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ABSTRACT. We construct an £-adic formalism of derived categories for algebraic
stacks. Over finite fields we generalize the theory of mixed complexes to a theory
of so called convergent complexes. This leads to a proof of the Lefschetz Trace
Formula for the Frobenius.
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1. INTRODUCTION

Motivation. The present paper grew out of the desire to prove the following theorem,
conjectured in [3]

Theorem 1.0.1 (Lefschetz trace formula for stacks). Let X be a smooth algebraic
stack over the finite field Fy. Then

QT b @, [ H(X,Q0) = #X(E,). &
Here ®, is the (arithmetic) Frobenius acting on the (-adic cohomology of X.

For example, if X = BG,,, the classifying stack of the multiplicative group,
then dim BG,, = —1 (since dividing the ‘point’ SpecF, of dimension 0 by the 1-
dimensional group G,, gives a quotient of dimension —1), and tr ®,|H*(BG,,, Q;) =

%, (since the cohomology of BG,, is the cohomology of the infinite-dimensional pro-

jective space). Thus the left hand side of (1) is
1 i 11
(=qd q-1

On the right hand side we get the number of F,-rational points of the stack X.
For the case of BG,, this is the number of principal G,,-bundles over SpecF, (up
to isomorphism), or the number of line bundles over SpecF,. Since all line bundles
over SpecF, are trivial, there is only one isomorphism class in BG,,(F;). But the
number of automorphisms of the trivial line bundle is #G,,(F,) = #F, =q—1, and
to count points in the stack sense, we need to divide each point by the number of
its automorphisms. Thus the right hand side of (1) is q%l, also.

As so often in mathematics, it turns out the best way to prove Theorem 1.0.1 is to
generalize it. For example, we wish to stratify our stack ¥ and deduce the theorem
for X from the theorem on the strata. This requires that we consider more general
coefficients than Qg (for example, the sheaves one gets by pushing forward Qy from
the strata). We will also want to perform various base changes, so we consider a
relative version of the theorem (for a morphism X — ) instead of just a stack X).
This all works very well, if one has a sufficiently flexible £-adic formalism at ones
disposal. Constructing such a formalism occupied the main part of this paper.

There is a construction of a derived category of equivariant sheaves due to Bern-
stein and Lunts (see [5]). This is a topological analogue of a special case of our
derived category. (The equivariant case is the case of quotient stacks.) The simi-
larity can be seen from their Appendix B, where a description of their category is
given, which is formally close to our category.

We construct an f-adic derived category for stacks, called D (X,Q,), where ¢
stands for ‘constructible’ (we also have versions where ¢ is replaced by m for
‘mixed’” and a for ‘(absolutely) convergent’). We also construct the beginnings of a
Grothendieck formalism of six operations, but we restrict ourselves to Rf,, f* and
Rf', which are the three operations we need to prove the trace formula.

There are two main problems that one faces if one wants to construct such an /-
adic formalism for stacks. First of all, there are the ‘topological’ problems, consisting
in finding the correct site (or topos) with respect to which one defines higher direct
images Rf, and pullbacks f* and f'. The étale topos is certainly too coarse. The
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second problem is an f-adic problem dealing with defining a well-behaved f¢-adic
formalism for unbounded complexes.
Let us describe these problems in more detail.

Topological Problems. We need a cohomological formalism for constructible torsion
sheaves. Let A’ be a ring whose characteristic is invertible on all algebraic stacks
in question. Let X be an algebraic stack. Then we have the category Mod(X,,, A"
of étale sheaves of A’-modules on X. We wish this category to be the category of
coefficient sheaves. Now for algebraic stacks the étale topology is not fine enough to
compute the correct cohomology groups of such a sheaf F' € ob Mod(X,,, A’). If, for
example, G is a connected algebraic group and X = BG is the classifying stack of
G, then BGs, = Sy, where S is the base we are working over (see Corollary 5.2.10).
The stack BG,,, for example, should have the cohomology of the infinite dimensional
projective space, but from the étale point of view BG,, looks like a point. This leads
us to consider the smooth topology X,,, on the stack X. We use the smooth topology
to compute cohomology of étale coefficient sheaves. Thus we are dealing with a pair
of topoi (or sites) (X, Xs). Since this situation arises in other contexts as well, we
formalize it axiomatically. We call such pairs of topoi c-topoi (see Section 4.4).

Thus we consider the derived category D(X,,,A’) of the category of smooth
sheaves of A’-modules and pass to the subcategory Dy, (X,.,, A’), defined by requiring
the cohomology sheaves to be étale. This gives rise to the definition of Rf, :
DI (%un, A") — DF(Dom, A"), for a morphism of algebraic stacks f : ¥ — 9. If
X = X is a scheme, then we have D} (X,,,, A’) = DT (X,,, A") (Proposition 4.4.11).

One of the problems with the smooth topology is the correct choice of a site
defining it. Since all the problems arise already for schemes, let X be a scheme.
One possible definition of a smooth site would be to take all smooth X-schemes
with smooth morphisms between them. The problem with this definition is that
products in this category are not what they should be, if they even exist at all.
(For a smooth morphism to have a smooth diagonal it has to be étale.) This means
that it is not clear why a morphism f : X — Y of schemes should even induce a
continuous functor f* of these corresponding sites.

On the other hand, there is the big smooth site. None of the ‘topological’ difficul-
ties arise in this context, but unfortunately, the direct image functor is not compat-
ible with the étale direct image. It is easy to construct a morphism f: X — Y of
schemes and an étale sheaf F' on X, such that f,F (with respect to the big smooth
site) is not étale. So using the big smooth site would not generalize the étale theory
for schemes.

So one is forced to use the intermediate notion, where we require objects of
the smooth site to smooth over X, but let morphisms be arbitrary. This has the
unpleasant side effect that this construction does not commute with localization.
For every algebraic stack we get a whole collection of relative smooth sites (see
Section 5.3). A more serious drawback is that, even though f* is continuous, it is not
exact. Thus f: X — Y does not induce a morphism of the induced smooth topoi,
only what we call a pseudo-morphism of topoi (see Remark 4.4.1). Typical counter-
examples are closed immersions (see Warning 5.3.12). So the smooth approach does
not give rise to a definition of pullback functors f*.

This phenomenon necessitates a second approach, the simplicial one. We choose
a presentation X — X of our algebraic stack X which gives rise to a groupoid
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X1 = Xo, where Xgp = X and X; = X xx X. Setting X;, = X xz... xz X

p+1
defines a simplicial scheme X,, which has a category of étale sheaves top(X,,)
associated with it. Again, this gives rise to a c-topos (top(X,.),Xs). As above,
we consider the derived category D(X,,, A’) with the corresponding subcategory
Do (X, A7), defined by requiring the cohomology sheaves to be cartesian. (Note
that X, is the category of cartesian objects of top(X,s).) The miracle is that
Dt (Xe, A") = D& (%, A’) (see Proposition 4.6.4).

So we can use DI (X,.,, A’) to define f* and D (%..., 4’) to define Rf.. Another
miracle is that the functors thus obtained are adjoints of each other. This is due
to the fact that there is just enough overlap between the two approaches. The
simplicial approach works also for Rf, for representable morphisms, whereas the
smooth approach works for f* if f is smooth. These two cases are essentially all
that is needed by a devissage lemma (Proposition 5.1.16).

(-adic Problems. Now let A be a discrete valuation ring (like Z;), whose residue
characteristic is invertible on all algebraic stacks we consider. Denote a generator
of the maximal ideal of A by £. Then to define an ¢-adic derived category of schemes
one defines (see Proposition 2.2.15 of [4]) DY(X,,, A) = @thf(Xét,A/K"H). This

n

approach depends crucially on the fact that the complexes involved are bounded.
But in dealing with algebraic stacks we cannot make this convenient restriction.
As noted above, the cohomology of BG,, is a polynomial ring in one variable, thus
represented by an unbounded complex. This is why we have to use a different
approach.

(Another f-adic formalism is constructed in [11]. But although a triangulated
category of unbounded complexes is defined, boundedness is assumed to prove the
existence of a t-structure on this triangulated category.)

Overview. We describe our f-adic formalism in Section 2. It uses only results from
[13, Exp. V]. The main idea is to construct our derived category D.(X,., A) as an
inductive limit over the categories D(s r)(¥.m, A). Here the subscript (S, £) denotes
what we call an L-stratification (Definition 3.2.4) of X,. Here S is a stratification
of X, and L associates to every stratum U € S a finite set £() of locally constant
constructible sheaves of A-modules on U.,. We require objects of D(s ) (Xem, 4)
to have (S, £)-constructible cohomology sheaves. The key fact is that the category
Mod s r)(¥«, A) of (S, L)-constructible sheaves of A-modules on X is finite, i.e.
noetherian and artinian. (To be precise, this would be true for S-constructibility,
already. The L-part is introduced to deal with higher direct images.)

Section 3 introduces the formalism needed to deal with L-stratifications. We in-
troduce what we call a d-structure. This just formalizes the situation of a noetherian
topological space X and its locally closed subspaces, where one has the functors *,
ix, 7" and i) between the derived categories on the various locally closed subspaces of
X. A cd-structure gives the additional data required to introduce L-stratifications.

In Section 4 we apply our f-adic formalism to c-topoi. We reach the central Def-
inition 4.4.15 of the category of constructible A-complexes on a c-topos X in Sec-
tion 4.4. An important role is also played by Proposition 4.5.9, where d-structures,
c-topoi and our /-adic formalism come together, giving rise to an f-adic d-structure
on a noetherian c-topos.
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In Section 5 we apply our results to algebraic stacks. Our central object of study,
De(Xgm, A), is introduced in Remark 5.3.8. The technical heart of this work is con-
tained in Sections 5.5, 5.6 and 5.7. Our main result is summarized in Remark 5.7.15.
In Section 5.8 we go slightly beyond the two operations f* and Rf,, by defining R f'
for certain kinds of representable morphisms of algebraic stacks (essentially smooth
morphisms and closed immersions).

Finally, in Section 6, we consider the case of finite ground field F,. Our goal is
to generalize the triangulated category D? (X, Q) of bounded mixed complexes
on a scheme X to the case of algebraic stacks. We introduce (Definition 6.3.4) the
category D (X, Qy), which is obtained form D} (X,.,,Q;) by requiring cohomology
objects to be mixed. This concept behaves well with respect to the three operations
f*, Rf, and Rf'.

But to define the trace of Frobenius on mixed objects we need a further restriction.
We pass to DI (X..,Q), the subcategory of D (X,., Q) consisting of absolutely
convergent objects. Roughly speaking, an object M € ob D (X,,., Q) is absolutely
convergent, if for every finite field F,» and every morphism x : SpecF,» — X, the
trace of the arithmetic Frobenius >_;(—1) tr ®,|h?(Ra' M) is absolutely convergent,
no matter how we embed Q, into C. We show that the triangulated categories
D (%,., A) are stable under the two operations Rf, and Rf'. The question of
stability under f* remains open.

In the final section (Section 6.4) we show that our formalism of convergent com-
plexes is rich enough to prove the general Lefschetz Trace Formula for the arithmetic
Frobenius on algebraic stacks. Our main result is given in Definition 6.4.4 and The-
orem 6.4.9. As Corollary 6.4.10 we get the result we conjectured in [3]. To finish,
we give a rather interesting example, due to P. Deligne. We show how our trace
formula applied to the stack 9ty of curves of genus one, may be interpreted as a
type of Selberg Trace Formula. It gives the sum ), # tr Tp|Sk+2, where T}, is the

p" Hecke operator on the space of cusp forms of weight k + 2, in terms of elliptic
curves over the finite field F,.

Notations and Conventions. Our reference for algebraic stacks is [16]. We always
assume all algebraic stacks to be locally noetherian, in particular quasi-separated.
Stacks will usually be denoted by German letters X, 2 etc., whereas for spaces we
use Roman letters X, Y etc. A gerbe X/X is called neutral, if it has a section, i.e.
if it is isomorphic to B(G/X), for some relative algebraic space of groups G/X.
For a group scheme G, we denote by G° its connected component of the identity.
Presentations X — X of an algebraic stack X are always smooth, and of finite type if
X is of finite type. For an algebraic stack X we denote by |X| the set of isomorphism
classes of points of X. We consider |X| as a topological space with respect to the
Zariski topology.

If I is a category, we denote by ob I the objects, by fl I the arrows in I and by I°
the dual category. A box in a commutative diagram denotes a cartesian diagram.

The natural numbers start with zero. N ={0,1,2,... }.

Acknowledgment. 1 would like to thank Prof. P. Deligne for encouraging me to
undertake this work and for pointing out the example of Section 6.4 to me.
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2. THE ¢-ADIC FORMALISM

2.1. Quotients of t-Categories. For the definition of t-categories we refer to [4,
1.3]. Roughly speaking, a t-category is a triangulated category D, having, for every
i € Z, truncation functors 7<; and 7>; and cohomology functors h’ : D — C, where
C is the heart of D, which is an abelian subcategory of D. We will discuss methods
of constructing sub- and quotient-t-categories of a given t-category D.

Let D be a t-category with heart C. Let h’ : D — C denote the associated
cohomology functors.

First, we will construct t-subcategories of D.

Lemma 2.1.1. Let C' be a full non-empty subcategory of C. Then the following are
equivalent.
i. The category C' is abelian and closed under extensions in C. The inclusion
functor C' — C is exact.
ii. The category C' is closed under kernels cokernels and extensions in C.
iii. If
A LAy — A — A, L AL
is an exact sequence in C and A1, Ay, Ay and As are in C', then so is As.

Proof. Considering the exact sequence
0— cokf— A3 —> kerg — 0
this is immediate. O

Definition 2.1.2. We call a subcategory C’ of C closed if it is a full non-empty
subcategory satisfying any of the conditions of Lemma 2.1.1.

Now let C' be a closed subcategory of C. We may define the full subcategory
D' of D by requiring an object M of D to be in D/, if for every i € Z the object
h'M of C is contained in C’. Then using the above lemma it is an easy exercise to
prove that D’ is a triangulated subcategory of D. One defines a triangle in D’ to be
distinguished if it is distinguished as a triangle in D. It is just as immediate (see
also [4, 1.3.19]) that we get an induced t-structure on D’ as follows. If (D=0, D=0)
is the t-structure on D, then (D’ N D=0, D' N'D=Y) is the induced t-structure on D’
The truncation and cohomology functors are obtained by restricting from D to D'.
The heart of D" is D' N C, which is equal to C’. So we have proved

Proposition 2.1.3. The category D' is a t-category with heart C'. The inclusion
functor D' — D is exact. If D is non-degenerate, then so is D'.

We now consider the case of quotients of D. For this construction we need a thick
subcategory C’ of C. This means that C’ is a non-empty full subcategory satisfying
the following condition. Whenever

0—A —A-—4A" 0

is a short exact sequence in C, then A is in C’ if and only if A’ and A” are. Note
that this condition implies that C’ is closed in C. Thus the above construction can
be carried out and we get a t-subcategory D’ of D with heart C’. Note that D’
satisfies the following condition. If M — N is a morphism in D whose cone is in
D’ and which factors through an object of D', then M and N are in D’. In other
words, D’ is a thick subcategory of D.
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Proposition 2.1.4. The quotient category D/D’' is in a natural way a t-category
with heart C/C'. The quotient functor D — D/D’ is exact. If D is non-degenerate,
then so is D/D'.

Proof. We define a morphism A — B in C to be an isomorphism modulo C' if its
kernel and cokernel are in C'. The category C/C’ is endowed with a functor C — C/C’
that turns every isomorphism modulo C’ into an isomorphism. Moreover, C/C’ is
universal with this property.

Call a morphism M — N in D a quasi-isomorphism modulo C' if for every i € Z
the homomorphism h'M — h'N is an isomorphism modulo C’. Note that M — N
is a quasi-isomorphism modulo C’ if and only if the cone of M — N is in D’. This
proves that the quasi-isomorphisms modulo C’ form a multiplicative system and the
category D /D’ is the universal category turning the quasi-isomorphisms modulo C’
into isomorphisms. It is standard (see for example [14]) that D/D’ is a triangulated
category if we call a triangle in D/D’ distinguished if it is isomorphic to the image
of a distinguished triangle in D.

If (D=0, D=Y) defines the t-structure on D, then the essential images of D=°
and D20 in D/D’ define a t-structure on D/D’ whose associated truncation and
cohomology functors are obtained from the corresponding functors for D through
factorization. It is not difficult to prove that the inclusion C — D factors to give a
functor C/C" — D/D’ that identifies C/C’ as the heart of the t-structure on D/D’. O

Remark 2.1.5. Let Dy and D, be t-categories with hearts C; and Co, respectively.
Let C} and C) be thick subcategories of C; and Cs, giving rise to thick subcategories
D} and Dj as above. Let F : D; — Ds be an exact functor. If F' maps D] to D),
then F induces a functor F : D1/D} — Dy /D). If F has a left adjoint G : Dy — Dy
mapping D} to D}, then G : Dy/D)y — Dy /D) is a left adjoint of F.

Remark 2.1.6. Clearly, the constructions of Propositions 2.1.3 and 2.1.4 commute
with passage to Dt, D~ or Db,

2.2. ¢-Adic Derived Categories. Using results from [13, Exp. V] we will develop
an f-adic formalism as follows.

Let A be a discrete valuation ring and [ the maximal ideal of A. Let £ be a
generator of [. For n € N we denote A/("*! by A,. For an abelian A-category 2
we denote by 2" the category of (A,,2)-modules. In other words, A" is the full
subcategory of 2 consisting of those objects on which ¢"! acts as zero. By 2 we
denote the category of projective systems (M, )nen in 2 such that M, € A" for
every n € N. The categories 2 and A" are abelian. The n'" component functor
an : 2 — A" is exact.

By construction, for m > n, the category 21" is naturally a subcategory of 2.
This inclusion has a left adjoint 2A™ — A", which we denote by M — M ® A,,. We
may define M ® A, = M /("1 M.

We say that an object (M, )nen of 2 is ¢-adic, if for every m > n the morphism
M,, ® A, — M, (which is given by adjunction) is an isomorphism. We denote the
full subcategory of f-adic projective systems in A by 2.

An object M = (M, )nen of 2 is called AR-null if there exists an integer r such
that M,,4+, — M, is the zero map for every n € N. We say that a homomorphism
¢ : M — N in2is an AR-isomorphism if ker ¢ and cok ¢ are AR-null. An object M
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of 2 is called AR-(-adic, if there exists an f-adic object F and an AR-isomorphism
¢ : F — M. The symbol 25r_¢ denotes the category of AR-f-adic objects in 2.

Some important properties of f-adic objects with respect to AR-isomorphisms
are the following:

Lemma 2.2.1. Let o : M' — M be an AR-isomorphism in 2, where M is (-adic.
Then o has a section.

Lemma 2.2.2. Let a: F — M be an AR-isomorphism in 2, with F being (-adic.
Then there exists an r > 0 such that F, is a direct summand of My, ® A, for
every n.

Proof. This follows from the fact that an AR-isomorphism gives rise to an isomor-
phism in the category of projective systems modulo translation. O

Now let 2. C 2 be a finite subcategory, closed in 2. This means (Definition 2.1.2)
that 2. is a full subcategory closed under kernels, cokernels and extensions in 2L,
such that every object of 2. is noetherian and artinian. For n € N, we let A7 be
the intersection of 2" and 2. Moreover, 2, will denote the full subcategory of 2
consisting of those projective systems each of whose components is in 2. It is clear
that évlc is closed in A. The symbols évlg,c and éleR_g,c denote the categories of f-adic
and AR-(-adic systems in 2., respectively.

Lemma 2.2.3. Let a: F — M be an AR-isomorphism in A, where F is (-adic. If
M is in ., then so is F.

Proof. Choose r as in Lemma 2.2.2. Then if M,,,, is in A, so is M, ® A, as the
cokernel of multiplication by ¢"+1. Then F,, is also in 2. as a direct summand. O

Proposition 2.2.4. The category éleR_e,c is closed in A. In particular, it is an
abelian category.

Proof. Let « : M — N be a homomorphism in the category QNLAR_&C. Then ker o and
cok o are in .. We would like to show that they are AR-f-adic. But this follows
from Proposition 5.2.1 of [13, Exp. V] applied to the category C = ..

Now let M and N be objects of éleR_g,c and let

00— M —F—N—0
be an extension of N by M in 2. Since E is then also in 2., applying Corollaire 5.2.5
of [loc. cit.] to C = 2., we see that E is in fact AR-l-adic. O

We may now carry out the construction of Proposition 2.1.3, using the subcate-
gory Aar.¢,c of A. We get a sub-t-category of the derived category D(2), which we

shall denote by Dagr.¢,c(2).
We shall now construct a certain quotient of Dag.¢ ().

Proposition 2.2.5. The objects of glAR_g,c that are AR-null form a thick subcate-
gory.
Proof. This is clear. See also [13, Exp. V, Proposition 2.2.2]. O

Thus we may apply Proposition 2.1.4 to our situation. We denote the quotient of
AAR-r,c modulo the AR-null sheaves by AR-AsR-¢.. Thus AR-2AR.¢. is obtained
by inverting the AR-isomorphisms in 2Aagr.¢.. We call a morphism M — N in
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DAR_&C(QT) a quasi-AR-isomorphism if the induced map h*M — h'N is an AR-
isomorphism for every i € Z. The triangulated category obtained from Dag.s,.(2)
by inverting the quasi-AR-isomorphisms will be denoted by AR-Dag.¢ ().

Proposition 2.2.6. The natural functor glg,c — AR—ﬂAR_g,C is an equivalence of
categories.

Proof. This is easily proved using Lemma 2.2.1 and Lemma 2.2.3. O

We will use the functor of Proposition 2.2.6 to identify the two categories évlg,c
and AR—ﬁAR_g,C. For brevity we will denote the t-category AR—DAR_&C(QVl) by Dc(2A).
Thus D.() is an A-t-category with heart évlg,c.

As an example, let us assume that A has finite residue field and let us consider
the category 2A = Mod(A) of A-modules. Then Mod(A)™ is the category of A,-
modules. As finite subcategory, closed in Mod(A) we take the category Mod.(A)

of finite A-modules. By Mod,.(A) we denote the category of f-adic systems of
finite A-modules.

Proposition 2.2.7. Let A be the (-adic completion of A. There is an equivalence
of categories
Mody.(A)  — Modgy(A),

where MOdfg(A) is the category of finitely generated A-modules.
Proof. We may define this equivalence by (M,,),, — lim M,,. An inverse is given by

n

M~ (M®A,),. O
In this situation, we denote the t-category D.(Mod(A)) by D.(A). So D.(A4) is a
t-category with heart Modg,(A).

Proposition 2.2.8. The category D.(A) is naturally equivalent to ng(fl), the sub-
category of the derived category of Mod(A) consisting of complexes whose cohomol-
ogqy 1s finitely generated over A.

Proof. This is a straightforward exercise deriving the two functors (M), +— lim M,

n

and M — (M ® A,,), between the categories Mod(A) ~ and Mod(A). O

Functoriality. Let 2 and 9B be abelian A-categories and let F' : 24 — 9B be an A-
linear functor. Then for every n € N there is an induced functor F" : %" — 8" and
thus an 1nduced functor F : A — B. Any exactness properties of F' carry over to
" and F.
If 2 has sufficiently many injectives, then so does 2", for every n. This is easily
seen by noticing that if I is an injective object of 2, then the kernel of the action
of ¢"*! on I is injective in A™.

Lemma 2.2.9. If A has sufficient injectives then so does 2.

