf. — Rf,Rj.. 0
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Lemma 3.26. The map try is well-defined, i.e. it is independent of the choice of the
compactification j: X — X.

Proof. Let j1: X — X1 and ja: X — X5 be two open immersions with proper mor-
phisms f1: X1 — Y and fo: X9 — Y such that f = fi 0 j1 = fo 0 j». By considering
X1 Xy X5 we can reduce to the case that there is a proper morphism g: X; — X5 such
that g o j; = jo, i.e. the diagram

commutes. That tr; is well-defined means exactly that the following diagram of functors
is commutative:

Rf.RT 7 f'

~

Rf1,Rj1,RT 75} fl +=— Rfa,Rg.Rj1,RT 24} ' fy —— Rfa,jo, RT 755 f5

J J

Rfi1,RTzf{ +———— Rf2,Rg. R 74 f3 Rf2,RT 7 f

J J

~

Rfo, tr f!
Rf2,Rg.g'f5 -2

tr 500
tl‘fl trf2
id

1a.

Here the six vertical arrows in the middle are the natural maps occurring in the definition
of try. The only part of which the commutativity is not obvious is the bigger rectangle
on the right hand side, which follows from Lemma 3.25 after canceling Rf», and f} from
the edges of the terms. O

Note that the independence of tr; of the chosen compactification implies that trs
equals the classical trace map whenever f is proper.

Proposition 3.27. The map try is compatible with residually stable base change: For

a residually stable morphism g: S — Y, let f' and ¢’ be the projections of S xy X.
Furthermore, let Zs and Zg be the preimages of Z and Z' in S and S xy X. Then the
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diagram

N g*try N
9*Rf.RT 7 f' g
bcl’\'
Rfig’*RFfo! try g*
J, Rf.RT , B

RfLRT 76" f' ——— Rf.RT 7, "¢’
commutes. Here 3 is the isomorphism of Lemma 3.20.

Proof. First we treat the case of an open immersion u: U — Y. Let h: S — Y be a
residually stable morphism and let v’ and k' denote the projections of S xy U. Again, we
let ad,, ad,, ady and adj.,s denote the units of adjunction. The natural isomorphisms
Ru.Rh, = Rh,Ru and h™*u* = «*h* are compatible with the adjunction of (u o h’)*
and R(uo h'),, i.e. the diagram

adhou/ ~

id —=*< Rh,Ru,u*h* —— Rh,Ru.h*u*

adul

ad,; /s
Ru,u* — Ru, Rh.h"*u* —— Rh, Ru.h*u*

of natural maps commutes. Passing to the adjoint maps we see that the square

o ady e
h* ———— Rulu™h

l J-

b
h* Rusu* —=— Ru! h*u*

is commutative. Applying the derived local cohomology functor and taking the inverse
of the now invertible units of adjunction (Corollary 3.15), we obtain the commutative
diagram

h* try,

h* Ruy, RT zu* h*

bCJ/ e d Ttru/ h*

Rul,W*RT zru* —— Ru, Rl 7, u*h*,

where d denote the composition h* Ru, RT zru* -5 Rul,h*RT zru* Ru;RFZ{Ju’*h*.

Now we choose a compactification X ENS'¢ i> Y of f. Then Sxy X i Sxy X L S'is
a compactification of f’ where j’ := id xj and f is the projection. Let ¢: S xy X — X
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denote the projection onto X. The three squares in the commutative diagram

S XyY%Y
P
g/
SXyX X
7
I f
S J Y

are cartesian. It suffices to show the commutativity of

9 1Lz ——= 19" 3Lz g f —— [l 2979 f —— il 20" g

~ | trj NJtrj NJ(trjl ~ trj/
GTIo] — 2 P T ] s T T gd T — T Ty
tr? trﬁ
g “ g%,

where we left out the R indicating derived functors to streamline the notation. The
first and the third upper square commute because of the naturality of tr; and tr;. The
commutativity of the upper square in the middle is the case of an open immersion, which
we have already seen. Finally, the commutativity of the bottom rectangle is the case of
a proper morphism (Lemma 3.21). O

Proposition 3.28. Let f: X — Y and g: Y — S be separated and finite type mor-
phisms of schemes. Assume that i: Z — S, i': Z' — Y and i": Z" — X are closed
immersions with proper morphisms f': 7" — Z' and ¢': Z' — Z making the diagram

7" X
I
7Ly
Ll
Z—58
commutative. Then there is a commutative diagram:

R(go f)«RTz1(go f)'

JN

Rg.Rf.RTzn f'g' ————— Rg.RT z1¢’
Rgs try g’ try

id.

o7



Proof Choose a compactification Y ¥ 5 8 of g, then choose a compactification

XX ——> Y of the composition jy o f. The morphisms f and jx induce a morphism
h: X —Y %3 X. The projection pry : Y Xy X — Y is proper because it is the base
change of the proper morphism f’. The projection pr¢: X x3+ X — X is a base change
of jy and hence an open immersion. We obtain the following commutative diagram:

— pr; J—
YX?X*LX

pry /

Y

-

~
«—

|

Jy
g

S.

<7

g

Because pry oh equals the open immersion jx, it follows that h is an open immersion
too. Applying the compatibility of the classical trace with compositions to the proper
morphisms f’ and g and using Proposition 3.27 for f’ and the open immersion jy, we
see that the following diagram commutes:

(9o f)Tzn(go f)

~ ~

~

(Go f'oprsoh).['zn(go f' oprgoh)

e I

G.vs Prys bl znh* pry j3.g' g.fiprx, halznh* pric f'g

5;1 ~ o1

v Prys Lz oy G5 2 Gudvady D20 ' ——G. fiprs, Tz o f'9

trpry trf/ ~ | Epr—

v L23y§ ————Gujv-iy T2 9.f.0 20 f'g

~
~

—1
£
Iy

gl

id .
Again we left out the R for derived functors to streamline the notation. Here, for an
open immersion s, €5 denotes the 1som0rphlsm of Corollary 3.15 or simple modifications,
such as a canonical isomorphism RI'z S, Rjy«j*Rlz:, and 1 is obtained from the
composition
1o BT % gt bl o
Pry, PIy Jy — Pry, Pry f° —— jy fof"
The morphism try o( Ry, trs g!) is obtained by following the vertical and diagonal arrows
on the left, while try,; is the composition of the outer right morphisms. O
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Proof of Theorem 8.2. Consider the commutative diagram

Rf.RHom$ (F*, Rz f'G*)
Rf*RHﬂZQY(Rj*]:.v Rj RU 7 5*f G*) —— RHomp,,, (Rf«F*,Rf Rj. R 7z:5* ' G°*)

6_1

Rf,RHom$_(Rj.F*, RTz/f G*) ——— RHom®, (Rf.F*, Rf .RTz/f G°)

RJ.RHom, (Rj..F*,]'G") RHom?, (Rf.F*. Rf,JG*)

\

RHom, (Rf.F*,G*)

of natural morphisms. The vertical arrows on the left are isomorphisms by Lemma 3.16,
Corollary 3.15 and Proposition 3.8. The diagonal morphism to the lower right corner is
the well-known isomorphism from the adjunction for the proper morphism f. Hence the
composition of the first diagonal morphism and the vertical morphisms on the right is
an isomorphism.

Finally, for the adjunction of Rf, and Rz f', we apply the degree zero cohomology
of the right derived functor of global sections H'RI" to both sides of the just proven
isomorphism

RHom, (Rf.F*,G%) — Rf.RHom} (F*,RTz f'G*).
Then we use the natural isomorphisms

H°RTRHom$, (Rf.F*,G*) = H°RHom}, (Rf.F*,G*)
AN Homp o, (RfF*,G*)

of Proposition I1.5.3 and Theorem 1.6.4 of [Har66] and similarly for
H°RTRf,RHom$, (F° RTz f'G*),

where we additionally use the isomorphism RI'(X,__) — RT(Y, Rf.(_)) of Proposition
I1.5.2 of ibid. D

We conclude this section with a statement which, under certain hypothesis, allows us
to recover the trace try by its application to the structure sheaf Oy.
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Definition 3.29. For a separated morphism f: X — Y of finite type, a compactifica-
tion X & X L v and 7* € DL(Y), let

L
Xo: ['Oy @0y LfFF* — f'F*

- L % !
be the morphism j*p, where ¢: f!Oy ®oyx Lf F* — f']-"' is the adjoint of the compo-
sition

. L —% e 1 L . tr— .
Rf,(FOy ©oy LF F*) % Rf(F Oy) Go, F* —5 Oy ®0, F*.

Here p denotes the isomorphism of the projection formula. The morphism Xff. is in-
dependent of the choice of the compactification [Nay09, Proposition 5.8]. If x/ is an
isomorphism of functors, then the morphism f is called essentially perfect.

Theorem 5.9 of [Nay09] Nayak gives various characterizations of essentially perfect
morphisms. For example, smooth morphisms between smooth schemes are essentially
perfect.

Proposition 3.30. Let f be an essentially perfect map. Under the assumptions and
with the notation of Theorem 3.2, there is a commutative diagram

L -
Rf.RU 7 (f'Oy Goy, LF*F*) 2% Rf,RT  f'F*

J/p J(trf
tI‘f ®id

L
Rf.RT 7 f'Oy ®0, F* ————— F*

for every F* € D;I"C(Y). Here p denotes the isomorphism of the projection formula and
Lemma 3.11.
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Proof. We have to verify that the diagram

Xe

Rf.RT 7 (f' Oy éox Lf*F*) Rf.RT ;' F* (7)

~ ~

— —! L — = - !
Rf.RjRUz (j*f Oy @ j*Lf F*) RfRj.RUz 5" [ F*

P
_ — L —y
RF.(Rj.RT7j*F Oy © LT F*) ~| et
871 ~

_ _ L _ _
Rf.(RT7 'Oy & LT F*) —*— RJ,RT /T F*

p
! L . tr—
Rf.RTU 7 f Oy ®o, F f
try® id
Oy ® F* ~ F

commutes. The upper rectangle commutes because the projection formula is compatible
with the unit id — Rj.j* of adjunction, which we denote by ad;. More precisely, it
follows from the commutativity of the diagram

! Lo —x R L
fOy@Lf F* Rj.j*(f Oy @ Lf F*)

|

— L .. ] Lo —x
(Rj.j*F Oy) & LF F* —— Rj.j*(Rj.j*F Oy) ® LT F*)

N

R e P ad; P Lo —,
Rj.(j* [ Oy @ j*Lf F*) +———— Rj.(j*(Rj:j* [ Oy) ® j*Lf F*),

where the maps of the upper square stem from ad; — this square commutes by the nat-
urality of the unit of adjunction —, where proj is the isomorphism from the projection
formula and where the lower horizontal arrow is obtained from the counit of adjunc-
tion ad;: j*Rj. — id. The lower rectangle commutes by construction of proj. The
composition
j* J* ad; ]*R]*]* E;HJ—'j*> ]*

is the identity. Therefore, the composition of the vertical arrows on the right hand side
and the lower horizontal arrow equals Rj, applied to the natural isomorphism

— L ! Lo =% e
F(FOy ® L F*) — j*F Oy @ j*LF F*.
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The bottom rectangle of the diagram (7) commutes by construction of X;-- O

4 Locally finitely generated unit modules on singular schemes

For a proper map f: X — Y of smooth k-schemes, Emerton and Kisin proved that
there is a natural isomorphism

RHom, . (f+M®,N*) >+ Rf.RHomd,  (M®, f'N*)

for M*® € DgC(OF,X) and N € DgC(OF’y) ([EK04, Theorem 4.4.1]) by constructing
a trace map acting as the counit of adjunction. We generalize this trace map to sep-
arated and finite type morphisms f: X — Y between smooth k-schemes sitting in a
commutative diagram

7" x

L

7.y,

where 7 and ¢/ are closed immersions and f’ is proper. This generalized trace map
induces an adjunction between f4 and Rz f' considered as functors between the derived
categories Df’fgu((’) F.x)z and Df)fgu<OF,y) 7 of complexes whose cohomology sheaves are
supported in Z’ or Z.

