THE SIX OPERATIONS FOR SHEAVES ON ARTIN
STACKS I: FINITE COEFFICIENTS

YVES LASZLO AND MARTIN OLSSON

ABSTRACT. In this paper we develop a theory of Grothendieck’s
six operations of lisse-étale constructible sheaves on Artin stacks
locally of finite type over certain excellent schemes of finite Krull
dimension. We also give generalizations of the classical base change
theorems and Kunneth formula to stacks, and prove new results
about cohomological descent for unbounded complexes.

1. INTRODUCTION

We denote by A a Gorenstein local ring of dimension 0 and char-
acteristic [. Let S be an affine excellent finite-dimensional scheme and
assume [ is invertible on S. We assume that all S-schemes of finite type
X satisfy cd;(X) < oo (see 1.0.1 for more discussion of this). For an
algebraic stack X locally of finite type over S and x € {+, —, b, &, [a, b]}
we write D (X') for the full subcategory of the derived category D*(X)
of complexes of A-modules on the lisse-étale site of X with constructible
cohomology sheaves. We will also consider the variant subcategories
Dg*)(X ) C D.(X) consisting of complexes K such that for any quasi-
compact open U C X the restriction Kl is in DI (U).

In this paper we develop a theory of Grothendieck’s six operations
of lisse-étale constructible sheaves on Artin stacks locally of finite type
over S!. In forthcoming papers, we will also develop a theory of adic
sheaves and perverse sheaves for Artin stacks. In addition to being
of basic foundational interest, we hope that the development of these
six operations for stacks will have a number of applications. Already
the work done in this paper (and the forthcoming ones) provides the
necessary tools needed in several papers on the geometric Langland’s
program (e.g. [21], [19], [7]). We hope that it will also shed further
light on the Lefschetz trace formula for stacks proven by Behrend [1],
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n fact our method could apply to other situations like analytic stacks or non
separated analytic varieties.
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and also to versions of such a formula for stacks not necessarily of finite
type. We should also remark that recent work of Toen should provide
another approach to defining the six operations for stacks, and in fact
should generalize to a theory for n—stacks.

Let us describe more precisely the contents of this papers. For a
finite type morphism f : X — ) of stacks locally of finite type over S
we define functors

Rf.:DIP(X) — DP(Y), Rfi: DI (X) — DY),
Lf*: DY) — Do(X), Rf': DY) — Do(X),

Rhom : DI (X)°P x DIP(X) — DIP (&),

and
L

(—)®(=) : DI(&X) x DI(X) — DI(X)
satisfying all the usual adjointness properties that one has in the theory
for schemes?.

The main tool is to define fi, f', even for unbounded constructible
complexes, by duality. One of the key points is that, as observed by
Laumon, the dualizing complex is a local object of the derived category
and hence has to exist for stacks by glueing (see 2.3.3). Notice that this
formalism applies to non-separated schemes, giving a theory of coho-
mology with compact supports in this case. Previously, Laumon and
Moret-Bailly constructed the truncations of dualizing complexes for
Bernstein-Lunts stacks (see [20]). Our constructions reduces to theirs
in this case. Another approach using a dual version of cohomologi-
cal descent has been suggested by Gabber but seems to be technically
much more complicated.

Remark 1.0.1. The cohomological dimension hypothesis on schemes of
finite type over S is achieved for instance if S is the spectrum of a finite
field or of a separably closed field. In dimension 1, it will be achieved
for instance for the spectrum of a complete discrete valuation field with
residue field either finite or separably closed, or if S is a smooth curve
over C,F, (cf. [13], exp. X and [26]). In these situations, cd;(X) is
bounded by a function of the dimension dim(X).

1.1. Conventions. In order to develop the theory over an excellent
base S as above, we use the recent finiteness results of Gabber [9]
and [10]. A complete account of these results will soon appear in a
writeup of the seminar on Gabber’s work [15]. However, the reader
uncomfortable with this theory may assume that S is an affine regular,
noetherian scheme of dimension < 1.

2We will often write f*, f', f., fi for Lf* Rf', Rfs, R
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Our conventions about stacks are those of [20].

Let X be an algebraic stack locally of finite type over S and let
K € Df(X) be a complex of A-modules. Following [14], I.1.1, we say
that K has finite quasi-injective dimension if there exists an integer n
such that for any constructible sheaf of A-modules F we have

Ext'(F,K) =0, fori>n.

For K € D£+)(X ) we say that K has locally finite quasi-injective dimen-
sion if for every quasi-compact open substack U — X the restriction
Kl € Df(U) has finite quasi-injective dimension.

In this paper we work systematically with unbounded complexes.
The theory of derived functors for unbounded complexes on topological
spaces is due to Spaltenstein [27], and for Grothendieck categories Serpé
[25]. An excellent reference for unbounded homological algebra is the
book of Kashiwara and Schapira [16].

Recall that for a ringed topos (T, Ot) one has functors [16], theo-
rem 18.6.4,

(=) &(-) : D(Or) x D(Or) = D(On)
and
Rhom(—,—) : D(Ot) x D(O1)°® — D(Or),
and for a morphism f : (T,Or) — (S,Os) of ringed topos one has
functors [16], theorem 18.6.9 and the line preceding this theorem,

and
Lf*:D(Os) — D(Or).

Moreover these satisfy the usual adjunction properties that one would
expect from the theory for the bounded derived category.

All the stacks we will consider will be locally of finite type over S.
As in [20], lemme 12.1.2, the lisse-étale topos Xjis.¢; can be defined using
the site Lisse-Et(X’) whose objects are S-morphisms u : U— X where
U is an algebraic space which is separated and of finite type over S. The
topology is generated by the pretopology such that the covering families
are finite families (U;, u;) —(U, u) such that | | U; — U is surjective and
étale (use the comparison theorem [13], II1.4.1 remembering X is locally
of finite type over S). Notice that products over X are representable
in Lisse-Et(X), simply because the diagonal morphism X — X xg X is
representable and separated by definition [20].

If C is a complex of sheaves and d a locally constant valued function
C(d) is the Tate twist and C[d] the shifted complex. We denote C(d)[2d]
by C(d). We fix once and for all a dualizing complex Qg on S. In the
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case when S is regular of dimension 0 or 1 we take Qg = A(dim(S)) [4],
"Dualite”.

2. HOMOLOGICAL ALGEBRA

2.1. Existence of K—injectives. Let (S, Q) denote a ringed site, and
let C denote a full subcategory of the category of O-modules on S.
Let M be a complex of O-modules on S. By [27], 3.7, there exists a
morphism of complexes f : M — I with the following properties:

(i) I= lim I,, where each I, is a bounded below complex of flasque
O-modules.
(ii) The morphism f is induced by a compatible collection of quasi—
isomorphisms f,, : >_,M — I,,.
(iii) For every n the map I, — I,,_; is surjective with kernel K,, a
bounded below complex of flasque O—modules.
(iv) For any pair of integers n and ¢ the sequence

(2.1.4) 0K, —T —TI ,—0
is split.

Remark 2.1.1. In fact [27], 3.7, shows that we can choose 1, and K,
to be complezes of injective O—modules (in which case (iv) follows from
(i1i)). However, for technical reasons it is sometimes useful to know
that one can work just with flasque sheaves.

We make the following finiteness assumption, which is the analog
of [27], 3.12 (1).

Assumption 2.1.2. For any object U € S there exists a covering
{U; — Ul}ier and an integer ng such that for any sheaf of O-modules
F € C we have H*(U;, F) =0 for all n > ny.

Example 2.1.3. Let S = Lisse-Et(X) be the lisse-étale site of an
algebraic S-stack locally of finite type X and O a constant local Goren-
stein ring of dimension 0 and characteristic invertible on S. Then
the class C of all O-sheaves, cartesian or not, satisfies the assump-
tion. Indeed, if U € S 1is of finite type over S and F € S, one has
H"(U,F) = H"(Ug, Fv)?® which is zero for n bigger than a constant de-
pending only on U (and not on ¥ ). Therefore, one can take the trivial
covering in this case. We could also take O = Ox and C to be the class
of quasi-coherent sheaves.

With hypothesis 2.1.2, one has the following criterion for f being
a quasi-isomorphism (cf. [27], 3.13).

3Cf. 3.3.1 below
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Proposition 2.1.4. Assume that H (M) € C for all j. Then the map
f is a quasi—isomorphism. In particular, if each 1, is a complex of
injective O—modules then by [27], 2.5, f : M — 1 is a K—injective
resolution of M.

Proof:  For a fixed integer j, the map H/(M) — H’(I,) is an
isomorphism for n sufficiently big. Since this isomorphism factors as
(2.1.i) HI (M) — H (1) — H(1,,)
it follows that the map H? (M) — H/(I) is injective.

To see that H/(M) — H7(I) is surjective, let U € S be an object
and v € T'(U,T7) an element with dy = 0 defining a class in H’(I)(U).
Since I = lim I, the class vy is given by a compatible collection of sections
Y € T(U,T2) with dv, = 0.

Let (U = {U;— U}, ng) be the data provided by 2.1.2. Let N be
an integer greater than ng — j. For m > N and U; € U the sequence

(2.14ii) (U, KoY — T(U;, K2 ) — T'(Uy, KIHY) — (U, KIt2)
is exact. Indeed K,, is a bounded below complex of flasque sheaves

quasi-isomorphic to H~™(M)[m], and therefore the exactness is equiv-
alent to the statement that the groups

B (U, ™™ (M) [m]) = B (U, H™™ (M)
and
B (U, K™ (M) [m]) = B (U, HT™ (M)
are zero. This follows from the assumptions and the observation that
Jj+m 2 j+N>j+no—j=ng, j+l+m > j+14+N > j4+ny—j =no.
Since the maps I'(U;, I’ ) — I'(U;, IT, ) are also surjective for all

iy Lm iy tm—1

m and r, it follows from [27], 0.11, applied to the system
1) T(U, B = D(ULT,) = D(U;, B = T(U,, 142)
that the map

(2.1.v) H/(I(U;, 1)) — H(T(U;, 1))

is an isomorphism.
Then since the map H/(M) — H?(I,,) is an isomorphism it follows
that for every 4 the restriction of y to U; is in the image of H’(M)(U;).
O
Next consider a fibred topos 7 — D with corresponding total topos
7, [13], VI.7. We call 7, a D-simplicial topos. Concretely, this means
that for each i € D the fiber 7; is a topos and that any 6 € Homp (3, j)
comes together with a morphism of topos § : 7; — 7; such that 6~ is
the inverse image functor of the fibred structure. The objects of the
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total topos are simply collections (F; € 7;);cp together with functorial
transition morphisms 6 'F; — F; for any § € Homp(i,7). We assume
furthermore that 7, is ringed by a O, and that for any 6 € Homp (3, j),
the morphism 6 : (7;, 0;) —(7;, O;) is flat.

Example 2.1.5. Let A" be the category whose objects are the ordered
sets [n] = {0,...,n} (n € N) and whose morphisms are injective order-
preserving maps. Let D be the opposite category of AT. In this case
T is called a strict simplicial topos. For instance, if U— X is a pre-
sentation, the simplicial algebraic space U, = cosq,(U/X) defines a
strict simplicial topos Uejis.er whose fiber over [n] is Uppgs. For a mor-
phism 6 : [n] — [m] in AT the morphism ¢ : T,, — T, is induced by the
(smooth) projection U,, — U, defined by 6 € Homp+ops ([m], [n]).

Example 2.1.6. Let N be the natural numbers viewed as a category
in which Hom(n, m) is empty unless m > n in which case it consists
of a unique element. For a topos T we can then define an N-simplicial
topos TN. The fiber over n of TN is T and the transition morphisms
by the identity of T. The topos TN is the category of projective systems
i T. If O, is a constant projective system of rings then the flatness
assumption is also satisfied, or more generally if 610, — O,, is an
isomorphism for any morphism 6 : m — n in N then the flatness
assumption holds.

Let C, be a full subcategory of the category of O,—modules on a
ringed D-simplicial topos (7Z,,0,). For i € D, let ¢; : 7, — 7, the
morphism of topos defined by e;'F, = F, (cf. [13], Vbis, 1.2.11).
Recall that the family e;',i € D is conservative. Let C; denote the
essential image of C, under e; ' (which coincides with e on Mod(7Z,, O,)
because e; 'O, = O;).

Assumption 2.1.7. For every i € D the ringed topos (7;,0;) is iso-

morphic to the topos of a ringed site satisfying 2.1.2 with respect to
C;.

Example 2.1.8. Let T, be the topos (Xiss)N of a S-stack locally of
finite type. Then, the full subcategory Co of Mod(7,,O,) whose objects
are families F; of cartesian modules satisfies the hypothesis.