Proof. Choose for every n € N an injective object I, of 2. Then define J, =
I x...x I, and J,, — J, for m > n to be the projection onto the first n factors.
Then (J,,)nen is an injective object of 2, and every object of 2 admits an injection
into an object of this type. O
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Assume now that 20 has enough injectives and that F' is left exact. Then the
right derived functor RF : Dt (A) — DT (%B) exists. By the above remarks, we
also have the existence of the right derived functors REF™ : DT (™) — D*(8")
and RE : DY(A) — DT (B). Let us assume that RF commutes with restriction of
scalars, i.e. that for every n € N the commutative diagram

A" — A
F7l l l F
B — B

derives to give a commutative diagram
DY") —  DF(%)
RF™ | | RF
D*(8™) — DT (®B).
It is easily seen that we then also get commutative diagrams
DT®R) 2 D)
RF | RF™ |
D*(®) = DF(m"),
for every n € N.

Now assume furthermore that 2[. and 9, are finite closed subcategories of 2 and
B. The following result is essentially proved in [13, Exp. V].

Lemma 2.2.10. If the derived functors R'F : A — B map A into B, then RF
maps DXR_Z’C(QL) into DXR_Z’C(%).

Proof. First note that for any object M of D+(§l) we have an Fs-spectral sequence
R'F(W M) = h'™(RF(M)) (2)

in the abelian category ®B. So it suffices to prove that if M = (Mp)nen is an
object of ﬁAR—Z,c, then the higher direct images R'F M are in %AR_&C. But we
have (R’f M),, = R'F M, by the above commutative diagrams. By assumption,
R'F M, is in B..

We also have an exact A-linear é-functor (R'F); from 2, to B.. If R is a finitely
generated graded Ag-algebra then any functor from 2. to 9B, takes the category of
graded noetherian (R,%A.)-modules into the category of graded noetherian (R, B.)-
modules. By this fact Proposition 5.3.1 of [13, Exp. V] applies to the J-functor
(R'F) : A, — B,.. Thus (R'F M,),, is AR-f-adic. O

Corollary 2.2.11. Assume that the derived functors R'F : % — B map . into
B.. Then we get an induced left t-exact functor RF : DF () — DI (B). Fori >0
let us denote the induced functor h'RE : Ao — By by R'F. We have for every i a
commutative diagram
AAR-,c — DBAR-4c
|
ﬁé,c M %Z,c-
For every M € obD} () there is an Ez-spectral sequence

R'F(hI M) = h"HRF(M)
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in the abelian category By ..

Proof.  First we need to show that if M — N is a quasi-AR-isomorphism in
DXR—Z, .(2) then RFM — RFN is quasi-AR-isomorphism in DXR—Z, (B). Usirig
the spectral sequence (2) we reduce to proving that if M is an AR-zero object of 2,

then R'F(M) is AR-zero, for all i > 0. But this is clear. The other claims are now
also clear. O

3. STRATIFICATIONS

The following concepts are introduced in [4], although without giving them names.

3.1. d-Structures. For the basic definitions and constructions concerning fibered
categories see [12, Exp. VI]. Let us fix a ring A. For a topological space X, let lc(X)
denote the set of locally closed subsets of X, considered as a category with respect
to inclusion. For an object of lc(X), we sometimes denote the morphism V' — X

by jv.

Definition 3.1.1. Let X be a noetherian topological space. A stratification S of
X is a finite number of locally closed nonempty subsets of X, called the strata, such
that X is the disjoint union of S, and such that the closure of each stratum is the
union of strata.

Note that this definition implies that each stratum is open it its closure. Note
also that every decomposition of X into finitely many locally closed subsets may be
refined to a stratification. The pullback of a stratification by a continuous map is a
stratification.

Definition 3.1.2. Let X be a noetherian topological space. An A-d-structure on
X (or just a d-structure) is a category D, fibered over lc(X), such that

i. For every V € oblc(X) the fiber D(V) is an A-t-category and D(2) = 0. All
pullback functors are exact and A-linear.

ii. If i : V. — W is a closed immersion in lc(X), then any pullback functor i* :
D(W) — D(V) has an exact A-linear right adjoint ., which has an exact
A-linear right adjoint ¢'. The functor i, is fully faithful and t-exact.

iii. If j : V — W is an open immersion in l¢(X), then any pullback functor j* :
D(W) — D(V) has an exact A-linear left adjoint j; and an exact A-linear right
adjoint j.. The functors ji and j, are fully faithful and j* is t-exact.

iv. If V € oble(X) is the disjoint union of U and Z, where j : U — V is an open
immersion and i : Z — V is a closed immersion, then j*i, = 0. For any M €
ob D(V) there exist homomorphisms i,i* M — j;5* M[1] and j,j* M — i.i' M[1]
such that

i i* M
/ AN
Jig* M — M
and o
J«J*M
/ AN
Qi M — M

are distinguished triangles in D(V').



12 KAI A. BEHREND

For some elementary facts implied by these axioms, see Section 1.4 of [4]. Note
that every locally closed subspace of X is naturally endowed with an induced d-
structure. Whenever k : V' — W is a morphism in lc(X), we have naturally two
pairs of adjoint functors (k*,k.) and (ki, k') between D(V) and D(W). If k is a
closed immersion we have k. = ki, if k is an open immersion we have k* = k'.

Remark 3.1.3. Of course, we may also define a d-structure on X as a fibered
category over le(X)°, the dual category of lc(X), using the pushforward functors
to define the fibered structure. In this case, we denote for k : V. — W in fllc(X)
the pullback functor by k. It is clear how the above axioms can be adapted to this
case.

Reversing all arrows, we return to the category lc(X), but pass to the dual cat-
egory of each fiber D(V')°. Then the pushforward functors k, define a co-fibered
category over lc(X). Then the existence of the left adjoints k* (which are now ac-
tually right adjoints) shows that V' — D(V)° is also fibered over lc(X). In other
words, we have a bi-fibered category V — D(V)° over lc(X). Of course, the above
axioms may also be adapted to this viewpoint.

Let fo : X — Y be a continuous map of noetherian topological spaces with
A-d-structures Dx and Dy. The map fo induces a functor f; ' : lc(Y) — le(X)
preserving open and closed immersions. Via f ! we may pull back the d-structure
Dx on X and get a category (fy *)*Dx, fibered over lc(Y).

Definition 3.1.4. A morphism f : Dx — Dy of d-structures (covering fy) is a
cartesian lc(Y)-functor f* : Dy — (f;')* Dy, such that

i. For every V' € oble(Y) the fiber functor f* : D(V) — D(fy'V) is A-linear,
right t-exact and admits an exact A-linear right adjoint f. : D(fy vy = D).

ii. If j : V — W is an open immersion in 1c(Y) and M € ob D(f; 'W) then the
natural homomorphism j*f,M — f,j*M in D(V) is an isomorphism.

Whenever k: V' — W is a morphism in lc¢(X), then k& induces in an obvious way
a morphism of d-structures k : Dy — Dy, where Dy and Dy are the d-structures
induced by D on V and W, respectively. Moreover, if f : X — Y is a morphism of
d-structures, and V' € oble(X) and W € oble(Y') are such that fo(V) C W, then
we can construct an induced morphism of d-structures f : V — W, where V and
W are endowed with the induced d-structures.

3.2. cd-Structures.

Definition 3.2.1. Let X be a noetherian topological space. A cd-structure on X
is a d-structure D on X endowed with a full fibered subcategory D, such that for
every V € oble(X) the subcategory Di..(V') of D(V) satisfies
i. Let C(V) be the heart of D(V') and Ciec(V) = Dice N C(V). Then Cio(V) is a
finite closed subcategory of C'(V).
ii. If M € obD(V) and for all i € Z we have h*M € obCj.(V), then M €
ob Dy.(V).
iii. We have Di.(V) = D;f_(V), i.e. for every M € ob Di..(V) it holds that h'M =
0, for all 7+ < 0.

If X is a noetherian topological space with a cd-structure Dj.. C D, then every
locally closed subspace of X naturally inherits an induced cd-structure.



DERIVED ¢-ADIC CATEGORIES FOR ALGEBRAIC STACKS 13

Definition 3.2.2. A pre-L-stratification of X is a pair (S, L), where § is a strat-
ification of X and L assigns to every stratum V € S a finite set £(V') of simple
objects of Ciec(V).

An object M € ob D(X) is called (S, L)-constructible, if for every V € S and
every i € Z we have that h'(ji, M) is an object of Cic(V), whose Jordan-Holder
components are isomorphic to elements of £(V).

An object M € ob D(X) is called constructible, if there exists a pre-L-stratification
(S, L) of X such that M is (S, £)-constructible. In this case we also say that the
pre-L-stratification (S, £) trivializes M.

Let D.(X) be the full subcategory of D(X) consisting of constructible objects.
Clearly, D.(X) is an A-t-category.

Definition 3.2.3. The cd-structure Di.. C D on X is called tractable, if for any
open immersion j : V. — W in l¢(X) any pushforward j, : D(V) — D(W) takes
constructible objects to constructible objects.

Note that for every object V of lc(X) the induced cd-structure on V' is tractable,
if the given cd-structure on X is tractable.

Definition 3.2.4. Let D). C D be a tractable cd-structure on X. We call a pre-
L-stratification (S, L) an L-stratification, if for any V € § and any L € L(V) the
pushforward jy, L is (S, £)-constructible.

For the following considerations, let us fix a tractable cd-structure on X.

Definition 3.2.5. Let (S, £) and (S’, L) be pre-L-stratifications of X. We say that
(S, L") is a refinement of (S,L) if &’ is a refinement of S and for every stratum
Ve S, every L € L(V) is trivialized by (S8, L")|V.

Lemma 3.2.6. FEvery pre-L-stratification may be refined to an L-stratification.

Proof. Let (S, L) be a pre-L-stratification of X. The set of open subsets U of X
such that (S, £)|U can be refined to an L-stratification is non-empty. This follows
by considering an open stratum. Since X is noetherian, there exists thus a maximal
open subset U of X such that (S, £) can be refined to an L-stratification over U. So
let (8', L) be an L-stratification of U refining (S,L)|U. Let Z =X —U. f Z # o
there exists a non-empty open subset V' C Z such that
i. jw.L|V is lcc for every inclusion jy of a stratum W of &’ into X and every L
in L/(W).
ii. If W C U is a stratum of &', then the closure W of W in X either contains V/
or does not intersect V.
iii. V is contained in a stratum of S.
Then U UV is an open subset of X over which (S,L) can be refined to an L-
stratification. This contradiction implies that U = X. O

Lemma 3.2.7. Let (S, L) be an L-stratification. Let k:V — W be a morphism in
lc(X), where both V and W are the union of strata from S. Then k*, k,, k' and ki
preserve (S, L)-constructability.

Proof. Let us first deal with k,. We easily reduce to the case that W = X. If V
consists of more than one stratum we may write V' as a disjoint union V =U N Z,
where i : Z — V is a closed and j : U — V an open immersion. Using induction on
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the number of strata V' consists of, we may assume that our claim holds for (ki)
(kj)« and j.. If M € ob D(V) is (S, L)-constructible, then so is j,j*M and hence
ivi' M and i*i,i'M = i*'M. Thus (ki),i'M and (kj).j*M are (S, £)-constructible,
which implies that k.M is (S, £)-constructible, which is what we wanted to prove.
It remains to treat the case that V' consists of one stratum. So let M € ob D(V)
be (S, L)-constructible. Since h'M = 0 for i < 0 we reduce to the case that
M € ob Cec(V). An easy induction on the length of M finishes the proof.
The case of k' follows from the case of k.. The cases ki and k* are trivial. O

Lemma 3.2.8. Let (S, L) be an L-stratification. An object M € ob D(X) is (S, L£)-
constructible, if and only if for every V€ S and every i € Z we have that h' (j{/—M) i
an object of Cic(V'), whose Jordan-Hélder components are isomorphic to elements

of LIV).

Proof. The ‘only if’ part was proved in Lemma 3.2.7. So assume now that A’ j{/M
has Jordan-Hoélder components in £(V') for all V € § and 7 € Z. Let us prove that
M is (S, L)-constructible by induction on the number of strata in S. The case of
one stratum being trivial, let us assume that S contains more than one stratum.
Thus we may decompose X into a disjoint union X = U U Z, where U and Z are
unions of strata in § and i : Z — X is a closed and j : U — X an open immersion.
We may assume that the lemma holds for U and Z. Hence i' M and j*M are (S, £)-
constructible. By Lemma 3.2.7, 4,i'M and j,j*M are (S, L)-constructible, hence
M is. O

Definition 3.2.9. Let f : X — Y be a morphism of d-structures Dx and Dy.
Assume that Dx and Dy are endowed with cd-structures Di.. x and D y. The
morphism f is called a morphism of cd-structures, if the cartesian lc(Y')-functor

f*: Dy — (f;)*Dx maps Diccy to (f5)* Dice.x-

Definition 3.2.10. Let X and Y be endowed with tractable cd-structures and
let f: X — Y be a morphism of cd-structures. We say that f is tractable, if any
pushforward functor f, : D(X) — D(Y') maps constructible objects to constructible
objects.

For example, any morphism k : V' — W in l¢(X), where X is a cd-structure,
gives rise to a morphism of the induced cd-structures in a natural manner. If X is
tractable, then the morphism of cd-structures k : V' — W is tractable.

Let f : X — Y be a morphism of cd-structures. If V € oblc(X) and W € oble(Y)
are such that fo(V') C W, then the induced morphism of d-structures f : V. — Wisa
morphism of cd-structures. Now assume that f : X — Y is tractable (which implies
by definition that X and Y are tractable). Let W € oblc(Y'). Then any pushforward
functor fi : D(fy 'W) — D(W) maps constructible objects to constructible objects.
This is because we may write f,M = j%,[,f*jf(;lw*M, for M € ob D(fo_lW). In

particular, if we have V' € oble(X) and W € oble(Y) such that fo(V) C W, then
the induced morphism of cd-structures f : V' — W is tractable.
Obviously, a composition of tractable morphisms of cd-structures is tractable.

Lemma 3.2.11. Let f : X — Y be a morphism of tractable cd-structures. Let X
be the disjoint union of a closed subset Z and an open subset U. If f|U and f|Z
are tractable, then so is f.
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Proof. Let M € ob D(X). We have a distinguished triangle in D(Y’)

(fIU)<5" M
/ N\ (3)
(£12).i'M — fM

which immediately implies the result. O

Lemma 3.2.12. Let f : X — Y be a tractable morphism of cd-structures. If
(S, L) is an L-stratification of X, then there exists an L-stratification (S',L') of Y
such that whenever M € ob D(X) is (S, L)-constructible, the pushforward f.M is
(8, L")-constructible.

Proof. Consider for every V € S and every L € L(V) the constructible object
jv.L of D(X). Take (8, L) to be an L-stratification of Y trivializing all f.jy,L,
which is possible, since these are finite in number. Now let M € ob D(X) be (S, £)-
constructible. We claim that f,M is (S’, £)-constructible. Decomposing X into a
closed Z and an open U, such that S is a refinement of the stratification {U, Z} of
X, we get a distinguished triangle (3) in D(Y'). Using induction on the number of
strata in S, this allows us to reduce to the case that S contains only one stratum.
Using the fact that h*M = 0 for i < 0 we reduce to the case that M € ob Cj..(X)
and another induction on the length of M finishes the proof. O

4. Torol

4.1. Fibered Topoi. Recall the following facts about fibered topoi (see Section 7
of [2, Exp. VI]). Let I be a category. A fibered topos X, over [ is a fibered category
X, over I, such that for every n € ob [ the fiber category X, is a topos and for
every « : n — m in fl(I) any pullback functor o* : X, — X,, is the pullback functor
of a morphism of topoi o : X,, — X,,,.

For example, if X is a given topos and ¢ : I — X is a functor, then we get
a corresponding fibered topos X, by setting X, = X 4,), the induced topos over
6(n).

If X, is a fibered topos over I, let us denote by top(X,) the associated to-
tal topos (Remarque 7.4.3 of [loc. cit.]). Having chosen pullback functors for
X., we may describe top(X,) as the category whose objects are families F* =
((F™)neob 1, (0(a))aen(r)), where F™ € ob X,, and for a : n — m, 6(«a) is a mor-
phism f(a) : a*F™ — F™ in X,,. This data is subject to the obvious cocycle
condition, namely that f(a o 3) = 0(3) o f*0(a)). A morphism ¢* : F* — G* in X,
is a family ¢° = (¢")neobs, where g" : F™ — G™ is a morphism in X,,, subject to
the obvious commuting relations, namely that ¢" o 0p(a) = 0g(a) o a*(g™), for any
a:n — min fi(I). Composition in top(X,) is defined in the obvious manner.

If no confusion seems likely to arise, we write X, for top(X,).

Denote for n € ob I the functor top(X,) — X,,, which assigns to F** € ob top(X,)
its component F™ over n, by ¢.. Then ¢} has a left adjoint ¢,y and a right adjoint
tn+, which are fully faithful if n has no non-trivial endomorphisms in fi(1). Thus
we have a morphism of topoi ¢, : X;,, — top(X,). Explicitly, we have for an object
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F € obX,:
Lot B = H oF
acHom(m,n)
Lot B = H o F.

ac€Hom(n,m)

By the exactness of %, in top(X,) fibered products, disjoint sums and quotients by
equivalence relations may be calculated componentwise. Also, a family in top(X,)
is covering, if and only if it is covering componentwise.

Let X, be a fibered topos over I. Let X,.,.. be the category of cartesian sections
of X,. The category X,..., is the subcategory of top(X,) consisting of those sheaves
F*, for which all transition morphisms 6(«) : a*F™ — F"™ are isomorphisms. The
above remarks show that X, is, in fact, a topos. Denoting the inclusion functor
into top(X,) by 7* : X,.... — top(X,), we see that 7* has a right adjoint 7, such
that . = id. So we get a morphism of topoi 7 : top(X,) — X

®cart*

Example 4.1.1. Let A be the category of standard simplices, whose set of objects
we denote by {Ag, Aq,...}. A topos fibered over A° is called a simplicial topos.

Let X be a topos and U an object of X, covering the final object. Define the
functor ¢ : A° — X by ¢(A,) = U™ and by taking face maps to projections and
degeneracy maps to diagonals, so as to obtain a simplicial object U, in X, the Cech
nerve of the one-element covering U of X. Denote by U, also the corresponding
fibered topos over A°. Clearly, we have U,_,,, = X and so we have for every n € N
a commutative diagram of topoi

Uy — top(U,)

jn\ l”
X,

where we have written U, for U, , and j, : U, — X for the localization morphism.

Lemma 4.1.2. With the notation of Example 4.1.1 we have that every abelian
cartesian sheaf on top(U,) is acyclic for m,.

Proof. This is Cech cohomology. O

Example 4.1.3. Consider N as a category,
N={0—-1—-2— ...}

and let X be a topos. Consider the fibered topos X, over N given by the constant
functor N — X mapping to the final object in X. The the corresponding total topos
XN = top(X,) is just the category of projective systems in X. A cartesian object in
X" is a constant projective system. Thus the pullback morphism of the morphism
of topoi m : XN — X is the associated constant projective system functor. Note
that ¢, = 7*. Moreover, m, = lim.

More generally, If X, is a fibered topos over I, then we get an induced fibered
topos X' over I. We have top(X}') = top(X,)" and (X)) eare = (Xocare)™-

Given a discrete valuation ring A with parameter ¢, we consider the projective
system A = (Ap)nen, where A, = A/¢"*1 which is a sheaf of rings on X~. Note
that an object M of Mod(X™ A) is just a projective system M = (M,)nen of
sheaves of A-modules on X, satisfying ¢*T1M,, = 0 for every n € N. If we denote
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our A-category Mod(X, A) by 2 then in the notation of Section 2.2 we have A" =
Mod(X, A,,) and 2 = Mod (X", A). We denote the full subcategory of Mod (X", A)
consisting of f-adic objects by Mody (X", A). We call Mod, (X", A) the category of
£-adic sheaves on X.

Let X, and Y, be fibered topoi over I. A cartesian morphism of fibered topoi
fo 1 X, — Y, is a cartesian I-functor f} : Y, — X,, such that for every n € ob[l
the fiber functor f : Y, — X, is the pullback functor of a morphism of topoi
fn: X — Y,. A cartesian morphism of fibered topoi gives rise to a morphism
f :top(X,) — top(Y,). The derived functors R f, may be calculated componentwise.
This follows from the fact that a flasque sheaf on top(X,) induces a flasque sheaf
in each component, as is proved in the proof of Lemme 8.7.2 of [2, Exp. VI].

Let f: X, — Y, be a cartesian morphism of fibered topoi. We call f an immersion
(open immersion, closed immersion, locally closed immersion) if f, : X,, — Y}, is
one, for all n € ob I. Moreover, we call an immersion f : X, — Y, strict, if for every
a:n — min fl ] the commutative diagram of topoi

fn

X, — Y,
ol la
X Iy,

is 2-cartesian.

Note that if f is an immersion then so is the induced morphism f : top(X,) —
top(Y,). This is easily seen using the descriptions of top(X,) and top(Y,) in terms
of a,-morphisms.

Definition 4.1.4. Let X, be a fibered topos over I. A fibered subtopos V, of X,
is given by a subtopos V,, of X, for every n € ob I such that for every a: n — m of
fl] and any object F' of V,, we have that a. F' is contained in V,,,. We say that V, is
an open (closed, locally closed) fibered subtopos, if for every n € ob I the subtopos
V,, is open (closed, locally closed) in X,,. Moreover, we call V, a strict subtopos of
X, if for every o : n — m in fl I we have that o= (V},,) = V;,. Here a=1(V,,,) denotes
the inverse image of V,,, in X,, (see Exercice 9.1.6 in [2, Exp. IV]).

Let V, be a fibered subtopos of X,.

Note 4.1.5. Choose functors a, for X,. Then we get induced functors «, : V,, —
Vin which are direct image functors of morphisms of topoi « : V,, — V,,,, by Propo-
sition 9.1.3 in [2, Exp. IV]. In this way, we may make V, into a fibered topos over
I together with an immersion V, — X, of fibered topoi.

Warning 4.1.6. Let @« : n — m be in /. Then o* : X,, — X, does not, in
general, map V,,, to V,,. So we may not think of V, as a fibered subcategory of X,.
Already for open immersions this does not work, although for closed immersions it
does.

Definition 4.1.7. Let V, C X, be a fibered subtopos. We get an induced immer-
sion top(V,) — top(X,). The essential image of its direct image functor is called
the total subtopos of top(X,) defined by V, C X,. By abuse of notation, we will also
denote it by top(V}).

Proposition 4.1.8. Let U, be a strict open subtopos of X,. Let us denote for every
n € ob 1 the closed complement of U, by Z,. Then Z, is a strict closed subtopos of
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X,. Moreover, j : top(U,) — top(X,) is an open immersion with closed complement
i:top(Z,) — top(X,).

The functors ji, j*, Rj. and i*, i,, Ri' between DT (X,,A*), DV (Z,,i*A*) and
DT (U,, *A*) may be calculated componentwise, for any sheaf of rings A* = (A" )peob 1
on top(X,).

Proposition 4.1.9. Let f: X, — Y, be a cartesian morphism of fibered topoi and
V. C Y, a locally closed fibered subtopos. Let W, = f.1(V,,), for every n € oblI.
Then W, is a locally closed fibered subtopos of X,. We write W, = f~1(V,) and call
it the pullback of V,.

If V, C Y, is a strict locally closed fibered subtopos then W, is a strict locally
closed subtopos of X, and we have top(W,) = f~(top(V})).

Corollary 4.1.10. Let X, be a fibered topos and V a locally closed subtopos of
Xeeare- Let V, be the (strict) fibered subtopos of X, given by Vi, = (7 0 1,)"'V, for
every n € obI. Then top(V,) =771V

4.2. Constructible Sheaves. Let X be a topos. We will always assume that X
has sufficiently many points. By |X| we will denote a conservative set of points,
for example a set of representatives for the collection of all isomorphism classes of
points of X. We will think of | X| as a topological space (see Exercice 7.8(a) in [2,
Exp. IV]). Recall (Exercice 9.7.5 of [2, Exp. IV]) that the locally closed subtopoi of
X are in bijective correspondence to the locally closed subspaces of | X]|.