4.1 Generalization of Emerton-Kisin’s adjunction

Proposition 4.1. Let f: X — Y be a separated and finite type morphism of smooth
k-schemes and let i: Z — Y and ¢': Z/ — X be closed immersions with a proper
morphism f': Z' — Z such that foi =io f’.

(a) There is a natural morphism
trrs: [+ RL 2 OFx[dx)y] — OFy
of (Ory, Opy)-bimodules which, as a morphism of left Opy -modules, is the trace
Ory ®oy RERT gwy yldxy] — Opy
of Definition 3.2/.
(b) For every M* € Dgc((’)Ey), the trace map trg s induces a morphism
trp (M®): fr ROz fM® — M®

m DZC(OEY) .
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Proof. (a) This is an analogue of [EK04, Proposition 4.4.9 (i)]. A careful reading of the
proof shows that we can adopt it. Consider the relative Frobenius diagram (diagram (1)
on page 15):

XX xr Y x

N, b

Y —Y.

Since X and Y are assumed to be smooth k-schemes, we still have flatness of the Frobe-
nius Fy and therefore of Fy. because flatness is stable under base change. Note that
Fx,y is finite ([EK04, A.2]). First Emerton and Kisin explain how the relative Cartier
operator

Cx)y: Fxjywxy — Fwx)y

is realized for the residual complex f2E*®. Here E* denotes the Cousin complex E*(Oy).
For our result we replace f2E® by the subcomplex ' fAE® of flasque sheaves which
computes RI'zwx/y. We obtain the relative Cartier operator with support on AR

C)Z(/Y: Fx/y*FZ/fAE. — F}/;kFZ/fAE..

By Proposition-Definition 1.10.1 of [EK04], f~1Opy ®p-10y I, fAE® is equipped with
a(f _1OF7y, OF x)-bimodule structure or, after restricting scalars via the natural map
1Oy [F] — Ox|F], with a (f"'OFpy, f '!Opy)-bimodule structure. Finally this en-
dows f*(f_l(’)py ®f-10, I‘Z/fAE‘) with the structure of a (Opy, Opy)-bimodule, the
one from the definition of f{ RI'z/Op x.

But there is another way to look at this bimodule: The map C)Z( Iy gives rise to a
morphism

o: f,LpfRE — Fyf,T, fRE®

by the composition

~ CZ -1
FLz fAEY =5 flFx)y Do fAE* 5 fIRPT 5 fAE* 2 FY .05 fAE®,

where the first isomorphism is deduced from f = f o F x/y and the last isomorphism
is flat base change. Now Proposition-Definition 1.10.1 of ibid. in the special case of the
morphism idy yields a (Ofy, Opy)-bimodule structure on Opy ®o, f«l'z/ fAE®. The
isomorphism

F(f10py @510, T f2E*) = Oy ®0, f.Lzf2E*

stemming from the projection formula is compatible with the constructed bimodule
structure for both complexes by Lemma 1.10.6 of ibid. Hence it suffices to show that trz ¢
induces a morphism between the (Ory, Oy )-bimodule Oy ®o, Lz fAE® and E®
equipped with the structure of a (Ory, Oy )-bimodule via the canonical isomorphism
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E* = F}E* induced from the Frobenius Oy — F{Oy. Lemma 1.10.2 of ibid. applied
to the identity morphism on Y reduces to the commutativity of the diagram

FTpfAEs — " e
A F;} tI'F‘f
Fif.TyfAEs — 0L prpe

of complexes. For this we have to see that the following bigger diagram commutes:

tI‘f

f Lz fRE

~

E*
trf/

trFX/Y
[LFx )y T F2)y OB [T fiE — 1, e

tr trps ‘/

F
* [ ] / * [ ] * [ ]
FLFx/y Lo P fAFSE — L FT o fAFSE — L S FrE

B~ B~

trp
FLFx )y Lz Py Y AR X pT L F AR
fLFPT 7 fAE®

b071 ~

A trg
Fef Ty foE — L prpe.

The commutativity of the top rectangle follows from Proposition 3.28. The two squares
below it and the lower left square commute by functoriality of the trace maps trp, v
and try. The commutativity of the bottom right rectangle is the compatibility of the
trace with base change by the residually stable map Fy (Proposition 3.27). 3

(b) Once we know that try is a morphism in D} (Opy), we can define try(M®) as the

3Here we have to show that we have commutative diagrams of complexes, which is not exactly the claim
of Proposition 3.28 and Proposition 3.27. However, one can check that the diagrams in the proofs of
these propositions commute as diagrams of complexes when applied to residual complexes. For this
one should keep in mind that for a complex K°®, I'z: K*® is a subcomplex of K* and that there is a
natural isomorphism of functors I' s Fy* — Fy*T', between abelian categories because Fy- is flat,
see Remark 3.10.
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following composition:

~

[+ ROz f'M® =5 [ (Opx ®0,. Rz f'M?)
— FL(RT 2O0px Gop ¢ ['M®)
— f+RT 2 0px|dx/y] éc’)m M*
LN Ory ®0p, M*
= M.

Here the second morphism is the one of Lemma 3.11 and the third morphism is the one
of [EK04, Lemma 4.4.7]. O

Lemma 4.2. We keep the notation of the preceding proposition. For an open immersion
j: U —Y, let f' and j' denote the projections of U' = U xy X. Assume that Z and Z'
are the closures of the locally closed subsets Zyy = ZNU and Z},, = Z'NU" in'Y and in
X.

(a) There is a functorial isomorphism ej g : f+RTzf'5,. = j+ferFZ/f'! such that the

diagram
.
F+RU 25 =5 j fLRT 1 f"
qu, tI‘f/
tryj+
J+
commutes.

(b) Let ctry denote the unit id — RUzf'fy of the adjunction. Then there is a func-
torial isomorphism e;»’f: RI‘Z]‘"!erjjr = jﬁrRFZ/f’!f_’F such that the diagram

! g Cf " e
RI'z f f+]+ >]+RI‘Z’f f+
Jj;ctrf/
ctry g’y
./
J+
commautes.

Proof. Let Zy and Z/;, denote the closed subsets U N Z and U' N Z’" of U and U’. From
Proposition 3.13 we know that the functors j; and j/ are equivalences

~ Z\U ~ Z'\U'
fogu(OFyU)ZU - Df)fgu(OF,Y)Z\ and Df)fgu(OEU’)Z{], — Df)fgu(OF,X)Z’\

Furthermore, there are natural isomorphisms

fvile == j+fy and RTz f'j4 == j{ Rz f",
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where the second one is obtained from the composition
J"BUzf' = RUz j"f* = RUz f'j'

~Y

of natural isomorphisms. Moreover, together with the canonical isomorphism f j/ =
j'f4 of [EK04, Proposition 3.8], this composition yields a canonical isomorphism

&p: fLRU 215" — §' fL RT £ f.

For M* € DZC(OF,Y), the diagram

JLRE 715 M = 3 fe R 2f' M

P (Ory ®o, 4 RUz2 "' M) == j' [+ (OFx ®0px RU2['M*)
L €, L

FLRL 2 f ' Opyr ©0py JM® 215 3 fL R 2 f' Op x G0y §'M®

trf/

trg

j!Mo

of natural isomorphisms and the trace commutes: While the first square commutes
simply by functoriality, the commutativity of the second square follows from [EKO04,
Lemma 4.4.7 (ii)]. For the triangle on the bottom we apply Proposition 3.27. In summary
the diagram

€.
JYBE 2" = [ RT 7 f

trf/j!J— ‘
' Jtry

J
is commutative. Since j' and j" are quasi-inverses of j; and j, and f; and RI'z f'
restrict to the functors f) and RT z,f " between Df’fgu((’) FuU)z, and Df’fgu((’) FU") 71, With

respect to the equivalences j' and j”', the claims of the lemma are formal consequences.
O

Theorem 4.3. Let f: X — Y be a separated and finite type morphism of smooth
schemes and let i: Z — Y and ¢': Z/ — X be closed immersions with a morphism
f'+ Z' — Z such that the diagram
7 X
I !

7 —13Y
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commutes. Then, for any M® € Db (Opx)z and any N* € Db (Opy)z, there is a
natural isomorphism

RHomp, . (feM* N°®) = Rf.RHomg, (M®, RT, f'N®).

In particular, fi: DZC(OF,X)Z' — DZC(OE)/)Z is left adjoint to RT 5 f*.