Let M be a complex of O,—modules on 7,. Again by [27], 3.7,
there exists a morphism of complexes f : M — I with the following
properties:

(S i) I =limI, where each I, is a bounded below complex of injective
modules.
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(S ii) The morphism f is induced by a compatible collection of quasi—
isomorphisms f, : 7>_,M — 1,,.

(S iii) For every n the map I, — I,,_; is surjective with kernel K,, a
bounded below complex of injective O—modules.

(S iv) For any pair of integers n and ¢ the sequence

(2.1.vi) 0K, =TI -1 |, -0
is split.

Proposition 2.1.9. Assume that H' (M) € Co for all j. Then the
morphism f is a quasi—isomorphism and f : M — 1 is a K—injective
resolution of M.

Proof: By [27], 2.5, it suffices to show that f is a quasi—isomorphism.
For this in turn it suffices to show that for every ¢ € D the restriction
eff  efM — el is a quasi-isomorphism of complexes of O,-modules
since the family e = e; ! is conservative. But e} : Mod(7Z,, O,) — Mod(T;, O;)
has a left adjoint e; defined by

[ea(F)]; = @settomn (i)0"F

with the obvious transition morphisms. It is exact by the flatness of
the morphisms ¢. It follows that e takes injectives to injectives and
commutes with direct limits. We can therefore apply 2.1.4 to e;M — e’
to deduce that this map is a quasi—isomorphism. O
In what follows we call a K—injective resolution f : M — I obtained
from data (i)-(iv) as above a Spaltenstein resolution.
The main technical lemma is the following.

Lemma 2.1.10. Let € : (7,,0.) — (S,¥) be a morphism of ringed
topos, and let C be a complex of Oy—modules. Assume that

(1) H™"(C) € Cq for all n.

(2) There exists iy such that R'e,H"(C) = 0 for any n and any

1> 1.

Then, if j > —n + ig, we have R7e,C = Rie,m>_,,C.

Proof: By 2.1.9 and assumption (1), there exists a Spaltenstein
resolution f : C — I of C. Let J, := €], and F,, := ¢,K,,. Since the
sequences 2.1.vi are split, the sequences

(2.1.vii) 0—F,—J,—J,.1—0

are exact.
The exact sequence 2.1.vi and property (S ii) defines a distinguished
triangle
K, =»7_,C— 1>_,1,C
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showing that K,, is quasi-isomorphic to H~"(C)[n|. Because K,, is a
bounded below complex of injectives, one gets

Re.H™"(C)[n] = e.K,
and accordingly
R/, H"(C) = H/ (e.K,) = H/(F,,).
By assumption (2), we have therefore
HI(F,) =0 for j > —n + ig.
By [27], 0.11, this implies that
M (lim J,,) — H (J)

is an isomorphism for j > —n + ig. But, by adjunction, €, commutes
with projective limit. In particular, one has

lim J,, = e,
and by (S 1) and (S ii)
Re.C = ¢, and Re,7>_,C = €,J,,.
Thus for any n such that 7 > —n + 7y one has
(2.1.viii) R’e,C = H/(e.]) = H/(J,) = Rle,m>_,,C.
O

Remark 2.1.11. An important special case of lemma 2.1.10 is the fol-
lowing. Take D to be the category with one element and one morphism
so that € : (T,0) — (S,V) is just a morphism of ringed topos. Let
C be a full subcategory of the category of O-modules such that (T, O)
15 1somorphic to the ringed topos associated to a ringed site satisfying
assumption 2.1.2 with respect to C. Let C be a complex of O-modules
such that

(1) H"(C) € C for all n.
(2) There exists an integer iy such that R'e,H"(C) = 0 for any n
and 1 > 1q.
Then by lemma 2.1.10 the natural map Rie,C — Rie,m>_,C is an
isomorphism for j > —n + ig.
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2.2. The descent theorem. Let (7,,O,) be a simplicial or strictly
simplicial * ringed topos (D = A°P or D = AT°PP) let (S, V) be
another ringed topos, and let € : (7,, O,) — (S, V) be an augmentation.
Assume that € is a flat morphism (i.e. for every i € D, the morphism
of ringed topos (7;, O;) — (S, V) is a flat morphism), and furthermore
that for every morphism 0 : ¢ — j in D the corresponding morphism of
ringed topos (7;, 0;) — (7;, 0;) is flat.

Let C be a full subcategory of the category of ¥Y—modules, and as-
sume that C is closed under kernels, cokernels and extensions (one says
that C is a Serre subcategory). Let D(S) denote the derived category
of ¥—modules, and let D¢(S) € D(S) be the full subcategory consisting
of complexes whose cohomology sheaves are in C. Let C, denote the
essential image of C under the functor €* : Mod(¥) — Mod(O,).

We assume the following condition holds:

Assumption 2.2.1. Assumption 2.1.7 holds (with respect to C,), and
€ 1 C—C, is an equivalence of categories with quasi-inverse Re,.

Lemma 2.2.2. The full subcategory Co C Mod(O,) is closed under
extensions, kernels and cokernels.

Proof: Consider an extension of sheaves of O,—modules

(2.2.) 0 — €k E eFy —— 0,

where F,Fy € C. Since Rle,e*F; = 0 and the maps F; — R, e*F;
are isomorphisms, we obtain by applying €*¢, a commutative diagram
with exact rows

0 — ¢Fy —— ¢f¢,E —— ¢'Fy —— 0

(2.2.11) idl al lid

0 — ¢y —— E —— ¢Fy —— 0.

It follows that « is an isomorphism. Furthermore, since C is closed
under extensions we have €,E € C. Let f € Hom(e*Fy,€e*Fy). There
exists a unique ¢ € Hom(Fi,Fy) such that f = e€*p. Because €* is
exact, it maps the kernel and cokernel of ¢, which are objects of C,
to the kernel and cokernel of f respectively. Therefore, the latter are
objects of C,. O

Let D(7,) denote the derived category of O,—modules, and let
De, (7,) € D(7,) denote the full subcategory of complexes whose coho-
mology sheaves are in C,.

4One could replace simplicial by multisimplicial
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Since € is a flat morphism, we obtain a morphism of triangulated
categories (the fact that these categories are triangulated comes pre-
cisely from the fact that both C and C, are Serre categories [11]).

(2.2.iii) ¢ : Dc(S) — De. (T2).

Theorem 2.2.3. The functor € of 2.2.111 is an equivalence of trian-
gulated categories with quasi—inverse given by Re,.

Proof:  Note first that if M, € De,(7,), then by lemma 2.1.10,
for any integer j there exists ng such that R7e,M, = Ri€,75,,M,. In
particular, we get by induction R7e,M, € C. Thus Re, defines a functor

(221V) RE* : Dc. (7:) — Dc(S)

To prove 2.2.3 it suffices to show that for M, € De, (7,) and F € D¢(S)
the adjunction maps

(2.2.v) ¢'Re,M, — M,, F — Re,c'F.

are isomorphisms. For this note that for any integers j and n there are
commutative diagrams

eRie, M, —— H/(M,)

(2.2.v1) l l

e*Rje*TZnM. — Hj(TZnMo)a
and
HJ'(F) ——  RieF

(2.2.vi) l l

HI (15, F) —— Rlee*,F.
By the observation at the begining of the proof, there exists an integer
n so that the vertical arrows in the above diagrams are isomorphisms.
This reduces the proof 2.2.3 to the case of a bounded below complex.
In this case one reduces by devissage to the case when M, € C, and

F € C in which case the result holds by assumption. 0
The theorem applies in particular to the following examples.

Example 2.2.4. Let S be an algebraic space and Xq — S a flat hyper-
cover by algebraic spaces. Let X — S denote the associated strictly
simplicial space with S-augmentation. We then obtain an augmented
strictly simplicial topos € : (Xiét’OXfét) — (Set, Ogt). Note that this
augmentation is flat. Let C denote the éategory of quasi—coherent sheaves
on S¢. Then the category Co is the category of cartesian sheaves of
O, ~modules whose restriction to each X, is quasi-coherent. Let
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D eon(X{) denote the full subcategory of the derived category of Ox# ¢t~
modules whose cohomology sheaves are quasi—coherent, and let D jeon(S)
denote the full subcategory of the derived category of Os, —modules
whose cohomology sheaves are quasi—coherent. Theorem 2.2.3 then
shows that the pullback functor

(2.2.viii) € Dyeon(S) — Dyeon(XJ)
s an equivalence of triangulated categories with quasi—inverse Re,.

Example 2.2.5. Let X be an algebraic stack and let Uy — X be
a smooth hypercover by algebraic spaces. Let D(X) denote the de-
riwed category of sheaves of Oy, —modules in the topos Xyssr, and
let Dyeon(X) C D(X) be the full subcategory of complexes with quasi—
coherent cohomology sheaves.

Let UF denote the strictly simplicial algebraic space obtained from
U, by forgetting the degeneracies. Since the Lisse-Etale topos is func-
torial with respect to smooth morphisms, we therefore obtain a strictly
simplicial topos Ul 4 and a flat morphism of ringed topos

€: (U'+ OU+ ) e (-)(lis-éta OXlis-éc)‘

elis-6t> olis-6t

Then 2.2.1 holds with C equal to the category of quasi—coherent sheaves
on X. The category Co in this case is the category of cartesian OU:\étf
modules M, such that the restriction M,, is a quasi—coherent shea? on
U, for all n. By 2.2.3 we then obtain an equivalence of triangulated

categories

(221X) choh(X) — choh(U+

o,lis—ét)’
where the right side denotes the full subcategory of the derived category
of Oy+  —modules with cohomology sheaves in C,.

olis-ét

On the other hand, there is also a natural morphism of ringed topos
7 (Uls Ou- ) — (UL OUJ%)

olis-ét > olis &t oét)

with m, and 7 both exact functors. Let Dyon(UL,) denote the full sub-

category of the derived category of OU.*ét fmodu;:is consisting of com-
plezes whose cohomology sheaves are quasi—coherent (i.e. cartesian
and restrict to a quasi—coherent sheaf on each U,g ). Then 7 induces
an equivalence of triangulated categories D yeon(UL) ~ Dyeon(Ulkioct)-
Putting it all together we obtain an equivalence of triangulated cate-
gom'es choh<')(lis-ét) = choh(Uj_ét)'

Example 2.2.6. Let X be an algebraic stack locally of finite type over
S and O be a constant local Gorenstein ring of dimension 0 and of
characteristic invertible on S. Let U, — X be a smooth hypercover
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by algebraic spaces, and 1, the localized topos Xise|u,. Take C to be
the category of constructible sheaves of O—modules. Then 2.2.3 gives
an equivalence Do(Xise) =~ Do(Ze, A). On the other hand, there is a
natural morphism of topos X\ : T, — Ug ¢, and one sees immediately
that A\ and \* induce an equivalence of derived categories D (7o, ) ~

D.(Uegt, A). It follows that D(Xiset) =~ De(Usegt).

2.3. The BBD gluing lemma. The purpose of this section is to ex-
plain how to modify the proof of the gluing lemma [2], 3.2.4, for un-
bounded complexes.

Let A denote the strictly simplicial category of finite ordered sets
with injective order preserving maps, and let AT C A denote the full
subcategory of nonempty finite ordered sets. For a morphism « in A
we write s(«) (resp. b(«)) for its source (resp. target).

Let T be a topos and U. — e a strictly simplicial hypercovering of
the initial object e € T. For [n] € A write U, for the localized topos
T|y, where by definition we set Uy = T. Then we obtain a strictly
simplicial topos U. with an augmentation 7 : U. — T.

Let A be a sheaf of rings in T and write also A for the induced
sheaf of rings in U. so that 7 is a morphism of ringed topos.

Let C. denote a full substack of the fibered and cofibered category
over A

[n] — (category of sheaves of A-modules in U,,)

such that each C,, is a Serre subcategory of the category of A—modules

in U,. For any [n] we can then form the derived category D¢ (U, A)

of complexes of A-modules whose cohomology sheaves are in C,. The

categories D¢ (U, A) form a fibered and cofibered category over A.
We make the following assumptions on C:

Assumption 2.3.1. (i) For any [n] the topos U, is equivalent to the
topos associated to a site S, such that for any object V. € S, there
exists an integer ng and a covering {V; — V} in S, such that for any
F € C, we have H*(V;,F) =0 for all n > ny.

(ii) The natural functor

Co — (cartesian sections of C|a+ over A™)
1s an equivalence of categories.
(i1i) The category D(T, A) is compactly generated.