In addition, let us assume that | X| is noetherian. Fix a ring A.

Definition 4.2.1. For any locally closed subtopos V of X we let D(V, A) be the
derived category of Mod(V, A), the category of sheaves of A-modules on V. Then
the collection of the various DT (V, A) is naturally a d-structure (see Definition 3.1.2)
on | X|. Let us call DT (-, A) the canonical A-d-structure on X.

Note that any morphism of topoi induces a morphism of the associated canonical
A-d-structures.

Definition 4.2.2. A sheaf F on X is called an lcc sheaf if locally F' is isomorphic
to the constant sheaf associated to a finite set. A morphism F' — G in X is called
an lcc morphism if it makes F' into an lcc object of the induced topos X q.

Proposition 4.2.3. The following are some basic facts about lcc morphisms.

i. Any base change of an lcc morphism is lcc.

ii. The property of being lcc is local on the base.

iii. Let f = goh be a composition of morphisms in X. If g and h are lcc, then so
is f. If f and g are lcc, then so is h. If h is an epimorphism and f and h are
lce, then so is g.

iv. Fibered products of lcc sheaves are lcc.

v. Let G be a group sheaf in X and E — B a principal G-bundle in X, such that
B covers X. Then E and B are lcc if and only if E and G are lcc and if and
only if B and G are lcc.

vi. For an lcc sheaf F the function f:|X| — Z;x — #F, is locally constant.

Definition 4.2.4. A stratification S of X is a finite number of non-empty locally
closed subtopoi of X, called the strata, such that X is the disjoint union of S, and
such that the closure of each stratum is the union of strata.
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Note that stratifications of X can be identified with stratifications of | X|.

Definition 4.2.5. If F'is a sheaf on X, then we call F' constructible if there exists
a stratification S of X, such that for each V' € S we have that F|V is lcc. Such a
stratification is said to trivialize F, or F' is said to be S-constructible.

Lemma 4.2.6. Let F be sheaf on X. In case X is noetherian, F is constructible
if and only if it is so locally.

Lemma 4.2.7. Let M be a constant sheaf on X, modeled on a finite set. Let N be
a subsheaf of M. Then N is constructible.

Proof. By noetherian induction it suffices to prove that there is a non-empty open
subtopos U C X such that N|U is constant. As a sheaf, we have M = X 1I...11X,,,
where each X;, for i = 1,... ,n is a copy of the final object of X. For each i =
1,...,nlet N; = N N X;, which is a subsheaf of X; and hence isomorphic to an
open subtopos U; C X. In other words, we have N = Uy 11...11U,,. Without loss of
generality, we may assume that Uy is non-empty. If UyNU; = @ for every ¢ > 1, then
we may take U = U;. Otherwise, we may assume that U; NUs is non-empty. Again,
if Uy NnUsNU; = @ for every i > 2, then we may take U = U; N U;. Continuing in
this manner, we find a non-empty open subtopos U = U1 N...N Uy, for some k < n,
over which N is constant. O

Corollary 4.2.8. If X is noetherian, every subsheaf of a constructible sheaf is con-
structible.

Definition 4.2.9. A sheaf of A-modules on X is called lcc if it is lcc as a sheaf of
sets. The category of lcc sheaves of A-modules on X is denoted by Modjc.(X, A).

Proposition 4.2.10. The category Mod..(X, A) is a finite closed subcategory (see
Definition 2.1.2) of Mod(X, A).

Proof. The closedness follows easily from Proposition 4.2.3. For the finiteness, let
F be an lcc sheaf on X and let ... C F;_1 C F; C Fj4+1 C ... be a chain of lcc
subsheaves of F'. To prove that this chain becomes stationary we may assume that
|X| is connected. For any i let h; : |X| — Z denote the function h;(P) = #F;p.
Then h; is continuous and hence constant. This finishes the proof. O

Definition 4.2.11. A sheaf of A-modules on X is called constructible, if it is con-
structible as a sheaf of sets. The category of constructible sheaves of A-modules on
X is denoted by Mod.(X, A).

Proposition 4.2.12. If X is noetherian, the category Mod.(X, A) is a noetherian
thick subcategory of Mod(X, A).

Proof. Using Proposition 4.2.10 we easily show that Mod.(X, A) is closed under
kernels, cokernels and extensions in Mod(X, A). Then use Corollary 4.2.8 to con-
clude. O

Let us denote by ngC(X , A) the full subcategory of D(X, A) defined by requiring
an object M of Dif (X, A) to satisfy

lcc

i. hZ:M is lcc for all ¢ € Z.

ii. h*M =0, for all 1 < 0.
By Proposition 4.2.10 the subcategory D;’ (-, A) C D(-,A) is a cd-structure on
| X].
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Definition 4.2.13. The cd-structure on |X| thus defined is called the canonical
cd-structure on X, with respect to A.

Note 4.2.14. A sheaf of A-modules is constructible if and only if it us constructible
as an object of the canonical cd-structure (Definition 3.2.2). Our notion of con-
structibility for a sheaf of A-modules differs from both that of 1.9.3 in [2, Exp. VI]
and that of Definition 2.3 in [2, Exp. IX], but is more convenient for our purposes.

4.3. Constructible /-Adic Sheaves. Let X be a noetherian topos.

Proposition 4.3.1. Let R be a noetherian ring. Let E be a constant sheaf of R-
modules modeled on a finitely generated R-module. Then E is a noetherian object
in the category of sheaves of R-modules on X.

Proof. First note that every fiber Ep of the sheaf F is canonically isomorphic to
the R-module E. So for every subsheaf of R-modules F' C F we may consider every
fiber Fp as a submodule of E. If P — (@ is a specialization arrow of points of
X, then for a subsheaf F' of ¥ we get an induced homomorphism Fy — Fp which
commutes with the embeddings of Fgp and Fp into F2. Thus we get that Fg C Fp
as submodules of E. Note that in particular, the specialization homomorphism
Fg — Fp does not depend on the given specialization arrow P — Q).

Let now Fy C F; C ... be a chain of subsheaves of R-modules of E. To prove
that it is stationary, we may as well assume that X is irreducible. Recall that a
topos X is irreducible, if for any two non-empty objects U and V of X their direct
product U x V' is non-empty. A topos X with sufficiently many points is irreducible
if and only if | X| is irreducible. Using techniques of Section 9 of [2, Exp. VI], it is
possible to prove that now we may choose |X| in such a way that it contains a point
which specializes to every other point of |X|. So let P be such a generic point of

|X|. Since E is noetherian, the chain of submodules Fyp, Fip, ... is stationary and
we may hence assume that Fyp = F;p for all i. The R-module Fyp is generated by
a finite set of elements, say sip,...,Spp € Fyp, where sq,... ,s, are elements of

the R-module E.

Now there exists a non-empty open subtopos U C X such that every s, : U — F
factors through Fy, for example s;'(Fy)N...N s, (Fy). Replacing X by U we may
thus assume that Fj is generated by the global sections s1,... , sy.

Now let @ be a specialization of P. Then for every ¢ > 0 we get the following
commutative diagram

FZ'Q c Fip
U |
Fog = Fop

of submodules of E. Note that Fog < Fyp is an isomorphism, since the sections
51,..., 5, that generate Fyp are global sections of Fy. It follows that Fog = F;
for all @ € |X| and thus that Fy = F;. O

For the next result note that every locally closed subtopos of a noetherian topos
is noetherian (see Proposition 4.6 in [2, Exp. VI]).

Corollary 4.3.2. If F' is a locally constant sheaf of R-modules on X, modeled on
a finitely generated R-module E, then F is a noetherian object of Mod(X, R).

Proof. Let U be a noetherian object of X such that F|U is constant. The existence
of such a U is due to the fact that X is noetherian. By the previous proposition F'|U
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is a noetherian object in Mod(U, R). This clearly implies that F' is a noetherian
object of Mod(X, R). O

Lemma 4.3.3. Let R = EB;DZO RP be a graded noetherian ring, such that R° is

finite and for every p > 0 the R°-modules RP and R® are isomorphic. Let M €
obMod(X, R) be a graded sheaf of R-modules M = ,>qMP such that each MP
is constructible. Assume that M is a noetherian object of Mod(X, R). Then there
exists a pre-L-stratification (S, L) of X (with respect to R°), trivializing MP, for
every p > 0.

Proof. We have a canonical epimorphism @p R ®po MP — M of graded sheaves of
R-modules on X. Since M is noetherian, a finite number of the R ® go MP will map
onto, so there exists an n € N such that EDZZO R ®po MP — M is onto.

Note that each homogeneous component of @Z:O R® po MP is constructible. Note
also (by Corollary 4.3.2) that @, _ R®po M is a noetherian sheaf of R-modules on
X. These two properties clearly carry over to the kernel of @Z:O R®po MP — M.
So to this kernel we may apply the same reasoning as for M and obtain constructible
sheaves of R%-modules Ny, ..., N,, and an exact sequence of sheaves of R-modules
on X

P Rror Ni — PR MP — M — 0.
=0 p=0

Now choose (S, £) in such a way as to trivialize Ny,... , N, and M°,... , M™. Then
by Lemma 2.1(ii) of [2, Exp. IX] S trivializes M, and hence MP for every p > 0. It
is then clear that (S, £) trivializes MP for every p > 0. O

We now turn to the study of constructible /-adic sheaves. So let A be a discrete
valuation ring as in Example 4.1.3. Lift for the moment the assumption that S is
noetherian. (Assume only that |X| is noetherian.) We endow the topos X with
the canonical A-cd-structure (Definition 4.2.13). So it makes sense to talk about
pre-L-stratifications.

Definition 4.3.4. We call a sheaf F' = (F},),en of A-modules on X" constructible,
if for every n € N the component F), is constructible. The category of constructible
sheaves of A-modules on X" will be denoted by Mod (X", A).

Let (S, L) be a pre-L-stratification of X. A constructible sheaf F' = (F},)pen of
A-modules on X" is called (S, £)-constructible or trivialized by (S, L), if for every
n € N the component F), is trivialized by (S, £). The category of (S, £)-constructible
sheaves of A-modules on X™ will be denoted by Mod s ) (X", A).

The categories of constructible ¢-adic sheaves and (S, L)-constructible (-adic
sheaves are denoted by Mody (X", A) and Mody, s (X", A), respectively. Alter-
natively, these categories are called the category of constructible A-sheaves and the
category of (S, L)-construcible A-sheaves on X, respectively, and are denoted by
Mod,.(X, A) and Mod s 1) (X, 4).

Proposition 4.3.5. Let X be a noetherian topos. Let M = (My)nen be a con-
structible (-adic sheaf on X. Then there exists a pre-L-stratification (S,L) of X
such that M is (S, L)-constructible, i.e. (S, L) simultaneously trivializes M, for
every n € N.
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Proof. For every n € N the sheaf of A-modules M, is a noetherian object of
C = Mod(X, A), by Proposition 4.2.12. Thus M is a noetherian f-adic projective
system in C, in the sense of Section 5 of [13, Exp. V]. So by Proposition 5.1.6 of
[loc. cit.] the strict graded grs(M) of M is a noetherian object in Mod(X, gr A), the
category of sheaves of gr A-modules on X.

Here gr A = @p>0 P /P*1 is the graded ring associated to the l-adic filtration of
A, | being the maximal ideal of A. The strict graded grs(M) of M is defined as
follows: Fix an n € N. Then consider the [-adic filtration F*M,, of M, given by
FPM, = PM,, for p > 0. By defining (FPM), = FPM, we get a filtration F'*M
on M. The associated graded is given by

(gt M),, = gr? M,, = FPM,,/FPT'M,, = P M, /PT M,

Note that if m > n > p then the canonical map P M,, /P M, — P M, /PT1M, is
an isomorphism. Thus (gr? M), is essentially constant and its limit is defined to
be grsP(M). So we have grs? M = PM,, /P M,, for any n > p. Finally, grs M =
@pzo grsP M| which is a sheaf of graded gr A-modules on X.

By Lemma 4.3.3 there exists a pre-L-stratification (S,£) of X that trivializes
grsP M for every p. Now (for a fixed n) the factors of the l-adic filtration F*M,, are
grs® M, ... ,grs" ' M and so M, is trivialized by (S, £). O

Corollary 4.3.6. The category Mod (X, A) is the union of the full subcategories
Mods 1) (X, A), where (S, L) runs over all pre-L-stratifications of X.

Example 4.3.7. Let us denote by circ the topos of objects (M, f), where M is a
set and f is a permutation of M, such that for every x € M there exists an n > 0
such that f?z = z. Let ¢* : circ — pt denote the underlying set functor, which
forgets the permutation. Then ¢* is the fiber functor of a point ¢ : pt — circ. The
set {i} is a conservative set of points. Thus there are no non-trivial stratifications
of circ. The constructible sheaves are those objects (M, f), for which M is finite.
It is a consequence of Proposition 2.2.7 that there is an equivalence of categories
between Mod,.(circ, A) and the category of automorphisms of finitely generated A-
modules. For every n € Z there exists a morphism of topoi ¢, : circ — circ such that
(M, f) = (M, f*). The induced morphism €, : Mod.(circ, A) — Mod,(circ, A)
takes an automorphism to its n-th power.

4.4. Topoi with c-Structures and /-Adic Derived Categories.

Remark 4.4.1. Since in the applications we have in mind, we do not always have
morphisms of topoi available, we introduce the notion of pseudo-morphism of topoi.
Let X and Y be topoi. Let f*:Y — X and f, : X — Y be a pair of adjoint
functors (f* being left adjoint of f.). Then we say that the pair f = (f*, fi) is a
pseudo-morphism from the topos X to the topos Y.

If f is a pseudo-morphism from X to Y, then by definition f* is continuous. If
v is a species of algebraic structure defined by finite projective limits, then since f,
is left exact, it maps y-objects to y-objects. Let us denote by f{ : X, — Y, the
induced functor on the y-objects. By Proposition 1.7 of [2, Exp. III] f/ has a left
adjoint fJ : Y, — X,. But in general, fJ does not commute with the underlying-
sheaf-of-sets functor.

If (X,A) and (Y, B) are ringed, and f : X — Y is a pseudo-morphism of ringed
topoi, i.e. a pseudo-morphism of topoi together with a ring map B — f.A, then
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f+ : X — Y maps sheaves of A-modules to sheaves of B-modules, so induces a left
exact functor f, : Mod(X, A) — Mod(Y, B). The higher direct image RIf.F, for a
sheaf of A-modules I’ on X, is the sheaf associated to the presheaf

U+ HYf*U,F),

just as in the case of an earnest morphism of topoi. Thus R?f, commutes with
restriction of scalars.

Definition 4.4.2. Let X be a topos. A c-structure on X is a full subcategory X
of X such that

i. X is a topos,
ii. the inclusion functor 7* : X — X is exact and has a right adjoint 7, : X — X
such that m,7* = 1dy,
iii. if P — B is a principal G-bundle in X, then B € ob X and G € ob X implies
that P € ob X.

To abbreviate, we often call a topos with c-structure a c-topos.

A c-topos (X, X, ) is called trivial, if 7* : X — X, in addition to being continu-
ous, is also co-continuous. We call (X, X) quasi-trivial, if for every abelian sheaf F
on X, m*F is acyclic for .

A c-structure is called noetherian, if the topos X is noetherian.

Lemma 4.4.3. Let X be a trivial c-topos. Then m, has a right adjoint, which we
denote by . Thus X is quasi-trivial.

Proof. For the existence of m' see Proposition 2.3 of [2, Exp. III]. O
Note 4.4.4. Let X be a topos and X a full subcategory such that

i. X contains the final object.
ii. X is closed under fibered products in X.
iii. X is closed under arbitrary disjoint sums in X.
iv. X is closed under quotients of equivalence relations.

Then X is a topos, the inclusion functor X — X is exact and has a right adjoint. So
if X satisfies in addition Condition (iii) of Definition 4.4.2, then it is a c-structure
on X.

In particular, we note that any intersection of c-structures is a c-structure. If X
and X are two c-structures on X such that X C X then X is a c-structure on X.

If X is a c-structure on X and X is a c-structure on X , then X is a c-structure on
X.

Example 4.4.5. Let X, be a fibered topos. Then (top(X,), X,....) is a c-topos.
This follows from the fact that any morphism between principal G-bundles is an iso-
morphism. The c-topos of Example 4.1.1 is a quasi-trivial c-topos by Lemma 4.1.2.

Definition 4.4.6. Let I be a category. A fibered c-topos over I is a fibered topos
X, over I together with a full fibered subcategory X,, such that for each n € ob I
the fiber X,, is a c-structure on X,,.

Note 4.4.7. Let (_X.,Y,) be a fibered c-topos over I. Then (top(X.),top(X.)) is
a c-topos. If (X,,, X,) is quasi-trivial for every n € ob I, then (top(X,), top(X,)) is
quasi-trivial, too.
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Proposition 4.4.8. Let (X,X) be a c-topos. Let A be a sheaf oim'ngs on X,
considered also as a sheaf of rings on X, via 7. The category Mod(X, A) is closed
(see Definition 2.1.2) in the abelian category Mod(X, A).

Proof. This follows directly from the definition, noting that a short exact sequence
is just a particular kind of principal bundle. O

Definition 4.4.9. Eet (X, X) be a c-topos. A sheaf F on X is called constructible,
if it is an object of X and is constructible as such (see Definition 4.2.5). A stratifi-
cation of X is a stratification of X.

Corollary 4.4.10. If (S, L) is a pre-L-stratification of X with respect to the ring
A, then Mod s £y(X, A) is finite and closed in Mod(X, A).

Proof. This follows immediately from Propositions 4.4.8 and 4.2.10. O

We denote by D, (X, A) the full subcategory of the derived category D(X,A) of
Mod(X, A), defined by requiring the cohomology objects of M € ob D,,.(X,A) to
be in X. By Proposition 2.1.3 the category D...(X,A) is a t-category with heart
Mod(X, A).

Let A be a ring and assume X to be noetherian. Then we denote by D.(X, A)
the subcategory of D, (X, A) defined by requiring the cohomology objects hiM
of M to be constructible sheaves on X, simultaneously trivialized by a common
pre-L-stratification of X. The category D.(X,A) is an A-t-category with heart
Mod(X, A). If (S, £) is a pre-L-stratification of X, then we denote by D(s )(X, A)
the subcategory of D (X, A) of (S, £)-contructible objects. By definition, we have

De(X,A) = | Ds.o)(X, A).
(S$,0)

Proposition 4.4.11. Let (X, X) be a quasi-trivial c-topos and A a sheaf of rings on
X. Then the functor Rr, : Dif (X,A) — D*(X,A) is an equivalence of categories
with quasi-inverse mT*.

As a consequence, we have for any object M € ob DT (X,A) that H/(X,M) =
HY (X, 7*M), for all i.

Proof. By assumption, the equation 7, o7* = idw derives to give the equation R, o
7* = id of functors between DT (X, A) and DT (X, A). This proves one direction.
For the other direction, let M € ob D;f. (X, A). We need to show that 7* R, M —
M is a quasi-isomorphism. Consider the spectral sequence R'm k! M = hitJ R, M.
Since Y M comes via 7* from X, by Rm.on* = id this spectral sequence degenerates

and we get m«h'!M = h*Rm, M, for all . Thus
h(m*Rrn.M) = m*h'(Rm.M)
= n'mh'M
h'M,
and we are done. O
Definition 4.4.12. We define three different kinds of morphisms of c-topoi. Let
(X, X,7x) and (Y,Y,?Ty_) be topoi with c-structure. A morphism of topoi with
c-structures is a pair (f,f), where f: X - Y is a pseudo-morphism of topoi and
f:X — Y is a morphism of topoi such that 7y o f = fomy.
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If f is a morphism of topoi (i.e. if f* is exact), then we call (f, f) a morphism of
c-topoi of the first kind.

Now let A be a sheaf of rings on Y. If for every sheaf F' € obMod(X, T*A) the
higher direct images RPf.F are objects of Y, for all p > 0, then we call (f, f) a
morphism of c-topoi of the second kind (with respect to A).

Finally, let X and Y be noetherian. Let A be a ring. We call (f, f) of the third
kind with respect to A, if the morphism induced by f,

Rf.: DT(X,A) — DT (Y, A)

has the following property. Whenever (S,E)_is a pre-L-stratification of X, then
there exists a pre-L-stratification (S',£’) of Y such that if M € ob D/, (X, A),

(8.£)
then Rf.M € ob D(st,’ﬁ,)(Y, A).

Now let f: X — Y be a morphism of c-topoi and A a ring. Let A be a sheaf of
A-algebras on Y and let us denote also by A the pullback to X.

If f is of the first kind we get a functor f*: D(Y,A) — D(X,A) which induces a
functor f*: Dy, (Y,A) — D,..(X,A) which is, of course, A-linear and t-exact.

If f is of the second kind with respect to A, then Rf, : DT(X,A) — DT (Y,A)
induces a functor Rf, : D (X,A) — D (Y, A), which is A-linear and left t-exact.
If X and Y are quasi-trivial with respect to A then this Rf, agrees with Rf,, via
the identifications given by Proposition 4.4.11. If f is of the first and second kind
(f*, Rf.) is a pair of adjoint functors between D;" (X, A) and D; (Y, A).

If f is of the third kind with respect to A, we get an induced functor Rf, :
DF (X, A) — DI (Y, A), which is a right adjoint of f*, if f is of the first and third
kind.

Note 4.4.13. Let g : Y — Z be another morphism of c-topoi, such that both f and
g are of the second kind with respect to A. It is not clear whether go f is also of the
second kind. Even if this is the case, the question whether R(go f).M — Rg.Rf.M
is an isomorphism in D;. (Z,A), for an object M of D (X,A), arises. We do

not know if either of these questions can be answered affirmatively without further
assumptions. Similar problems arise for morphisms of the third kind.

We will now define the constructible (-adic derived category of a c-topos. Let
A be a discrete valuation ring as in Example 4.1.3. Let (X, X) be a noetherian
c-topos. By Corollary 4.4.10, the following definition is possible.

Definition 4.4.14. Returning to the notation 2 = Mod(X, A) and 2. = Mod(s £)(X, A)
we get as in Section 2.2 a t-category D.(2), which we will denote D(s £)(X, A) in

our case, and call (by abuse of language) the derived category of (S, L)-constructible
A-complexes on the c-topos (X, X). By Proposition 2.2.6, the heart of D(Sﬁ)(X, A)

is Mods )(X, A), the category of (S, L)-constructible A-sheaves on X.

Recall that D(s (X, A) is constructed from D(X",A) by first passing to the
subcategory defined by requiring the cohomology to be (S, L)-constructible and
AR-/-adic and then passing to the quotient category modulo those objects whose
cohomology is AR-null.

Let M denote the set of all pre-L-stratifications of X. The set M is directed if
we call (§,£) < (8, L) if (8, L) is a refinement (see Definition 3.2.5) of (S, L).
In this case we have a natural functor D(s £)(X, 4) — D 0)(X, A). In general,
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we cannot expect this functor to be fully faithful, but it is clearly t-exact. On the
other hand, the induced functor on the hearts Mod s »y(X, A) — Mod s £ (X, A)
is obviously fully faithful.