Proof. The morphism f factors through the graph morphism X xj Y, which is a closed
immersion, followed by the projection X xp Y — Y, which is smooth. Therefore,
we may assume that f is an essentially perfect morphism. We show that the natural
transformation 7 given by the composition

Rf.RHomp, ,  (MS®, RT, f'N®) —— RHomg,, . (f+M®, f+RT 7 f'N'®)

J{tI‘F’f

RHomp,,  (f+ M*® N*®)

is an isomorphism in DT (X,Z/pZ). Here the horizontal arrow is the natural morphism
of [EK04, Proposition 4.4.2]. Let O denote the (f_lOF,y,ORX)—bimodule Oryex
and let wy denote the Ox-module wx/y. We set d = dy,y. First we replace M* by
a bounded above complex of quasi-coherent induced left O x-modules, i.e. left Op x-
modules of the form O x ®o, M with quasi-coherent Ox-modules M, see Definition
1.7 and Lemma 1.7.1 of [EK04]. Now by the Lemma on Way-out Functors ([Har66,
Proposition 1.7.1]), we reduce to the case of a single sheaf M® = Op x ®p, M. For such
an induced module we have an isomorphism

f+M = Opy @0y Rf(wx)y ®oy M), (8)

which is based on the projection formula, see the proof of [EK04, Theorem 3.5.3]. Note
that in this proof f' always denotes Emerton-Kisin’s pull-back of left OFy-modules,
sometimes considered as an Oy-module. It is connected to the functor f' for quasi-
coherent sheaves by the canonical isomorphisms

fIN® 55 LEN[d] 5 wy)y ®ox fN°

in Dy.(X), where ‘ f b denotes the classical f' as in section 3. We will show that there is
a commutative diagram

Rf.RHomg, (M, RTz f'N*) —~— Rf.RHom, . (M, Rz f'N°®)
| I
mb&’ (Rf* (WX/Y ®OX M)’ N.) — 7RHOH12)F,Y (f+M7N.)

with an isomorphism ¢ and where the horizontal arrows are the natural isomorphisms
induced by the isomorphism

Homox (M,i) = HOHI(I)F‘X (OF,X ROy M, 7)
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of [EK04, 1.7.2] and (8). For this we consider the bigger diagram of natural maps on
page 70. Let t be the composition of the left vertical arrows. It is an isomorphism by
Proposition 3.30 and Theorem 3.2. Recall that Opy . x is locally free as a right Ox-

L
module and that Opy« x ®0, y M = Opy«x ®oy M, which is computed in the proof
of Lemma 3.5.1 of [EK04]. In particular, induced modules are acyclic for the functor
Ory«x ®0p x - For the first square, we consider the diagram without the outer R fi,
resolve M by a complex P* of locally free Ox-modules and RI'z f'N'® by a complex
L
J* of left Ox p-modules which are acyclic for the functor Oy« x ®o, _, as in the

proof of Proposition 4.4.2 of ibid. Now P* = O x ®o, P*® is a complex of locally free
OF x-modules. We obtain a commutative diagram

~

RHomp, (P*,J°) »RHomg,,  (P*,J°)

~ ~

Hom¢,  (P*,J°) - Homg,,  (P*,J°)

~

L
Homp , (wy ®oy P*,wy ®ox J*) —Hom$ 1 (OF s @0px P*,Orf ®0px T°)

~

L
RHomp,  (wf ®oy P*wp ®ox J*) -+ RHom} 1, (Opf ®opx P*,Orf ®0px J°)

of canonical maps. The last two vertical arrows are the canonical morphisms from
a functor to its right derived functor. Here the left one is an isomorphism because
wx/y ® P* is a locally free Ox-module.

For the second square, we check that the natural map

RHOHI?gX (wf ®ox M,wi R0y RFZ/,/\/")

l

L
RHom} 1y, (Orf @0y M,Orf @0y x RUzN*®)

factors through RHom},loy (wf ®oyx M,wr®p, RTz2N*®). For this we replace wy ®0

RT 7 f'N'® by a complex Z* of injective f~!Oy-modules and O ¢ éonx RT 7 f'N'* by
a complex Z° of injective f‘l(’)Ey—modules. The functor f‘l(’)Fyy ®f-10, __ is exact
because the right Oy-module Oy is free ([EK04, Lemma 1.3.1]). Furthermore, it is left
adjoint to the forgetful functor from f~!Opy-modules to f~1Oy-modules. Hence the
latter functor preserves injectives. This implies that Z® is a complex of injective f~1Oy-

L
modules and the canonical morphism wy®o, RI'z f ‘W — O FfQ0px Rl 2 f 'N® yields

a map Z° — Z°. After replacing M by a complex P* of locally free Ox-modules as
above we have reduced the three RHom to Hom and the claimed factorization is trivial.
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We return to the second square of the diagram on page 70, where we replace M by
a complex F'® of flasque Ox-sheaves. The complexes wy ®p, F* and Of; ®o, F'* are
also flasque because locally they are direct sums of flasque sheaves. Hence f,(wy ® F*)
and f.(Op s ® F*) represent Rf.(wy ® F*) and Rf.(OF s ® F*®). As above, we resolve
wi ®oy Rz f'N'* by I* and Op %@RX RT 7 f'N'® by Z°. The injectivity of Z® and Z°
implies that @}*1Oy (wf ®oy F*,1°%) and Hoim},loF,Y (OF,f ®oy F‘,f‘) are flasque
([God58, Lemme I1.7.3.2]) and hence may be used to compute Rf.. As f, is right adjoint
to the exact functor f~!, the complex f,Z® is a complex of injective Oy-modules and
f.Z* is a complex of injective OFy-modules. Therefore

RHom, (_, f.2%) 2 Homd, (_, f.1%)

and ) .
RHomp, (., f+Z°) = Homp), (., fiZ°).

This finishes the proof of the commutativity of the second square because the diagram

feHom$ 1 (wf ®oy F*,I%) —— f*Hom}*l(’)F,y (Orf ®oy F*,I°)

J

Hom},. | (f«(Or; @0y F*), f1°)

J

7H0m?9y (f*(wf ®ox F*), fI°) HiHome,y (OEY ®0oy f*(wf ®ox F*), f*i.)

of natural morphisms commutes.
The commutativity of the third and the fifth square can be shown similarly. The fourth
square commutes by the functoriality of the corresponding horizontal isomorphisms.
For the adjunction of f, and RTz f' we proceed as in the proof of Theorem 3.2. [

69



(N W) Quomg

(v (v *o% A/Xe)*far) “QUIOTd

~

(LN H10® Aoy xomu A/Xm) [ “O® X)) %mow

WO+ (V' 09 40 ‘(7 *0® A/Xm)*[27) *QUIOHY

13 1)

(o 700 [PIX Q2T T (I ¥O0@ A/Xem) <[y 0@ £40)*Q

WORY «— (o 09 [p]A/Xm:Z 141 (W o A/Xem)*[fqg) QU Y

(N 220 @ X2 AAQ) (0 0m A/Xen) a0 £4Q) 119

WOy «—— ((o )V 200 @ A/Xe)*[og (7 © A/Xm)*[27) *QuiOHY

(N 204 M X2 XAV [ ‘(W M X&) far) T OOy

Ao.\/\._\\Nrﬁm* X,hgﬁ% umly\ﬁr%@ ‘W KQOXM vml\w,,msvxﬂhgﬁlm

WOHT Y «—— (JNVf ZJY X0 A/ X' py X0 A/Xm) X Quoma*f 3y

~

(N 21 W) ¥ Quomafy

(N 233 )~ Quoma /g

70



4.2 Definition of Ifgu modules on singular schemes

As mentioned earlier, for a regular scheme X, the Frobenius Fx: X — X is a flat
morphism and hence F¥ is exact ([Kun69, Theorem 2.1]). For varieties, the exactness
of F% plays an important role in the definition of (locally finitely generated) unit O x-
modules. For example, it implies that the category of unit Op x-modules is abelian.
In this section we define the abelian category pieu(X) of locally finitely generated unit
Or x-modules for schemes X which admit a closed immersion 7: X — Y into a smooth
k-scheme as a certain subcategory of fug(Y). Note that this definition generally works
for unit Of x-modules. We restrict to locally finitely generated modules due to our
application to Cartier crystals and perverse constructible étale p-torsion sheaves.

For the motivation of our approach to puge, (X ) for embeddable X, recall the Kashiwara
equivalence:

Theorem 4.4. Let i: Z — X be a closed immersion of smooth k-schemes. If M is
a unit Of x-module supported on Z, the adjunction 71+z'!./\/l — M is an isomorphism.
Consequently, H°(i' M) == i' M and the functors i, andi' are equivalences between the
categories of unit O z-modules and unit Of x-modules supported on Z.

Proof. This is Theorem 5.10.1 of [EK04]. O

Hence, keeping the notation of the preceding theorem, we can canonically interpret
unit Of z-modules as a certain subcategory of unit Of x-modules, namely the subcat-
egory of unit Op x-modules with support on (the image of) Z. If Z is not smooth this
subcategory still exists because it may be characterized as the subcategory of unit Op x-
modules M with j'M =2 0, where j is the immersion of the open complement of Z in
X. This motivates the definition of unit Of z-modules for Z possibly not smooth but
embeddable into a smooth scheme. But first we introduce some notation.

Definition 4.5. We call a k-scheme X embeddable if there is a closed immersion i: X —
Y of k-schemes where Y is smooth. We call X F'-finite embeddable if there is a closed
immersion i: X — Y of k-schemes where Y is smooth and F-finite.

Ezample 4.6. Let X = Speck[zi,...,z,])/] be an affine variety. Then X is embed-
dable into the affine space A} by the closed immersion corresponding to the canonical
projection

klx1,...,zp) — klz1,...,2,)/1.

Example 4.7. Let X be a quasi-projective k-scheme. By definition, there exists an open
immersion j: X — Z and a projective morphism p: Z — Spec k such that f = poj. In
turn, the morphism p factors into a closed immersion ¢: Z — P} followed by the natural
morphism P} — Speck. Let U be an open subset of P} such that U Ni(Z) =i(j(X)).
Then X = U xpi Z and the projection X — U is a closed immersion of X into an open
subset of the projective space. Thus X is embeddable.

Definition 4.8. Let X be an embeddable k-scheme. Let i: X — Y be a closed immer-
sion into a smooth k-scheme Y. The category of lfgu O x-modules is defined as the full
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subcategory of lfgu Opy-modules M supported on the image of X, i.e. §'M =20, where
j: Y\X — X is the open immersion of the complement of X.

The category Dﬂgu(OF’ x) is the full subcategory Df)fgu(OF7y) x of those objects in
lefgu((’)p,y) whose cohomology sheaves are supported on X.

Remark 4.9. With the notation of the preceding definition, let M be an Ifgu module on
Y. Whether M is supported in X only depends on the closed subset i(X) in Y. For ex-
ample, the preceding definition does not distinguish between the categories Df)fgu(OF, X)
and D{)fgu(oﬂ X,oq)s Where Xieq is the unique closed subscheme of X whose underlying
topological space equals the one of X and which is reduced.

By Theorem 4.4, it is clear that this definition generalizes the already existing notion
of lfgu OF x-modules for smooth X. Of course the crucial point is to see that the
definition for not-necessarily smooth X is — up to natural equivalence — independent of
a chosen embedding into a smooth scheme.

Theorem 4.10. Let f: X — Y be a flat morphism between smooth k-schemes and let
ix: Z — X andiy: Z — 'Y be closed immersions of k-schemes such that the diagram

7 XX
\Jf
iy

Y

commutes. Then there are natural isomorphisms of functors

(i) fyo RFZf! = ide (Ory)z’

fgu
.. ! ~ s
(’l/’l/) RFZf © f+ = 1de7fgu(OFvX)Z :

Proof. The proof proceeds by an excision argument, in a similar way as the proof of
[Ohk16, Theorem 4.5]. In the case of a smooth scheme Z we can use the isomorphism
of functors RI'; = ix+i!X from Df’fgu((’)p,x) to Df)fgu(OF,X)Z and RI'; = iY+7j!Y from
lefgu((/)Ey) to D{)fgu(OF7Y)Z ([EK04, Proposition 5.11.5]):

fLRUZf' = frixyis f Ziyyiy = RT, 2id.