Remark 2.3.2. The case we have in mind is when 'T' is the lisse-étale
topos of an algebraic stack X locally of finite type over an affine requ-
lar, noetherian scheme of dimension < 1, U. is given by a hypercover-
ing of X by schemes, A is a Gorenstein local ring of dimension 0 and
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characteristic | invertible on X, and C 1is the category of constructible
A-modules. In this case the category Do(Xys.er, A) is compactly gener-
ated. Indeed a set of generators is given by sheaves jiA[i| for i € Z and
j U — X an object of the lisse-étale site of X.

There is also a natural functor
(2.3.1) D¢(T,A) — (cartesian sections of [n] — D¢(U,, A) over A™).

Theorem 2.3.3. Let [n] — K,, € D¢(U,,, A) be a cartesian section of
[n] — Dec(U,, A) over AT such that Ext'(Ko,Ko) = 0 for all i < 0.
Then (K,,) is induced by a unique object K € D¢ (T, A) via the functor
2.3.1.

The uniqueness is the easy part:

Lemma 2.3.4. Let K,L € D(T,A) and assume that Ext'(K,L) = 0
fori < 0. Then U — Hompwa)(K|u,Llu) is a sheaf.

Proof:  Let 'H denote the complex Rhom(K,L). By assump-
tion the natural map H — 7>¢H is an isomorphism. It follows that
Homp ) (K|u, L|v) is equal to the value of H(H) on U which implies
the lemma. O

The existence part is more delicate. Let A denote the fibered and
cofibered category over A whose fiber over [n] € A is the category
of A-modules in U,,. For a morphism « : [n] — [m], F € A(n) and
G € A(m) we have

Hom, (F, G) = Hom 4 (o*F, G) = Hom 4,y (F, .. G).
We write A" for the restriction of A to A™T.

Define a new category tot( A1) as follows:

e The objects of tot(A™) are collections of objects (A™),>¢ with
A" € A(n).
e For two objects (A") and (B") we define

Homyop(a+)((A™), (B")) = H Hom, (A*®), BY®),

where the product is taken over all morphisms in A*.

e If f = (f.) € Hom((A"), (B)) and g = (g,) € Hom((B"), (C"))
are two morphisms then the composite is defined to be the
collection of morphisms whose o component is defined to be

(9o o= Y 9sfy
a=py

where the sum is taken over all factorizations of a (note that
this sum is finite).
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The category tot(.A™) is an additive category.
Let (K,d) be a complex in tot(A") so for every degree n we are
given a family of objects (K")™ € A(m). Set

Kn,m = (Kner)n
For « : [n] — [m] in A* let d(«) denote the a—component of d so
d(a) € Hom, ((K?)", (KPT1)™) = Hom,, (K™P~™ K"™PH1=m)

or equivalently d(a) is a map K™? — K™pt»=m+l  In particular,
d(id,) defines a map K™™ — K™™*! and as explained in [2], 3.2.8,
this map makes K™* a complex. Furthermore for any « the map d(«)
defines an a—map of complexes K™* — K™ of degree n —m + 1. The
collection of complexes K™* can also be defined as follows. For an inte-
ger p let LPK denote the subcomplex with (LPK)™™ equal to 0 if n < p
and K™™ otherwise. Note that for any « : [n] — [m] which is not the
identity map [n] — [n] the image of d(a) is contained in LPT'K. Taking
the associated graded of L. we see that

griK[n] = (K™, d")

where d” denote the differential (—1)"d(idp,). Note that the functor
(K, d) — K™* commutes with the formation of cones and with shifting
of degrees.

As explained in [2], 3.2.8, a complex in tot(A™) is completely char-
acterized by the data of a complex K™* € C(A™) for every [n] € AT and
for every morphism « : [n] — [m] an a~morphism d(a) : K™* — K™*
of degree n — m 4 1, such that d(id,) is equal to (—1)" times the
differential of K™* and such that for every o we have

> d(B)d(y) =0.

a=0y
Via this dictionary, a morphism f : K — L in C(tot(.A*")) is given by
an a—map f(«a) : K™* — K™* of degree n — m for every morphism
« : [n] — [m] in AT such that for any morphism « we have

S dB) () =D f(Bly).

a=0y a=0y

Let K(tot(.A™)) denote the category whose objects are complexes
in tot(A") and whose morphisms are homotopy classes of morphisms
of complexes. The category K(tot(.A")) is a triangulated category. Let
L C K(tot(AT)) denote the full subcategory of objects K for which
each K™* is acyclic for all n. The category L is a localizing subcate-
gory of K(tot(.\A™)) in the sense of [3], 1.3, and hence the localized cat-
egory D(tot(A")) exists. The category D(tot(A")) is obtained from
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K(tot(A™)) by inverting quasi-isomorphisms. Recall that an object
K € K(tot(A")) is called L-local if for any object X € L we have
Homg tot(a+)) (X, K) = 0. Note that the functor K - K™* descends to
a functor
D(tot(A")) — D(Un, A).

We define DT (tot(A")) C D(tot(A")) to be the full subcategory of
objects K for which there exists an integer N such that H’(K™*) = 0
for all n and all j < N.

Recall [3], 4.3, that a localization for an object K € K(tot(A™)) is
a morphism K — I with I an L-local object such that for any L-local
object Z the natural map

(2.3.ii) HomK(tOt(A+)) (I, Z) — HomK(tot(Aﬂ)(K, Z)
is an isomorphism.

Lemma 2.3.5. A morphism K — 1 is a localization if 1 is L—local and
for every n the map K™* — I"™* is a quasi—isomorphism.

Proof: By [3], 2.9, the morphism 2.3.ii can be identified with the
natural map

(2.3.iii) Homp o4ty (I, Z) — Hompgorat+y) (K, Z),

which is an isomorphism if K — T induces an isomorphism in D(tot(.A")).

U

Proposition 2.3.6. Let K € C(tot(A"1)) be an object with each K™*
homotopically injective. Then K is L-local.

Proof: Let X € L be an object. We have to show that any mor-
phism f : X — Kin C(tot(.A")) is homotopic to zero. Such a homotopy
h is given by a collection of maps h(a) such that

fla) == d(B)h(y) + h(B)d(~).

a=py

We usually write just h for h(idp,).

We construct these maps h(a) by induction on b(a) — s(«). For
s(a) = b(a) we choose the h(a) to be any homotopies between the
maps f(idp,) and the zero maps.

For the inductive step, it suffices to show that

U(a) = f(a) + d(@)h+hd(a) + Y 'd(B)h(7) + h(B)d()
a=py
commutes with the differentials d, where Z’a:m denotes the sum over
all possible factorizations with § and + not equal to the identity maps.



16 LASZLO and OLSSON

For then W(«) is homotopic to zero and we can take h(a) to be a
homotopy between ¥(«a) and 0.
Define

Ala) = Y "d(B)A(y) + h(7)d(B)

a=py
and
B(o) = d(a)h + hd(a) + A(a).

Lemma 2.3.7. One has the identity

> AB)A() — d(B)A(y) = Y "h(B)S(y) — S(B)h(7),

a=pBy a=py
where S(a) denotes Y5 "d(3)d(7).
Proof:
D AB)A(y) = d(B)Aly) = Y 'd(e)h(p)d(v) + h(e)d(p)d(v) — d(e)h(p)d(y) — d(e)d(p)h(-
a=py a=epy
= ) 'MB)S(y) = S(B)A(),
a=P0y

where ¥, __, denotes the sum over all possible factorizations with €, p,
and v not equal to the identity maps. U

Lemma 2.3.8. One has the identity

Zﬂ 'B(B)d(v)—d(B)B(v) = —h(d(e)d+dd(cr))+(d(a)d+dd(a)) h+ 2;‘ 'h( (B)h(7)-
meof; 7
Eﬁ: 'B(B)d(~) — d(5)B(v)
= QZV 'd(B)hd(v) + hd(B)d(v) + A(B)d(v) — d(B)d(y)h — d(B)hd(v) — d(B)A(7)
= (i:ffgd(a)d +dd(a)) + (d(e)d + dd(a)h+ > 'h(B S(B)h(v).
a=py

O
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We can now prove 2.3.6. We compute
dA(a) — A(a)d
= ) dd(B)h(~) + dh(B)d(y) — d(B)h(v)d — h(B)d(y)d

a=0y

= Y dd(B)h(7) + (= f(8) = B(B) = A(B)d)d(7) = d(B)(—f(7) = B(7) — dh(~)) — h(B)d(~

a=py

= ) 'dd(B)h(v) — f(B)d(v) — B(B)d()

a=py

—  h(B)dd(y) +d(B)f(7) + d(B)B(v) + d(B)dh(y) — h(B3)d(7)d
= [D_(=S(B)AM) + h(B)S(y) — f(B)d(y) + d(B) f(7)]

a=py

+ h(d(@)d + dd()) — (d(@)d + dd(a))h = Y "h(B)S(v) = S(B)h(v)

a=py

= f(a)d — df(a) + fd(a) — d(a)f + h(d(a)d + dd(a)) — (d(c)d + dd(a))h.

So ﬁnally
d¥(a) — ¥(a)d
= df(a) + dd(a)h + dhd(a) + dA(a) — f(a)d — d(a)hd — hd(a)d — A(a)d
= df(a)+dd(a)h + dhd(a) — f(a)d — d(a)hd — hd(a)d
+ fla)d —df(a) + fd(a) — d(a) f + hd(a)d + hdd(«) — d(a)dh — dd(a)h
= 0.
This completes the proof of 2.3.6. 0
Let

¢ : C(A(@)) — C(tot(A™))
be the functor sending a complex K to the object of C(tot(.A1)) with
¢'K™* = K]y, with maps d(idy,) equal to (—=1)" times the differential,
for 0; : [n] — [n + 1] the map d(0;) is the canonical map of complexes,
and all other d(«)’s are zero. The functor €* takes quasi-isomorphisms
to quasi—isomorphisms and hence induces a functor

¢ : D(A(2)) — D(tot(A™)).

Lemma 2.3.9. The functor € has a right adjoint Re, : D(tot(A1)) —
D(A(2)) and Re, is a triangulated functor.

Proof: ~We apply the adjoint functor theorem [22], 4.1. By our
assumptions the category D(A(2)) is compactly generated. Therefore
it suffices to show that ¢* commutes with coproducts (direct sums)
which is immediate. t
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More concretely, the functor Re, can be computed as follows. If K
is L-local and there exists an integer N such that for every n we have
K™™ =0 for m < N, then Re,K is represented by the complex with

(E*K)p - @n+m:p€n* K™

with differential given by > d(«). This follows from Yoneda’s lemma
and the observation that for any F € D(A(2)) we have

HOmD(A(g)) (F, RE*K) = HomD(tot(AJr)) (E*F, K)
= Homgoy(at)) (€°F,K) since K is L-local
= HomK(A(g))(F, E*K) by [2], 3.2.12.

Lemma 2.3.10. For any F € DT (A(@)) the natural map F — Re,.e*F
s an isomorphism.

Proof: Represent F by a complex of injectives. Then €*F is L-local
by 2.3.6. The result then follows from cohomological descent. 0

Let D}, (tot(AT) € DT (tot(A™)) denote the full subcategory of
objects K such that for every n and inclusion 0; : [n] — [n + 1] the
map of complexes

K™* N Kn-‘,—l,*

|Un+1

is a quasi-isomorphism.

Proposition 2.3.11. Let K € DZ ,(tot(A")) be an object. Then
e€*Re.K — K s an isomorphism. In particular, Re, and €* induce

an equivalence of categories between DT, (tot(AT)) and DT (A(2)).

cart

Proof: For any integer s and system (K™*, d(«)) defining an object
of C(tot(A™)) we obtain a new object by (7<K™*, d(«)) since for any
a which is not the identity morphism the map d(«) has degree < 0.
We therefore obtain a functor 7<, : C(tot(A")) — C(tot(A*1)) which
takes quasi-isomorphisms to quasi-isomorphisms and hence descends
to a functor

T<s : D(tot(AT)) — D(tot(A™)).
Furthermore, there is a natural morphism of functors 7<;, — 7<,4; and
we have

K ~ hocolim 7<K.

Note that the functor € commutes with homotopy colimits since it
commutes with direct sums. If we show the proposition for the 7« K
then we see that the natural map

€*(hocolimRe,7<;K) =~ hocolime*Re, 7< ;K — hocolimr< K ~ K
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is an isomorphism. In particular K is in the essential image of €*.
Write K = ¢*F. Then by 2.3.10 Re,K ~ F whence ¢*Re, K — K is an
isomorphism.

It therefore suffices to prove the proposition for K bounded above.
Considering the distinguished triangles associated to the truncations
T<.K we further reduce to the case when K is concentrated in just a
single degree. In this case, K is obtained by pullback from an object of
A(@) and the proposition again follows from 2.3.10. O

For an object K € K(tot(.A")), we define 7K to be the cone of
the natural map 7«1 K — K.