Definition 4.4.15. We define the category of constructible A-complexes on the c-
topos X to be the 2-limit

DC(X7 A) = ll_II)l ]D)(S,E) (X7 A)
(S,L)emM
Proposition 4.4.16. The A-category D.(X, A) is naturally a t-category with heart
Mod (X, A).
Proof. This follows easily from the definitions and Corollary 4.3.6. O

Remark 4.4.17. Let (X, X) and (Y,Y) be noetherian c-topoi and f : X — Y a
morphism of c-topoi of the first kind. Let (S, £) be a pre-L-stratification of Y. Let S’
be the pullback of S to X. For a stratum W € S let L(W) = {L1,...,L,}. Pulling
back Li,... ,L, to V = f*W gives a collection f*L1,...,f*L, of lcc sheaves of A-
modules on V, which we may decompose into Jordan-Hélder components, arriving
at a collection of simple lcc sheaves on V, which we call £'(V). Then (S, L) is a
pre-L-stratification of X, which we shall call the pullback of the pre-L-stratification
(S,L) of Y. Clearly, the functor

f* : Dbar(YN7 A) B Dbar(XN7 A)
induces a functor
e D(S,L)(YNvA) - D(S’,ﬁ’)(XNvA)v
which induces a functor
5D,y (Y, A) — Disr oy (X, A).
Passing to the limit we get an induced A-linear t-exact functor
ffiD(Y,A) — D.(X, A).
Remark 4.4.18. Let (X, X) and (Y,Y) be noetherian c-topoi and f : X — Y a
morphism of c-topoi of the third kind, with respect to A. Let (S,L) be a pre-L-
stratification of X and (S’, £') a pre-L-stratification of Y satisfying Definition 4.4.12.
By Corollary 2.2.11 the derived functor

RfY: D&ﬁ (XN, A) — D,

(S/,L/) (YN7 A)

)

induces a left t-exact functor

Rf, :D&E)(X, A) — D&,vﬁ,)

Passing to the limit we get an induced left t-exact A-linear functor

We call Rf, the ¢-adic derived functor of fi : Mod (X, A) — Mod.(Y, A).
Example 4.4.19. Let X = pt be the punctual topos and assume that A has finite
residue field. Then Mod(X, A) is just the category of A-modules and Mod.(X, A) is
the category of finite A-modules. Every constructible sheaf of A-modules is lcc. Up
to isomorphism, the only simple finite A-module is the residue field of A. So there
is only one pre-L-stratification of X and every constructible A-module is trivialized

A

by it. Thus D.(pt, A) = Dgs(A), by Proposition 2.2.8.

(¥, 4).
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4.5. The d-Structures Defined by c-Topoi. We will now study the way in which
c-topoi give rise to d-structures. Let (X, X) be a c-topos with structure morphism
7:X — X. Let V be a locally closed subtopos of X and V = 7~(V). Denote by
p the induced morphism p: V — V.

Proposition 4.5.1. The functor p* is fully faithful. The essential image of p* is a
c-structure on V.

Proof. We may assume that V is closed or open in X. Denote by X a final object
of X and by Uy a subobject of X which is an object of X. Then Uy gives rise
to an open subtopos U of X with closed complement Z. Let U = 7~ }(U) and
7Z = n~Y(Z). We have a 2-cartesian diagram of topoi

Xy, - X
pl ol
X 0, 2, X,

where p* is the inclusion functor of the subcategory X v, of Xy, (U and U are
the essential images of j, and 7j,, respectively). So we need to prove that X U, 18 a
c-structure on X ;. But this is clear, after a moments thought.

An object F of X is in Z if and only if F' x Uy — Up is an isomorphism. It is in
Z if and only if it is in Z and in X. The fact that Z is a c-structure on Z follows
from the fact that the exact functor i* : X — Z maps X into Z. O

Definition 4.5.2. We call (V, V) the induced c-topos over the locally closed subto-
pos V of X.

Warning 4.5.3. The diagram of ‘inclusion’ functors

v ox
I (4)
vV o X

does not necessarily commute.

Note 4.5.4. The pair (j,7) : (V,V) — (X, X) is a morphism of c-topoi of the first
kind.

Let X be a topos. Choosing for every pair V' C W of locally closed subtopoi of
X a pullback functor ¢* : W — V defines a fibered topos over lc(X), the ordered
set of locally closed subtopoi of X, whose fiber over V' € lc(X) if V itself.

Now let X be a c-structure on X. The morphism 7 : X — X defines a map
771 1 1e(X) — le(X) which preserves inclusions and may thus be considered as a
functor. Pulling our fibered topos V +— V back via 7~! defines a fibered topos
over le(X), which we will denote by V +— V. Endow every fiber of V +— V with
its induced c-structure according to Definition 4.5.2. This procedure gives rise to a
fibered c-topos over lc(X), denoted by V s (V, V).

Now let A be a sheaf of A-algebras on X. To every object V € lc(X) assign
the A-t-category D;f..(V,A), associated to the c-topos (V,V). To every inclusion
7 :V — W in le(X) assign the pullback functor j* : Dt (W,A) — D (V,A),
associated to the morphism of c-topoi of the first kind (j,7) : (V,V) — (W, W).
This construction defines a category D;. (-, A), fibered in A-t-categories over lc(X).

bar
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Now let X be a noetherian topological space (for example X = |X]|, if X is
noetherian) and ! : lc Xg — lc X a functor preserving open and closed immersions
and taking @ to @. For example, y~! may be induced by a continuous map v : | X | —
Xo, if X has sufficiently many points. Then via =1, we may pull back D; (-, A)
to get a fibered category over lc Xj.

Proposition 4.5.5. Assume that for every open immersion Vi — Wy in lc(Xo) the
associated morphism of c-topoi (V,V') — (W, W) is of the second kind with respect
to A. Then the above procedure gives rise to a d-structure Dy, (-, A) on Xg.

Proof. We have the d-structure D*(-,A) and so we only have to check that
Dit.(-,A) is preserved by k*, k., K, and ki, for k : V; — Wy a morphism in
lc Xo. But this is easily done. O

Example 4.5.6. We may apply these considerations to the c-topos (X" ,YN). We
let A be a discrete valuation ring and A = (A/¢"*1),cy. We will assume that X
is noetherian and take Xy = |X|. The map v~! : Ic|X| — lc X' is just the one
induced by the morphism of topoi X' -X.F inally, let us assume that for every
open immersion V' C W in le(X) the induced morphism of c-topoi (V, V') — (W, W)
is of the second kind with respect to A/¢"! for every n € N. This assumption
implies that (VN V') — (WN,W") is of the second kind with respect to A. So

by Proposition 4.5.5 we get a d-structure on |X|, whose fiber over V € le(X) is
Dt::r(VN7 A)

Proposition 4.5.7. Let X be noetherian and assume that for all open immersions
V C W inle(X) the corresponding morphism of c-topoi (V,V) — (W, W) is of the
third kind with respect to A. Then V +— DF(V, A) defines a d-structure on | X|. The
subcategories Dif (V, A) C DF(V, A) define a tractable cd-structure.

lcc

Proof. This is proved just like Proposition 4.5.5. Use Proposition 4.2.10. O

Note 4.5.8. In this proposition it suffices to assume that for every open immersion
j:V — W in lIe¢(X) the corresponding functor Rj, : DT (V, A) — DT (W, A) maps
DF(V,A) into DF (W, A).

Proposition 4.5.9. Assume we are in the situation of Ezxample 4.5.6, with the
additional hypothesis of Proposition 4.5.7 verified. Then the d-structure V
D (VN A) induces a d-structure on | X|

bar
V — DI(V, A).

Proof. First let us introduce the following notation. If Y is a noetherian topological
space and S a stratification of Y, then by Ys we denote the topology on Y in which
a subset of Y is open if it is open in Y and the union of strata from S.

Fix a stratification Sy of | X| and let (S, £) be an L-stratification of X such that S
refines Sp. Then (S, £) induces an L-stratification on every locally closed subtopos
V of X, which is the union of strata in Sy (see Lemma 3.2.7).

We get an induced d-structure on |X|s, with fiber D(fg ﬁ)(VN,A), which passes

to a d-structure with fiber ]D)z:S L)(‘/’ A) using Remark 4.4.18 and Proposition 4.1.8.
We will call this d-structure by abuse of notation Dz:g ﬁ)(]Y]SO, A).
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If (8',L£') is a refinement of (S, L), then we get a cartesian functor between d-
structures on |X]|s,

DZS‘,L)(‘Y‘S()?A) — D&,’L,)(‘Y‘SO,A).

Taking the limit defines a d-structure D} (| X|s,, A) on |X|s,.

Now let 81 be a refinement of Sy. Then D (| X|s,,A) is just the restriction of
D (| X|s,, A) to lc|X|s,- So taking the limit over all stratifications of |X| we get
the desired d-structure on |X|. O

4.6. Topoi with e-Structures.

Definition 4.6.1. Let X be a topos. An e-structure on X is a subset E of fi(X)
satisfying

i. All identities are in E.

i. If
F/ Ll) G/
! Lu
r L

is a cartesian diagram in X, then f € F implies f’ € E. If u is an epimorphism,
the converse is true.
iii. If
f

J —

AN g
H

is a commutative diagram in X, then f,g € E implies h € F, g,h € F implies
f € E and if f is an epimorphism then f,h € E implies g € F.
iv. If U; — V is a family of E-morphisms, then so is [[U; — V.

Let X be a topos with an e-structure E. For any object U of X, let U be the
category of U-objects whose structure morphism is in F.

Lemma 4.6.2. For any U € ob X the pair (U,U) is a c-topos. Any morphism
U —V in X gives rise to a morphism of c-topoi of the first kind (U, U) — (V, V).

Example 4.6.3. Let X be a topos with e-structure £. Call a morphism ¢* : F'* —
G* in XY an E-morphism if for every n € N the morphism ¢" : F* — G" is an
E-morphism of X. Then the collection of E-morphisms is an e-structure on X".

Let X be a topos with e-structure E and let us denote by U a set of objects of
X satisfying

1. Every U € U covers the final object of X.

ii. For every U € U the c-topos (U,U) is quasi-trivial.

iii. U is closed under finite direct products.
Fix U € U. Let U, be the Cech nerve of the covering U — X (see Example 4.1.1).
Then (U.,U.) is a fibered c-topos such that U,.,., = X and U, = X. The total
topos top(U,) has the c-structures top(U,) and U,.,,, = X. Both of these are quasi-
trivial. The first one by Note 4.4.7 and the second one by Lemma 4.1.2. Their
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intersection top(U,) N U,

ecart

= X is a third c-structure on top(U,). Let us denote

the structure morphisms by = : top(U,) — X and o : top(U,) — top(U,).

top(U,) -, top(U.,)
L !

X — X
Note that both o.7* : X — top(U,) and m.o* : top(U,) — X induce the identity

on the c-structure X. o
Now let A be a sheaf of rings on X. Let D.(X,A) denote the full subcategory of
D(X,A) given by the c-structure X and let D.,.(top(U,),A) be the subcategory of

D(top(U,),A) given by the c-structure U,,,,.

Proposition 4.6.4. The derived functor of o,m* induces an equivalence of t-categories
R(o.m*) : DX (X,A) — DI (U.,, \).

cart

Proof. Let D.(U,,A), Deori(Us,A) and De ... (U., A) denote the subcategories of
D(U,,A) given by the c-structures top U,, X and X on top U,, respectively. By
Proposition 4.4.11 we have equivalences of categories
Ro«
DF (U.,A) ZZ D*(U.,A)

g

and
Ry

D, (U..A) = D" (X, A).

T*

These trivially induce equivalences
Ro
D:cart(U'7 A) : D+ (on A)

cart

o*

and
Ry

D;:cart(U'7A) : D:(X7 A)

*

Composing these, we get the required equivalence
Room*

DH(X,A) — Dt

cart

(U., A).
Rmyo0*

To prove that Ro, o w* is induced by the derived functor of o,7*, we have to prove
that if F' is an injective sheaf of A-modules on X, then n*F is acyclic for o,. But
this follows from the fact that Ro, may be computed componentwise and every
component of 7*F' is injective.

Note that Rm,o0™ is not induced by the derived functor of 70", since an injective
sheaf of A-modules on top U, is not necessarily acyclic for 7. O

Corollary 4.6.5. We get an induced equivalence of categories

R(o.m*) : DX (XY, A) — DI (UTZA)’

cart

for any sheaf of rings A on X If A is as in Example 4.1.8 and X is noetherian,
this equivalence further passes to an equivalence of categories

R(o.m*) : DI (X, A) — DI (U,, A).
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Proof. Apply the proposition to Example 4.6.3. O

Now let f: U — V be a morphism in X, where both U and V' are elements of .
Then f gives rise to a morphism of c-topoi (top U,, X ) — (topV,, X) of the first

kind. Hence we have an induced morphism f* : DI (V,,A) — Df (U,,A). So
considering U/ as a full subcategory of X, we get a fibered category
U — D(—::rt (U'7 A)

over U.

Proposition 4.6.6. There is an equivalence R(o.m*) of fibered categories over U,
from DF(X,A) to U — DI (U,,A). Here we think of DI (X,A) as a constant
fibered category of U.

Proof. Let U,V € U and let f: U — V be a morphism. We need to show that the
diagram

DF(x,n) "I pr @A)
R(owm*) "\ T r

DZ.(V..A)
naturally commutes. But there is a natural morphism 6 : f*oco, om* — o, o™, We
wish to see that for M € ob DF (X, A) we get a quasi-isomorphism 6 : f*Ro,m* M —
Ro,m* M. This is easily reduced to the case M € obMod(X,A), for which it is
clear. O

5. ALGEBRAIC STACKS

5.1. Preliminaries on Algebraic Stacks. Throughout this section S will stand
for a noetherian scheme, which we will use as a base for our constructions.

Gerbe-Like morphisms. All relative algebraic group schemes (or spaces) will be as-
sumed to be of finite type. We will sometimes tacitly assume that a relative algebraic
group space is a group scheme. This is justified by the following Proposition.

Proposition 5.1.1. Let G — S be a relative algebraic space of groups. Then there
exists a stratification S of S such that Gy — V is a group scheme for every V € S.

Proof. Without loss of generality G is flat over X and there exists an open subscheme
of G mapping onto S. Then from the homogeneous nature of G it is easily seen
that G is a scheme, using faithfully flat descent. O

Proposition 5.1.2. Let G be a flat group space of finite presentation over the
scheme S. Then BG is smooth over S.

Proof. Tt is a result of Artin (see [1, Theorem 6.1]), that BG is an algebraic stack.
So it has a smooth presentation p : X — BG. The morphism p is induced by a
principal G-bundle P over X. The algebraic S-space P is faithfully flat of finite
presentation over X and smooth over S, as is obvious from the cartesian diagram

P — S
! !
X 2 BG.

But smoothness is local with respect to the fppf-topology (see [15]), so X is smooth
over S. O
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Definition 5.1.3. Let f : X — 2 be a morphism of algebraic S-stacks. We call f
gerbe-like, if f and Ay : X — X Xg¢ X are flat epimorphisms of finite presentation.
Let f be gerbe-like. We call f diagonally connected, if Ay has connected geometric
fibers.

Note 5.1.4. The property of being gerbe-like (respectively gerbe-like and diago-
nally connected) is local on the base with respect to the fppf-topology.

Proposition 5.1.5. Every gerbe-like morphism is smooth.

Proof. Since the properties of being gerbe-like or smooth are both local with respect
to the fppf-topology on 2 we may assume that ) = Y is a scheme and that our
morphism has a section. Then X is a neutral gerbe over Y, hence isomorphic
to B(G/Y), for a flat group space of finite presentation G over Y. Now we use
Proposition 5.1.2. O

Definition 5.1.6. Let f : X — ) be a flat representable morphism of finite type
between algebraic S-stacks. We say that f has components (or that X has compo-
nents over 9)), if f factors as X — 2’ — 9, where 9’ — 9 is representable étale
and X — 9’ is surjective with geometrically connected fibers.

Note 5.1.7. If f : X — 9 has components, the S-stack 9’ in this definition is
uniquely determined by f. The morphism X — 2)’ is a flat representable epimor-
phism. The property of having components is stable under base change and local
on the base with respect to the fppf-topology.

Example 5.1.8. Let G be and S-group space of finite type with connected fibers.
Let X be a flat S-space of finite type on which G acts in such a way that the graph
of the action G x X — X x X is an open immersion. Then X has components
(over S). In fact, the factorization X — X/G — S satisfies the requirements of
Definition 5.1.6.

Corollary 5.1.9. Let G be a flat S-group space of finite type. Then G has com-
ponents (over S) if and only if G° is representable. Here G° is the subsheaf of G
defined by

G°(T)={9geG(T)|g(t) e Gy, forallt € T},
for every S-scheme T (see Definition 3.1 in [10, Exp. VIB]).

Example 5.1.10. A smooth S-group scheme G of finite type has components. In
fact, according to Théoreme 3.10 in [10, Exp. VIB], G° is representable if G is a
smooth group scheme.

Proposition 5.1.11. Let f: X — 9 be a gerbe-like morphism of algebraic S-stacks

such that Ay has components. Then f factors in a unique fashion as X EN Xy A, 2,
where g and h are gerbe-like, h is étale and g is diagonally connected.

Proof. Without loss of generality 9 = Y is a scheme and f has a section. Then there
exists a flat group space of finite presentation G over Y such that X = B(G/Y).
Then f factors as BG — B(G/G°) — Y. Now G/G° is étale over Y, so B(G/G°)
is so, too. Moreover, we have a 2-cartesian diagram

BG°® — Y

! !
BG — B(G/G®)
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and BG° — Y is diagonally connected, so the same is true for BG — B(G/G°).

Conversely, assume that BG — Y factors as BG — 3 — Y. Then 3 — Y
has a section, given by the image of the section of BG — Y. Via this section,
9 = B(G'/Y), for some étale group space of finite presentation G’ over Y. Now
the morphism BG — BG’ induces a morphism on the automorphism groups of the
canonical objects of BG(Y) and BG'(Y), respectively, in other words we get an
induced homomorphism G — G’, giving rise to the given morphism BG — BG'.
Consider the 2-cartesian diagram

G — G’
l !
BG -2 BG xpw BG.
It shows that BG — BG’ being gerbe-like and diagonally connected implies that
G — @G’ is an epimorphism with connected kernel. Then we have necessarily G’ =
G/G°. O

Remark 5.1.12. Let f : X — X be gerbe-like such that A; has components and
where X is an algebraic S-space. Then X is the coarse moduli space of X. Let
X — X — X be the factorization given by the proposition. Then we call X the
Deligne-Mumford stack associated to X.

Dewvissage for Algebraic Stacks.

Remark 5.1.13. For a morphism f : X — 9 of algebraic S-stacks we define 2Auty X
by the 2-cartesian diagram

Nuty X — X
! la
A
X — %X@%

If Y — 9 is a base change, then uty X xg Y = Auty (X x9 Y).

Now assume that Auty X — X is flat. Then f : X — 9 factors uniquely as
X — %&D — 9), where X — %&D is gerbe-like and %&D — 9) is representable. This is
easily seen by noting that for a presentation ¥ — 9 of 9, the space %Q Xy Y is
necessarily the coarse moduli space of X xg Y.

Proposition 5.1.14. Let f : X — 9 be a finite type morphism of algebraic S-
stacks. If X is non-empty, there exists a non-empty open substack X' of X such that
Auty X' is flat and has components over X'.

Proof. Without loss of generality, 9 = S and X = BG, for a flat group scheme G
over S. Then 2uty X = G, at least locally, and it suffices to prove that there exists
a non-empty open subscheme S’ of S over which G° is representable. Without loss
of generality, S has characteristic p > 0. Consider the Frobenius F : G — G®).
Let G’ be the image of F. Clearly, G° is representable if (G')° is. Repeating this
process of passing to the image of Frobenius will eventually lead to a generically
smooth group scheme, as in the proof of the second devissage lemma, below. O

Lemma 5.1.15. Let f : X — 9 be a representable étale morphism of algebraic S-
stacks of finite type. Then there exists a non-empty open substack Q' of ) such that
the pullback f' : X' — Q' of f to Q' is finite étale.
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Proof. Without loss of generality ¥ and 9 are schemes. Then use the fact that f
is unramified to reduce to the case that f is separated. Then use Zariski’s Main
Theorem to conclude. O

For the following two Devissage lemmas let all algebraic stacks considered be of
finite type over S.

Proposition 5.1.16 (First Devissage Lemma). Let P be a property of morphisms
of algebraic S-stacks of finite type. Assume that
i. Given a morphism f : X — 9 of algebraic S-stacks and an open substack U C X
with closed complement 3, then P holds for f if it holds for f|4 : 4 — 9 and
fl3:3—9.
ii. If two composable morphisms of algebraic S-stacks satisfy P, then so does their
composition.
iii. The property P holds for every representable morphism.
iv. The property P holds for every gerbe-like morphism whose diagonal has compo-
nents.

Then P holds for every morphism of finite type algebraic S-stacks.

Proof. Let f : X — 2 be a morphism of algebraic S-stacks. To prove that P holds
for f, by (i) and noetherian induction we may replace X by some open substack, so
we may assume that Auty X — X is flat and has components, by Proposition 5.1.14.
Hence we have a factorization X — Xy — 2 of f as in Remark 5.1.13. Thus by (ii)
we are done, since X — %ﬂj is gerbe-like with a diagonal having components and
3~€@ — 9) is representable. O

Proposition 5.1.17 (Second Devissage Lemma). Let P be a property of morphisms
of algebraic S-stacks of finite type. Assume that

i. Given a 2-cartesian diagram

/

xl AN @/
vl lu
x L9

of algebraic S-stacks, where u is gerbe-like with A, having components, then P
holds for f if it holds for f’.

ii. Given a morphism f : X — 9 of algebraic S-stacks and an open substack U C X
with closed complement 3, then P holds for f if it holds for f|4 : 4 — 9 and
fl3:3—9.

iii. If two composable morphisms of algebraic S-stacks satisfy P, then so does their
composition.

iv. The property P holds for every representable morphism.

v. The property P holds for the structure morphism B(G/X) — X, for any smooth
group X-space G with connected fibers over a connected algebraic S-stack X.

Then P holds for every morphism of finite type algebraic S-stacks.

Proof. By the first Devissage we may assume that f : X — 2 is gerbe-like and A
has components. Factoring f as X — X9 — 9, where Xy is as in Proposition 5.1.11,
we may consider two cases, firstly that 2uty X has connected fibers and secondly
that Auty X is étale. Making the base change to X, which is allowed by (i), we
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may assume that X = B(G/9), for a flat group space G over 9, such that G° is
representable.

Let us consider the first case, where 2uty X has connected fibers. In characteristic
zero a flat group space with connected fibers is necessarily smooth (see for example
Corollaire 3.3.1 in [10, Exp. VIIB]). Since smoothness of G — ) is an open property
in 9 (see Proposition 2.5(i) in [10, Exp. VIB]), we may thus assume that ) is an
algebraic stack of characteristic p > 0. Let F : G — G®) be the Frobenius of G over
9, H =ker F and G’ = im F. Then BG — 9 factors through BG — BG’. This
morphism is gerbe-like, linked to H, a group scheme of height < 1. (See Section 7
in [10, Exp. VIIA] for the definition of group schemes of height < 1.) So using (i)
and (iii) we reduce to proving that P holds for BH — 9 and BG' — 2. Let us
assume for the moment that BH — %) has been dealt with, so that we may replace
G by G'. Repeating this process of passing to the image of Frobenius, will lead,
after a finite number of steps, to a group space G — 9) that is generically smooth
(see Proposition 8.3 in [10, Exp. VITA]). Again using the fact that smoothness of G
is an open property in ), we are done, by (ii) and (iii). Let us now deal with the
case where G is a group scheme of height < 1. Since G is finite, we may embed G
locally into an abelian scheme (see Theorem A.6 in Chapter III of [17]) and thus
reduce to (v). This finishes the proof in the first case.

Let us now do the second case, where 2Auty X is étale. By (ii) and Lemma 5.1.15
we may assume that G is finite étale. Letting 7 : G — 9 be the structure morphism,
we have that m,O¢ is a vector bundle on %) and there is a natural monomorphism
G — GL(m.Og). Thus BG — 9 factors as BG — BGL(m.Og) — 9. Now
GL(m.O¢) has connected fibers, so P holds for BGL(m,.O¢) — 2 by the first case.
On the other hand, BG — BGL(7.Og) is representable. We are done by (iv). O

Universal Homeomorphisms.