We may assume that Z is reduced, see Remark 4.9. Since a finite set of closed points
with the reduced scheme structure is always smooth, this verifies the claim if Z is 0-
dimensional. For the general case, i.e. Z is not necessarily smooth, let V' be a smooth and
dense open subscheme of Z and assume that the claim holds for all closed subschemes
7' with dimZ’ < dimZ . Let g denote the immersion V < Y. After choosing an
open subset U C Y with UNZ =V, we can factor g as ¢ = u o4’ where u is the open
immersion of U into Y and ¢’ is the closed immersion of V into U, i.e. the base change
of iy.
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For an object M*® of Dﬂgu(ORy), there is a natural morphism p: M®* — g, g'M*®
whose cone N* is supported on Z\U ([EK04, Proposition 5.12.1]). This means that
there is a distinguished triangle

N — M* L g g M® — N*[1]
in Df’fgu(OF,y). Applying f, RTzf', the trace yields a morphism of triangles
J+RU2f'N® —— fLRT 7 f'M® —" [ RU2f'g.g' M

Jtrf(/\/.) Jtrf(/\/l') ltrf(g.,_g!./\/l')
No M*® ¥ g+g!Mo.

Since f is the identity on Z, i.e. iy = foix, we have Z N f~Y(Z\U) = Z\U. Therefore,
RUZf'N*® = RI‘Z\Uf!N' and try(N*®) factors through f+RFZ\Uf!N'. This means that
the diagram

try, z(N®

f+RTzf'N*

) A
\ //Z\U(N.)
f+BC 1\ fIN®

is commutative. The dimension of the support Z\U of N* is less than that of Z as
V is dense in Z. By induction hypothesis, try Z\U(N *) is an isomorphism and hence
try,z(N®) is an isomorphism.

It remains to show that trs(g+g'M®) = try(usi’,i"u' M®) is an isomorphism. By the
Kashiwara equivalence, the object M}, = i’ i"u'M?® of D{)fgu(OF7U) is supported on V.
Let f’ denote the projection U xy X — U. The map try(u4+Mg¢;) equals the composition

ut trpr (M)

f+RU 7 flug MYy = uy ff Ry ' MY, Uy M,

(Lemma 4.2 (a)). Here the second map is an isomorphism because V' is smooth. Conse-
quently, the map tr;(M?®) is an isomorphism. This proves (i). The isomorphism of (ii)

can be constructed similarly, using the unit of the adjunction between f, and RT,f'
(i.e. the cotrace) instead of the trace map, and applying Lemma 4.2 (b). O

The next corollary shows that the definition of lefgu(OF, x) for embeddable varieties
X is independent of the chosen embedding.

Corollary 4.11. Ifi1: X — Y] and is: X — Y5 are two embeddings of a k-scheme X
into smooth k-schemes Y1 and Y, then there exists a natural equivalence

fogu(oF7Y1 )X — lefgu(OF,Yg)X-
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Proof. The universal property of Y7 xj Ys yields a morphism (i1,i2): X — Y7 X Ya. It
equals the composition
idid - i
X (1 )1 ) X XkX (2171 ) Yl Xk-X (1 7Z2) Yl XkYQ,
where all maps are closed immersions, the first one because X is assumed to be separated
over k. Hence (i1,142) is a closed immersion. We obtain a commutative diagram

Y;

p1
(i1,i2)

Xy L Yy

S

Y27

where p; and py are the projections. By Theorem 4.10, the compositions pe4 RI’ Zp!l and
p1+ RT Zp!g are inverse equivalences between Df’fgu(OFyl) x and Df)fgu((’)p,y2) X. O

5 The Riemann-Hilbert correspondence for Cartier crystals

As its title suggests, one of the main results of Emerton and Kisins “The Riemann-
Hilbert correspondence for unit F-crystals” ([EKO04]) is a characteristic p-analogue of
the Riemann-Hilbert correspondence for D-modules. More precisely, for a smooth k-
scheme X, the authors construct inverse equivalences of categories

Sol
Df)fgu(OF,X) (T Dg(Xéta Z/pZ) .

Furthermore, Sol(Diy, (Orx)) € D" and Sol(Diy,(Op.x)) € PD=C where ? D"
and PDZ% are two subcategories of D%(X¢,Z/pZ) defining the perverse t-structure of
[Gab04]. Hence Sol establishes an equivalence between the hearts of the corresponding
t-structures, namely the locally finitely generated unit Of y-modules and the so-called
perverse constructible p-torsion sheaves.

Using this correspondence of Emerton and Kisin, we will establish a Riemann-Hilbert
correspondence between Cartier crystals and perverse constructible étale Z/pZ-sheaves
on a scheme which admits an embedding into a smooth scheme. In the following
two subsections we extend the equivalences G: Df:’rys(QCrysn(X ) — D{)fgu(OF, x) and
Sol: Df)fgu(OF, x) — DY(X¢,7/pZ) to singular varieties embeddable into a smooth va-
riety.

5.1 Review of Emerton and Kisin’s Riemann-Hilbert correspondence

Let X¢; denote the small étale site of a scheme X. A reference for the étale topology is,
for example, [Mil80, Chapter II]. A Z/pZ-sheaf on X is an étale sheaf of modules over
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the constant sheaf Z/pZ. Let D%(X¢t,Z/pZ) denote the derived category of complexes
of Z/pZ-sheaves on Xg whose cohomology sheaves are constructible.

Definition 5.1. A sheaf £ of Z/pZ-modules on X is called constructible if there is a
stratification X = [[;c; S; such that the restrictions of £ to the S; are locally constant
sheaves of Z/pZ-modules for the étale topology with finite stalks.

For x € X, let i,,: * — X be the inclusion, which is the composition of the inclusion
of the closed point of Spec Oy, , followed by the canonical morphism Spec Ox,, » — X.
In [Gab04], Gabber showed that the two subcategories

PD=0 = {£* € DY X4, Z/pZ) | H'(i%L*) = 0 for i > — dim {x}},
PD20 = {£* € DX, Z/pZ) | H (i, L®%) = 0 for i < —dim {x}}

ét L

define a t-structure on D2( X, Z/p7Z).

Remark 5.2. Indeed, Gabber shows that these subcategories define a t-structure on the
ambient category DY(X¢,Z/pZ). For a closed immersion i: Z — X and the open
immersion j: U — X of the complement U of Z, it is obtained from the perverse
t-structures on D®(Ug, Z/pZ) and D®(Ze,Z/pZ) by recollement:

PD=0 = {£* € D"( X4, Z/pZ) |i*L® € PD=0(Zs, Z/pZ) and j*L* € P D="(Uy, Z/pZ)},
PD=0 = {£* € D"(X¢, Z/pZ) |i'L® € PDZ(Zs, Z/pZ) and §*L* € P DZ0(Uy, Z/pZ)}.
This follows directly from the construction of the perverse t-structure on D?( X, Z/pZ).

In this subsection let X be a smooth k-scheme. The Riemann-Hilbert correspondence
between Df’fgu((’)p, x) and D%(X¢,Z/pZ) is realized in two steps: first passing to the
étale site and then applying a certain duality functor.

Theorem 5.3. (a) For every smooth k-scheme X, the functor
Sol = RHomg,. (s Ox,,)ldx]: Diigu(Orx) — DE(X 4, Fyp)
is an equivalence of categories. A quasi-inverse is given by

M= 7RH0m%/pZ (7, OXpr)[dX]

(b) For a morphism f: X —Y of smooth k-schemes, there is a natural isomorphism
of functors

Solof! = f* o Sol.

For an allowable morphism f: X — Y, i.e. a morphism f which factors as goh,
where h is an immersion and g is a proper smooth morphism, there is also a natural
isomorphism of functors

Solofy = fio08Sol.

(c) The essential image of the full subcategory Dl?gou(oﬂx) is equal to the full subcat-
egory PD=Y of DY(X 4, Z/pZ) while the essential image of Dl?gou(@F,X) is equal to
the full subcategory PDZ° of DY(X ¢, 7./ pZ).

Proof. This is [EK04, Theorem 11.4.2 and Theorem 11.5.4]. O
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5.2 Cartier crystals and Ifgu modules on singular schemes
We show that the equivalence

G: Dgrys(chysn(X» — fogu(OF,X)

for smooth X extends to an equivalence for embeddable X. As a consequence, for a
morphism f between smooth schemes, the inverse equivalences f, and RT'zf' between
the subcategories of complexes supported on a closed subscheme are t-exact.

Proposition 5.4. Let X be an F-finite embeddable k-scheme. The functor G induces
an equivalence of categories

G: Dgrys(chysn(X)) — D{)fgu(OF,X)'

Proof. Choose a closed immersion i: X — Y into a smooth, F-finite k-scheme Y and let
j denote the open immersion of the complement of X in Y. The Kashiwara equivalence
(Theorem 1.10) identifies D?, . (QCrys, (X)) with the subcategory D%, .(QCrys,(Y))x

crys crys
of Db .(QCrys,.(Y)). For M* € D?, .(QCrys,(Y))x we have

crys crys
(4' 0 Gy)M® = (Gy 0" )M* =0

by Proposition 2.35. As G is an equivalence of categories, there is also a natural isomor-
phism of functors j* o Gyt & Gﬁl oj' for the inverse G=1 of G. Tt follows that G induces

an equivalence of subcategories
G: Dgrys(chySn(Y))X - Df)fgu(OF,Y)X'

It remains to show that this equivalence is independent of the choice of the embedding.
In the same way as in the proof of Corollary 4.11 we can reduce to the case of two closed
immersions 71: X — Y7 and i9: X — Y5 into smooth, F-finite k-schemes Y7 and Y5
together with a morphism f: Y7 — Y5 such that i = f o¢;. The composition i9, o z'l is
a natural equivalence between Dé’rys(QCrySH(Yl)) x and Dgrys(QCrysH(Yg)) x- Note that

ing iy M® = Rf,ip,iyM® = Rf M®
for M® € D?

erys (QCrys, (Y1) x. Hence Rf, is a natural equivalence of categories

Rf.: Dyo(QCrys, (Y1))x — Diys(QCrys, (Ya))x
which is compatible with G, i.e.
f+ o Gy, = Gy, oRf.
by Proposition 2.37. O
Remark 5.5. This also implies that f; provides a natural equivalence
frt Ditgu(Oryi)x — Ditgu(Orys)x

because fi = Gy, oRf, o G{,ll.