Observe that the category K(tot(.A")) has products and therefore
also homotopy limits. Let K € K¢(tot(A™)) be an object. By 2.3.11,
for each s we can find a bounded below complex of injectives I, €
C(A(2)) and a quasi-isomorphism o, : 75K — €I Since €I, is
L-local and €* : DY(A(2)) — D(tot(A")) is fully faithful by 2.3.11,
the maps 7>,_1K — 7K induce a unique morphism ¢, : [,_; — I in
K(A(2)) such that the diagrams

Tzs—lK — TZSK

Ml las

t
el —— €1,

commutes in K(tot(A1)).

Proposition 2.3.12. The natural map K — holim €I, is a quasi—
tsomorphism.

Proof: It suffices to show that for all n the map K™* — holim €I,
is a quasi-isomorphism, where €, : U, — T is the projection. Let S,
be a site inducing U, as in 2.3.1. We show that for any integer i the
map of presheaves on the subcategory of S, satisfying the finiteness
assumption in 2.3.1 (i)

(V — U,) — H(V,K™*) — H(V, holim €I,)

is an isomorphism. For this note that for every s there is a distinguished
triangle

H (K™ [—s] — €1, — €1, 4
and hence by the assumption 2.3.1 (i) the map

(2.3.iv) HY(V,e L) — H(V, e I,_)



20 LASZLO and OLSSON

is an isomorphism for s < ¢ — ng. Since each €/l is a complex of
injectives, the complex [ ], €' 1, is also a complex of injectives. Therefore

HZ(V7 H enls) = HZ(H e ls(V)) = H HZ(EZIS(V))

It follows that there is a canonical long exact sequence
—— [LH(1,(V) = T H (€ 1,(V)) —— Hi(V, holim ¢X1,) — .
From this and the fact that the maps 2.3.iv are isomorphisms for s
sufficiently negative it follows that the cohomology group HY(V, holim €* )
is isomorphic to H*(V, K™*) via the canonical map. Passing to the as-
sociated sheaves we obtain the proposition. U

Corollary 2.3.13. Every object K € De(tot(A1)) is in the essential
image of the functor

¢ : De(A(@)) — De(tot(A™)).

Proof: Since €* also commutes with products and hence also ho-
motopy limits we find that K ~ €*(holim I,) in D¢(tot(A™1)) (note that
H?(holimlI,) is in C since this can be checked after applying €*). O

Lemma 2.3.14. Let [n] — K" be a cartesian section of [n] — D(U,, A)
such that Ext' (K™, K") = 0 for all i < 0. Then (K") is induced by an
object of D(tot(A™)).

Proof: Represent each K™ by a homotopically injective complex
(denoted by the same letter) in C(U,, A) for every n. For each mor-
phism 0; : [n] — [n + 1] (the unique morphism whose image does not
contain i) choose a d;-map of complexes 9} : K" — K"*! inducing the
given map in D(U,, 41, A) by the strictly simplicial structure. The proof
then proceeds by the same argument used to prove [2], 3.2.9. U

Combining this with 2.3.13 we obtain 2.3.3. U

3. DUALIZING COMPLEX

3.1. Dualizing complexes on algebraic spaces. Let w : W—S
be a separated® morphism of finite type with W an algebraic space.
We'll define Q,, by glueing as follows. By the comparison lemma [13],
I11.4.1, the étale topos We, can be defined using the site Etale(W)
whose objects are étale morphisms A : U— W where a : U— S is affine
of finite type. The localized topos Wy coincides with Ug. Notice that

SProbably one can assume only that w quasi-separated, cf. [13], XVIL7; but we
do not need this more general version.
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this is not true for the corresponding lisse-étale topos. This fact will
cause some difficulties below.

Unless otherwise explicitly stated, we will ring the various étale or
lisse-étale topos which will be appear by the constant Gorenstein ring
A of dimension 0 of the introduction.

Let €2 denote the dualizing complex of S, and let o : U — S denote
the structural morphism. We define

(3.1.1) Qa = o/Q € D(Ug, A) = D(Weq ).

which is the (relative) dualizing complex of U, and therefore one gets
by biduality [4], «Th. finitude» 4.3,

implying at once

(3.1.ii) Eatly,  (Qa, Q) =0ifi <O0.

ét|U

We want to apply the glueing theorem 2.3.3. Let us therefore con-
sider a diagram

(e

v

i\*wk/j
1

S
with a commutative triangle and A, B € Etale(W). Since A and B are

étale, the morphism o is also étale so there is a functorial isomorphism
o*Q) A — QB.

Therefore (2a) s cfrate(w) defines locally an object £, of D(W) with

vanishing negative Eat’s (recall that w : W — S is the structural
morphism). By 2.3.3, we get

\Y

Proposition 3.1.1. There exists a unique €, € D(Wg) such that
Qo = Qa.

We need functoriality for smooth morphisms.

Lemma 3.1.2. If f : Wy — W5 is a smooth S-morphism of relative
dimension d between algebraic space separated and of finite type over S
with dualizing complexes 2y, $2s, then

f*QQ - Ql( - d)
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Proof: Start with Uy — Ws étale and surjective with U, affine say.
Then, W; = W, Xy, Wy is an algebraic space separated and of finite
type over S. Let U; — W, be a surjective étale morphism with U; affine
and let g : Uy — Uy be the composition U, —>W1 — Uy, It is a smooth
morphism of relative dimension d between affine schemes of finite type
from which follows the formula g'(—) = ¢g*(—){d). Therefore, the pull-
backs of Lj = Q;(—d) and f*Qs on U; are the same, namely Qy,. One
deduces that these complexes coincide on the covering sieve Wigu,

and therefore coincide by 2.3.4 (because the relevant negative Exts
vanish). O

3.2. Etale dualizing data. Let X — S be an algebraic S-stack locally
of finite type. Let A : U— X in Lisse-Et(X') and o : U— S the com-
position U— X — S. We define

(321) Ka = Qa< — dA> € DC(Uét, A)

where dp is the relative dimension of A (which is locally constant). Up
to shift and Tate torsion, K, is the (relative) dualizing complex of U
and therefore one gets by biduality

(3.2.i) Rhom(Ka,Ka) = A and Extyy, (Ka, Ka) =0if i <0.

We need again a functoriality property of K. Let us consider a
diagram
g

AN

. l r
S

with a 2-commutative triangle and A, B € Lisse-Et(X).

v U

Lemma 3.2.1. There is a functorial identification
O'*KA = KB.

Proof: Let W = U xy V which is an algebraic space. One has a
commutative diagram with cartesian square

wW—L=U

N B
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In particular, a, b are smooth and separated like A, B. One deduces
a commutative diagram

wW—-U .
o [a / ia
\
V=5
I claim that
(3.2.iii) Ky = a'Kg = K.

where w denotes the morphism W — X.
Indeed, a,b being smooth of relative dimensions dj,dg, one has
3.1.2
b'Ka = b0"Qu(—da) = Q,( — da — dp)
and analogously
CL*KB = CL*QB< — dB> = Q7< — dB — dA>,

where 7 : W — S is the structure morphism. Pulling back by s gives
the result. O

Remark 3.2.2. Because all S-schemes of finite type satisfy cdy(X) <
0o, we know that Kx is not only of finite quasi-injective dimension but
of finite injective dimension [14], 1.1.5. By construction this implies
that Ku is of finite injective dimension for A as above.

3.3. Lisse-étale dualizing data. In order to define Qy € D(Xj}is.4) by
glueing, we need glueing data xy € D(Xjs.eqyu) for objects A : U — X
of Lisse-Et(X’). The inclusion

Etale(U) — Lisse-Et(X)u

induces a continuous morphism of sites. Since finite inverse limits exist
in Etale(U) and this morphism of sites preserves such limits, it defines
by [13], IV.4.9.2, a morphism of topos (we abuse notation slightly and
omit the dependence on A from the notation)

€: Xlis-ét|U — Ug.

3.3.1. Let us describe more explicitely the morphism €. Let Lisse-Et(X)y
denote the category of morphisms V. — U in Lisse-Et(X’). The category
Lisse-Et(X)y has a Grothendieck topology induced by the topology on
the site Lisse-Et(X'), and the resulting topos is canonicallly isomorphic
to the localized topos AXjssu. Note that there is a natural inclusion
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Lisse-Et(U) — Lisse-Et(X);y but this is not an equivalence of cat-
egories since for an object (V. — U) € Lisse-Et(X);y the morphism
V — U need not be smooth. It follows that an element of Xjj 4 v is
equivalent to giving for every U-scheme of finite type V. — U, such
that the composite V. — U — X is smooth, a sheaf Fy € Vg together
with morphisms f~!F, — Fy for U-morphisms f : V' — V. Fur-
thermore, these morphisms satisfy the usual compatibility with com-
positions. Viewing &Xjs ¢ u in this way, the functor e ! maps F on Ug
to Fy = n'F € Vg where 7 : V—U € Lisse-Et(X)y. For a sheaf
I € Xjsayu corresponding to a collection of sheaves Fy, the sheaf €,F
is simply the sheaf Fy.

In particular, the functor e, is exact and therefore H*(U,F) =
H*(Ug, Fu) for any sheaf of A-modules of X

3.3.2. A morphism f : U—V of Lisse-Et(&’) induces a diagram

€
Xiset|lu —— Ug

(3.3.4) fl l

€
‘)(lis—ét | \% ’ Vét

where Al étju — Mis-etjv is the localization morphism [13], IV.5.5.2,
which we still denote by f slightly abusively. For a sheaf F € Vg, the
pullback f~'e !F is the sheaf corresponding to the system which to
any p : U — U associates p~! f~1F. In particular, ftoe ! =elof!
which implies that 3.3.i is a commutative diagram of topos. We define

(3311) RA = G*KA € D<Xlis—ét|U)'

By the preceding discussion, if

N4

is a morphism in Lisse-Et(X'), we get

U

[T kB = Ka
showing that the family (k4) defines locally an object of D(Xjiset ).

3.4. Glueing the local dualizing data. Let A € Lisse-Et(X) and ¢ :
Xiis-stju — Uge be as above. We need first the vanishing of Ext'(ka, ka), i <
0.

Lemma 3.4.1. Let F,G € D(Ug). One has
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(i) Ext'(e"F, €G) = Ext'(F,G). ‘
(ii) The étale sheaf Ext'(e*F,€*G)y on Ug is Eaty, (F,G).

Proof: Since e, is exact and for any sheaf F € Uy one has F =
€.€'F, the adjunction map F — Re,e*F is an isomorphism for any
F € D(Ug). By trivial duality, one gets

e« Rhom(e*F,€'G) = Rhom(F, e.€*G) = Rhom(F,G).

Taking H'RI" gives (i).

By construction, £xt'(¢*F,e*F)y is the sheaf associated to the
presheaf on Ug which to any étale morphism 7 : V — U associates
Ext’(m*¢*F, 7*€*G) where 7 is the the pull-back functor associated to
the localization morphism

(Kiis-st|U) v = Xis-et|v — Xis-etu

[13], V.6.1. By the commutativity of the diagram 3.3.i, one has 7*e* =
e**. Therefore

Ext'(1*¢* F, m*¢"G) = Ext'(e'n*F, e'n*G) = Exty, (7*°F, 7°G),

the last equality is by (3). Since Ext}; (F,G) is also the sheaf associated
to this presheaf we obtain (). O
Using 3.2.ii, one obtains

Corollary 3.4.2. One has Rhom(ka, ks) = A and therefore Ext' (ka, k) =
04fi<0.

Now choose a presentation p : X — X with X a scheme. The object
Ky € D(Xiset|x) then comes with descent data to Ay which by 2.3.3
and the above discusison is effective. We therefore obtain:

Proposition 3.4.3. There exists Qx(p) € D(b)(th_ét) inducing ka for
all A € Lisse-Et(X)x. It is well defined up to unique isomorphism.

The independence of the presentation is straightforward and is left
to the reader :

Lemma 3.4.4. Let p; : X; — X,1 = 1,2 two presentations as above.
There exists a canonical, functorial isomorphism Qx(p1) — Qx(p2).

Definition 3.4.5. The dualizing complex of X is the "essential” value
Qy € D(b)(/l’hs_ét) of Qx(p), where p runs over presentations of X. It is
well defined up to canonical functorial isomorphism and is characterized
by Quju = €Ky for any A : U— X in Lisse-Et(X).
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3.5. Biduality. For A, B any abelian complexes of some topos, there
is a biduality morphism

(3.5.1) A — Rhom(Rhom(A,B),B)

(replace B by some homotopically injective complex isomorphic to it
in the derived catgory).
In general, it is certainly not an isomorphism.