Definition 5.1.18. Let f : X — 2 be a morphism of algebraic S-stacks which is
locally of finite type. First assume that f is representable. We call f a universal
homeomorphism, if for every scheme Y — 9) the pullback fy : Xy — Y is a universal
homeomorphism of schemes. Now drop the assumption that f be representable.
Then we say that f is a universal homeomorphism if there exists a commutative
diagram

x/
N
x Loy,

where ¥’ — X and X’ — 9) are representable universal homeomorphisms.

Note 5.1.19. A representable universal homeomorphism if finite, radicial and sur-
jective.

Example 5.1.20. Let X be an algebraic S-stack of finite type and G/X a group
space of height < 1. Then G — X is a representable universal homeomorphism and
thus B(G/X) — X is a universal homeomorphism.

5.2. The Etale Topos of an Algebraic Stack.
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The Flat Topos. Let S be a noetherian scheme. Let X be an algebraic S-stack.
Consider the site &(Xy), defined as follows. The objects of &(Xy) are pairs (U, f),
where U is an affine S-scheme and f : U — X is a morphism of algebraic S-stacks.
For two objects (U, f) and (V,g) a morphism from (U, f) to (V,g) is a pair (¢,0),
where ¢ : U — V is a morphism of S-schemes and 0 : f — go ¢ is a 2-isomorphism
in the 2-category of algebraic S-stacks. The topology on &(Xy) is defined by calling
a sieve for (U, f) covering if it contains a finite family U; — U of flat morphisms of
finite presentation such that [[U; — U is surjective. We call the topos of sheaves
on G(Xy) the fppf-topos associated to X and denote it by Xj.

Consider the following category, which we shall call the category of X-spaces. The
objects of (X-spaces) are pairs (9, f), where 9 is a (not necessarily algebraic) S-
stack and f : 9 — X is a faithful morphism of S-stacks. Recall that a morphism
f 9 — X is called faithful if for every S-scheme U the morphism of groupoids
fU) : P(U) — x(U) is a faithful functor. For two objects (9, f) and (3,g) of
(X-spaces) a morphism from (), f) to (3,¢) is an equivalence class of pairs (¢, 6),
where ¢ : 9 — 3 is a morphism of algebraic S-stacks and 0 : f — go ¢ is a 2-
isomorphism of morphisms of algebraic S-stacks. Here we call two such pairs (¢, 0)
and (¢, n) equivalent, if there exists an isomorphism & : ¢ — 1 such that n = g(§)o0.
The category of X-spaces should be thought of as the category of S-stacks that are
relative sheaves over X.

Proposition 5.2.1. The category of X-spaces is canonically isomorphic to Xg.

Proof. The site &(Xy4) is naturally a full subcategory of (X-spaces). The category
of X-spaces is a topos. Then conclude using the comparison lemma Théoréme 4.1
from [2, Exp. III]. O

Definition 5.2.2. Let X, be the full subcategory of (X-spaces) consisting of ob-
jects (), f) such that 9 is an algebraic S-stack. We call X, the category of algebraic
X-spaces.

The Etale Topos. Fix an algebraic S-stack X. Let X, be the full subcategory of
X.., Whose objects are algebraic S-stacks that are étale over X.

Lemma 5.2.3. The category X is a topos. The open subtopoi of X correspond
bijectively to the open substacks of X. The points of X give rise to a conservative
set of points of Xe. If X is of finite type, then X is noetherian. FEvery morphism
f:X—9 of algebraic S-stacks induces a morphism f : Xs — e of the associated
étale topoi.

Proof. The fact that X, is a topos is standard, using our requirement that all
algebraic stacks be locally noetherian. The fact that étale morphisms are open
implies the claim concerning open subtopoi of X,. The claim about points is implied
by the fact that a radicial étale epimorphism is an isomorphism. The finite type
objects of X, form a generating family consisting of noetherian objects. Thus
X is noetherian, if X is of finite type. The claim about morphisms follows from
the fact that pullback commutes with fibered products and takes epimorphisms to
epimorphisms. O

Lemma 5.2.4. Let i : 3 — X be a closed substack of X and j : 4 — X the open
complement of 3. Consider 4 as an object of X... Then jy : Uy, — X tdentifies Uy,
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with the open subtopos of X« defined by U. The functor iy : 34 — Xe identifies 3g
with the closed complement of this open subtopos of X.

Proof. The claim about j, is trivial. To prove the claim about i, we need to prove
two facts. Firstly, if F' is an étale sheaf on 3 then *i, /' — F' is an isomorphism.
Secondly, if G is an étale sheaf on X such that G x 4 = 4, then G — ,*G is
an isomorphism. Both of these statements are easily seen to be local in X, so we
may assume that X is a scheme. The first is a formal consequence of the fact that
3 Xx 3 = 3. The second is a formal consequence of the first and the following fact:
Let ¢ : FF — G be a morphism of étale X-sheaves. If ¢|4 and ¢|3 are isomorphisms,
then so is ¢. This fact follows from the fact that the points of X form a conservative
family of points for X,. O

Note that, in particular, a nilpotent closed immersion induces an isomorphism
on the étale topoi.

Corollary 5.2.5. Let k : U — X be a locally closed immersion of algebraic S-
stacks. Then the induced morphism k : Yo — X 1S a locally closed immersion of
topoi. If k' : 0" — X' is a base change of k given by u : X' — X, then k. (.,) is the
preimage of k.(Bs,) under the morphism of topoi u : X, — X4.

Remark 5.2.6. If f : ¥ — 2 is a universal homeomorphism, then f : X; — De
is an isomorphism of topoi. In other words, fi : X& — s is an equivalence of
categories with quasi-inverse f*.

Proposition 5.2.7. Let f : 9 — X be a representable étale morphism of algebraic
stacks. Then f represents an lcc-sheaf on X4 if and only if f is finite.

Proof. 1f 9 is an lcc sheaf then f is finite, since finiteness is local with respect to
the étale topology. Conversely, assume that f is finite. Let n be the degree of f.
Making the base change from X to ) we may assume that f has a section. Then
9 = X][2’, where 2’ is finite étale of degree n — 1 over X. By induction )’ is lcc,
thus 9 is lcc, too. O

Proposition 5.2.8. Let X be an algebraic S-stack of finite type. If F is a sheaf on
Xe then F is constructible if and only if F is represented by an étale morphism of
finite type f Y — X of algebraic S-stacks.

Proof. If F is represented by a finite type morphism f : 9 — X, then F is con-
structible by Proposition 5.2.7 and Lemma 5.1.15. For the converse, let f:9 — X
be representable, étale such that the induced sheaf on X, is constructible. To prove
that f is of finite type it suffices to check that 9) is quasi compact. But this is
easy. U

Proposition 5.2.9. Let f : X — 9 be a diagonally connected gerbe-like morphism
of algebraic S-stacks of finite type. Then f induces an isomorphism of étale topoi

Proof. By faithfully flat descent, we may assume without loss of generality that
f admits a section and 9 = S is a scheme. Then X is a neutral gerbe over S.
So there is an S-group GG with connected fibers such that X = BG. The category
of representable étale BG-stacks is equivalent to the category of étale S-schemes
with G-action. But the only way a connected group can act on an étale scheme is
trivially. O
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Corollary 5.2.10. Let X be an algebraic S-stack such that Qut ¥ — X is flat and
has components. Then the morphism of algebraic S-stacks X — X induces an iso-

morphism of associated étale topoi X — Xe. Here X is the associated Deligne-
Mumford stack (see Remark 5.1.12).

Proof. By construction, ¥ — X satisfies the requirements of the proposition. O

5.3. The Smooth Topos. Let X continue to denote an algebraic S-stack. Let 9
be another algebraic S-stack and 7 : X — 9 a fixed morphism, which we assume to
be smooth and representable. We define the smooth site of X relative to ), denoted
S(Xy.em), as follows.

Definition 5.3.1. The underlying category of &(X,..,) is the full subcategory of
X., consisting of algebraic X-spaces that are smooth over 2. A sieve is called
covering if it contains a finite number of smooth morphisms whose images cover.
We denote by X, .. the corresponding topos of sheaves and call it the smooth topos
of X relative to 9. If X = ), then we set X, = X+ and call it the smooth topos
of X.

Note 5.3.2. The topos X,., may be considered as the induced topos (Dem) Jx
where X is considered as a (representable) sheaf on &(9..,).

Remark 5.3.3. The inclusion functor &(Xy...) — Xg is clearly continuous. Thus
it induces a pseudo-morphism of topoi v : X5 — X,..m, such that v* extends the
embedding and v, associates to an X-space the induced sheaf on &(X,..,). Note
that v, commutes with fibered products but is not fully faithful. Since &(X,..,) is
not closed under fibered products, v is not a morphism of topoi.

Definition 5.3.4. A morphism ¢ : F' — G in X,.., is called étale, if for every
U € ob&(Xy..m) and every s € G(U) we have that F' xg s U is representable (by an
object of 6(Xy.om)) and F' Xg s U — U is an étale morphism of algebraic S-stacks.

Note 5.3.5. For ¢ : I' — G to be étale it suffices that there exists and epimorphism
U — G, such that F' xg U — U is étale.

If : F — (G is an étale epimorphism, then G is representable if and only if F' is
representable.

Proposition 5.3.6. The set of étale morphisms is an e-structure (see Definition 4.6.1)
on Xy sm-

Thus for every object U of X, ., letting U be the category of sheaves that are
étale over U, we have a c-topos (U_,U) If U is in &(Xy.am), represented by the
algebraic stack U, then we have (U,U) = (Uy_cm, Yet)-

Proposition 5.3.7. If X is a Deligne-Mumford stack, then (Xy.im, Xe) 5 a trivial
c-topos.

Proof. We need to show that 7 : X, — X, ... is cocontinuous. This reduces to
proving that for every smooth representable epimorphism X’ — X there exists an
étale surjection X — X over which X’ — X has a section. This follows from the
corresponding result for schemes using the fact that Deligne-Mumford stacks have
étale presentations. O
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Remark 5.3.8. Let X be an algebraic S-stack of finite type and A a discrete val-
uation ring. Then the c-topos (X, Xs) is noetherian by Lemma 5.2.3. So as in
Definition 4.4.15 we get the category D.(X.,, A) of constructible A-complexes on
Xon- It is an A-t-category with heart Mod.(X, A), the category of constructible
A-sheaves on X,.

Remark 5.3.9. Let us see what happens if we change the topology on X. Consider
a commutative diagram

x = 9
N lg
2/,

where 7 and 7’ are smooth and representable (so that g is smooth, too). We have a
natural embedding & (X, .m) — &(Xy/em), Which is trivially at the same time time
continuous and cocontinuous. Thus we get an induced morphism of topoi

u %z)-sm - %2)/-51117

such that u* has a left adjoint u) : X4 ou — X4 .am, Which extends the embedding
S(Xy-em) — S(Xyrem). The functor u* restricts a sheaf from &(Xy o) t0 S(X g )-

Now consider 2-commutative diagrams of algebraic S-stacks
f

x — ¥
- | (5)
» Ly

where m and 7’ are smooth and representable. We will study to what extent f
induces a morphism of topoi from X, to %;),_Sm.
First, let us consider the case where (5) is 2-cartesian. Pullback via f defines a
functor
f* : 6(:{,m’—sm) - 6(:{2J—sm)’
This functor is continuous, in other words induces a functor

. /
f* . xz)—sm x P/-sm>

given by f.F(U) = F(f*U), for asheaf F' € ob X,,_,, and an object U € 0b &(X'y/_cm)-
By Proposition 1.2 in [2, Exp. III] f* extends thus to a functor

* oAl
f 1 X 2/-sm %z)-sma

which is a left adjoint of f,.

Let us now consider the case where in (5) we have 9 = 2’. Then f may be
considered as a morphism in &(9.,) or &(X'y..m). (Note that f is representable.)
So f induces a morphism of topoi f : Xy an — X'y

Finally, for treating the general case of (5), we may write f as a composition
of the second case followed by the first. We get a pair of adjoint functors (f*, fi)
between Xy, and X'y ... In other words, we get a pseudo-morphism of topoi
fom : Xyoam — XL (see Remark 4.4.1).

Q_)'—sm

Note 5.3.10. If in Diagram (5) X — 9’ is smooth and representable, then the
pseudo-morphism f : X, — %I, may be factored as Xy a0 — Xyram — X0 s

where X, o — Xy.om is the morphism defined in Remark 5.3.9. In particular,
[ Xyam — X}, is a morphism of topoi.

/_sm
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Proposition 5.3.11. If f : X — X' is smooth, then f* is ezact.

Proof. 1If f is representable, this follows from Note 5.3.10. For the general case,
let X — X be a presentation of X. Then the morphism u : Xy o, — Xy..m has the
property that if «* of a diagram is cartesian, the original diagram was cartesian.
This allows us to replace X, o, — X, .., by Xy — X, . Then we are in the
representable case. O

Warning 5.3.12. In general, f* is not exact. Consider, for example, the case
where X =9, ¥ =9  and f : ¥ — X’ is a closed immersion of smooth varieties
over S = Speck, k an algebraically closed field. Let s # 0 be a regular function on
X', vanishing along X. Consider s as a homomorphism of group schemes s : A;, —
A;,. Then we may, in fact, consider s as a homomorphism of representable abelian
sheaves on &(X',,). We have ker(s) = 0. Now pulling back to X, the morphism
f*(s) : AL — Al is the zero homomorphism, and so ker(f*(s)) = AL.

5.4. The Simplicial Approach. Let X be an algebraic S-stack and X — X a
presentation of X. Then we construct a simplicial algebraic space X, by setting
Xa, =X, = X xx X... xx X and by assigning projections to the face maps and

n+1
diagonals to the degeneracy maps, analogously to the construction of the Cech nerve
of a one-element covering. The simplicial algebraic space X, gives rise to a simplicial
topos X.«, whose fiber over A,, is the étale topos of X,,. The associated total topos
(see Section 4.1) is called the étale topos of X,, and is denoted top(X,,) or by abuse
of notation X,,,, if no confusion is likely to arise.

By descent theory we have that X, ... = X& and so X4 defines a c-structure on
top(X.s ), which is noetherian if X is of finite type (see Lemma 5.2.3).

As in Example 4.1.3 we also get an associated simplicial topos X', , whose fiber
over A, is X}, , the category of projective systems of sheaves on X,,,. The associ-
ated total topos top(XY,,) is canonically equivalent to top(X.,)". The associated
topos of cartesian objects XN is canonically equivalent to XI. So we get a

® ét,cart

c-topos (top(X7Y',,), X%) as in Example 4.4.5.

Now let f : X — 92 be a morphism of algebraic S-stacks and fy : X — Y a
morphism of presentations X — X and Y — ) such that the diagram

x Loy
! ! (6)
x Loy

commutes. We get an induced morphism f, : X, — Y, of simplicial algebraic spaces,
an induced morphism of simplicial topoi f, : X, — Y., and an induced morphism
of the associated total topoi top(f,) : top(X.s) — top(Yss). Clearly, f, induces a
morphism of the first kind of c-topoi

fo : (top(XOéc)vxét) - (top(Kéc)agjét)-
We also get an induced morphism of simplicial topoi f) : XY — YN inducing

o ét o ét
a morphism of total topoi top(fl') : top(X[,) — top(Y[,). Clearly, we have

top(fY) = top(f.)", so we may just write f.' instead. This morphism induces a
morphism of the first kind of c-topoi

S (top(X1,,), X5) — (top(Y),), D).
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Now let f : X — 9) be representable and choose X — X such that the diagram (6)
is 2-cartesian. Let A’ be a ring whose characteristic is invertible on S. Then

fo : (top(XOét)rfét) - (top(}/oét)vz)ét)

is of the second kind with respect to A’. This follows immediately from the smooth
base change theorem.

Now let A be a discrete valuation ring whose residue characteristic is invertible
on S.

Remark 5.4.1. Let A = (A/f"t1),cn, which we may consider as a sheaf of A-
algebras on X% and 9. Then

£ (bop(X,,), X5) — (top(Y.',), Vi)
is of the second kind with respect to A.

Assume now that S is of finite type over a regular noetherian scheme of dimension
Zero or one.

Proposition 5.4.2. Let f : X — 9 be a representable morphism of finite type
algebraic S-stacks. Then

fo 1 (t0D(Xeg), Xa) — (top (Vs ) Der)
induces a functor Rf,, : DI (X,e, A) — DI (Y,e, A) (still assuming that X is the
pullback of Y).

Proof. Let F be a constructible sheaf of A-modules on X.,. Then there exists an
n such that F' is a sheaf of A/¢"*!-modules. Hence RIf, F* is a cartesian object
of top(Y,s). Now F is represented by a representable étale morphism of finite
type F' — X of algebraic S-stacks. Fix for the moment a p > 0 and denote by
FP the pullback of F' to X,,. There exists a go such that for all ¢ > go we have
Rif, FP = 0. By Deligne’s finiteness theorem (Théoreme 1.1 of [8, Th. finitude.])
RIf, FP is constructible for all p,q, and thus represented by an étale Y),-scheme of
finite type. Fix q. Denote by R?f,F the finite type stack over 2) defined by RIf, F*.
(N.B. This is not the derived functor of f, : Mod(X, A) — Mod(9s, A).) The
9-space RIf,F is of finite type, hence constructible (see Proposition 5.2.8). The
claim follows. O

The d-structures defined by the simplicial c-topos. Fix a presentation X — X of
the algebraic S-stack X. For any locally closed substack U of X denote by V — U
the induced presentation. By Corollaries 5.2.5 and 4.1.10 we have the following. If
X = 4 U 3 is the disjoint union of an open substack 4 and a closed substack 3, then
top(Uey) — top(X.y) «— top(Z.s)
! 2 ! 2 !
Uy - Xet — et
are 2-cartesian diagrams. For every locally closed immersion ¥ — X we have a
2-cartesian diagram
top(Vae,) — top(Xew)
! !
PIs - Xet-
So (top(Vie )s Vs, ) is the induced c-topos (see Definition 4.5.2) over the locally closed
subtopos Vs, C Xg.
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Let A be a discrete valuation ring whose residue characteristic is invertible on
S, which we assume to be of finite type over some noetherian regular scheme of
dimension zero or one. By Propositions 5.4.2 and 4.5.7 (and the note following it)
we get a tractable A-cd-structure

U r— D+ (‘/:ét7A) C D:(V:éwA)

lcc

over the topological space |X|.

Corollary 5.4.3. In the situation of Proposition 5.4.2 the morphism f, : (top(X.e ), X&) —
(top(Yeus), Dst) is a morphism of c-topoi of the third kind with respect to A.

Proof. Proposition 5.4.2 says that f induces a tractable morphism of cd-structures.
Apply Lemma 3.2.12. O

By Remark 5.4.1 and Example 4.5.6, we get an A-d-structure
U+ DT (VE A)

cart( o &t

over the topological space |X|, which induces an A-d-structure
T — ]D);l—(v:éw A)

by Proposition 4.5.9.

5.5. The Smooth Approach.

Remark 5.5.1. Let us consider the topos X,,_, endowed with its étale e-structure
(see Proposition 5.3.6). Let U be the set of presentations of X, considered as a family
of objects of &(Xy..m). By Proposition 5.3.7 the family U satisfies the conditions
required of U in Section 4.6. So by Proposition 4.6.4 we get for any presentation
X — X of X that

o DF (Xgm, A) — DT,

cart (X'ém A)
is an equivalence of categories, where A is any sheaf of rings on X.,. Note that o, is
exact, so it is not necessary to derive o,7*.

We also get from Corollary 4.6.5 that
O'*7T* : Dj(xﬂ,)—srm A) - ]D);i— (XOém A)
is an equivalence of categories, for any discrete valuation ring A.

Note 5.5.2. Since we clearly have a morphism u* : D (X, A) — D (X, A),
we get as a Corollary of Remark 5.5.1 that it is an equivalence of categories. So
for the definition of D} (%,.,,A) it is immaterial with which smooth topos we work.
This is not the case, however, for the definition of direct image functors. As we
shall see, to define a direct image functor

Rf,: D} (%, A) — DE(x!_,A)

sm?

associated to a morphism of algebraic S-stacks f : ¥ — X/, it is essential that, at
least over X', we work with the absolute smooth topos, and not a relative one.

Now fix a ring A’, whose characteristic is invertible on S. Thus the smooth base
change theorem holds for étale sheaves of A’-modules over Deligne-Mumford stacks
over S.
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Lemma 5.5.3. Let f : X — Q) be a representable morphism of algebraic S-stacks.
Let U — V be a morphism of smooth 9-schemes. Using notations as in the diagram

z U
v l lu
w v
t] l
x L9
we have for any étale sheaf of A'-modules F' on X the base change theorem that
W R go tF =5 Ry Wt F (7)

is an isomorphism of étale U-sheaves for every i > 0.

Proof. Let Y — 9) be a smooth presentation of 9. It suffices to prove that (7) is an
isomorphism after making the base change to Y. Using notations as in the diagram
v — VvV — Y
2 | 2 |
v — V — 9

this is easily proved by applying the smooth base change theorem for the four base
changes U/ - U, V' -V, V =Y and U' — Y. O

Lemma 5.5.4. Let & be a site with topos of sheaves X. Let X be a full subcategory
of & such that (X, X,7) is a trivial c-topos. Let H be a presheaf on & and H the
associated sheaf. Then mH is the sheaf associated to m,H .

Proof. This can be seen using the functor 7' : X" &7, which is a right adjoint
of Ty : 6N — YA, and induces a functor ' : X — X. (Apply Proposition 2.2 of [2,
Exp. ITI] to X — &.) Here we denote by X" and 6" the categories of presheaves
on X and &, respectively. O

Proposition 5.5.5. Let f : X — 2 be a representable morphism of algebraic S-
stacks. Let X — X' be a smooth representable epimorphism such that f factors
through X'. Let Y — ) be a presentation of 2), denote by fy : X — Y the corre-
sponding base change of f, and let F' be an étale sheaf of A’-modules on X. Then
for every i > 0 we have

R fersmsF Youm = R fy o Fx
as sheaves on Yy .. Here fyr ., denotes the direct image functor
Feroms : Mod(X s g, AT) — Mod(Ym, A).
In particular, R f. . F is an étale Y-sheaf. (In other words,
[ (Xeriom Xee) = (Dom> Dee)
is a morphism of c-topoi of the second kind with respect to A’.)
Proof. Consider the presheaf H on &(9),,,) given by
U+— H'(f*Uq, F),
for U € ob &(Y,m). Compare H with the presheaf H' given by
U H(f*Usroam, F).
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There is an obvious map H — H’, which induces a bijection H(U) — H'(U)
whenever (f*Uy an, f*Us ) is a trivial c-topos, so whenever U is a scheme. Since the
schemes in &(9.,) form a generating family, H — H’ induces an isomorphism on

the associated sheaves. This proves that the sheaf H associated to H is R Farosmu -

Now fix for the moment a U € ob&(Y.m), such that U is a scheme. Since
(Uy-cm, Ust) s a trivial c-topos, we have by Lemma 5.5.4 that H restricted to U,, is
the sheaf associated to the presheaf

U'+— H'(f*U.,F),
which is none other than R’ fy;,,, F. Evaluating on global sections, we conclude that
H(U) = R fro F(U).

Now assuming we are given a morphism v : U — Y in &(9,,), then we have by
Lemma 5.5.3 that
R fy g F = w'R fy,F,
so that
H(U) = R fy . F(U).