76



Keeping the notation of the proof of Proposition 5.4, the canonical t-structure of
D{’fgu((’) ry) obviously induces a t-structure on the subcategory D{’fgu(O ry)x defined by
the two subcategories

Do (Ory)x N Do, (Opy) and Diy, (Opy)x N Dig(Ory ).

Corollary 5.6. Let f: Y1 — Yo be a morphism between smooth, F-finite k-schemes.
Let i1: X — Y1 and io: X — Yy be closed immersions such that i = f oiy. The
equivalence fi of Corollary 4.11 between Df)fgu(OF,Yl)X and D{]fgu(OF,Yz)X is t-exact
for the canonical t-structures of both derived categories. In particular, by taking 0-th
cohomology, it gives rise to an equivalence of abelian categories

{mign (V1) x} — {pugeu(Y2) x }-

Proof. The functor f, is a composition of t-exact functors:
f+ = GYQ ORf* o G)_/ll = GYQ Ol9% © le o G}_/lla

where R, denotes the restricted functor from Df  (QCrys, (Y1))x to D% (QCrys, (Y2))x.
It is exact because Rf, = Rf*il*ill &~ 12*1'1 O

5.3 A Riemann-Hilbert correspondence on singular schemes

Now we extend the Riemann-Hilbert correspondence between lfgu modules and con-
structible étale Z/pZ-sheaves to embeddable schemes. The corresponding equivalence of
categories

Dfy(Op,x) = DA(Xey, Z/pZ)
for embeddable X will be t-exact for the canonical ¢-structure on D{’fgu(Og x) and Gab-
ber’s perverse t-structure on D%(Xg,Z/pZ). Again, for a closed subscheme Z of X, let

j: U — X denote the open immersion of the complement of Z into X.
Recall that there are distinguished triangles
it —id — i — 5157[1]
and
ixi' — id — f g% — i’ [1]

in DT (Xe,Z/pZ) (BBD82, 1.4.1.1]). Defining I'z: D(Xg(Z/pZ) — D(Xe(Z/pZ) as
the composition i,i* of exact functors we obtain a fundamental triangle of local coho-
mology

]l]* —rid —TI'z —)]l]*[l]

Note that 4 = 7, because 7 is a closed immersion.

Lemma 5.7. Let Z be a closed subscheme of a smooth k-scheme X. Then there is a
natural isomorphism of functors

SoloRT'y, —+ T'z o Sol.
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Proof. We show that there is a natural isomorphism
Mol A ;> RI’ Z © M,

where M is the quasi-inverse of Sol, see Theorem 5.3. The natural isomorphism j'oMy =
My oj* implies that M(I"zL®) is supported on Z for every complex L£*. Consequently, the
morphism M(I'z£®) — M(L®) induced by the natural map £* — I'z£®, which is defined
by the fundamental triangle of local cohomology above, factors through RI'z M(L®).
This gives rise to a morphism of distinguished triangles

| y

M(I'zL®) —— M(L®*) —— M (jij*L?)
RTZzM(L®) —— M(L®) —— j,j' M(L®),
where the horizontal arrows are the natural morphisms and the second and third vertical
arrow is an isomorphism. Hence the vertical arrow on the left is an isomorphism. O

Lemma 5.8. For a closed subscheme Z of a scheme X, Gabber’s perverse t-structure
on DY%(X 4, Z/pZ) induces a t-structure on D%(X 4, Z/pZ)z given by

PD%Xy)z = DY X, Z/pZ) 7 NP D" (X 41),
PDN(X )z = DY( X, Z/pZ)  NPD="(X 4).

Proof. We consider the construction of the perverse truncation functor P7<( in [Gab04] in
more detail. It will turn out that Pr<oL*® is supported on Z for all £* € D%(X¢, Z/pZ) 7.
For simplicity we write 7<;, for P7<o where p is a perversity function, see the first section
of [Gab04]. For a complex F*, C(F*) denotes the total complex of the double complex
C*(F*), where C*(F") is the Godement resolution of F".

Let ¢ = —dim X. Tt is a lower bound for the perversity function p(z) = — dim {z}.
For a complex £*, d > ¢ and pg(x) = min(d, p(x)), Gabber iteratively constructs a direct
system 7<,,L£* and defines 7<,£L* as the direct limit. We start with p. = ¢ and the usual
truncation 7, L* = 7<.L*. Clearly, if L*® is supported on Z, then so is 7,,£*. Now for
T<pyF* of some complex F*°, we construct 7<,, . F* as a subcomplex of C(F*). By the
construction of the Godement resolution, C(F*) is supported on Z if F* is supported on
Z. It follows that for every d > ¢, the complex 7<,,L* is supported on Z and therefore
the direct limit 7<,L*® is supported on Z. O

Proposition 5.9. Leti: Z — X be a closed immersion of schemes.

(a) The exact functors i, and i* are inverse equivalences of categories

=
D2(Z e, /pL) = DX o1, L/PL) 7.
(2
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(b) These functors iv: DY(Zg, 7./pZ) — DY X e, Z/pZ) 7 and i*: DY X e, 7)pZ) 7z —
DIC)(Zét,Z/pZ) are also t-exact with respect to the perverse t-structures of both
categories.

Proof. (a) This is a formal consequence of the distinguished triangle
it — id — ii* — i (1]

in D?(X4;,7Z/pZ) and the fact that the natural map id — i*i, is always an isomorphism.
(b) It suffices to show that i, is t-exact with respect to the perverse t-structures, i.e.

the essential image of PD=%(Z) under i, is contained in P D=" and the essential image

of PDZ9(Z¢;) under i, is contained in PDZY. For x € Z let i, denote the composition

{z} — Spec Oz, . — Z

of canonical morphisms. For £* in ?PD=%(Z), i.e. H"(i:L®) = 0 for every x € Z and
every n > —dim {z}, we have

H"(i%i, L% = H"(i%i*i.L®)

= (L)

=0
for every z € Z and every n > —dim {z}. For z € U = X\ Z, we even have i*i,£* = 0
because j*i,£* = 0 and hence 7%, £* = 0, where 7: SpecOx,, , — X is the natural
morphism.

Now let £* be in PDZ0(Zs), i.e. H™(iLL%) = 0 for every x € Z and every n <
—dim {z}. There is a natural isomorphism of functors
it 2 iy

given by the composition of the natural isomorphisms i'i, — id and id — *i, of
[BBDS82, 1.4.1.2]. Whence

H"(iLi, L%) = H" (1411, L®)
> H"(iLi% i, L)
H™(i,L*)
>~

for every x € Z and every n < —dim m We have already seen that there is nothing
to show for x € U. O

Definition 5.10. For a k-scheme X which admits an embedding into a smooth scheme
Y, we define

Digp(Or x) = Dity(Opy)x N Dy, (Ory),
Dz (O x) = Dt (Opy)x N Do, (Opy).

These subcategories of D{’fgu(OF, x) form a natural ¢-structure.
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The independence of these subcategories of the embedding into a smooth scheme
follows from the fact that for a morphism f: Y7 — Y5 between two smooth schemes
over k, together with closed immersions i1: X — Y7 and i9: X — Y5 with is = f o4y,
the equivalence

RTUx f' = MoSol, oRI'x f*
= Mol'x f* o Sol,
= Moiy,i] frig.15 0 Sol,
= M oiq445 o Sol,,
is a composition of t-exact functors, where DIC’(YLét,Z/pZ) and DS(YZét,Z/pZ) are

equipped with the perverse t-structures (Theorem 5.3 and Proposition 5.9). Therefore,
RI x f' is t-exact.

Theorem 5.11. Let X be an embeddable k-scheme.

(a) The equivalence Sol for smooth schemes induces an anti-equivalence of categories

Sol: D{)fgu(OF’X> — DY(X«, Z/pZ)

(b) The essential image of Dl?g?u((’)p,x) under this equivalence equals PD=" and the
essential image of Dl?;u((’)gx) equals P D=V,

Proof. After choosing a closed immersion i: X — Y into a smooth k-scheme Y, we see
that Sol restricts to an anti-equivalence

Sol: Df)fgu(op,y)x — DY(Yer, Z/pZ) x

in the same way as in the proof of Proposition 5.4. For the proof of the independence of
the choice of an embedding we again reduce to the situation of two closed immersions
i1: X — Y7 and ig: X — Y5 together with a morphism f: Y7 — Y5 such that io = foi;.
We obtain natural equivalences of categories

RTx f': Dity(Ory,)x — Ditgu(Ory,)x

and
f ' Tx: DY(Yae, Z/pZ)x — D(Yie, Z/0Z)x,

which are compatible with Sol because
SoloRIx f' 5 Iy o Solof' = I'x f* o Sol

by Theorem 5.3 and Lemma 5.7. This proves (a).
The equivalence Sol not only restricts to an equivalence between D{’fgu(Ogy) x and

DY(Yg, 7Z./pZ) x but also between Dl?gou(OF’y) and PD=%(Y) (Theorem 5.3). Therefore,
Sol induces an equivalence

Diyu(Ory)x N Dy, (Ory) = D(Yar, Z/pZ)x NP D=0 (Yay).

By Proposition 5.9, D%(Ys, Z/pZ)x NP D=C(Y) is canonically equivalent to P D<0(Xg).
Analogously, one can show that the essential image of Dl%gou(OR x) equals D=9, [J
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Theorem 5.12. Let X be an F-finite embeddable k-scheme.

(a) The equivalences G and Sol for smooth schemes induce equivalences

G: D .(QCrys, (X)) — D{’fgu(OF,X) and Sol: Df’fgu(oF,X) — DY(X ¢, Z)pZ).

crys

This means that for a closed immersion i: X — Y with Y smooth, there is a
commutative diagram

DAY, Z/pZ) ——D4(X &, 7./ pZ.)

SolyT

G
Dgrys(chySn(Y» — Df)fgu(ORY) Solx
J G \)
D}y (QCrys, (X)) = Diry(OF x).

(b) Let Sol, be the composition Solo G. The essential image of Dggs(QCrysH(X)) un-

der Sol,; equals the subcategory? D=", while the essential image of D59, (QCrys, (X))
equals the subcategory P D=0,

(c) If h: W — X is an open or a closed immersion, then there are natural isomor-
phisms of functors

Sol, oRhy — hi o Sol, and Sol, oh' =5 h*o Sol,

where h' denotes the functor h* if h is an open immersion and Rh, = hy for a
closed immersion.

Proof. (a) and (b) follow from Proposition 5.4 and Theorem 5.11.