Lemma 3.5.1. Let u : U—S be a separated S-scheme (or algebraic
space) of finite type and A € D.(Ug, A). Then the biduality morphism

A — Rhom(Rhom(A,Ky), Ky)

is an isomorphism (where Ky is -up to shift and twist- the dualizing
complex of U ).

Proof: If A is moreover bounded, it is the usual theorem of [4].
Let us denote by 7, the two-sides truncation functor

T>_nT<n-
We know that Ky is a dualizing complex [14], exp. I, and is of finite
injective dimension (3.2.2); the homology in degree n of the biduality
morphism A — DD(A) is therefore the same as the homology in degree
n of the biduality morphism 7,,A — DD(7,,A) for m large enough and
the lemma follows. O
We will be interested in a commutative diagram

NA

\Y

as above.

Lemma 3.5.2. Let F € D.(Xis.et) and let Fy € D.(Ug) be the object
obtained by restriction.

(i) One has f* Rhom(Fy,Ka) = Rhom(f*Fu, f*Ka) = Rhom(f*Fu,Kp).
(ii) There exist integers a < b (independent of F) such that for
every 1 € 7
gl‘ti(.,FU, KA) = gl‘ti(TZi_bTSi_an, KA)
Moreover, Rhom(Fy,Ka) is constructible.

Proof:  Let’s prove (7). By 3.2.1, one has f*K, = Kg, therefore
one has a morphism

" Rhom(Fy,Ka) — Rhom(f*Fu,Kg).
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To prove that it is an isomorphism, consider first the case when f
is smooth. Because both K, and Ky are of finite injective dimension
(3.2.2), one can assume that F is bounded where it is obviously true
by reduction to F the constant sheaf (or use [14], I.7.2). Therefore the
result holds when f is smooth.

JFrom the case of a smooth morphism, one reduces the proof in
general to the case when X is a scheme. Let Fy € D.(Xy) denote
the complex obtained by restricting F. By the smooth case already
considered, we have

" Rhom(Fu,Ka) ~ [f*A*"Rhom(Fxr,Ky)
B*Rhom(Fx,Kx)
Rhom(B*Fx,B*'Kx)
~ Rhom(f*Fu, f*Ka).
The existence of a < b as in (i) follows immediately from the fact
that K, has finite injective dimension 3.2.2. To verify that Rhom(Fy, Ka)

is constructible it suffices by the first statement in (7i) to consider the

case when F is bounded in which case the result follows from [14], [.7.1.
0J

Lemma 3.5.3. Let F € D (Xiiss). Then,
€ Rhomu,, (Fu,Ka) = Rhom(F,Qx)u
where Fuy = €,F|u is the restriction of F to Etale(U).

12

Proof: By definition of constructibility, H*(F) are cartesian sheaves.
In other words, ¢, being exact, the adjunction morphism

€Fy=ceFu—Fu
is an isomorphism. We therefore have
Rhom(F,Q)juy = Rhom(Fu,Qu)
Rhom(e Fu,e'Ka)

Therefore, we get a morphism
€ Rhomy,, (Fu,Ka) = Rhom(e" Fu, €' Ka) = Rhom(F,Qx)u.
By 3.4.1, one has for any object f: V — U in Lisse-Et(X)|y
Ext' (e Fu, € Ka)v = Eaty, (f*Fu, [*Ka).
But, one has

H'(¢* Rhomuy,, (Fu, Ka))v = f* Eatyy, (Fu, Ka)
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and the lemma follows from 3.5.2. O
One gets immediately (cf. [14], 1.1.4)

Corollary 3.5.4. Qyx is of locally finite quasi-injective dimension.

Remark 3.5.5. It seems over-optimistic to think that Qx would be of
finite injective dimension even if X is a scheme.

Lemma 3.5.6. If A € D.(X), then Rhom(A,Qx) € D (X).
Proof: Immediate consequence of 3.5.2 and 3.5.3. U
Corollary 3.5.7. The (contravariant) functor

J De(X) — De(X)
D"'{ F  +— Rhom(F,Qyx)

s an involution. More precisely, the morphism
t:Id—=DyoDy
induced by 3.5.1 1s an isomorphism.
Proof: 'We have to prove that the cone C of the biduality morphism
is zero in the derived category, that is to say
Cu =€.Cy =0in D(Ug).
But we have

ex(Rhom(Rhom(F,Qx),Qx))ju = € Rhom(Rhom(F,Qx)u, Qxu)

23 e, Rhom(e* Rhom(Fu, Ka), Q)

Rhom(Rhom(Fuy,Ka), €. Kp)
Rhom(Rhom(Fy,Ka), Ka)
Fu,

where the third equality is by trivial duality. 0

Remark 3.5.8. Verdier duality Dy identifies D and DS with a =
,+,b and the usual conventions — & = & and —b = b.

3.5.1

Proposition 3.5.9. One has a canonical (bifunctorial) morphism
Rhom(A,B) = Rhom(D(B),D(A))
for all A,B € D.(X).

Proof: By [16], 18.6.9, we have canonical identifications for any
three complexes A, B, C € D (Xis.et)
(3.5.ii)

Rhom(A, Rhom(B, C)) = Rhom(A (}Ié B, C) = Rhom(B, Rhom(A, C)).
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One gets then

Rhom(D(B),D(A)) = Rhom(D(B), Rhom(A,Qxy))
2% Rhom(A,D o D(B))
= TRhom(A,B).

4. THE 6 OPERATIONS

4.1. The functor Rf.. Let f: X — )Y be a finite type morphism be-
tween S-stacks locally of finite type. We then have the derived functor
of f.

Rf.:D(X) — D(Y).
Note that in general R f. does not map D.(X) to D.()). For example
consider BG,,, — Spec(k) and A = @;>oA[i]. However, by [23], 9.9,
R f. restricts to a functor

Rf.: DIP(X) — DED(Y).

4.2. The functor Rhom(—,—). Let X be an S-stack locally of finite
type.

Lemma 4.2.1. Let F € D.(X) and G € D.(X), and let j be an in-
teger. Then the restriction of the sheaf H'(Rhomy, . (F,G)) to the
étale topos of any object U € Lisse-Et(X') is canonically isomorphic to
8mt{Jét(FU, Gu), where Fy and Gy denote the restrictions to Ug.

Proof:  The sheaf H/(Rhomy,_ .. (F,G)) is the sheaf associated
to the presheaf which to any smooth affine X'-scheme U associates
EthXlis-éqU(F’G)’ where Ajjg¢u denotes the localized topos. Let € :
Xiis-stju — Ug be the morphism of topos induced by the inclusion of

Etale(U) into Lisse-Et(X )ju- Then since F and G have constructible
cohomology, the natural maps €*¢,F — F and €*¢,G — G are isomor-
phisms in D(Xjsetju). Since the natural map id — e,e* is an isomor-
phism we get as in 3.4.1 (i)
Ethan,éqU(F’ G) ~ Extfvli&ét‘U(e*e*F, €*e.G)
~ Ext%ét(e*F, e.€'e, Q)
~ Ext%ét(e*F,e*G).

Sheafifying this isomorphism we obtain the isomorphism in the lemma.
OJ
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Corollary 4.2.2. If F € DI)(X) and G € DI(X), the complex
Rhomy,_, (F,G) lies in D (X).

Proof: By the previous lemma and the constructibility of the coho-
mology sheaves of F and G, it suffices to prove the following statement:
Let f : V — U be a smooth morphism of schemes of finite type over
S, and let F € D, (Ug) and G € D} (Ug). Then the natural map
f*Rhomy,, (F,G) — Rhomy,, (f*F, f*G) is an isomorphism as we saw
in the proof of 3.5.2 (see [14], 1.7.2). O

Proposition 4.2.3. Let X, — X be a smooth hypercover of X by a
simplicial scheme Xo. Let F, G € D (Xiiser), and let Fep, Gor € Do(Xe 6t)
denote the restrictions of F and G respectively to the étale topos of X,.
Then there is a canonical isomorphism

(421) RhOth&ét (F, G)‘X.,ét ~ 'RJLOTTlX.’ét (Fét, Gét).

In particular, if F € D{)(X) and G € DY then Rhomx, ., (Fs, Get)
maps under the equivalence of categories Do(Xeg) =~ De(Xiset) to

Rholeis—ét (F7 G)

Proof:  Let Xjg¢x, denote the strictly simplicial localized topos
and consider the morphisms of topos

(4.2.ii) Xiiset —— Xisetxe —— Xoet-

Lemma 4.2.4. Let A|B € D(Xjs¢). Then there is a canonical iso-
morphism

(4.2.1ii) " Rhomy,_ (A, B) ~ Rhomy, |y, (T"A,7*B).
Proof: Let I' be a homotopically injective representative for B, and

let 7*I' — J be a quasi-isomorphism with J° homotopically injective.
Then by construction [16], 18.4.2, we have

T Rhomu,, . (A, B) = m"Homy,_, (A, 1) = Homy, .. (7"A, 77T,
and
Rhoma, g x, (T°A, 7°B) = Homy,_, \  (T°A,J).
We define 4.2.iii to be the map
Homy, . (T A, 7 1) — Homy, (77A,J)
induced by the map n*I' — J. To check that this map is a quasi-
isomorphism, it suffices to show that for every n the map

(4.2.iv) Homy, . (TpA m ) — Homy, . (mA, )

is a quasi-isomorphism, where 7, : Xis.¢t|x, — Xis.és 18 the localization
morphism and J;, is the restriction of J* to Xset|x,,-
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For this note that 7 is an exact functor on the category of abelian
sheaves in Xjs¢t|x, and 7 admits an exact left adjoint 7, (as is the
case for any localization morphism). Therefore 71" is a homotopically
injective resolution of 7}B. Also the restriction functor from abelian
sheaves on Xjig4|x, to abelian sheaves on Xjis4|x, admits an exact left
adjoint (see for example [13], V?*.1.2.11) and is exact. It follows that
J:, is also a homotopically injective resolution of 7B and so the map
4.2.iv is a quasi-isomorphism. 0

By definition Fg; = €,7*F and Gg = €,7*G, and since F,G €
D.(Xis.¢t) the natural maps €*'Fg, — 7°F and €*Gg, — 7*G are isomor-
phisms (2.2.3). Using 4.2.4 we then obtain

Rholeisfét (F7 G) ’Xuét 6T RhOleis—ét (F7 G)
= & Rholeis»ét|X. (W*Fv W*G)
(

* *
€ Rhomy, .« (€ Fet, € Get)

12

~ Rhomx, , (Fe, Gar),

where the last isomorphism is by trivial duality. O

4.3. The functor f*. The lisse-étale site is not functorial (cf. [1],
5.3.12): a morphism of stacks does not induce in general a morphism
between corresponding lisse-étale topos. In [23], a functor f* is con-
structed on D using cohomological descent. Using the results of 2.2.3
which imply that we have cohomological descent also for unbounded
complexes, the construction of [23] can be used to define f* on the
whole category D..

Let us review the construction here. Let f : X — ) be a morphism
of algebraic S—stacks locally of finite type. Choose a commutative

diagram
X X
Y Yy

where the horizontal lines are presentations inducing a commutative
diagram of strict simplicial spaces

—_—

—_—

We get a diagram of topos
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dx nx
Koot < XNisét|xe — Xis-st

3 i
Sy ny

Yoot < Viiset|ye — Viis-ct-
By 2.2.6 the horizontal morphisms induce equivalences of topos
Dc(Xlis-ét) ~ Dc(Xo,ét)> Dc<ylis-ét) ~ Dc<Y-,ét)-
We define the functor f*: D.(Miset) — De(Xiset) to be the composite

(431) Dc(ylis—ét) = Dc(Yo,ét) L DC(X‘vét) = DC(')(hs'ét)’

where f7 denotes the derived pullback functor induced by the morphism
of topos fe : Xest — Yee. Note that f* takes distinguished triangles
to distinguished triangles since this is true for f7.

Proposition 4.3.1. Let A € D.(Y) and let B € DY(X), and assume
f is of finite type. Then there is a canonical isomorphism

(4.3.i1) Rhom(A, f.B) — f. Rhom(f*A,B).

Proof: ~ We first reduce to the case when A € D_(Y). For this
we use some standard properties of homotopy limits and colimits as
discussed for example in [3].

Lemma 4.3.2. Let (T,0) be a ringed topos, and let C € D(O) be a
complex. Then C s isomorphic to hocolim, 7<,C.

Proof: By definition hocolim,,7<,,C is the cone of the morphism
1 — shift : ®,7<,C — ®,7<,,C.