This is what we needed to prove. O

Corollary 5.5.6. In the situation of the Proposition we have commutative dia-
grams of functors

Rf
cht(x»f’—sva/) fﬁ}m* Dcﬂt—(@sva/)
o % o l l o % o
+ / Rfest, + /
Dcart (X'ém A ) - Dcart(Y;éM A )

and
N

RfY,
DI . A =3 DI A)

x/-sm? sm?

o % l l %
+ N Rfs’ét* + N
Dcart (X- ét)? A) Dcart(Y: ét)? A)

Let us now fix a finite type algebraic S-stack X. Choosing a presentation X of X,
recall that we have a d-structure on |X| assigning to the locally closed substack U of X
the t-category DT (V,.,, A’), where V, is the simplicial algebraic space defined by the
presentation V of U induced by X. Considering this d-structure as a fibered category
over lc|X|° using the direct image functors as in Remark 3.1.3, Corollary 5.5.6 shows
that we may define a fibered category over lc|X|° whose fiber over U € oblc|X|°
is D (..., A’) and whose pullback functors are the direct image functors. This is

then obviously a d-structure on |X|.

Definition 5.5.7. The d-structure thus constructed is called the étale-smooth A’-
d-structure on X. We denote it by

U+ D (B, A)
or simply D (%..., 4’), by heavy abuse of notation.
Clearly, D;" (%, A") C D& (%.m, A’) defines a cd-structure on |X|. It is tractable

lcc
as we saw in Section 5.4.
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Let A be a discrete valuation ring whose residue characteristic is invertible on S,
where S is of finite type over a regular base of dimension zero or one. In the same
way as above, Corollary 5.5.6 gives rise to an A-d-structure on |X|, given by

U+ DI(T A).

sm?

It passes to an A-d-structure
B +— D (B, A),

by the results of Section 5.4. (As usual, A denotes the projective system A =
(A7 1))

Definition 5.5.8. We call ¥ —— DI (,,., A) the constructible (-adic d-structure
on X.

5.6. The Etale-Smooth cd-Structure. Let us continue with consequences of
Proposition 5.5.5.

Corollary 5.6.1. Let f : X — 2 be an arbitrary morphism of algebraic S-stacks.
Then

(fsm7 fét) : (xsmv xét) — (%sm) @ét)
is a morphism of c-topoi of the second kind with respect to A’.
Proof. Let F be an étale sheaf of A’-modules on X and X — X a presentation of X.
Let X, be the corresponding simplicial algebraic space. Denote for every p € N the

induced morphism by f, : X, = 2. Let U € ob&(9,,). Then we get an induced
simplicial object X, xx f*U in &(X,,,) and whence a spectral sequence

E:I[)’q = Hq((Xp X f*U)x—st F) - Hp+q(f*U35_sm7 F)
Note that X, x f*U = f U, so that our spectral sequence may be written
Ef7q = Hq(f;UI—sma F) - Hp+q(f*U35‘sm’F)'

Letting U vary and passing to the associated sheaf on &(9)..), we get a spectral
sequence

EPY=Rif, F= RPTIf . F.

We conclude using Proposition 5.5.5 and the fact that f,, is representable, for all
p>0. 0O

Corollary 5.6.2. In the situation of Proposition 5.5.5 we have a commutative di-
agram of functors

Rf./
D (Xgram, A7) 2 DL A

mx.p* | b ry.r*
R ét %
DH(Xu, A) M Dy, A
Here p* denotes the restriction of a sheaf from Xy qn t0 Xirem and T denotes

the restriction of a sheaf from Do to Yy im. Finally, mx @ Xyow — X and
Ty : Yo.om — Ya are the structure morphism of these two trivial c-topos.
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Lemma 5.6.3. Let f : X — 9 be a representable morphism of algebraic S-stacks
and g : Y — 3 a further morphism of algebraic S-stacks. Let Y be presentation
of 9 and X the induced presentation of X, giving rise to the following diagram of
functors

X 25 Vi
a* 1 To N\ gom.
T g, B
Then for every M € ob D (%.., A") the natural homomorphism
Rgons B fume@™ M — R(g o f)om,a” M
is an isomorphism. Here (g o f)am, @s the direct image functor from Xy o 0 3am-
Proof. Letting u : Z — 3 be a presentation of 3, it suffices to prove that
U RGam s R fams@™ M — " R(g o f)am,a" M

is an isomorphism. This may be proved by applying Corollary 5.6.2 to the repre-
sentable morphisms Y — 3, X — 3 and X — 2), using notations as in

X — Y
BN
X — Y o 7

R

One reduces to the composition X/, — Y/ — Z., of honest morphisms of topoi. O

Proposition 5.6.4. Let f: X — 2 be a morphism of algebraic S-stacks. Then for
every g: 9 — 3 and any M € ob D (%,,., A’) the canonical morphism

Rgsm*Rfsm*M — R(g o f)sm*M

1s an isomorphism. Here we endow all three stacks X, ) and 3 with their absolute
smooth topos.

Proof. We will use the first devissage lemma (Proposition 5.1.16). Thus we have to
check four facts.

Let us first prove that the proposition holds when f is smooth. In this case f.,,
has an exact left adjoint, so it takes injective sheaves of A’-modules to injective
sheaves of A’-modules. So the proposition holds even for M € ob DT (X,.., 4').

Secondly, let us assume that f is representable. Let Y be a presentation of ) and
X the induced presentation of X. Let X, and Y, be the corresponding simplicial
algebraic spaces and use notations as in the diagram

x, I v,
l l \gp
x L9 L o3

with hy, = gp o fp and h = go f. For every M € ob D" (.., A’) we have a spectral
sequence

E;f7q = thgpy-sm*(M|}/p¥)—sm) :> hp+ngsm*M‘ (8)
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Letting M € ob DV (%,..,4’), and applying (8) to Rf...M, we get a spectral se-
quence in Mod(3,,,, A"

EP = pa Ropy o (Bfan MYy, )= RPYIRG o R oy M.
Now by Lemma 5.6.3 we have

Rgp@—sm*(Rfsm*M|Y;) thx-sm*(M|Xp3€-sm)’

z)-sm) =

so that our spectral sequence reads
Eiqu = thhpx-sm*(M|pr_sm) - hp+ngsm*Rfsm*M'

But this sequence abuts to h?T9Rh,,, .M which proves our claim.
As third part let us consider a diagram

U

il Ny

x Log Moy
iT ' h

3

and assume that the proposition holds for g and h. To prove it for f, let M €
ob D (%.m, A’). We have a distinguished triangle in D (%, A")

Rj.j*M
/ AN
i Ri'M — M,

using the étale-smooth A’-d-structure on X (see Definition 5.5.7). Since we al-
ready proved the proposition for immersions, we derive a distinguished triangle in
Dy (Dams A)

Rg.j* M
/ AN
Rh,Ri' M — Rf.M,
and one in D (!, A"
R(Wg).j*M
/ AN
R(Wh)Ri'M — R(W f)«M.

Applying R, to the first one and comparing with the second one we get the result.
Finally, it is a pure formality that the proposition holds for f'o f : X — X" if it
holds for f: %X — X' and f/: X' — X". O

Corollary 5.6.5. Let f : X — 9 and g : 9 — 3 be morphisms of algebraic S-stacks.
Then for every M € ob D (%Y | A) the canonical morphism

sm?

RgY RN M — R(gf)\ .M

sm % sm %

in D (3N [ A) is an isomorphism.

sm’
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Let f : ¥ — 2 b a morphism of algebraic S-stacks. If we have a commutative
diagram

x Ly
! | 9)
x L9,

where X — X and Y — 9) are presentations, then the isomorphism of Remark 5.5.1
allows us to define a functor

f* : D;(@Sl’l’l?A/) - chlt—(xsm7 Al)?
which arises via transport of structure from

fro: Dh(Yau, A') — D

® ét cart cart

(Xoa, A).
Similarly, the diagram (9) defines a functor

Y DE(D5 A) — DI,

sm?

A).
Proposition 5.6.6. In this way every diagram (9) gives rise to a left adjoint of
Rf.: DY (X, A) — DF (D, 4)

and of
RfN* : De—’t_(%N A) - D;(@SIHA)'

sm?

Proof. 1If f is smooth, then f., : X, — D and [ XN — PV are morphism
of c-topoi of the first kind. Thus f* and f * give rise to left adjoints as required.
That they are compatible with the pullback functors arising from diagram (9) is
easily proved using similar arguments as in Proposition 4.6.6.

If f is representable, then f,. : top X, — topY,, and fI, : top(X.,)" —
top(Y., )" are morphisms of c-topoi of the first and second kind. Thus f,,,, and

2., are right adjoints of our pullback functors and so the proposition follows from
Corollary 5.5.6.

Let f: X — 2 and ¢g : 9 — 3 be morphisms of algebraic S-stacks and assume
that the Proposition holds for f and g. That the proposition then holds also for
g o f follows easily from Proposition 5.6.4 and its Corollary 5.6.5.

Now let X be the disjoint union of a closed substack i : 3 — X and its open
complement j : 4 — X. Let us assume that the proposition holds for f o i and
foj. Let M € obDf(%,,., A"). We get distinguished triangles in D (%,,., A’) and
D (Ywms A)

Rj.j*M R(fj)«j"M

/ AN / AN
i Ri' M — M, R(fi)+Ri'M — Rf.M.

Apply Hom(f*N, -) to the first and Hom(N, ) to the second to get the required
result.

Finally, the proposition now follows from the first devissage lemma Proposi-
tion 5.1.16. O

So from now on we denote by f* any left adjoint of Rf. : D (%,., A) —
Dz (Ywm, A').



DERIVED ¢-ADIC CATEGORIES FOR ALGEBRAIC STACKS 49

Corollary 5.6.7 (Smooth base change). Consider a 2-cartesian diagram of S-stacks

f/

%/ g 2)/
v ] lu
x Loy,

where Q' — Q) is smooth. Then for every M € ob D (%..., A") we have a canonical
isomorphism

w*Rf.M — Rflv*M.

A similar statement holds for objects of Dt (XN | A).

sm?

Proof. First of all, the base change homomorphism exists since we have all the
adjoint and composition properties needed for its definition, by Propositions 5.6.4
and 5.6.6. To prove that it is an isomorphism it suffices to consider the case that
M = F is an étale sheaf of A’ modules on X. Clearly, we may also assume u : 9)' — 9
to be representable.

Let us first consider the case that f is representable. Choose a cartesian diagram
of presentations

y! %X v

! !

y = 9,
and let

x 2 ox

! !

x L ox

be the pullback via f. It suffices to prove that we have an isomorphism after pullback
to Y’. This is easily reduced to the usual smooth base change theorem by applying
Proposition 5.5.5 to the morphism f : X — 2) and the presentations Y and Y’ of 9,
respectively.

Now the general case can be proved using the spectral sequence

EY = RIf, F — RPFI[F,

associated to a presentation X — X, where f,, is the induced map X, — 9. O

5.7. The /-Adic d-Structure. Let f : X — ) be a morphism of algebraic S-stacks
of finite type. From Propositions 5.6.4 and 5.6.6 it is now clear that f induces a
morphism of the étale-smooth A’-cd-structures on X and ). We also get a morphism
from the d-structure U — DZ (DY | A) on X to the d-structure 25 — D (20) | A) on
2. Our goal is to prove that it passes to the constructible ¢-adic d-structures. For
this it will be essential that the morphism of the étale-smooth Ag-cd-structures is
tractable. To prove this (Theorem 5.7.10) we need some preliminaries.

If not indicated otherwise we think of algebraic S-stacks as endowed with their
étale-smooth A’-cd-structure. For a morphism of algebraic stacks we will denote

the induced morphism of étale-smooth cd-structures by the same letter.
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Closed L-Stratifications. We will need L-stratifications satisfying an additional hy-
pothesis.

Definition 5.7.1. Let X be an algebraic S-stack of finite type and A a ring. We
call a family £ of simple lcc sheaves of A-modules on X, closed, if for every finite
family L1, ... L, of elements of L the tensor product L; ®...® L, has Jordan-Holder
components isomorphic to elements of L.

Clearly, intersections of closed families of simple lcc sheaves of A-modules are
closed.

Lemma 5.7.2. Let f: 9 — X be a finite étale morphism of algebraic S-stacks of
finite type. Then the set of isomorphism classes of simple lcc sheaves of A-modules
on X4 that are trivialized by Q) is finite.

Proof. We may assume that f is a principal bundle with finite structure group G.
Let k be the residue field of A. Any simple object of Modjc. (X4, A) is in fact a sheaf
of k-vector spaces. So the simple lcc modules trivialized by 2 are equivalent to
simple finite left k[G]-modules. Every simple module over k[G] is cyclic and hence
isomorphic to k[G]/m, where m is a maximal left ideal of k[G]. But these are finite
in number. O

Corollary 5.7.3. Let L be a finite family of simple lcc sheaves of A-modules on
Xer- Then there exists a finite such family L containing L, which is closed. The
smallest such L is called the closed hull of L.

Proof. Let 9 be a finite étale cover of X, trivializing all elements of £. Then let L
represent the set of all simple lcc sheaves on X, trivialized by 9. O

Definition 5.7.4. A pre-L-stratification (S, L) of X, is called closed, if for every
U € S the set of lcc sheaves £(U) is closed on Vs,.

Lemma 5.7.5. Fvery L-stratification of X, admits a refinement which is a closed
L-stratification.

Proof. Going through the proof of Lemma 3.2.6, we notice that after we refine
(S, L) to an L-stratification over U UV (in the notation of loc. cit.) we may pass
to the closed hull of £(V') and thus ensure that all £(V') become closed. O

Consider the following setup. Let S be a scheme of finite type over a regular
scheme of dimension zero or one, and £ a finite field, whose characteristic is invertible
on S. Let m: G — X be a smooth group X-space with connected fibers, where X is
an algebraic S-stack of finite type. Assume that the relative dimension d of G over
X is constant.

We know that RPrm.k is a constructible sheaf of k-vector spaces on X, for ¢ =
0,...,2d and zero for ¢ > 2d (see for example Corollary 5.6.7). Let us in fact assume
that RIm.k is lcc, for every ¢ > 0. Let Ly be a finite set of simple lcc sheaves of
k-vector spaces on X such that the Rim.k are trivialized by £, meaning that the
Jordan-Holder components of Réw,k are isomorphic to elements of L, for all ¢ > 0.
Now let F' be an lcc sheaf of k-vector spaces on X4, and £ a finite set of simple
lcc sheaves of k-vector spaces on X, such that F' is trivialized by £. Assume that
Lo C L and that £ is closed.
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We introduce the following notation. Let Gy = X and G,, = G,,_1 Xz G, for
n > 1, and let 7, : G,, — X be the structure morphism. The pullback of F' via mp,
to G,, will be denoted by Fi,.

Lemma 5.7.6. For every n > 0 the sheaf of k-vector spaces Rimy,(Fy) is lcc and
trivialized by L, for every q > 0.

Proof. We will proceed by induction on n, the case n = 0 being trivial. For n > 1
consider the following cartesian diagram of algebraic S-stacks

Gn & n—1
p1 J, J, Tn—1
¢ = x

By the smooth base change theorem (Corollary 5.6.7) we have

Ripy Fy = " Rimy 1, (Fn-1),
for every ¢ > 0. So the Fs-term of the Leray spectral sequence of the composition
T, = 7o p1 is given by

EP? = RPm,Ripy . F,
= RPm."Rimp_1,(Fh-1)
RPrk @ Rimy—1,(Fr-1)

by the projection formula, which we may apply since Rim,,_1,(F,,—1) is locally free,
by the induction hypothesis. Since we have assumed RPw.k to be lcc, trivialized by

L, the induction hypothesis implies that EP? is also trivialized by £, for all p,q.
Passing through the spectral sequence the claim follows. O

Now consider the classifying stack BG = B(G/X) of G. Denote the structure
morphism by f: BG — X.

Corollary 5.7.7. Let L be as above. Let M € ob D} (BG.,.,k) be trivialized by L.
Then Rf.M is an object of Dit (%.u,k), trivialized by L.

lcc

Proof. First note that without loss of generality we may assume M = F to be an
étale sheaf on BG, which comes from X by Proposition 5.2.9. Then we need only
apply the spectral sequence

E{)’q = Rqﬂ'p*Fp — Rp+qfsm*(f*F)’

which is just the spectral sequence of Cech cohomology associated to the one-object
covering X — BG of BG, given by the universal G-torsor. O

Some more auxiliary results.

Lemma 5.7.8. Let f: X — 9 be a universal homeomorphism. Then the functor
Rf* : Dejt(xsmv A/) I D;(@sm? A/)
s an equivalence of categories with quasi-inverse f*.

Proof. By Remark 5.2.6 this reduces to proving that R‘f.F = 0, for i > 0 and
F an étale sheaf on X. This, on the other hand, reduces by Proposition 5.6.4
to the representable case. But then by Corollary 5.6.7 we may base change to a
presentation of 9) and use the étale topology to compute R'f,F. Then we are done
since f is finite. O
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Lemma 5.7.9. Let f : X — Q) be gerbe-like such that Ay has components and A any
ring. Then for any pre-L-stratification (S, L) of X there exists a pre-L-stratification
(8", L") of , such that for a sheaf of A-modules F' on Q. we have that f*F being
(S, L)-constructible implies that F is (S', L")-constructible.

Proof. Choose a maximal element V' of S. Then V' — X is an open immersion and
V — 9 is smooth. Let V/ C 9 be the image of V in ), which is an open substack
of 9, and let 9’ be a closed complement of V’ in . Then is suffices to prove the
lemma for V' — V'’ and the pullback of f via 2’ — 9. So by noetherian induction
we reduce to the case that S contains only one stratum.

Let £(%X) = {L1,...,Lyp}. Let Lq,...,Ls be those elements of £(X) that come
via f* from 9. Choose My, ..., M, such that f*M; = L;, for i = 1,...,s. Then
set &' ={Y} and L'(Y) = {M,... ,M;}. Now the claim follows from the fact that
a simple lcc sheaf of A-modules on 2, remains simple after pullback to X. This
follows from the following two facts.

i. f*:Mod(9s,A) — Mod(X4, A) is fully faithful.

ii. For every F' € obMod(X,, A) the adjunction homomorphism f*f,F — F is a
monomorphism.

Fact (i) follows easily using descent theory from the fact that Ay : X — XgX is
a flat epimorphism. To prove (ii) we may factor X — 9 as X — X’ — 9, where
X — X' is gerbe-like with connected fibers of the diagonal and ¥’ — 9 is étale
(see Proposition 5.1.11). Since ¥ — X’ induces an isomorphism of étale topoi
(Proposition 5.2.9), we are reduced to the étale case. Then it is not very hard to
prove (ii) using (i). O

The Main Theorem. Let k be a finite field whose characteristic is invertible on 5,
which is a scheme of finite type over some noetherian regular base of dimension zero
or one.

Theorem 5.7.10. For every morphism of finite type algebraic S-stacks the in-
duced morphism of étale-smooth k-cd-structures is tractable. (See Definitions 5.5.7
and 3.2.10.)

Proof. We will use the second devissage lemma (Proposition 5.1.17). By Lemma 5.7.9
condition (i) is satisfied by our property. Conditions (ii) and (iii) are satisfied by
general theory of tractable morphisms of cd-structures, in particular Lemma 3.2.11.
The theorem holds for representable morphisms by Proposition 5.4.2.

So let us assume that we are in case (v) and use notation as in Lemma 5.7.6
and Corollary 5.7.7. Note that by Proposition 5.2.9 L-stratifications of X and BG
coincide. Let (S,L) be a closed L-stratification of X such that for every stratum
U € S we have that Rimy,k is lcc, trivialized by £(2), for all i. We claim that
if M € ob D&ﬁ)(BGsm,k), then Rf.M is (S, L)-constructible. This reduces to
the case M € obMod s £)(BGs, k), so that we may assume that M = f*F, for an
(S, £)-constructible sheaf of k-vector spaces on X,,. To prove that Rf.f*F'is (S, £)-
constructible, we may pass to the strata of S (using Lemma 3.2.8) and thus assume
that X contains only one stratum. Then we are in the case of Corollary 5.7.7. O

Now let A be a discrete valuation ring with residue field k£ and parameter £. Note
that by Nakayama’s lemma every simple lcc sheaf of A-modules is a sheaf of k-vector
spaces. Thus L-stratifications with respect to A and with respect to k coincide.
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Proposition 5.7.11. Let f : X — 9 be a morphism of finite type algebraic S-
stacks. Let (S, L) be an L-stratification of X& and (S', L") an L-stratification of Ye,
such that under
Rf.: DF (%o, k) — D (D, k)

the (S, L)-constructible objects map to (S', L)-constructible objects. (Existence of
(S, L") is guaranteed by Theorem 5.7.10 and Lemma 3.2.12.) Then the functor
Rf. : D" (Xu, A) — DT (D, A) maps (S, L)-constructible objects to (S',L')-
constructible objects.

Proof. Let M € ob D&ﬁ)(%sm,A). To prove that Rf.M € ob D(Jg,ﬁ,)(msm,A), we

may assume that M = F is an étale sheaf on X. Induction on the length of the
f-adic filtration of F' reduces to the case that F' is a sheaf of k-vector spaces. Then
we are done, since the derived functors of f, commute with restriction of scalars as
was noted in Remark 4.4.1. O

Corollary 5.7.12. Let f : X — Q) be a morphism of finite type algebraic S-stacks.
Then [ : (Xims Xet) — (Damy V) @8 a morphism of c-topoi of the third kind with
respect to A.

By this corollary the functor
Rf.: D (%,

o &) = DLV, )
passes as in Remark 4.4.18 to an f-adic derived functor
Rfs: Df (X, A) — DI (Y, A)
between the categories of constructible A-complexes on X, and 9),,., respectively.
Proposition 5.7.13. Let
7 DI, A) — DXL, A)

be a left adjoint of
constructed as in Proposition 5.6.6. Then the induced functor
f* : Dj(gjsmMA) - D:(%smv A)
is a left adjoint of
Rfy : DI (X, A) — DI (Dim, 4).
Proof. This is a straightforward, if tedious, check. (Compare Remark 2.1.5.) O

Corollary 5.7.14 (Smooth base change). Let f': X' — 9’ be induced by a smooth
base change u : ' — . Then we have natural isomorphisms

WREM =5 Rf M,
for every M € ob D (X,,, A). Here v is the morphism v : X' — X.
Proof. This follows immediately from Corollary 5.6.7. O

Remark 5.7.15. It is now clear that a morphism of finite type algebraic S-stacks
f : X — 9 induces a morphism of the constructible ¢-adic d-structures on X and
9), respectively (see Definition 5.5.8). So we have finally achieved our main goal of
constructing an /-adic formalism for algebraic stacks. Additional properties enjoyed
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by our f-adic formalism are smooth base change (Corollary 5.6.7) and the fact that
a universal homeomorphism f : X — 9 induces an equivalence of categories

]Rf* : ]D);l—(xsrmA) I Dj(msrrnA)a
with quasi-inverse f*. Moreover, if X is a Deligne-Mumford stack, then
D (Xem, A) = D (X4, A).

Remark 5.7.16. Another consequence of Corollary 5.7.12 is that we have a com-
mutative diagram

Df (X A) — D (Do A)

oem* | | own

Df (Xew,A) — DF(Yi, A).
Thus every finite type algebraic S-stack X gives rise to a tractable cd-structure
D} (%4, A), and every morphism of finite type algebraic S-stacks defines a tractable
morphism of these cd-structures. So we get a theory analogous to the /-adic theory
of Remark 5.7.15.

5.8. Purity and Extraordinary Pullbacks.

Definition 5.8.1. We call an ¢-adic lcc sheaf M on the topos X torsion free, if for
every n € N the sheaf of A,-modules M,, on X is locally free.

Let M be a torsion free /-adic lcc sheaf on X. Then the A-linear functor
QA M : Mod(XN,A) — Mod(XN,A)

is exact and maps AR-null modules to AR-null modules. If (S,L£) is a closed L-
stratification of X such that M is (S, £)-constructible, then _ ® M also preserves
(S, L)-constructability. So if (X, X) is a c-topos and M a torsion free f-adic lcc
sheaf on X, then we get an induced functor

_ @AM :D.(X,A) — D.(X, A),

at least if we assume that every L-stratification can be refined to a closed L-
stratification.