It remains to prove (c). Let h: W — X be an open immersion. We will construct the
natural transformations by choosing embeddings of X. Since we have to make sure that
this construction is independent of the embedding, we will consider two closed immer-
sions i1: X — Y7 and io: X — Y5 of X into F-finite, smooth k-schemes ab initio. We
may assume that there is a morphism f: Y7 — Y5 with ¢9 = foiy, see the proof of Corol-
lary 4.11. Let h%: Vo — Y3 be an open immersion such that (i2oh)(W) = hb(Va)Nig(X)
and hence W = X xy, Vo. Let i5: W — V5 be the closed immersion induced by
ig, i.e. the projection X xy, Vo — V5. We have a natural equivalence R}, i}, =
i9+« R, of functors from ch’rys(QCrysH(W)) to Dé’rys(QCrysN(Yz)) x. Moreover, we have
a natural equivalence hjy, Gy, = Gy, Rhy, of functors from Dgrys(QCrysH(Vg))W to
lefgu(OF,YQ)X. Therefore, Rh,: D% (QCrys,(W)) — DE.,(QCrys, (X)) induces a
functor h : fogu(OF7w) — Df’fgu(OF,X) such that Gx h, = hy Gy. Note that this
functor h; does not depend on the choice of V5. In particular, to show the inde-
pendence of the embedding of X, we may choose an open immersion hj: Vi — Y;

with (i3 o h)(W) = hj (V1) Ni1(X) and such that (f o h])(V1) C h4(Va2). Here we set
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Vi = f*I(VQ), which means V; & V] Xy, Vo. Let f': V3 — V4 be the projection and
let i} be the projection of W = X xy, Vo & X Xy, (Y1 xy, V2) to V1 2 Y] xy, Vo. It
is a closed immersion because it is the base change of the morphism ;. We obtain the
following commutative diagram:

wy Ly,

R

X2y — Y.

The following cube demonstrates the natural equivalences, which we have by Proposi-
tion 2.37:

Gy,
D(l:)rys(chySn(V2))W : Df)fgu(ORVZ)W
Gy,
Dgrys(chySn(Vl))W ‘/ - fogu(OF,Vl)W hoy
R,
Gy,
Rh, ch]rys(chySn(YQ))X : D{)fgu(OF,YQ)X
Gy
ch)rys(chySn(}/i))X - fogu(OF,Yl)X

Here every cube face indicates a natural equivalence, for example, the front refers to
the isomorphism of functors Gy, oRh}, = hy, o Gy,. This shows the independence of
the isomorphism of functors Gx h, = hy Gy from the chosen embedding of X. By
adjunction, we obtain a canonical isomorphism Gy h* = h'Gx as well.

Similarly, one shows that we have a natural isomorphism Sol ' 2 h* Sol, using the fact
that Sol commutes with the local cohomology functors (Lemma 5.7) and with pull-backs
for morphisms between smooth schemes (Theorem 5.3). Again, by adjunction, we obtain
a natural isomorphism Sol h = hy Sol. Composing these isomorphisms of functors yields
the desired one:

Sol, oRh, = Solo Gx oRh, = Solohy o Gy = hy o Solo Gy = hy o Sol,

and analogously for Sol, oh* = h* o Soly.

If h: W — X is a closed immersion, we proceed similarly, but the proof is simpler
because a closed immersion ¢: X — Y of X into a smooth, F-finite k-scheme Y yields
a closed immersion of W into Y by composing h and .

O

Definition 5.13. The abelian category Perv.(Xgi, Z/pZ) of perverse constructible étale
p-torsion sheaves is the heart PD<0NP D=9 of the perverse t-structure on D%(X¢, Z/pZ).
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Corollary 5.14. For an F-finite embeddable k-scheme X, the functor Sol, induces an
anti-equivalence

Crys,(X) — Perv.(Xg, Z/p7Z)

between the abelian categories of Cartier crystals on X and perverse constructible Z/pZ-
sheaves on Xg;.

We conclude this section with an explanation, how resolution of singularities would
simplify the establishment of Ifgu modules on singular schemes. If one had resolution of
singularities in positive characteristic, then any morphism f: X — Y between smooth
k-schemes would admit a factorization into an open immersion X — X into a smooth
scheme X followed by a proper morphism f: X — Y.

One possibility would be to define Df’fgu((ﬂ r,z) for embeddable schemes Z in a slightly
different way. Choose a closed immersion of Z into a smooth k-scheme X and an open
immersion j: X — X into a smooth complete variety, this means a smooth scheme
X whose structural morphism X — Speck is proper. This is possible by Nagata’s
compactification theorem applied to the structural morphism of the k-scheme Z and,
of course, the assumption of resolution of singularities. Let Z be a closed subset of X
such that Z N j(X) = Z. Then define Df)fgu(oEz) as the subcategory of Df’fgu(OFy)
given by those complexes M*® that are supported in Z and with RFY\ M?* = 0. For
the independence of the chosen immersion we could proceed as in section 4 of [Ohk16],

where the adjunction between f 4 and T! for proper morphisms of [EK04, Theorem 4.4.1]
is used.

Another way to prove Theorem 4.10 would be to use the equivalence Sol and work with
the derived categories of constructible sheaves. First we show that (under the assumption
of resolution of singularities) every morphism f: X — Y between smooth schemes is
allowable, see Theorem 5.3 for the definition of allowable. Choose a compactification
XL X2 Spec k of the structural morphism sy : X — Spec k with a smooth scheme
X. Then f factors through (4, f): X — X x; Y and the projection pry: X x; Y —
Y. Furthermore, (j,f) is an immersion because it is the composition of the closed
immersion (id, f): X — X x; Y (i.e. the graph embedding) and the open immersion
jxid: X xx Y — X x; Y. The projection pry is a proper smooth morphism since these
properties are stable under base change and the morphism 5y is proper and smooth.
Thus f is allowable.

Let ix: Z — X and iy: Z — Y be closed immersions with iy = f oix. Roughly
speaking, the functors f, and R, f' are inverse equivalences between fogu((’) Fx)z and
D{)fgu(OF,Y) z because the corresponding functors fi and I'z f* are inverse equivalences
between DY(Xg;,Z/pZ)7z and DY, Z/pZ)z. The following diagram illustrates the
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categories and functors that we work with.

Sol
D{)fgu(OF7X)Z v DZ(XémZ/pZ)Z ‘
X
iX*
fr||RU g1 fl|Tzr DY(Zey, 7./ p.)
iy
b Sol b s

legu(OF,Y)Z 7 D(Yet, Z/pZ) 7

We have a natural equivalence fiRTzf' — id of endofunctors on Df’fgu(OEy) z by the
composition of the natural equivalences

f+RT,f" =5 M oSolof, R, f'
s Mo filzf* o Sol
% M o frix«i f* o Sol
% M oiy,i} o Sol
— M oidpy,, z/pz), © SOl

1de’fgu (Ory)z’

where the second one is obtained from the isomorphisms Sol f; — f Sol and Sol f' —
f*Sol of Theorem 5.3 and the isomorphism Sol RI'; — I'; Sol of Lemma 5.7.

Moreover, there is a natural equivalence id — RT'z f'f, of endofunctors on Df’fgu(O F.X)Z
by the composition of the natural equivalences

idefgu(OF,X)Z L> M © ilec)(XéhZ/pZ)Z ° SO]
% M o ix,i% o Sol
— M oix4i}iy«iy o Sol
— M o ix.iy frix«i% o Sol
5 M oix4i} fioSol
L) M o ’LX*’L}f*fl o Sol
;) M o sz*f! o Sol
s M oSoloRTzf' 1

— RTzf'f+,
where the last but one isomorphism is obtained from the inverses of the isomorphisms

Sol f1 =5 fiSol and Sol f* =+ f*Sol of Theorem 5.3 and Sol RT'; — I';Sol of
Lemma 5.7.
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6 Intermediate extensions

In this last section we define the intermediate extension for Cartier crystals. First we
recall the general definition of the intermediate extension ji, for an open immersion j
in [BBDS82]. This definition uses the extension by zero functor ji, which we do not have
defined for Cartier crystals. However, there are characterizations which also make sense
for the categories of Cartier crystals and which will be used for our definition of the
intermediate extension in the context of these categories. In the last part of the section
we show that the equivalence between Cartier crystals and perverse constructible étale
p-torsion sheaves established in the previous section is compatible with the intermediate
extension functors of both categories.

6.1 Review of the intermediate extension

Suppose that D, Dy and Dz are triangulated categories and i,: Dz — D and j*: D —
Dy are exact functors fulfilling the following axioms:

(1) The functor i, admits a left adjoint i* and a right adjoint i'. Likewise j* admits a
left adjoint j1 and a right adjoint j,.

(2) We have j*i, = 0. By adjunction, this is equivalent to i*j; = 0 or equivalent to
..
17« = 0.

(3) The functors i, j. and j are full and faithful. Hence the adjunction morphisms
i*i, — id — 'y and j*j, — id — j*j are isomorphisms.

(4) For every F € D, there are distinguished triangles i,i'F — F — j,j*F —
ixi' F[1] and jjj*F — F — i,i*F — j15*F[1].

Furthermore, let (D%O, D%O) and (D%O, D[Z]O) be t-structures on Dz and Dy;. Then the
subcategories

D' ={Fe D|i*F e D3’ and j*F € D5"},
D2’ ={FeD|i'F e D3’ and j*F € D"}

define a t-structure on D ([BBD82, Théoreme 1.4.10]). We say that this ¢-structure on
D is obtained from the t-structures on Dy and Dy by recollement. The functors j* and
i, remain exact with respect to this ¢-structure. Let C, C'z and Cy be the hearts of this
t-structures on D, Dz and Dy, i.e. for example C = D=1 D2% By Théoréme 1.3.6 of
ibid., we know that the heart of a ¢t-structure is an abelian category.

Recall that for any triangulated category T which is equipped with a t-structure, the
inclusion 7=Y — T admits a right adjoint 7<( and the inclusion 7= — T admits a left
adjoint 7>¢ ([BBDS82, Proposition 1.3.3]). Let H: T — T=9NT=% be the composition
T>07<o as in Théoreme 1.3.6 of ibid. If 7" is one of the functors j, j*, j«, @, ix, i
we write PT for the composition H? o T o ¢, where ¢ denotes the respective inclusion
C — D, Cy; — Dy or Cy — Dy. By [BBD82, Proposition 1.4.16 (ii)], there are
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the same adjunction relations for the functors PT" as there are for the original functors
T. A functor T: A — B between triangulated categories with t-structures is called left
t-ezact if it restricts to a functor AZ0 — B2V right t-exact if it restricts to a functor
AS0 — B=0 and t-ezact if it is left and right t-exact. We have the following

Proposition 6.1. [BBDS82, Proposition 1.4.16, Proposition 1.4.17] The functors ji and
i* are right t-ezact, the functors j* and iy are t-exact and the functors j, and i* are left
t-ezxact. The compositions Pj*Piy, Pi*Pj and Pi'Pj, are isomorphic to the zero functor.
Furthermore, the functors Piy, Pji andPj, are full and faithful, the adjunction morphisms

. . . Ay . . . . . . . .
Pi*Pi, — id — Pi'Pi, and Pj*Pj, — id — P5*Pj are isomorphisms.