Let m : ®,7<,C — C be the map induced by the natural maps 7<,C —
C. Then 7 and 7 o shift are equal, and therefore there exists a map
from the cone

hocolim 7, C — C.
We claim that this map is a quasi-isomorphism. For this note that by
construction we have
H'(hocolim 7, C) = @Hi(TSnC) = H'(C)
for all 4. 0
We therefore have a distinguished triangle

1—shift
—_—
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which induces a commutative diagram

Rhom(®,7<,A, f.B) Loshif Rhom(®,7<,A, f.B) —— Rhom(A, f.B)

zl lg

1—shift

[, Rhom(t<,A, f.B) —— [], Rhom(7<,A, f.B).
We conclude that

Rhom(A, f.B) ~ holim Rhom(r<,A, f.B).
Similarly since f*7<, = 7<,[* we have

Rhom(f*A,B) ~ holim Rhom(f*1<,A,B),

and since f, commutes with homotopy limits (since f. commutes with
products) we conclude that

f« Rhom(f*A,B) ~ holim f, Rhom(f*1<,A, B).

This reduces the proof of 4.3.1 to the case when A € D_()). In this
case both sides of 4.3.ii have constructible cohomology, so it suffices to
construct the isomorphism after restricting to Y .

By 4.2.3 and [23], 9.8, we have

Rf. Rhom(f*A,B)ly, . =~ Rfex Rhomx, . (foAlv, o Blx,.q)-

The result therefore follows from the usual adjunction
(4.3.iii)
R fex Rhomx, , (fJ(A

o ét

Yoo ) Blxos) = Rhomy,  (Alegt, f+Blx,e.)-
]

4.4. Definition of Rfi, f'. Let f : X —) be a morphism of stacks
(locally of finite type over S) of finite type. Recall (4.1) that R f, maps

DL (Xiis-et) to NS (Viis-ét)-
Definition 4.4.1. We define
Rfi: D (Kiiset) = D) (Vhisat)
by the formula
Rfi=DyoRf.0oDux,
and
f! : Dc(ylis—ét> - Dc(‘)(lis—ét)
by the formula
f'=Dxo ffoDy.
By construction, one has

(4.4.1) f'Qy = Q.



34 LASZLO and OLSSON

Proposition 4.4.2. Let A € DE‘)(th_ét) and B € D.(Qiset). Then
there is a (functorial) adjunction formula
Rf. Rhom(A, f'B) = Rhom(Rf/A, B).

Proof: We write D for Dy, Dy and A’ = D(A) € DEH(X). One
has

Rhom(RfiD(A"),B) = Rhom(D(Rf.A"), B)
= Rhom(D(B),Rf.A’) (3.5.9)
= Rf. Rhom(f*D(B),A’) (4.3.1)
= Rf. Rhom(D(A"), f'B) (3.5.9)

4.5. Projection formula.

Lemma 4.5.1. Let A,B € D.(X).
(i) One has

Rhom(A, B) = Dy(A & Dy (B)).

L
(ii) If A,B € D)(X), then A®B € D7 (X).
Proof: Let Qy be the dualizing complex of X'.
Rhom(A,B) = Rhom(Dx(B), Rhom(A,Qx)) (3.5.9)

— Rhom(Dx(B)® A, Q) (3.5.ii)

— Dr(ASDx(B))

proving (i). For (ii), using truncations, one can assume that A, B are
sheaves: the result is obvious in this case. O

Corollary 4.5.2. Let f : X — Y be a morphism as in 4.4, and let
B e D((;_)(y), Ae D((;_)(X). One has the projection formula
L L
RAA® f*B) = RAA®B.

Proof: Notice that the left-hand side is well defined by 4.5.1. One
has

Rf(A® f*B) = Dy o Rf, o D(A D fDyB)
= Dy o Rf.(Rhom(A, fDyB)) (4.5.1)
= Dy(Rhom(RfiA, DyB)) (4.4.2)

—RAAGB (4.5.1) and (3.5.7).
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Corollary 4.5.3. For all A € Dgf)(y), B e D((f)(y), one has
f'Rhom(A,B) = Rhom(f*A, f'B).
Proof: By lemma 4.5.1 and biduality, the formula reduces to the

formula
fAGD(B)) = f*AS ['D(B).

Using suitable presentation, one is reduced to the obvious formula

Fr(Ac®B.) = frA. & f7B.

for a morphism f, of simplicial étale topos. U

4.6. Computation of f' for f smooth. Let f: X — Y be a smooth
morphism of stacks of relative dimension d. Using 2.3.4, one gets im-
mediately the formula

[y = Qx(=d)
(choose a presentation of Y — ) and then a presentation X — Xy; the

morphism X — Y being smooth, one checks that these two complexes
coincide on Ajis¢x and have zero negative Ext’s).

Lemma 4.6.1. Let A € D.()). Then, the canonical morphism
f*Rhom(A,Qy) — Rhom(f*A, f*Qy)
s an isomorphism.

Proof: Using 3.4.1, one is reduced to the corresponding statement
for étale sheaves on quasi-compact algebraic spaces. Because, in this
case, both €2y and f*(Q2y are of finite injective dimension, one can as-
sume that A is bounded or even a sheaf. The assertion is well-known
in this case (by dévissage, one reduces to A = Ay in which case the
assertion is trivial, cf. [14], exp. I). O

Corollary 4.6.2. Let f : X — ) be a smooth morphism of stacks of
relative dimension d. One has f' = f*(d).

Let j : Y — X be an open immersion. Let us denote for a while by
J; the extension by zero functor : it is an exact functor on the category
sheaves preserving constructibility and therefore passes to the derived
category D..

Proposition 4.6.3. One has j' = j* and ji = j,.
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Proof: The first equality is a particular case of 4.6.2. Because j*
has a left adjoint j, which is exact, it preserves (homotopical) injec-
tivity. Let A, B be constructible complexes on U, X respectively and
assume that B is homotopically injective. One has

Rhom(j,A,B) = Hom(j;A, B)
= Hom(A,j*B) (adjunction)
Rhom(A, j*B)

Taking H°, one obtains that j* is the right adjoint of j, proving the
lemma because j' = j* is also the right adjoint of j. U

4.7. Computation of Ri, for ¢ a closed immersion. Let:: X — )
be a closed immersion and j : U =) — X — ) the open immersion of
the complement : both are representable. We define the cohomology
with support on X for any F € Ajis ¢ as follows. First, for any Y — Y in
Lisse-Et()), the pull-back Yy — U is in Lisse-Et(U) and Yy —U — Y
is in Lisse-Et())). Then, we define H%.(F)

(4.7.4) L(Y,H%(F)) = ker(T'(Y,F) — I'(Yy, F))

and RIy is the total derived functor of the left exact functor H%.

As usual if T is an injective A-module on ), then the adjunction
map I — 7,5*1 is surjective. It follows that for any F € D*()) there is
a distinguished triangle

RH%(F) — F — Rj.j*F — RH%(F)[1].
This implies in particular that if F € DEP(), then RHY (F) is also in
DY ().
Lemma 4.7.1. One has Qx = i*RI ¥ (y).
Proof: 1f i is a closed immersion of schemes (or algebraic spaces),
one has a canonical (and functorial) isomorphism, simply because 7*HY
is the right adjoint of 7,. If K denotes one of the objects on the two

sides of the equality to be proven, one has therefore £zt*(K, K) = 0 for
1 < 0. Therefore, these isomorphisms glue by 2.3.3. U

Proposition 4.7.2. The functor B — i*RI'x(B) is the right adjoint
of i., and therefore coincides with i'. More generally, one has

(4.7.i1) Rhom (i A, B) = i, Rhom(A,i*RH%(B))

forallA €D, (X),B e DY (¥). Moreover, one has one has iy = i, and
1« has a right adjoint, the sections with support on X.
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Proof: If A,B are sheaves on )jq¢, one has by definition of ﬂg(
an isomorphism

hom(i, A, B) ~ hom(i, A, H} (B)).
This isomorphism induces a morphism of derived functors
(4.7 ii) Rhom(i, A, B) — Rhom(i, A, RH(B)).

We claim that if A € D.(X) and B € DS (Y) then 4.7.ii is an iso-
morphism. To verify this it suffices to show that for any (U — )) €
Lisse-Et()), the map on Ug

Rhom (i A, B)y — Rhom(i,A, RH%(B))y

is an isomorphism. Using 3.4.1 this reduces to the analogous state-
ment in the étale topos of U for sheaves A,B € D.(Ug). Now in this
case we can define for any sheaf F on Ug the sheaf if;H}, (F), where
iy : Xy — U denotes the inverse image of X'. The functor Z%HOXU<—) is
right adjoint to the exact functor iy, and therefore i%ﬂgm (—) sends ho-
motopically injective complexes to homotopically injective complexes.
This implies that

Rhom(iv.A,B) ~ iy, Rhom(A, i;RHY, (B)).

On the other hand, the adjunction maps i{;iy.A — A and RHY, (B) —
iviyRHY, (B) are isomorphisms, so we have
ive Rhom(A,iyRHY, (B)) ~ iy, Rhom(ifiv A, iyRHY, (B))
~ Rhom(iv.A,iv.iyRHY, (B))
~ Rhom(iv.A, RHY, (B)).

This implies that 4.7.iii is an isomorphism.
This also shows that the natural maps

B — i, *RH%(B), *i,A — A
are isomorphisms. From this and 4.3.1 we obtain

Rhom (i, A,RHS(B)) ~ Rhom(i,A,i.s*RH%(B))
~ i, Rhom(i*i,A,i*RH% (B))
~ i, Rhom(A,i*"RH%(B))

proving 4.7.ii.
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One gets therefore

WA = Rhom(i, Rhom(A,Qx), Qy)

i» Rhom(Rhom(A, Qy), * RH%(Qy))

= i, Rhom(Rhom(A,Qx),Qx) (4.7.1)
= A (3.5.1)

4.8. Computation of f' for a universal homeomorphism. By
universal homeomorphism we mean a representable, radiciel and sur-
jective morphism. By Zariski’s main theorem, such a morphism is
finite.

In the schematic situation, we know that such a morphism induces
an isomorphism of the étale topos [13], VIIL.1.1. In particular, f*
is also a right adjoint of f,. Being exact, one gets in this case an
identification f* = f'. In particular, f* identifies the corresponding
dualizing complexes. Exactly as in the proof of 4.7.1, one gets

Lemma 4.8.1. Let f : X — Y be a universal homeomorphism of stacks.
One has f*Qy = Qy.

One gets therefore

Corollary 4.8.2. Let f : X — Y be a uniwersal homeomorphism of
stacks. One has f' = f* and Rf, = Rf,.

Proof: By a similar argument to the one used in the proof of 4.6.1
the natural map

f*Rhom(A,Qy) — Rhom(f*A, f*Qy)
is an isomorphism. We therefore have

f'A = Rhom(f* Rhom(A,Qy), Qx)
= Rhom(Rhom(f*A, f*Qy), Qx)
= Rhom(Rhom(f*A,Qx),Qx)  (4.8.1)
= A (3.5.1).

The last formula follows by adjunction. 0

4.9. Computation of Rf; via hypercovers. Let Y be an S—scheme
of finite type and f : X — Y a morphism of finite type from an
algebraic stack X'. Let Xy — X be a smooth hypercover by algebraic
spaces, and for each n let d,, denote the locally constant function on
X, which is the relative dimension over X'. By the construction, the
restriction Kx, of the dualizing complex 2y to X, ¢ is canonically
isomorphic to Q2x, (—d,). Let Kx, denote the restriction of Qx to X, «.
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Let L € D (X), and let L|x, denote the restriction of L to X, «.
Then Dy (L)|x, is isomorphic to Dx,(L|x,) := Rhomx, , (L|x,,Kx,).
In particular, the restriction of RfiLL to Y¢ is canonically isomorphic
to

(491) 7?,hO’Inyét (Rf.*Dx. (L|X‘), Ky) € DC<Yét),

where f, : Xg — Yy denotes the morphism of topos induced by f.
Let Y,¢ denote the simplicial topos obtained by viewing Y as a
constant simplicial scheme. Let € : Yq4 — Y denote the canonical

morphism of topos, and let f : Xe¢t — Yeet be the morphism of topos
induced by f. We have f, = €o f. Asin [23], 2.7, it follows that there
is a canonical spectral sequence

(4911) Ezl)q = quP*DXp (L|Xp> — Rerqf.*Dx. (Lx.).
On the other hand, we have
R? fpDx, (Llx,) = R fpx Rhom(Lx,, Ox,(=dp)) ~ H!(Dy (R/fp(Llx,{(dp))),

where the second isomorphism is by biduality 3.5.7. Combining all this
we obtain

Proposition 4.9.1. There is a canonical spectral sequence
(4.9.i)) EY = H'(Dy,,(RfpuLlx,(dy))) = H"™(Dy,, (RfiLlv,.))-

Example 4.9.2. Let k be an algebraically closed field and G a finite
group. We can then compute H:(BG, A) as follows. We first compute
Rhom(RI'\(BG,A),A). Let Spec(k) — BG be the surjection corre-
sponding to the trivial G—torsor, and let Xq — BG be the 0—coskeleton.
Note that each X,, isomorphic to G™ and in particular is a discrete col-
lection of points. Therefore Rfi,A >~ Hom(G™, A). From this it follows
that Rhom(RI'\(BG, A), A) is represented by the standard cochain com-
plex computing the group cohomology of A, and hence RT'\(BG,A) is
the dual of this complex. In particular, this can be nonzero in infinitely
many negative degrees. For example if G = Z/{ for some prime { and
A =7/ since in this case the group cohomology H(G,Z/l) ~ 7/ for
all i > 0.