Now let S be a scheme and n a natural number, invertible on S. Then p,,
the S-scheme of n-th roots of unity, is finite étale over S, hence is an lcc sheaf of
abelian groups on S;,. Let A be a discrete valuation ring with finite residue field of
characteristic invertible over S and with parameter ¢. Let [ be the rational prime
number that ¢ divides. Let us set

Mpn+1 = A ®Z Myn+1.

Then (pn+1)nen is a torsion free ¢-adic lcc sheaf on S, which we denote by A(1).
we will also denote by A(1) the pullback to any algebraic S-stack.
Similarly, we define

N?ﬁbl = A x4 N?;le
for any m € Z and denote the (-adic sheaf (,u%fﬁl) by A(m).
Definition 5.8.2. Let X be an algebraic S-stack. For an object M € obD.(X,,,, A)

we write M (1) for M ®a A(1), and call it the Tate twist of M. We define M (n) =
M ®, A(n) and note that M(n)(m) = M(n + m).
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Proposition 5.8.3 (Purity). Let 9 be an algebraic S-stack of finite type. Let 3
and X be algebraic S-stacks endowed with smooth finite type morphisms f :3 — 9
and gX — 9. Leti: 3 — X be a closed immersion over ). Let c be the codimension
of 3 in X, which is a locally constant function on |3| with values in N. Then for any

object M of ngc(%sm,A) we have a canonical isomorphism

*M(—c)[~2c — Ri'M
in D (3em, A).
Proof. Choose a presentation Y — 2 of ). Thenlet X — X xoY be a presentation,
which induces a presentation X — X of X. Let Z — 3 be the induced presentation
of 3. Let Z, and X, be the simplicial algebraic spaces given by these presentations of
3 an X, respectively. Note that for every p € N the scheme Z,, is a closed subscheme

of X, and i, : Z, — X, is a smooth Y-pair of codimension c. Hence we have for
any lcc sheaf ' of A’-modules on X, that
q:! |0 for q # 2c¢
R, (F|.Xp) = { inF(—c) for ¢ =2c. (10)

We will work with fibered topoi over A° x N.
We have a closed immersion of topoi

i i top(Zeg)" — top(Xag)"

as in Proposition 4.1.8. Hence we have a natural homomorphism

i*RHom(A, M) — RHom(Ri'A, Ri' M) (11)
for every M € ob DT (X,5, A). (This homomorphism is the adjoint of

RHom(A, M) — i,RHom(Ri'A, Ri' M),
which is the derivative of

Hom(A, M) — i, Hom(i'A,i' M).)
Now by (10), we have Ri'A = A(—c)[—2¢], so the homomorphism (11) gives rise to
i*M — Ri'M(c)[2¢].

Our goal is to prove that this is an isomorphism if h? M is lcc, for all p. But it suffices
to do this after application of h?, so it follows from (10), and the fact that Ri' and
Tate twists may be calculated componentwise over A° x N (see Proposition 4.1.8).
Note that, in particular, Ri'M is lcc. we get an induced isomorphism

i*M — Ri' M (c)[2d]
(Zuoers A) = D (3em; 4). O

R
in D lec

lcc
Remark 5.8.4. Consider a 2-cartesian diagram

Z'/

3/ AN %/
vl B L (12)
3 X x

of finite type algebraic S-stacks, where ¢ is a closed immersion and w is smooth
representable. Then we have

.1 !
’U>’< oR =R7 o u*
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as functors from D} (X.., A) to DF (3’ ,A). This is a formal consequence of the

smooth base change theorem for Rj,, where j : 4 — X is the open complement of 3
(see Corollary 5.7.14).

Corollary 5.8.5. In the situation of Proposition 5.8.3 we have for every M €
obDF (Yo, A) that

f*M(—c)[—2¢] = Ri'g* M.
Proof. Choose an L-stratification (S, £) of 9 such that M € ob D&’E)(msm,A). As
in the proof of the proposition we get a canonical homomorphism

F*M(—c)[—2d — Ri'g* M.

To prove it is an isomorphism, we may pass to the strata of 9 using extraordinary
pullbacks, by Remark 5.8.4. Then we are reduced to the case considered in the
proposition. O

Definition 5.8.6. We call a morphism f : X — 9 of finite type algebraic S-stacks
an elementary embeddable morphism, if f is a closed immersion, a representable uni-
versal homeomorphism or a smooth representable morphism. We call f embeddable,
if it may be factored into a finite number of elementary embeddable morphisms.

Note that, by definition, embeddable morphisms are representable. Compositions
and base changes of embeddable morphisms are embeddable.

Proposition 5.8.7. Let X be an algebraic S-stack of finite type and x : Speck — X
a finite type point of X. Then x is embeddable.

Proof. Using similar tricks as in the proof of the second devissage lemma (Proposi-
tion 5.1.17) we reduce to the following considerations. If X — Speck is a scheme,
then any section is a locally closed immersion, hence embeddable. Let G be a
smooth group scheme over k. Then Speck — BG is smooth and representable,
hence embeddable. O

Definition 5.8.8. Let f : ¥ — 2 be an embeddable morphism of algebraic S-
stacks. Then we define

Rf' : D} (Ywms A) — DF (X, A)

as follows. If f is a closed immersion, Rf' is any right adjoint of Rf,, which exists
by Definition 5.5.8. If f is smooth, then we set Rf' = f*(d)[2d], where d is the
relative dimension of f, which is a locally constant N-valued function on |X|. If f
is a universal homeomorphism we set Rf' = f*. Finally, in the general case, we
factor f into elementary embeddable morphisms and compose the above definitions
for these.

Proposition 5.8.9. This definition makes sense.

Proof. We need to show that if we factor f in two ways into elementary embeddable
morphisms, we arrive at the same Rf'-functor. We will show that this results from
the following two facts.

i. In the situation of Proposition 5.8.3, where f and g are smooth representable
and i is a closed immersion, we have Ri'Rg' = Rf".
ii. Consider a 2-cartesian diagram (12) as in Remark 5.8.4. Then Rv'Ri' = Ri’ 'Ru'.
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Use (i) and (ii) to prove that Claim (ii) remains valid if we replace the 2-cartesian
requirement by mere commutativity of the diagram. Deduce also that we have the
truth of (i), in the case where f is a closed immersion instead of a smooth map.
From this fact we get also that if go j = f o4, where i and j are closed immersions
and f and ¢ are smooth representable, then Ri'Rf' = Rj'Rg'.

Now it is easy to prove the following fact. Consider an equation foi = j, where 4
and j are locally closed immersions an f elementary embeddable. Then there exist
factorizations of ¢ and j into closed immersions followed by open immersions such
that for the induced definitions of Ri' and Rj' we have Ri'Rf' = Rj'. From this
we deduce, using the fact that any section of a representable morphism is a locally
closed immersion, that no matter how we factor idy into elementary embeddable
morphisms, Rid!x = id. The general case of an embeddable morphism f : X — 9
now follows by applying this to the factorization idy = pr; oAy, and using (ii).

So it remains to prove (i) and (ii). Note that (ii) is a trivial consequence of
Remark 5.8.4 and (i) follows easily from Corollary 5.8.5. O

Proposition 5.8.10 (Base Change). Let f : X — Q) be a morphism of finite type
algebraic S-stacks. Let j : Q' — 2 be embeddable. Then there is an isomorphism of
functors Ru'Rf, — Rg.Rv' from D} (X,., A) to DF (Y., A), where the notations are
as in the diagram

x! i) 291
vl lu
3 /

Proof. Without loss of generality u is elementary embeddable. If u is smooth this
is the smooth base change theorem Corollary 5.7.14. If u is a closed immersion, it
is equivalent to the trivial base change to the open complement of ' in 9. O

Proposition 5.8.11. Assuming that S is the spectrum of a field, let X be smooth
over S of dimension n and let M € obD: (%, A). If x : Speck — X is a finite type

lcc

point of X, then we have Rx'M = x* M (—n)[—2n].

Proof. This works similarly as Proposition 5.8.7. O

6. CONVERGENT COMPLEXES

6.1. Q,~Complexes. Let S be a scheme of finite type over a noetherian regular
scheme of dimension zero or one and let ¢ be a prime number invertible on S. In
the previous section, we constructed for every algebraic S-stack X of finite type
and every discrete valuation ring A with residue characteristic £ an A-t-category
De(Xm, A) whose heart is Mod.(X, A). Let K be the quotient field of A. By
extension of scalars we get a K-t-category D.(X,., ) whose heart is Mod.(X¢, K).

Taking the 2-limit over all finite extensions K of Qg we get a Q-t-category
De(Xom, Q¢) whose heart is Mod.(X,, Q). We call the objects of D.(Xm, Q) con-
structible Qg-complezes on X and the objects of Mod.(X, Q) constructible Q-
sheaves on X.

By abuse of notation, we denote by A also the object of Mod.(X, A) defined by
the sheaf of rigs A = (A, )neny on XV, where A, = A/("*! and [ is the maximal ideal
of A. The image in Mod. (%, K) will be denoted by K, the image in Mod.(X, Q)
by Qy or simply Q.
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Definition 6.1.1. We call a constructible Q-sheaf F' on X lisse, if it may be rep-
resented by an object of Modj.(Xs, A), for the ring of integers A in some finite
extension of Q.

Proposition 6.1.2. Every lisse Q;-sheaf is torsion-free (see Definition 5.8.1).

Proof. Let A be the ring of integers in a finite extension of Q; and let F' = (F},)pen
be an object of Modjcc(Xs, A). Without loss of generality we may assume that for
every r > 1 the kernel of multiplication by ¢" on F' is AR-null. (We have tacitly
changed notation, to denote by ¢ a parameter of A.) We wish to see that for every
pair of non-negative integers (n,r) such that n +1 > r we have an exact sequence

0—mp . p Y B

This reduces to a (not very difficult) question of ¢-adic algebra, since X, has suffi-
ciently many points. O

Corollary 6.1.3 (Projection Formula). Let f : X — 9 be a smooth morphism of
finite type algebraic S-stacks and F a lisse Qq-sheaf on ). Then for every M €
obMod.(Xs, Q) we have

R'f(f"F@M)=F®R"f.M,
for all n > 0.

Proof. This follows from the general projection formula for morphisms of ringed
topoi noting that a torsion free object of Modjcc(9s, A) gives rise to a locally free
sheaf of A-modules on L. O

For the remainder of this section, let us assume for simplicity that .S is the spec-
trum of a field k. For a finite type algebraic k-stack f : X — S and a constructible
Qg-complex M on X we abbreviate R™f,M by H"(X, M), for all n > 0. We may
consider H™(X, M) as a Qg-vector space with Gal(k)-action.

Let G be a smooth connected group scheme over S. Let X be an S-scheme of
finite type on which G acts. Let f : X — 9 be a fiber bundle with structure group
G and fiber X. This means that there exists a 9-space 93, which is a principal
homogeneous G-bundle over 9, such that P xg X = X as -spaces. Use notation

as in the diagram
f

X — 92
N Lo
S.
Lemma 6.1.4. We have R" f,Qy = p*H"(X,Qy), for all n > 0.

Proof. We need to show that R"f.Z/(**1 = p*H"(X,Zz/f**1), for all v. By
Lemma 1.4.1 of [3] we have

Rf,2/0""1 = P xgp*HY(X,Z/0")
— pPHM(X,Z/0"Y)
since G is connected. O
Proposition 6.1.5. We have for every lisse Qp-sheaf F' on ) a spectral sequence

HP(Y,F) ® HI(X,Q)) = HPYI(%, f*F).
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Proof. This is the Leray spectral sequence of the composition 7 = po f. Let us
check the form of the Es-term. Indeed, we have

HP(Q,RIf f*F) = HP(Q,F @RIf,Q)
= Hp(@7F®p*Hq(X7QZ))
HP(, F) © HY(X,Qu)),

by the lemma and the projection formula. O

A Theorem of Borel. We need to translate the main theorem from [6] into our
context.

Theorem 6.1.6. Let k be a field and G/k a connected group variety. consider the
spectral Qg-algebra given by the universal fibration Speck — BG,

E}? = H"(BG,Qr) ®q, H'(G, Q) = Q. (13)

For every q > 0 the Qg-vector space E%? is q subspace of H1(G,Qy), for all r > 2.
In particular, we have the transgressive subspace

07
NP = B, © HP(G,Qu),

for ¢ > 1. Consider the graded Qg-vector space N = @qzl Ni. We have

i. N7=0 if q is even.
ii. The canonical map AN — H*(G,Qy) is an isomorphism of graded Qg-algebras.
iii. The spectral sequence (13) induces an epimorphism of graded Qg-vector spaces

H*(BG,Qp) — N|[-1]. Any section induces an isomorphism S(N[-1]) —
H*(BG,Qy).

Proof. This is Théoreme 13.1 from [6]. O

Remark 6.1.7. If the transgression N is homogeneous, then H*(BG, Q) = S(N[—-1]),
canonically. So in this case the theorem holds over an arbitrary base S. For exam-
ple, let f: € — X be a family of elliptic curves over the finite type algebraic S-stack

X and consider the morphism 7 : B(€/%) — X. If we denote R! f,Q, by H'(¢), then
we have R?"7,Q; = S"H'(¢) and R>"*'7,Q, = 0, for all n € N.

6.2. Frobenius. Let circ denote the topos we already encountered in Example 4.3.7.
The t-category D.(circ, Q) has heart Mod.(circ,Qy), which is the category of auto-
morphisms of finite dimensional Q,-vector spaces whose eigenvalues are f-adic units.
We will denote objects of Mod,(cire, Q) by (M, f).

Let ¢ € Rsg. Recall from Définition 1.2.1 in [9] that a number is called pure of
weight n € Z relative g, if its absolute value is ,/g", no matter how it is embedded
in C.

Definition 6.2.1. We call an object (M, f) € obMod,(circ, Q) pure of weight n €
Z relative q, if every eigenvalue of f on M is pure of weight n relative q. We call
(M, f) mized relative q, if every eigenvalue of f on M is pure of some integer weight
relative ¢. Finally, an object M € obD.(circ,Qy) is called mized relative g, if for
every i € Z the object h*(M) is mixed relative g.

Note 6.2.2. Let us denote by Mod,,, (circ, Q) the full subcategory of Mod,.(circ Q)
of mixed objects relative ¢q. Then this is a closed subcategory. Thus qu(circ,@g),
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the full subcategory of D.(circ,Qy) consisting of mixed objects relative ¢, is a t-
category with heart Mod,,, (circ, Qy). Note that for any n € Z we have Mod, n (cire, Qp) C

Mod,y, (circ, Qp) and thus Dy, , (circ,Qp) C Dy, (cire, Qy).

Let M € obMod,,,(circ,Q;) be a mixed automorphism of a finite dimensional
Qy-vector space. Let
M =P ery @ M

pEZ,

(9)

be the decomposition into pure factors, gr;,U M being pure of weight p relative q.

Definition 6.2.3. We call the object M € ob D;@q (cire, Q) absolutely convergent
(or simply convergent), if
we(M)(z) = > > dim(gri@ h'M)2P
p i
converges uniformly on compact subsets of the punctured unit disc 0 < |z| < 1,

and has at worst a pole at the origin z = 0. Let us denote the full subcategory of
DY, (cire, Q) consisting of absolutely convergent objects by D (circ, Q).

Proposition 6.2.4. The category D, (circ,Qy) is a triangulated subcategory of Dy, (cire,Qy).
It is a Qy-t-category with heart Mod,,, (cire,Qy). Moreover, we have

]D)j,;qn (cire, Q) N ]D)[J{q(circ, Q) = ]D)an (cire, Qp),
as subcategories of D, (circ,Qy), if n > 0.

Consider the automorphism €, : circ — circ. Recall that € (M, f) = (M, f"), for
an object (M, f) of circ or Mod,(circ, Q). So € multiplies weights relative g by n.
Thus we have that M € obMod,(circ, Q) is mixed relative ¢ if and only if €M is
mixed relative ¢". The same is true for objects of D} (circ,Q). In particular, we
have

€ ]D)j;bq(circ,@e) — ID)?,Zan (cire,Qp) C D:;Lq (cire, Q).

Now assume that n > 0. Let M € obD}, (circ,Q). We have wgn (e, M)(z) =

wq(M)(z). So M is convergent if and only if €}, M is. In particular, we get

€ D(J{q(circ,@g) — D(J{qn (circ, Qp) C D(J{q(circ,@g).

Let N be an object of Mod,(circ,Qy). Assume that N is mixed relative q. Then

the functor
__®g, N: DY (circ, Q) — DI (circ, Q)

preserves mixedness relative g. Let M € obDy, (circ,Qq). We have wy(M @ N) =
wq(M)wy(N), and since wy(N) is polynomial, __ ®g, IV preserves convergence.

Now let F, be a finite field such that ¢ ¢. The choice of an algebraic closure F,
of F, determines an equivalence

(SpecFy)ss — circ (14)
X = (X(Fg), 9),

where ¢ : X(F,) — X (F,) is the map given by ¢(x) = x o Spec(¢,), where ¢g : Fy —
F, is the Frobenius ¢,(a) = a?. A different choice of algebraic closure of F, gives
rise to an isomorphic equivalence of topoi.
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The equivalence (14) induces an equivalence DY (SpecF,, Q,) — DF(cire, Qp).
Again, a different choice of algebraic closure gives rise to an isomorphic equiva-
lence.

Definition 6.2.5. We call an object M of DY (SpecF,, Q;) mized (convergent) rel-
ative qo € Rsg, if any corresponding object of D} (circ, Q) is mixed (convergent)
relative 1/qy. We say M is mized (convergent), if M is mixed (convergent) relative
q.

Thus we get categories ]D)ﬂ,;qo (SpecFqy, Q) and Df{qo (SpecFq, Qy), for any g € Rxo.
We set D7, (SpecFy, Qp) = Djf, (SpecF,, Q) and D(J{(Specib“q, Q) =D, (SpecFq, Q).

Finally, we call an (-adic sheaf F' € obMod,,(SpecF,, Q;) pure of weight n, if any
corresponding ¢-adic sheaf on circ is pure of weight n relative 1/q.

If M € obD/ (SpecF,, Q), then the function
w(M)(z) = > dim(gr¥ h'M)zP
P 7

is meromorphic on the unit disc in C.

Let F;, — Fg» be a homomorphism of finite fields. Let f : SpecFs,» — SpecF,
denote the corresponding morphism of schemes. We get an induced morphism
(SpecFgn)s, — (SpecFg)s of topoi, which induces via (14) (choosing a common
algebraic closure of F, and Fy») the morphism e, : circ — circ. So the functor f :*
D (SpecFy, Q) — D} (SpecFyn, Q) has the property that M € obD/ (SpecF,, Q)
is mixed relative o if and only if f*M is mixed relative gf. In particular, M is
mixed if and only if f*M is. Moreover, M € ob D (SpecF,, Q) is convergent if and
only if f*M is convergent. Finally, F' € obMod.(SpecF,, Q) is pure of weight n if
and only if f*F is.

We also have M € ob D/ (SpecF,, Q) is mixed if and only if M(n) is mixed and
M € obDjf (SpecFy, Qy) is convergent if and only if M(n) is convergent.

6.3. Mixed and Convergent Complexes. Let £ be a prime number, S a scheme
of finite type over Z[1//] and X a finite type algebraic S-stack.

Definition 6.3.1. We call an ¢-adic sheaf F' € obMod.(X,Qy) punctually pure of
weight n € Z, if for every finite field F, and every S-morphism x : SpecF, — X, the
pullback x*F is pure of weight n.

Note 6.3.2. For X =, the notion of punctual purity coincides with purity. This
definition is equivalent to demanding that for every finite type point = of X, choosing
a representative = : SpecF, — X of x, the pullback z*F' is pure of weight n. If
f X — 9 is a finite type morphism of algebraic S-stacks and F' is a punctually
pure f-adic sheaf on %), then f*F is punctually pure of the same weight.

If X is a scheme, this definition coincides with Definition 1.2.2 in [9]. We work
with the arithmetic Frobenius whereas Deligne uses the geometric Frobenius in [loc.
cit.].This discrepancy is made up for by the switch from gg to 1/qp in Definition 6.2.5.

Proposition 6.3.3. Let f : X — X be a finite type presentation of X. Then an
(-adic sheaf F € obMod.(X,Qy) is punctually pure of weight n if and only if f*F
18.
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Proof. This follows from the fact that if = : SpecF, — X is a given morphism, then
there exists a finite extension Fy» of Fy such that the induced morphism SpecF,» —
X lifts to X. O

Definition 6.3.4. We call a constructible Qy-complex M € obD}(X,Q,) on X
mized, if for every i € Z, the (-adic sheaf h’M has a filtration whose factors are
punctually pure. Denote by D} (%, Q) the full subcategory of D} (X,Qy) consisting
of mixed objects and let Mod,,, (X, Q) = Mod.(%,Q,) N D (X, Qy).

Proposition 6.3.5. Let f : X — X be a finite type presentation of X. An object
M € obD} (%,Qy) is mized if and only if f*M is.

Proof. This follows from descent for ¢-adic sheaves and Théoreéme 3.4.1(ii) in [9],
which says that the weight filtration is canonical and so it descends. O

Proposition 6.3.6. The category Mod,,,(X,Qy) is a closed subcategory of Mod.(X, Qy)
and D} (X,Qy) is a sub-t-category of D} (X, Q) whose heart is Mod,, (X, Q).

Proof. We need to show that the kernel and cokernel of a homomorphism of mixed
sheaves are mixed. by Proposition 6.3.5 we may assume that X is a scheme. Then
this follows from the fact that every homomorphism respects the weight filtration. O

Proposition 6.3.7. Assume that S lies over a field. Let f: X — ) be a finite type
morphism of algebraic S-stacks. If M € obD (X, Qy) is mized, then so is Rf M. If
[ is embeddable and M € obD} (Y,Qy) is mized, then so is Rf'M.

Proof. Let us first assume that f : X — Y is a morphism of schemes. Let M €
obD;} (X, Q). To prove that Rf,M is mixed, we may assume that M is a mixed
Qg-sheaf. Then M is a mixed Qy-sheaf in the sense of [9] and R?f, M is the R'f, M
considered in [loc. cit.]. Thus by Théoreme 6.1.2 of [loc. cit.] Rf,M is indeed mixed.

By Proposition 6.3.5 and smooth base change we have thus proved that if f is
an open immersion, then Rf, preserves mixedness. This immediately implies that
Rf' preserves mixedness if f is a closed immersion. Consequently, Rf' preserves
mixedness for any embeddable morphism f. This in turn implies that the property
‘Rf, preserves mixedness’ satisfies Condition (ii) of the second devissage lemma
(Proposition 5.1.17). Thus by obvious amplifications of the second devissage lemma,
we reduce to considering the case that 9 =Y is a scheme and X = B(G/Y'), where
G is a smooth group scheme over Y. Then using the spectral sequence of the
covering Y — X, we reduce to the case of schemes. O

Corollary 6.3.8. Assume that S lies over a field and that X is a finite type algebraic
S-stack. Then 0 — D} (B, Qy), where B runs over the locally closed substacks of X,
is as d-structure on |X|.

Every morphism of finite type algebraic S-stacks induces a morphism of d-structures.

Convergence. Let S be a scheme of finite type over F,, where £ { q.

Definition 6.3.9. A mixed Qy-complex M € obD;" (X, Qy) is called absolutely con-
vergent (or simply convergent), if for every extension Fyn of F, and every S-
morphism x : SpecF,» — X, the extraordinary pullback Rz' M is absolutely conver-
gent.