The functor i, identifies D with a thick subcategory of D and j* identifies the quotient
category D/Dy with Dy ([BBD82, Remarque 1.4.8]). Furthermore, Pi, identifies C
with a thick subcategory of C', which has the following characterization: An object
M of C is contained in the essential image of Pi, if and only if Pj*M = 0 ([BBD82,
Amplification 1.4.17.1]). Following the situation of sheaves, we will say that an object
M of C is supported on Z if and only if Pj*M = 0.

An ezxtension of an object B € Dy to D is an object A of D together with an iso-
morphism j*A ~ B. Let a: ?j*"j, — id and b: P5?j* — id denote the adjunction
morphisms. The composition

R TT e 1. P
Pji = PGP = P
yields a natural transformation n: Pj — Pj,.

Definition 6.2. [BBD82, Definition 1.4.22] For an object B € Cy, the intermediate
extension j, B is the image of the natural morphism n(B): PjiB — Pj,.B.

Let f: A — B be a morphism of objects in Cyy. The natural transformation n: Pj; —

P4, yields a commutative diagram

P Pif D
nA—=—"5B

ln(A) l’n(B)
!

p.Apj* P
3 A——="5,B.

It follows that ji, is a functor between the abelian categories Cy and C.

Lemma 6.3. The natural transformation Pj*n is an isomorphism of functors. (In the
sttuation of derived categories of sheaves on a ringed space X with an open immersion
j: U X, this means that the restriction of n to U is an isomorphism of functors.)

Proof. As the adjunction morphisms a: Pj*?j, — id and b: id — Pj*Pj, are isomor-
phisms, it suffices to show that the diagram

id . Pj*Pj, . id

| pomn
(P5*Pj))a pj*f,pj*

P v, e,
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commutes. Here b denotes the adjunction map ?5?j* — id. The commutativity of the
left hand square follows from the naturality of . For the second square, we note that
Pi*pPj, o b(P5*Pj,) = id, because for an adjunction, it is required that the composition
bPj o PI*b g
pjr DL pppgge T v
is the identity. O

Lemma 6.4. Let B € Dy. There are no non-trivial subobjects of Pj.B supported on Z
and no non-trivial quotients of P 1 B supported on Z.

Proof. Let : A — Pj,B be a monomorphism with A supported on Z. Applying the
left exact functor Pi' and then the exact functor Pi, yields a monomorphism

. .1 . .1 . Ay .
PiPi B i P A — Pi iP5 B.

But Pi,”i'A is isomorphic to A because A is in the essential image of Pi,. Moreover,
pi*pi!pj*B = (0 because pi!pj* = 0 (Proposition 6.1). It follows that A = 0.
For an epimorphism ?5 B — C' with C supported on Z, we apply Pi,Pi* and obtain
an exact sequence
P§ Pi*P B — PiPi*C — 0.

Since Pi*Pj = 0 (Proposition 6.1), we have C' = P4,Pi*C' = (. O

Lemma 6.5. An object A € C is an extension of an object B € Cy to D if and only if
there are morphisms f: 5B — A and g: A — Pj, B making the diagram

PiB——21  Pi.B

commutative and Pj* f is epic or Pj*g is monic.

Proof. Let A be an extension of B, i.e. there is an isomorphism 7: Pj*A — B. With
the notation from Lemma 6.3, we consider the following diagram:

Pjia=1 bPj
Pj\B #pj,pj Pj, B—>pj*3

p],a—lp p* bP]*PJ

\/

Here a: id — Pj,P5* denotes the unit of adjunction. The three squares at the top
commute by functoriality. We show that the lower part of the diagram is commuta-
tive. Then we may define f as the composition of Pj7~! and the adjunction morphism
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PiPi*A — A and g as the composition of the adjunction morphism A — ?5,P5*A and
Pj.7. We have a commutative square

kD s - bPj.P*
PPy Py bt A ———PjPj*A

}mpy‘*a Ta
PaprA b LA

Therefore, it suffices to show that the two morphisms P5?;5*a and PjiaPj* are equal. This
is nothing but the requirement that the composition

pox P30 pop s pak AP p o
J =77 0« —— 7]

of the adjunction morphisms is the identity. Another consequence of this requirement is
the commutativity of the diagram

bPj* .
Pj*A —————Pj*P P A
id J(Pj*g

Hence the adjunction morphism ?5?;5* — id applied to P5*A and thus, also Pj* f is an
isomorphism. It follows that Pj*g is an isomorphism since Pj*n(B) is an isomorphism
(Lemma 6.3) and Pj*n(B) =Pj*goPj*f.

Conversely, let f: ?5B — A and g: A — Pj,B be morphisms with g o f = n(B).
Recall that the adjunction morphisms a and b are isomorphisms. By a similar reasoning
as above, we see that the diagram

id
—1
B e PP B 2 B
bJN {b(f)j*%) {al
e (Pi*P)aTE Y Pi*hPy, g
Py yB —————Pj*PyPj*Pj B —————Pj*P5. B
py*f p]*A Pj*g

is commutative. In fact, we have already encountered the two squares in the middle in
the proof of Lemma 6.3. Therefore, Pj* f is monic and Pj*g is epic. If in addition Pj* f
is epic or Pj*g is monic, then ?5*f and Pj*g are isomorphisms, inverse to each other.
Consequently, A is an extension of B to D. O

Definition 6.6. Let A be an abelian category, let A be an object of A and let Ay,..., A,
be a finite set of subobjects of A. The intersection A1 N Ao N ---N A, is the kernel of
the map

A— ﬁA/Ai

=1
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given by the projections A — A/A; for 1 <i <n.

Lemma 6.7. Let A be an object of C. Let Aq,..., A, be subobjects of A such that
Pj*A; = B for some object B of Cy and every 1 <i <mn. ThenPj*(A1N---NA,) = B.

Proof. As an exact functor, P5* commutes with finite products. Hence the exact sequence

0—Pj* (A — Pj*A —Pi* [[ A/As
=1 =1

yields an exact sequence

n n
0—Pj* (A — Pj*A — []7i*A/B.
i=1 i=1
This shows that Pj* (-, A; is isomorphic to B because the kernel of the natural map
Pi*A — [[in, Pj*A/B equals the kernel of the projection Pj*A — Pj*A/B. O

There are different characterizations of the intermediate extension summarized in the
next proposition.

Proposition 6.8. Let B be an object of Cy. For A € C, the following characterizations
(up to isomorphism) are equivalent:

(i) The object A is the image of the natural morphism PjiB — Pj, B, in other words,
A= j.B.

(ii) The object A is an extension of B to D without non-trivial subobjects or quotients
in the essential image of ix.

(iii) The object A is the smallest subobject of Pj.B such that the canonical morphism
Pi*A — B is an isomorphism. Here the canonical morphism Pj*A — B is the
morphism obtained from the inclusion A — Pj, B by the adjunction between Pj*
and Pj,.

In particular, an object A of D satisfying (ii) is unique.

Proof. We will proof (i) < (ii) and (ii) < (iii). The reason for this seemingly pedestrian
approach is that later on the proof of (ii) < (iii) can be directly transferred to Cartier
crystals, where we do not have the extension by zero ji.

(i) = (ii). Let f:P5B — A be the natural epimorphism and let g: A — Pj, B be
the natural monomorphism. By definition, g o f = n(B). Since Pj* is exact, Pj* f is epic
and Pj*¢g is monic. It follows from Lemma 6.5 that A is an extension of B to D. By
construction, ji, B is a subobject of 5, B and a subquotient of Pj;B. This implies that
JixB does not have any non-trivial subobjects or quotients supported on Z (Lemma 6.4).

(ii) = (i). Let f: ?P5B — A and g: A — Pj,. B be the adjoint morphisms of the given
isomorphism 7: Pj*A — B. By Lemma 6.5 we have g o f = n(B). Applying the exact
functor P5* to the exact sequence

0 — kerg — A -2 P4, B,
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we see that Pj*kerg ~ 0: By construction the composition of Pj*¢g and the natural
isomorphism Pj*Pj, B — B equals 7. Therefore Pj*¢g is an isomorphism. By assumption,
Pji*ker g = 0 implies ker g = 0. Similarly, we see that f is epic. This means that A is
the image of n(B).

(ii) = (iii). In the proof of (ii) = (i) we have already seen that A is a subobject of
P4.B. It remains to show that it is the smallest subobject of Pj, B such that the natural
morphism Pj*A — B is an isomorphism. Suppose that E is a subobject of 5, B with
Pj*E = B. By Lemma 6.7 we may assume that F is a subobject of A. It follows that

PiT(AJE) =P APTE =0,

which means that the quotient A/E is in the essential image of the functor Pi,. By
assumption, this quotient is trivial, in other words E = A.

(iii) = (ii). By assumption, A is an extension of B to D. Every subobject of A is a
subobject of Pj, B and ?j, B has no non-trivial subobjects supported on Z (Lemma 6.4).
Now let F' be a subobject of A such that the quotient A/F is in the essential image of
Pj,. This implies Pj*(A/F) = 0 and, because of Pj*(A/F) =2 Pj*A/Pj*F| it follows that
Pi* A = Pj*F and hence Pj*F = B. This contradicts the minimality of A. O

Remark 6.9. Similar to the characterization (iii) of the preceding proposition, the inter-
mediate extension ji, B is a quotient of 5B such that the adjoint map B — Pj*5,B
is an isomorphism and with the following universal property: For every epimorphism
Pi B — (@ such that the adjoint B — Pj*() is an isomorphism, the canonical epimor-
phism Pj5 B — 4, B factors uniquely through Q. In other words, ji, B is the quotient of
P4 B by the maximal subobject supported on Z.

For the proof, let p: P1 B — @ be an epimorphism such that the adjoint B — Pj*Q
is an isomorphism. Then there is a morphism ¢: ¢ — Pj.B making the diagram

PjB—157j,B

| A

Q

commutative (Lemma 6.5). Thus ¢ induces an epimorphism ¢': @ — j1. B such that the
canonical epimorphism P51 B — ji, B equals the composition ¢’ o p.

With the intermediate extension functor we can describe the simple objects of C' in
dependence of the simple objects of Cyy and Cy.

Proposition 6.10 ([BBD82, Proposition 1.4.26]). An object of C is simple if and only
if it is of the form i, T for some simple object of Cz or if it is of the form ji, T for some
simple object T in Cy.

Proof. If an object S is contained in the essential image of i,, then S is a simple object
of C if and only if S is simple in i,.Cz because this subcategory is thick in C.

Now we suppose that T'=P5*S 22 0. Let S be a simple object of C'. It follows that T is
a simple object of Cp: if there would exist a proper subobject 7" of T, then P35, 7" would
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be a proper subobject of Pj, T because Pj, is left exact and Pj*Pj, = id. By definition, S
is an extension of T'to D and S has no non-trivial subobjects, in particular no non-trivial
subobjects or quotients supported on Z. Hence S = j,T (Proposition 6.8).