Example 4.9.3. Let k be an algebraically closed field and P the affine
line A with the origin doubled. By definition P is equal to two copies of
Al glued along G,, via the standard inclusions G,, C At. We can then
compute RT\(P,A) as follows. Let j; : A — P (i = 1,2) be the two
open immersions, and let h : G,, — P be the inclusion of the overlaps.
We then have an exact sequence

0— A — juA @ jaA — A — 0.
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¢sFrom this we obtain a long exact sequence
- — HY(G,n, A) — HL(AY A) @ HY(AY, A) — HY(P,A) — -+

sFrom this sequence one deduces that HY(P,A) ~ A, H2(P,A) ~ A(1),
and all other cohomology groups vanish. In particular, the cohomology
of P is isomorphic to the cohomology of P*.

4.10. Purity and the fundamental distinguished triangle. We
consider the usual situation of a closed immersion ¢ : X — ) of S-
stacks locally of finite type, the open immersion of the complement of
Ybeing j: U =Y —X — ). For any bounded complex of sheaves A on
Y with constructible cohomology sheaves, one has the exact sequence

0—=5n7"A—A—i"A—0.

Therefore, for any A € p ()), one has the distinguished triangle
(4.6.3)

(4.10.1) JiA— A —ig A
which by duality gives the distinguished triangle

(4.10.ii) iyi'A — A — 5,5 A.

Recall (4.7.2) the formula i,i' = RH%. The usual purity theorem
for S-schemes gives

Proposition 4.10.1. Purity. Assume moreover thati : X — ) is a
closed immersion of S-stacks which are reqular®. Then, one has i'A =

A{—c) where ¢ denotes the codimension of i (a locally constant function
on X ).

Proof:  For a closed immersion of excellent regular schemes j :
X —Y the fundamental class of X in Y determines by Gabber’s abso-
lute purity theorem [24], 3.1, a natural isomorphism

(4.10.ii) % Ax(=e;) = Ay,

where ¢; is the codimension of j.
In particular, one has

7o Rhom(Ax(—c), j'Ay) = Too Rhom(Ax(—c), Ax(—c)) =0

because Ax is dualizing on the excellent regular scheme X. By 2.3.4, the
isomorphism v generalizes in the case where 7 is only a closed immersion

OIn fact, the purity statement remains valid for closed immersions of arbitrary
locally noetherian excellent regular stacks provided 7' is defined as cohomology with
compact support. The proof given below generalizes in this situation without any
change.
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of excellent regular algebraic space. Now, if one has a cartesian diagram
with smooth vertical arrows

oy

N

with Y (and therefore X) an algebraic space, one has (i'A)x,, = j'Ay.
If Y— Y is a presentation of ) and X" (resp. Y™) denotes the n-
fold product of X (resp. Y) over X (resp. )), we get local functorial
isomorphisms

Axn<—C> l> i!AYn
inducing an isomorphism at the strict simplicial level
AX. <—C> :> i!AY..

Using 2.3.4, 2.2.6 and 4.2.1, one gets that the isomorphisms 4.10.iii
glue.

5. BASE CHANGE

We start with a cartesian diagram of stacks locally of finite type
over S

(5.0.iv) X —sx
¢l o lf
y—=J,

with f of finite type, and we would like to construct a natural base
change isomorphism

(5.0.V) p*pr = Rgb!ﬂ'*

of functors D£7)(X) —>D((;)(y’). Note that this is equivalent to the
dual version:

(5.0.vi) pRf. =Re.r' : DI (X) - DM (Y.

Unfortunately we are unable to construct this base change isomorphism
in full generality. However, we construct the base change isomorphism
in several special cases which suffice to define the base change isomor-
phism on the level of cohomology sheaves.
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5.1. Smooth base change. In this subsection we prove the base
change isomorphism in the case when p (and hence also 7) is smooth.
Note that in this case p* is defined on all of D()) since it is just re-
striction from Viser to Vg g -

Proof: Because the relative dimension of p and 7 are the same,
by 4.6.2, one reduces the formula 5.0.vi to

pRf. = Re, 7"

By adjunction, one has a morphism p*Rf, — R¢,7* which is an iso-
morphism by the smooth base change theorem. This therefore gives
the base change isomorphism in this case. U

Remark 5.1.1. The base change isomorphism p* fiF ~ ¢m* can also
be defined as follows. For a sheaf G on Vs the pullback p*G is simply
the restriction of G to Vi . It follows that there is a canonical map

p* RhOmylis—ét (G7 Qy) - RhOmyllis—ét (p*G’p*Qy)

which if G is cartesian is an isomorphism (this follows from the same
arqgument proving 4.2.1). We therefore get p*Dy = Dyp* and m*Dy =
Dy, Similarly there is a canonical map p* f. — flm* so we obtain a
canonical map

Dy/leX/ﬂ'* ~ Dy/f),’(?T*DX — Dy/p*f*DX ~ p*Dyf*D)(.

It is immediate from the constructions that these two base change mor-
phisms agree. In summary, the base change isomorphism for a smooth
morphism p is just the natural map defined by restriction.

. From this remark one obtains immediately the following 5.1.2 and
5.1.3 which will be used later.

Lemma 5.1.2. With notation as in 5.1, let r : V" — Y be a second
smooth morphism so we obtain a commutative diagram

X - X

Pk

y// "o y/ 4})) y
Let

ber : 7= hpt, by ptfi s Gt Doy (pr) fi = d(mp)*
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be the base change isomorphisms. Then for F € Dg_)(X) the diagram
bCp Cr
r*p* fF ——r*¢pm*F e Yp T F

- X

(pr)* fiF e U(mp)*F

commutes.
Lemma 5.1.3. Consider a diagram 5.0.1v with p smooth, and let F €
DS(X) and G € DY), Let

a: (T F)@p' G — a(r'FR o p'G), B: FRG— f(F® [ G)

be the isomorphisms given by the projection formula 4.5.2. Then the
diagram

L L
p*(fIF®G) P H(F® f*G)
~ be
AR HpC o (P Q)
be ~

L « L
(pmF)@p*'G 7~ o(rF @ ¢*p*G)
commutes, where we write bc for the base change isomorphisms.

5.2. Computation of Rf, for proper representable morphisms.

Proposition 5.2.1. Let f : X — )Y be a proper representable mor-
phism of S—stacks. Then the functor Rf : Dgf)(X) — D((;)()/) is
canonically isomorphic to Rf, : Dgf)(X) — DE”(y).

Remark 5.2.2. Implicit in the proposition is the statement that R f,
takes Dﬁf)()\f) to Dﬁf)(y). This is because the morphism f is repre-
sentable and of finite type. Indeed for any K € Dgf)(X) and Y €
Lisse-Et()), we have Rf. K|y = Rfy.K|x,, where K|, denotes the re-
striction of K to the étale site of Xy := X xyY and fy : XAy e — Yo 15
the natural morphism of topos. From 2.1.10 we conclude that for any
7 we have
RILKly = R fyars oK

for somen € Z. From this the assertion follows.

Proof: The key point is the following lemma.
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Lemma 5.2.3. There is a canonical morphism R f.Qy — y.

Proof: Using 2.3.4 and smooth base change, it suffices to construct
a functorial morphism in the case of algebraic spaces, and to show that

gItZ(Rf*Q/\/, Qy) =0

for i < 0. Now if X and Y are algebraic spaces, we have Qy = f'(2y
so we obtain by adjunction and the fact that Rfy = Rf, a morphism
Rf.Qxy — Qy. For the computation of £xt’s note that

Rhom(Rf.Qx, Qy) = fo Rhom(Qx, f'Qy) = f.A.

O
We define a map Rf, o Dy — Dy o f, by taking the composite

Rfi Rhom(—,Qx) — Rhom(R f.(—), RfiQx) — Rhom(R f.(—), Qy).

To verify that this map is an isomorphism we may work locally on ).
This reduces the proof to the case when X and ) are algebraic spaces
in which case the result is standard. U

5.3. Base change by an immersion. In this subsection we consider
the case when p is an immersion.

By replacing ) by a suitable open substack, one is reduced to
the case when p is a closed immersion. Then, 5.0.v follows from the
projection formula 4.5.2 as in [6], p.81. Let us recall the argument. Let

Ae D,(;)(X). Because p is a closed immersion, one has p*p, = Id. One
has (projection formula 4.5.2 for p)

L
p«D"RAA = p, AR@RAA.
One has then
L L
RAA®p A =RAA® [ p.A)

(projection formula 4.5.2 for f). But, we have trivially the base change
for p, namely

D = meg”.
Therefore, one gets
L L
RAA® f*p.A) = RAA@T.OA)

L
= Rfim.(m"A® ¢*A) projection for 7
= p.i"A because T, = m (5.2.1).

Applying p* gives the base change isomorphism.
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Remark 5.3.1. Alternatively one can prove 5.0.vi as follows. Start
with A on X a homotopically injective complex, with constructible co-
homology sheaves. Because R f,A" is flasque, it is T'y-acyclic. Then,
p.P'RfA can be computed using the compler HS,(ROf,AY). On the
other hand, T, m'A can be computed by the complex HY (A?) which is a
flasque complex (formal, or [13], V.4.11). Therefore,

p.Ro.m'A = Rf,m.m'A

is represented by RO f,H%/ (A). The base change isomorphisms is there-
fore reduced to the formula

For later use let us also note the following two propositions.

Proposition 5.3.2. Let p : V' — Y be an immersion, and let k :
V — Y be a smooth morphism. Let V' denote V xy Y', and let Xy
(resp. Xyr) denote the base change of X to V (resp. V') so we have a
commutative diagram

XV/(—E> Xv

S A

X'C X v
J@J
¢ Pres Y
v A
yl( p y

Then for any F € D((;_)(X) the diagram

be bey,s
k,/*p*f!F _r k’/*¢!7T*F K qbvgli/*?T*F

: :

bey bce
e*'k* iF —— e* fuik*F —— ¢yie*k*F

commutes, where bc, and be. (resp. bey, and bey ) are the base change

isomorphisms for the immersions p and e (resp. the smooth morphisms
k and k').

Proof: 'This follows from the construction of the base change iso-
morphism for an immersion and 5.1.3. U
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Proposition 5.3.3. Let f : X — Y be a finite type morphism of
algebraic S-stacks, and consider a composite

T p

V=Y =,

with v an immersion, p smooth and representable, and pr an immer-
ston. Let

Xy
ool
Y=y =Y
be the resulting commutative diagram with cartesian squares. Let
bey : " fi = it
be the base change isomorphism defined in 5.1, and let
bew s 1 2", beg : (pr)" fi = ()"

be the base change isomorphisms obtained above. Then forF € Dgf)(X)
the diagram

bCp Cr
(5.3.1) r*p* iF ——=r*¢m*F LN p*T*F
l !
(pr)*fiF U(mp) F
commutes.
Proof:

Special Case. Assume first that ) is a quasi-compact algebraic
space in which case )’ and )" are algebraic spaces. It then suffices to
show that the diagram 5.3.i restricted to the étale site of J” commutes.

We may therefore assume that ), )’, and )" are quasi-compact
algebraic spaces, which we for the rest of the proof denote by roman

letters Y, Y’, and Y”. Let

Z;\Cp 3p!f*F = ¢*7T!7 I;\Cr : T!Cb* = ¢*P!, l;\cpr : (pr)!f* = ?/)*(WP)!

be the duals of the base change isomorphisms. Then by duality it
suffices to show that for G € D (X)) the diagram in D.(YZ)

ber

l;\Cp | ! [
(5.3.i1) r'p' f,G —— ', 7' G — . p'7'G

: -

(pr)'£.G a . (7p)'G
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commutes. Let
a: (pr) f.G — () .G
be the automorphism defined by going around the diagram, so we need
to show that « is the identity.
Let X — X be a smooth surjection with associated 0-coskeleton
X, — X. Let X! (resp. X”) be the base change of X. to Y’ (resp. Y”)
so that we have a commutative diagram of topos

p- s

(5.3.iii) X% Xlgp — X

lw lq, l ;

1" T / p
Yét Yét Yét

!