Note 6.3.10. This definition does not conflict with the earlier definition for X =
SpecF,. It is equivalent to demanding that for every finite type point = of X,
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choosing a representative = : SpecF, — X of z, the extraordinary pullback Ra' M
is convergent. If f: X — 9 is an embeddable morphism of finite type algebraic S-
stacks, then for any convergent object M € obD;! (%,Qy) the extraordinary pullback
Rf'Mis convergent. If f : X — 9 is a smooth representable epimorphism and
M € obDj(9,Qy), then M is convergent if and only if Rf'M is convergent and if
and only if f*M is convergent.

Remark 6.3.11. There is of course another definition of convergence suggesting
itself, namely the definition using ordinary pullbacks. It is not obvious that the two
definitions should be equivalent. A related problem is the question to what extent
convergence is stable under ordinary pullbacks.

Definition 6.3.12. Let us denote the full subcategory of D;f (X,Q,) consisting of
absolutely convergent complexes by DI (X, Q).

Note 6.3.13. The category D} (X,Qy) is a triangulated subcategory of D;f (X, Qy).
Every mixed Q-sheaf is convergent (as is any bounded mixed complex). So D (X, Q)
is a Qg-t-category with heart Mod,, (X, Qy).

Before we can prove our main theorem, we need one more auxiliary result.

Lemma 6.3.14. Let X be an algebraic variety over the algebraically closed field k,
and let A be a discrete valuation ring with finite residue field of characteristic invert-
ible in k. Let L = (L1,...,Ly) be a finite family of simple lcc sheaves of A-modules
on Xe. Then there is a number N such that for every ({X}, L)-constructible sheaf
of A-modules F' on X, we have

#HZ(XC’MF) é #F(ﬁ)Nv

for alli > 0. Here n denotes the generic point of X and F(7) the geometric generic
fiber of F.
Proof. Take N such that
#H'(Xa, Lj) < #L;(m)Y,
foralli>0andall j=1,...n. O

Lemma 6.3.15. Let A be a complete discrete valuation ring with finite residue field
and field of fractions K. Let (My,)nen be an AR-C-adic system of finite A-modules.
Assume there exists an N such that for all n € N we have

#Mn < #I{(A)(n+1)N
Then
dimpg K ® 4 lim M,, < N.
n

Proof. Let (Fy,)nen be an f-adic system of finite A-modules with an AR-isomorphism
(F,) — (M,). Then letting F' = limF,, and M = lim M,,, we have FF = M.
Therefore we have dimg K ® 4 M = rky F. Since (F},) is ¢-adic, we have for every
n € N that F,, = F ® A,, and hence that #(An)rkAF < #F,. Let r be as in
Lemma 2.2.2. Then for every n the module Fj, is a direct summand of M4, ® A,

and hence #F, < #M,,. Thus we have #(A,)™*4F < #(Ag)+" DN which
implies (n + 1)1tka FF < (n+7r+1)N, for all n > 0. O
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Corollary 6.3.16. Let X, A and L be as in Lemma 6.8.14, but let us drop the
assumption that k be algebraically closed. Let K be the quotient field of A. Then
there exists an N such that for every ({X}, L)-constructible K-sheaf F on X we
have

dimg H'(X,F) < Ntk F,
for all i > 0. Here H'(X,F) is used in the sense of Section 6.1.

Proof. Let F be represented by the torsion free system (F,),en. Then for every
n € N we have #F, (1) = #r(A) TR This implies the result. O

Theorem 6.3.17. Let f : X — 2 be a morphism of finite type algebraic S-stacks.
If M € obD;} (%,Qy) is convergent, then so is Rf, M

Proof. By the base change theorem Proposition 5.8.10, we may assume that 9 =
SpecF, is the spectrum of a finite field. Then by the second devissage lemma we
reduce to the following two cases.

i. ¥ = X is a smooth variety of dimension d and M is lisse.

ii. X = BG, where G is a smooth connected group variety.
In both cases we need to prove that H*(X, M) is convergent.

Consider Case (i). There exists a finite extension K of Qy with ring of integers

A, such that M € ob D& X1.0) (X4, A), for some finite family £ of simple lcc sheaves
of A-modules on X,,. We have

Z Z dimgry H"(X, M) |2[?

ZZZdlmgr HY(X,h"7"M) |z|P

n v=0

by the spectral sequence HY(X,hW M) = HV (X, M)

< ZZZZdlmgr HY (X, gry h""" M) |z|P
n v=0 p/
< Zzzzmmgr HY (X, gry h"™ VM) |z
v=0 p/ n

since we only get a contribution if p > p’ + v, by Corollaire 3.3.5 in [9]

2d
= Y )N dim HY(X, grly kM) [P

v=0 p/ n

2d
N Z Z Z rkgry K"V M Fliad

v=0 p/ n

IN

where we choose N as in Corollary 6.3.16

2d
= NY (DD rkery h"M 2" | |2]”. (15)
v=0 p n

Since M is convergent, the term in the parentheses converges, which implies the
result.
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Now consider Case (ii). We have

> Z dimgry H"(BG, M) |2|?

p

< ZZ Z dim gr, H"(BG,h" M) |z|P
n putrv=n

— ZZ Z dlmgr H“(BG Q) @ "M )|Z|p
n putv=n

- ZZ S Y dimgl HY(BG,Qy) dimgrl, b M |2f?

n ptv=npi+p2=p
= ZZdlmgrp H™(BG,Qy) 2P Y | dimgr k"M |z, (16)
p n P n

Thus we are reduced to the case M = Q.
If F € obMod.(SpecF,, Q) is pure of weight n then the i-th symmetric power
S'F is pure of weight ni. So

w(SF)(z) = ZZdimgr;f’Sinp
P 7
= > dimS'F 2"

i
1 dim F'
- (=)

which is holomorphic in the unit disc if n > 0. More generally, if we have pure
objects Fi, ..., F, of Mod.(SpecF,, Q;), then we have

w(S(FL®...®F))(z) = Hw(SE)(z)

=1
B ﬁ < 1 >dim F;
- . wt F,L :
P 1—-2
This describes the structure of w(SF) for every object F' of Mod,(SpecF,, Qy), since
over SpecF, the weight filtration always splits.

Now if G is a connected group variety over F,, then by Theorem 6.1.6 there
exists an object N = N; & ... @ N,, of Mod.(SpecF,, Q;), where Ny,..., N, are
pure of positive weights, such that H*(G,Q,) = AN. (That the weights are positive
follows for example from Corollaire 3.3.5 of [9].) Then by Theorem 6.1.6 we have
H*(BG,Qy) = SN, which is convergent by the above considerations. O

6.4. The Trace Formula.

More about Frobenius. Let X be an algebraic F,-stack. The stack X is naturally
endowed with an endomorphism F%, the em absolute Frobenius of X. For an F,-
scheme S, interpreting objects of X(S) as morphisms S — X, the Frobenius Fx(S)
takes an object z : S — X to z o Fg, where Fg : S — S is the absolute Frobenius of
S (which is the spectrum of the g-th power map if S is affine).

In the particular case that S = SpecF4n, for some n > 0, the endomorphism
Fx(Fgn) : X(Fgn) — X(Fqn) is endowed with a natural transformation 7}, : Fy(Fgn)" —
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idx(qu)- Let us abbreviate notation to 7, : F™ — id. Now let n,m > 0 be such
that n | m and m = kn. We have the natural transformation

Tho F™(T)o...o F*=Un(T ) F™ - id

between endomorphism of X(F4»). The compatibility property is that this natu-
ral transformation composed with X(Fgn) — X(Fgm) is equal to X(Fgn) — X(Fgm)
composed with T}, : F"* — id. By abuse of notation, we may write

T =Tpo F™(T)) 0. ..o F*=Dn(T ).

Proposition 6.4.1. If x € obX(Fyn) is an object such that © = F(x) in X(Fgn),

then there exists an object y € obX(F,), such that x = y in X(Fgm), for some
multiple m of n.

Proof. Choose an isomorphism « : x — F(x) in X(Fyn). Then Tp,(x) o F" }(a)o. ..o
F(a) o v is an automorphism of z, in other words an element of Aut(x)(Fqn). Since
Aut(z) is a group scheme over Fyn of finite type, the group Aut(z)(Fn) is finite.
So our element Ty, (x) o F" !(a)o...0 F(a) o a has finite order, say k, so that

(T (x) o F" Ha)o...0 F(a)oa)* =id,.
We set m = kn. Then we have
(Tn(z) o F" Ha)o...0 F(a) o) = Tp(z) o F™" Ha)o...o F(a)oa,
as automorphism of x in X(Fgm). this implies that
Tp(z) o F™" Ha)o...0 F(a) oo = id,,

so that we have descent data for the object z of X(Fym), giving rise to the sought
after object y of X(F;). O

Corollary 6.4.2. If X is an algebraic Fy-gerbe of finite type, then X is neutral.

Proof. We need to show that X(F,) contains objects. By the Proposition, it will
suffice to find an object x of X(F4»), for some n > 0, such that x = F(z). Since X is
of finite type, there exists an n > 0 and an object x of X(F,»). Since X is a gerbe,
the objects x and F'(x) are locally isomorphic, i.e. there exists a multiple m of n
such that = F(z) in X(Fgm). O

Let X be an algebraic F,-gerbe of finite type. Choose an object x of X(F,), and
let G = Aut(z). Then G is a group scheme over F, of finite type and X = BG.
Hence X(Fyn) is isomorphic to the groupoid of Gy, n-torsors. If G is connected, by a
theorem of S. Lang, these torsors are trivial. Thus X(F4) is a connected groupoid,

for every n. We have #X(Fyn) = m. (Recall from Definition 3.2.1 of [3] that
#X(F,) :
q’!L = A
eclxmn) 7S

the sum being taken over the isomorphism classes of the category X(Fqn).)



DERIVED ¢-ADIC CATEGORIES FOR ALGEBRAIC STACKS 67

Trace of Frobenius. Let us fix an embedding ¢ : Q, — C.

Let (M, ®) be an object of Df{qo(circ,@g). (See Definition 6.2.3.) Then if gy < 1
the series >_,(—1)%(tr ®|h'M) is an absolutely convergent series of complex num-
bers. We denote the sum by

tr, ®|M = Z “y(tr D|RIM).

Proposition 6.4.3. Let
(M", @)
v AN
(M, ) — (M, @)
be a distinguished triangle in D,J{qo (circ,Qy), where qo < 1. Then we have tr, ®|M =
tr, ®| M’ + tr, ®|M".
Now let M be an object of D} (SpecF,, Q;). Considering M as an object of

]D)j;l /e (circ,Qy), we denote the corresponding automorphism by @, and call it the

arithmetic Frobenius of M. Its t-trace is denoted by

tr, & | M = Z U (tr dg|hPM).

It exists because 1/q < 1. We have, for example, tr, ®,|Qy(n) = ¢, for all n € Z.

Definition 6.4.4. More generally, let X be an algebraic F,-stack of finite type and
M € obDf(X,Qy) a convergent Qp-complex on X. We define the local term of M
with respect to t, denoted L,(M) by

1
L(M)= > Fhule )trLQ Rz M,

z€[X(Fq)]
where the sum is taken over all isomorphism classes of the essentially finite groupoid
X(Fy).
In the following considerations ¢ is fixed, so that we will drop it from our notation.

Lemma 6.4.5. We have

= > L(Rz'M).

z€[X(Fq)] # ut( )

Proof. This follows immediately from the fact that for X = SpecF, we have L(M) =
tr&g|M. O

Lemma 6.4.6. Ifi:3 — X is a closed immersion with complement j : 4 — X we
have
L(M) = L(Ri'M) + L(5*M).

Proof. This is a formal consequence of Lemma 6.4.5 using the fact that [X(F,)] is
the disjoint union of [U(F,)] and [3(F,)]. O
Lemma 6.4.7. If

M//

e AN
M’ — M

is a distinguished triangle in D} (X,Qy) then we have L(M) = L(M') + L(M").



68 KAI A. BEHREND
Proof. This follows immediately from Proposition 6.4.3. O

Lemma 6.4.8. Let X be smooth of dimension d € Z over Fy, and assume that
M € obD}(%,Qy) is lisse. Then we have

Proof. This follows from Proposition 5.8.11. O

Theorem 6.4.9. Let f : X — 9 be a morphism of finite type algebraic Fq-stacks.
Then for every convergent Qg-complex M € obD} (X,Q,) we have

L(Rf.M) = L(M).
Proof. We have

L(Rf*M) = Z WL(RZ/!RJC*M)

1 .
= > —————L®f,Ru,M),
Aut wty
ety 7 AUEW)

where the notations are taken from the 2-cartesian diagram

Xy EiR SpeclF,

uy | Ly

x L9

Assuming for the moment that the theorem holds for f,, we get

LREM) = Y mL(Ru;M)

1 1 i |
e 1 Re'RaAD).
Aty 2 FAw y
yetateg) T AW ol AU

Now the category X,(F,;) has objects (x,«a), where x is an object of X(F,) and
a: f(z) — y is an isomorphism in P(Fy). A morphism ¢ : (z,a) — (2/,¢/) is a
morphism ¢ : x — &’ in X(F,) such that o/ o f(¢) = a. So a more accurate way of
writing our equation is

1 |
HREA) = S ot N o)

yE[D(Fg)] (z,0)€[%y(Fq)]

Now we have an action of Aut(y) on [X,(F,)], given by 8 - (z,a) = (z,Ba), for
B € Aut(y) and (z,a) € [X,(Fy)]. This action has the property that (z,«) and
(2', ) are in the same orbit, if and only if z = 2’ in X(F,). The isotropy group of
an element (z, ) of [X,(F,)] is the image of Aut(z) in Aut(y), hence isomorphic to
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Aut(z)/ Aut(z, @). So we have
L(Rf.M)

1 1 |
- 2 G 2 | 2 FGa | ME)

vElD(F)] selxe) \ morclryey)
ey T,a)—T
# Aut(z) \
- Z Z ————— | L(Rz'M)
ye[@(FQ)] # xE[i(F )] # ut ) (z, c(z)e ;{y([‘q) #AUt(x Oé)
Ty T, )—x

P L F R MLED

YE[D(Fy)] 2€[x(Fq)]

Ty

1 !
= Z #TWL(Rx'M)

ye[D(Fy)] w€lxCo)

1 !
= > #TWL(R:E M)

z€[X(Fq)]
= L(M),
which is what we wanted to prove. It remains to prove the theorem for the various
fy- So without loss of generality we may assume that 9 = SpecF,.
But let us still consider the general case. Assume that X is the disjoint union of

a closed substack ¢ : 3 — X and an open substack j : 4 — X. Assuming the theorem
to hold for foi and foj we get

LRfM) = LR(foi)Ri'M) + L(R(f o )uj" M)

= L(Rz M)+ L(j*M)

= L(M).
Thus we may pass to the strata of any stratification of X in proving our theorem.
So we have reduced to the case 9 = SpecF,, X is either a smooth F,-variety or an
F,-gerbe, and M € ob D} (X,Qy) is lisse.

From the inequalities (15) and (16) it follows that ) L(Rf.h"M) is absolutely

convergent and that lim, .o L(Rf.7>,M) = 0. By the distinguished triangle

To>nt1M

/ AN
K™ (M) s TonM

this implies that
LRf.M) = > L®Rf.h"M)

= Y L(h"M)

if we assume the truth of the theorem for lisse Qy-sheaves. So without loss of
generality M is a lisse Qy-sheaf on X.
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Let us first consider the case that X = X is a smooth F,-variety of dimension d.
We need to show that

2d
¢ (1) tr @[ H (X, M) = Y tr&y|a* M.
i T€X (Fy)

Now from Poincaré duality we have

2d 2d
¢ (D) tr B H (X, M) = D (=1) tr By H (X, M(d))
i =1
2d ' '
- Z(—l)’trq);/]H’(Yét,M(d))v
=1
2d ' '
= Z(—l)’trFquEd_’(Yé“Mv)
=1
2d ' ‘
= Z(_l)ltrFq,Hé(Yéva%
=1

where Fj is the geometric Frobenius. The ‘usual’ Lefschetz Trace Formula for the
geometric Frobenius on cohomology with compact supports reads

2d
S (V) tr By H(X o, MY) = > tr Fyla*MY.
i=1 z€X (Fq)

But clearly, tr Fy|a*M"Y = tr ®,|2* M. This finishes the proof in the case that X is
a variety.

So now assume that X is a gerbe. By Corollary 6.4.2 we may assume that X = BG,
where G is an algebraic group over F,. As in the second devissage lemma, we
may reduce to the case that G is smooth and connected. In this case we have
Mod, (BG, Q) = Mod,, (SpecFq,Qy), so we may assume that M = f*N, for some
mixed Q-vector space N. Then we have

LRfM) = LRfSN)
= LRfQ,® N)
= L(Rf.Q¢)L(N)
= L(Qux)L(N),

assuming the theorem holds for Q. Now by Lemma 6.4.8 we have

L(M) = L(f*N)
1 1 * Lok
T gdmx Z Aut(:n)L(fo)

T€[X(Fq)]

1 1
- W Z Aut(a:)L(N)

T€[X(Fq)]

= L(Qx)L(N).
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So we are now reduced to the case that M = Q,. We need to prove that

0 . . _ 1 1
S (1) tr®|H(BG, Q) = s D
i=0 a z€[BG(Fq)] # Aui(z)’

or in other words that
o0

1
“tr ®,|H (BG, Q) = ¢*™¢ ———.
So let us finally assume that G is a smooth group variety over F,. Let N = @, N*
be the transgressive submodule of @, H (G, Q). Then ®, actson N. Let Ay, ..., A,
be the eigenvalues of ®, on N. Then we have

tr @[ AN = (1 - A
j=1
since IV is concentrated in odd degrees. Similarly,

T

trd,S(V-1]) = I 5 _1Aj.

i=1

Now by Theorem 6.1.6 we have
tr @, AN = tr®,/H*(G,Q)

1
= W#G(Fq),

by the earlier result about varieties. On the other hand we have
tr ®,|H*(BG,Q;) = tr®,S(N[-1])

T

1
- Hl—Aj

J=1

-1
r

= | TIa-»)

which is what we needed to prove. O

Corollary 6.4.10. Let X be a smooth algebraic F,-stack of finite type of dimension
d€Z. Let M € obD}(%,Q) be a lisse convergent Qp-complex on X (for example a
bounded mized lisse Qq-complex). Then we have

1
dim X * *
q tr &, |H* (X, M) E ———— tr 4|z M.
z€[X(Fq)]
For example, for M = Qy, we get
¢ X tr & | H* (X, Qp) = #X(F,).

This is the result we conjectured in [3].
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An Example. Let us apply our trace formula to the algebraic stack 9y, of curves of
genus one.

Proposition 6.4.11. Let p be a prime number. Then we have
1 1 1
——tr T, [Sgyo=1— —— — .
Zk:pk“ bl P —p Ezﬁ; # Aut(E)#E(Fp)
p

Here T), is the p Hecke operator on the space of cusp forms Sy of weight k 4 2.
The sum on the right hand side extends over all isomorphism classes of elliptic
curves over IFp.

Proof. Let 9y be the algebraic Z-stack of curves of genus g = 1 and 9ty ; the
algebraic Z-stack of elliptic curves. Via the obvious morphism 9 ; — 9t we may
think of 9 1 as the universal curve of genus one. Via the morphism 7 : 9y — My 1,
associating with a curve of genus one its Jacobian, we may think of 9, as B(&/9M; 1),
the classifying stack of the universal elliptic curve f : € — 9y 1. By Corollary 6.4.10
we have

1
tr @p[H* (M1, Q) = #IM1(Fp) = ,
P P b%_:p # Aut(E)#E(Fp)

noting that dim 9 = 3g — 3 = 0. We will show that
1 1
Z et 0 Lol Shvo-
e P

P-p
Let us abbreviate the local system R! f,Q, on M1 by H 1(¢). We claim that

HO(M,Q) = Q
H*H (omy, Q) = HY9M,, SPHY(€)), forall k>0 (17)
H'(9M,Q) = 0, if ¢ is even, 7 > 2.

tr @, | H* (1, Q) = 1 —

To see this, note that by Remark 6.1.7 we may write the Leray spectral sequence
of 7 as

H' (91, S*H' (€)) = H* (91, Qp). (18)
To analyze the Es-term in this spectral sequence, note that
Hi(myy, SFHY(€)) = H'(SLyZ, My),
where M}, is the natural representation of SLsZ on the homogeneous polynomials
in two variables of degree k. This follows from the fact that M{* = SLoZ\H, where
H is the complex upper half plane. Now it is well-known (and elementary) that
dim HO(SLQZ, M()) = 1
dim HY(SLyZ, My) = k—1—2[5]—2[E] if kis even, k > 2
HY(SLyz,My) = 0, for all other ¢ and k.

This gives the dimensions of the components of the Es-term in the spectral se-
quence (18). We deduce the above Claim (17), and that

dim H2*1 (0, Q) = k—1-—2[%)—2[E], if kis even, k > 2
H?+1(omy, Q) = 0, otherwise.

So H* (M1, Q) # 0 if and only if i = 1 mod (4), except for i = 0, 1.
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Now let ¥, 1 be the algebraic Z-stack of isogenies of elliptic curves of degree p. The
S

stack T, 1 comes with a pair of morphisms T, ; == 9 ; and is called the Hecke cor-
¢

respondence. We get an induced endomorphism 7}, of H 1(932171%, SkH1(¢)) and and
induced endomorphism 7, of H!(SLoZ, My,). We will relate Tp\Hl(DJTLl]FP, SkH(¢))
to the arithmetic Frobenius ®, and Tp|H' (S L2Z, M},) to the Hecke operator T},|Sy 1
on the cusp forms of weight k + 2.

In characteristic p, the isogenies of degree p of elliptic curves are essentially
given by the Frobenius F' and its dual V, the Verschiebung. This implies that on
Hl(DJTLth,SkHl(QE)) we have T), = F'+ V. It is easy to check that FV = VF =
p"*1. This implies V = p*™®,, and T, = &, + p"™®,,. (See [7] for the details.)

On the other hand, it is a theorem of Shimura, that

HY(SLyZ, My, ® C) = Sp2 ® S0 ® Ega,

where £ 19 = CEri2 and Fri2 is the Eisenstein series. The Hecke operator corre-
2 2

sponds to T}, @ Tp @® T, under this isomorphism.

Now let ﬁl(iml,l, SFH(¢)) be the image of H} (9 1, SFH(€)) in H' (9 1, SFH(€)).
Then H* (9.1, SFH'(€)) corresponds to Sg12®Sk 2. The vector space H! (.1, SFHY(€))
is endowed with an inner product making F' and V adjoints of each other. Thus we

have

~ 1 ~
tr®,|H' = T tr V|H'

1 1(
pk+12

trV -+ tr F)|H'
11 ~
= ———trT,|H"
pk+12 r p|

1 1 _

= W tr Tp’8k+2.

On the other hand, since &j42 is one-dimensional, T}, and ®, act as scalars on
it. We have T, = op11(p) = Yog, "' = 14+ p"*! and T, = @1 + p"*1®,, which
implies <I>;1 +pFt1®, = 1+ p**+! and hence &, = 1 or &, = pk1+1- But by [9] ®, =1

is impossible, and thus ®,|E;40 = p,}H.
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So, finally, we have

tr @y H*(My,Qp) = 1— > tr®,[H' (M1, S H'(€))

k=2
2k

= 1= tr®y[Eren — Y trdy[H (M1, SFH(€))
k k

1 1
= 1= Z PR Z PR+l tr Tp|Sk 12
% %
1

- 11—
p>—p

1
- ZW”TMSH%
k

which is what we wanted to prove. O

Example 6.4.12. For the first three primes we get

(1]

1 1
2 g BlSe: = g
1 1
Zk: 3T tr T5Sp2 = 310’
1 1
T [Spey = ———
;5“1 rT5|Sk+2 10080
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