Conversely, let T be a simple object of Cyy. To see that S = ji, T is a simple object,
consider an arbitrary short exact sequence

0-—A-%5 B30

in C. The sequence

0—Pja 0 p B pp g
is also exact and by assumption Pj*A = 0 or Pj*B = 0. But S neither has non-trivial
subobjects nor non-trivial quotients supported on Z. Therefore, A = 0 or B = 0. O

Lemma 6.11. We have the following exactness properties of the intermediate extension:

(i) Let) — A % B be an ezact sequence in Cy. Then the sequence 0 — ji, A M
jixB is also ezact.

(ii) Let B 2+ C — 0 be an exact sequence in Cyr. Then the sequence ji, B LN
§1+sC — 0 is also exact.

Proof. We have Pj*j,(i) = ¢ and Pj*j1.(p) = p. This implies that the kernel of ji.(7)
and the cokernel of ji.(p) are supported on Z. Hence ker ji, (i) = 0 and coker ji,(p) = 0
because ker ji,(7) is a subobject of ji. A and coker ji.(p) is a quotient of 5,.C. O

6.2 The intermediate extension of Cartier crystals

For the rest of this section let X be an F-finite scheme of characteristic p. Furthermore,
let j: U — X be an open immersion and let i: Z — X be a closed immersion such
that j(U) is the complement of i(Z). If one had a left adjoint ji for the exact functor
j*: Crys,.(X) — Crys,(U), one could directly apply the formalism of Beilinson, Bern-
stein and Deligne from the previous subsection to define the intermediate extension of
Cartier crystals. However, we can draw inspiration from Proposition 6.8 and define the
intermediate extension of Cartier crystals by a universal property. Then we show the
existence.

Definition 6.12. Let M be a Cartier crystal on U. The intermediate extension ji,.M
of M is the smallest subcrystal A of j,M such that j'N = M, i.e. ®: j M — j, M is
a subcrystal with j'ji, M = M and the following universal property: For every inclusion
a: N — j,M with j*N = M, there is a unique inclusion &: 7,M < N such that
®=aoa.

Theorem 6.13. Let M be a Cartier crystal on U. Then the intermediate extension
J1sM exists and it is unique up to unique isomorphism.
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Proof. We can construct a descending sequence of Cartier crystals
jsM =: N 2./\/1 QNQ 2...

such that j*N; = M by iteratively choosing proper subcrystals. The descending chain
condition for Cartier crystals on F-finite schemes ([BB11, Corollary 4.7]) ensures that
this sequence stabilizes at some crystal Np,.

We claim that N,, satisfies the universal porperty of 71, M. Let N' C 7, M be a Cartier
crystal such that j*N = M. But then j*(N; NN) = M (Lemma 6.7) and by construc-
tion of N,, it follows that N,, NN = MN,,. Hence there is a monomorphism N,, — N.
The uniqueness of ji1, M is an immediate consequence of its universal property. ]

Definition 6.14. Let A be an abelian category. Let g: A — B be a morphism in A.
For a subobject C of B, the preimage g~ 'C' is the kernel of the composition

AL B2 B/C,
where pr is the natural projection.

Proposition 6.15. The assignment
M = J'*M
defines a functor ji.: Crys,(U) — Crys,(X).

Proof. Let o: M — N be a morphism of Cartier crystals on U. We claim that j,p
restricts to a morphism on the subcrystals ji,p: jiuM — jN. For this we have to
show that p(j1.M) C . N, which is equivalent to ¢! (j,.N) 2 j.M. By definition of
JieM, it suffices to show that j*p~1(ji,N') = M. This is clear after applying the exact
functor j* to the exact sequence

0 — o '(N) == M -5 N /LN,

where ¢ is the natural inclusion and « is the composition of j.p and the projection
By construction, it is clear that ji,(idy) = idj, A for every Cartier crystal M on U.
For two morphisms ¢: M; — My and ¢: My — M3, we have ji, (1) 0 ¢) = ji«) 0 jiup
because the diagram
Jx (o)

J-j\/h v Jj\/b i Jj\/l?,
My 25 My 2 M,
\—/

Jix (o)

commutes. Here the vertical maps are the natural monomorphisms. O
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Now we show that the intermediate extension of Cartier crystals is compatible with
compositions of open immersions. In a recollement situation, this follows from the
natural isomorphisms (v o u); = Pvy o Puy and P(v o u), = Pv, o Pu,.

Lemma 6.16. Let u: U — V and v: V — X be open immersions. Then there is a
natural isomorphism of functors

Uty 0 U = (V0 w)iy.

Proof. Let M be a Cartier crystal on U. By the left exactness of v,, we have natural
inclusions

v UM C vup M C vu M = (vou) M.

This means that v, u;, M is a subcrystal of (v o u),M. Moreover,
(vou)* (vuM) = v v vupM = uFup M = M.

It remains to show that vy, u.M is the smallest subcrystal of (vou),M with this property.
Let i: N' — v, u1,M be an injective morphism of Cartier crystals on X such that (vou)*i
is an isomorphism. We obtain an inclusion v*i: v*N — w, M. Since u*v*N = M, the
universal property of u, M implies that v*i is an isomorphism. By the defining property
of vy (w1 M), the inclusion ¢« must be an isomorphism. O

Further properties of the intermediate extension in a recollement situation remain
valid in the situation of Cartier crystals, even with the same proofs if we replace Pj*
and Pj, by the functors j* and j. of Cartier crystals. By an extension of a Cartier
crystal M on U to X we mean a Cartier crystal AV on X together with an isomorphism
J*N = M. In other words, we set Dy = D¢ (QCrys, (U)), Dz = D& (QCrys, (Z))

crys

and D = D}_.(QCrys, (X)), each equipped with the canonical ¢-structure.

crys

Proposition 6.17. Let M be a Cartier crystal on U. The intermediate extension ji,.M
is the unique extension of M to X which neither has non-trivial subcrystals nor quotients
supported on Z.

Proof. The proof of the equivalence (i7) < (iii) of Proposition 6.8 can be adopted. [
Proposition 6.18. A Cartier crystal on X is simple if and only if

(i) it is of the form i,.N for some simple Cartier crystal N' on Z or

(ii) it is of the form juN for some simple Cartier crystal N on U.

Proof. We proceed as in the proof of Proposition 6.10. Recall that i, Crys,(Z) is a thick
subcategory because a Cartier crystal M on X is contained in the essential image of 7,
if and only if j*M = 0 (see Definition 1.9) and the functor j* is exact. O

Lemma 6.19. The intermediate extension of Cartier crystals preserves injections and
surjections, i.e. we have the following properties:
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(i) Let 0 — A Yy B be an ezact sequence in Crys,(U). Then the sequence 0 —

JiA M jixB is also exact.
(ii) Let B L5 C — 0 be an ezact sequence in Crys,(U). Then the sequence ji, B M
71:C — 0 is also ezact.

Proof. We can adopt the proof of Lemma 6.11. O

6.3 Intermediate extensions of Cartier crystals and perverse sheaves

As mentioned in Remark 5.2, the perverse t-structure of D°(Xg,Z/pZ) is obtained by
recollement from the perverse t-structures on D°(Ug,Z/pZ) and D®(Zg,7/pZ). More-
over, the functors ji, js, j*, i*, i* and 7' have finite cohomological amplitude. Hence the
formalism of recollement applies for these categories.

Proposition 6.20. The intermediate extension ji., defined as the image of the canonical
morphism Pjy — Pj,, restricts to a functor Perv.(Ug, Z/pZ) — Perv(Xg, Z/pZ).

Proof. Let L be an object of Perv.(Us,Z/pZ). The functor j; restricts to a functor
Db(Ue, Z./pZ) — D% X4, Z/pZ) ([EK04, 8.3]). Thus P§ L € Perve(Xe, Z/pZ). Let K
be the kernel of the natural surjection 5L — ji, L. Since ji, L is a perverse sheaf, we
know that K is an object of Perv(Xg,Z/pZ). Moreover, by [Gab04, Corollary 12.4],
K has constructible cohomology sheaves because as a perverse sheaf it is a subobject
of an object in the subcategory Perv.(X¢,Z/pZ). It follows that PjL/K = ji.L €
Perv.(Xet, Z/pZ). O

Corollary 6.21. Let X be an F'-finite embeddable k-scheme. Let j: U — X be an open
immersion. There is a natural isomorphism of functors

Jix o Sol,, — Sol, OJ1x-

Proof. Let M be a Cartier crystal on U. Let £ denote the perverse constructible étale
sheaf Sol,(M). Let ¢: jiuM — j.M be the natural monomorphism. Applying Sol,
to ¢, we obtain an epimorphism : 5L — Sol,(j1.M) because, by Theorem 5.12; we
have natural isomorphisms

Sol,. (j«M) 2 Sol.(HRj. M) = PH° Sol.(Rj. M) = PH"j Sol,.(M) = Pjy Sol.(M).

It suffices to show that Sol,(ji«M) verifies the universal property of Remark 6.9. Let
q: P51 L — Q be an epimorphism in Perv.(Xe, Z/pZ) such that the adjoint £L — Pj*Q
is an isomorphism. Under the equivalence Sol., the epimorphism ¢ corresponds to a
monomorphism p: N'— j, M for a Cartier crystal N on U with Sol,(N) = Q. Further-
more, the adjoint p: 7*N — M is an isomorphism. For this we consider the following
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diagram:

SOIH (M) SOli(a) SOIH (]*]*M) SOlﬁ(j*p) SOIH (]*N)
7 Sol, (uM) B gl ()
Sol (M) ——L—— Py Sol (M) —2 L 7* Sol, (N),

where a: j*j, — id and b: id — j*Pj are the adjunction morphisms. The rectangle
on the left commutes because the isomorphism Sol, oRj, = ji o Sol, is obtained by
the isomorphism Sol, 0j* = j* o Sol,; and the adjunction between Rj, or j and j*. In
other words, the lower vertical arrow in the middle is defined as the unique map making
the rectangle on the left hand side commutative. The naturality of the isomorphism
Sol, 05" = j* o Sol, implies the commutativity of the upper right square and the square
below commutes by construction of the morphism p. The composition of the lower
horizontal morphisms is the adjoint of ¢ and therefore an isomorphism by assumption.
It follows that the composition of the morphisms of the top row is an isomorphism. But
this composition equals Sol,(p). Hence p is an isomorphism.

The universal property of ji, M yields a unique monomorphism p’: j,M — N such
that ¢ = pop’. Applying Sol,, we obtain a unique epimorphism ¢': @ — Sol,(j1.M)
making the diagram

PiL s Sol, (M)

|

Q

commutative. O
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