By the classical theory ', p', and (pr)' are defined on the whole

derived category D(Yy), and so we get a functor
(pr)' fe : D* (Xat) — D*(Y5y).

The automorphisms « define an automorphism of the restriction of this
functor to D} (X.&). We extend this automorphism « to an automor-
phism of (pr)' f. on all of D*(X.4).

Let d be the relative dimension of Y’ over Y. Define

7 D(Xg) — D(Xy,)

to be the functor 7*(d).

There is a functor

HY/(—) : (A-modules on X';,) — (A-modules on X/y,)
sending a sheaf F. on X/, to the sheaf whose restriction to X, is
ﬂg{x(Fn). If o : [m|] — [n] is a morphism in the simplicial category,
then the square
X// X/

is cartesian so that there is a canonical morphism a*ﬂg(,r,n (Frn) —
ﬂ%x(a*Fm) and hence a natural map

U*Hg){’/n (Fr) — ﬂg)(;{ (Fn)

giving the Hg{éi(F”) the structure of a sheaf on X/;,. Note also that
HY./(—) is a left exact functor. We define p' to be the functor

p"RHxs (=) : D (X)) — D (X%,).
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Similarly we define
(m.p) = (mp.) RH%w () : D* (X&) — DH (X))

As in the classical case the functor p' (resp. (7.p.)") is right adjoint to
the functor p.. (resp. (m.p.).).
There is an isomorphism

(5.3.iv) (m.p.)" — p'n’

defined as follows. Let F* be a bounded below complex of injectives on
X., and choose a morphism to a double complex

T F{d) — T"
such that for all ¢ the map 7*F¢ — I is an injective resolution. Then
p'r' (F") is represented by the total complex of the bicomplex
J = p Hyu (I).

Now for any fixed i and n, the restriction of J* to X/ computes p!, ., (F?)
(defined in the classical way), and therefore H*(J*) is zero for k # 0.
Moreover, for every n the restriction of H*(J") to X/ is by the classical
theory canonically isomorphic to (Wnpn)*ﬂgq; (F?). Moreover these iso-
morphisms are compatible so we obtain an isomorphism (.p.)*H (F?) =~
HO(J%). Let J* denote the bicomplex with

ji‘ = TzoJi'.
We then have a diagram

7

j‘.
|
(m.p.) Hy (F)

where all the morphisms induce quasi-isomorphisms upon passing to
the total complexes. This defines the isomorphism 5.3.iv.
There is a canonical map of functors D' (X&) — DT (YY)

(5.3.v) bey P fu — Gt

defined by the canonical map p*f. — ¢..m" and the isomorphisms
p' =~ p*(d) (by [13], XVIIL.3.2.5) and 7' = 7*(d) (by definition). For
any F € D(X.) the map p*R?f..F — R%¢..m*F extends to a morphism
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of spectral sequences

Eit = p*RSft*Ft = p*RS+tf.*F

|

Est = Ri¢y,mF, = R**¢. m'F,

and hence by the smooth base change theorem [13], XVI.1.2, the map
5.3.v is an isomorphism.
There is also an isomorphism of functors D" (X', ) — DT(YY,)

bAcT S, — p!
obtained by taking derived functors of the natural isomorphism
PHY (R%.) = RO (5 HY,(0)).
Similarly there is an isomorphism of functors
bepr : (pr)' fe — Yu(mp).
We therefore obtain for any G € D(X.) a diagram

(5.3.vi) PP G~ 6,7 C —m g, G
.l X o - .
(pr)' f.G Vul(mp)G

and therefore also an automorphism, which we again denote by «, of
the functor
(pr)'f. DT (Xg) — DY(YZ).
It follows from the construction that the restriction of this automor-
phism to D} (X.¢) ~ Df(X) agrees with the earlier defined automor-
phisms (as the base change isomorphisms agree).
Since (pr)'f.. is the derived functor of the functor

(pr)*HS. R%f..(—) : (A-modules on X.) — (A-modules on Y")

it suffices to show that for any sheaf of A-modules F on X., the auto-
morphism of (pr)*HY,R°f.(F) defined by « is the identity.

For this consider the natural inclusion R%f.,(F) < R fo.(Fy), where
Fo denotes the Xy-component of F. The usual base change theorems
applied to the diagram

PO )
Xy - Xl 0 X,

o,

Y Y Y
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give a diagram
5.3.vii 11 l;\cp ! ! F I;\C’" [ F
(5.3.vii) 7' fouFo — r'¢omFo —— o pymoFo

(pr)' foFo e Yos(mopo)' Fo

which commutes by the classical theory. Moreover, the restriction
maps define a morphism from the diagram 5.3.vi for F to the dia-
gram 5.3.vii. In particular, the automorphism of (pr)*H$.R°f.(F)
defined by « is equal to the restriction of the identity automorphism
on (pr) HY. RO fo. (o).

General case. Let us chose a presentation Y — ) and let Y. be the
0-cosqueleton. It is a simplicial algebraic space. We get by pull-back a
commutative diagram from the diagram 5.3.iii

(5.3.viii) X e X s Xy
lw. l@ i .
Y Y L Yo

One defines the bisimplicial version of 7, p as above (7! = 7*(d))

and p. = p*RH%.). As above (5.3.vi), we get an automorphism «. of
the functor (p.r.)'f.. The theorem to be proved is the equality o. =
Id. As above, one observes that «. is the derived morphism of the
corresponding morphism a° of (p.r.)*HY,R°f... But proving that the
latter is the identity is now a local question on Y”. One can therefore
assume that ) is an algebraic space, which has been done before. [

Proposition 5.3.4. Let f : X — Y be a finite type morphism of
algebraic S-stacks, and consider a composite

p

y// r y/ y
with v and p immersions. Let
X _r X’ o x
e
y// . y/ *p> Y
be the resulting commutative diagram with cartesian squares. Let

be, :p* i x it be, T bt bey t (pr)*fi = di(mp)”
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be the base change isomorphisms. Then for F € Dg_)(X) the diagram
% % bep % % bey % %

r*p* hE —— 1o F —— hp*mF

: -

(pr)*fiF o Yi(mp)*F

commautes.

Proof: This follows from a similar argument to the one used in
the proof of 5.3.3 reducing to the case of schemes. O

5.4. Base change by a universal homeomorphism. If p is a uni-
versal homeomorphism, then p' = p* and 7' = 7*. Thus in this case
5.0.vi is equivalent to an isomorphism p*R f, — R¢.m*. We define such
a morphism by taking the usual base change morphism (adjunction).
Let A € D.(X). Using a hypercover of X' as in 5.1, one sees that
to prove that the map p*Rf,A — Ro,m*A is an isomorphism it suffices
to consider the case when X is a scheme. Furthermore, by the smooth
base change formula already shown, it suffices to prove that this map is
an isomorphism after making a smooth base change Y — ). We may
therefore assume that Y is also a scheme in which case the result fol-
lows from the classical corresponding result for étale topology (see [12],

IV.4.10).
5.5. Base change for smoothable morphisms.

Definition 5.5.1. A morphism p : Y’ — Y is smoothable if there
exists a factorization of p

(5.5.1) yisy-tsy,
where i is an immersion and q s a smooth representable morphism.

Example 5.5.2. Let Y — Y be a locally of finite type morphism
with Y' a scheme. Then for any geometric point ' — Y' there is an
étale neighborhood W' of y' such that the composite morphism W' —
Y’ — Y is smoothable. For this choose a smooth morphism V —
Y with V an affine scheme and with y' Xy V nonempty. Then the
morphism V Xy Y' — Y’ is smooth, and therefore there ezists an étale
neighborhood W' — Y' with W' affine and a lifting W' — V of the
morphism W' — V. Since the morphism W' — V is of finite type
there exists an immersion W' — Ay, over V. We therefore obtain a
factorization
W/ Ay —— Y
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of W — Y.

Let p : V' — Y be a smoothable morphism, and choose a factor-
ization 5.5.i. We then obtain a commutative diagram

X’4L>Z4E>X

)
y =y =Y,
with cartesian squares. We then obtain for F € D.(X) an isomorphism
(5.5.ii) PF &~ ¢ F
from the composite

p"hEF ~ i"¢" fiF

~ i*¢!E*F (q*ﬁ = w;e* by 5.1)
~ oufe'F (Y = ¢ by 5.3)
~ (]§!7T*F.

Lemma 5.5.3. The isomorphism 5.5.i1 is independent of the choice of
the factorization 5.5.1 of p.

Proof: Consider two factorizations

(5.5.iii) y'<i> V, >y J=12

with the g; smooth and representable.

Let V denote the fiber product V; xy Vs, and let i : ) — V denote
the map 4; X i3. Since the morphisms V; — ) are representable, the
map ¢ is again an immersion. Consideration of the diagrams

S,

LN

y/c_j> V,——=Y

then further reduces the proof to showing that two factorization 5.5.iii
define the same base change isomorphism under the further assumption
that there exists a smooth morphism z : V; — V, such that the diagram

Vi

AR

Yy, By



SIX OPERATIONS I 53

commutes. Let &; denote X xy V; so we have a commutative diagram

L1

xc X, X, €2 X
ltb J{d’l J{d& lf
VY Y Y,

N~ S

19 q1

It then suffices to show that the following diagram commutes for F €

DL (X)
beiy
m

bcgy ~
15qy iF —= 5 esF ——= 72 g 5 F

- -

begy

nai ¥ el

=)/
gbgﬂ'*F,

where for a morphism ? which is either an immersion or smooth we
write bce for the base change isomorphism defined in either 5.1 or 5.3.
This follows from 5.1.2 which shows that the inside pentagon com-
mutes, and 5.3.3 which shows that the diagram

. beiy
Z;¢2!€§F —— ¢1W*F

\L’: Tbcil
be
sk ok * z * %k k%
1125 el —— il esF
commutes. O

Proposition 5.5.4. Consider a diagram of algebraic stacks

VY sy

with h, p, and ph smoothable and representable, and let
X' -y s x
Ll

y//*h>y/*p>y
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be the resulting commutative diagram with cartesian squares. Let
bey i p*fr = &, bep s Koy — i, bepn o (ph)" fi — ()

be the base change isomorphisms. Then for any F € Dg_)(X) the dia-
gram

bep C
W p* fiF —2> h* ' F 2 hy*n*F

: :

(ph)" HF () F

bCph

commutes.

Remark 5.5.5. In fact the proof will show that if p and ph are smooth-
able then h is automatically smoothable.

Proof: Note first that there exists a commutative diagram

(5.5.iv) V
el
k
W V'
yl/ h; yl p; y
with 7, w,j immersions and s, k,¢ smooth and representable and the
square

w-1-y

ok
Y ==V
cartesian. Indeed by assumption there exists factorizations of p and ph
respectively
yl 4Z> V/ 4t> y

and
m

Y _9. yr "y
with ¢ and m smooth and representable and ¢ and ¢ closed immersions.
Now take V to be V' x5 V", let k be the projection, and define W to
be the fiber product Y’ x;1» V. Define w to be the natural map defined
by g and ih.
Note that this construction gives a diagram with ¢ and j closed
immersions. After further replacing }V by an open substack through
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which jw factors as a closed immersion, we may also assume that w is
a closed immersion.

Base changing the diagram 5.5.iv along f : X — ) we obtain a
commutative diagram

Xy

.

Xy Xy
SO
XX X

over 5.5.1v. Let
f X =V Xy =V, Xy - W

be the projections. We then obtain a diagram

bep

m

. bee . be;
w*s* *t* fiF ——— w*s*i* funT'F —— w*s* ¢y *7*F

i: ~ lbcs \
lbcw /
\ be;
N\

\ w* iy K*TF V/

by i bey,

~

w*j* ok T ——w*j* fuk*TF

\

bcjw

The small inside diagrams I and II commute by the definition of bc,
and bcy,, and the composite bejy, © beyy, is by definition bey,. The inside
diagram labeled III commutes by 5.3.2. This reduces the proof to the
case when both p and h are smooth (resp. closed immersions) as this
case implies that the inside diagram IV (resp. V) commutes. In this
case the result is 5.1.2 (resp. 5.3.4). O

Corollary 5.5.6. For any commutative diagram 5.0.1v of algebraic
stacks, F € Dg_)(X) and q € 7 there is a canonical isomorphism of
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sheaves on )’
PRIA(F) = Rir'F.

Proof: By 5.5.2 it suffices to construct for every smooth morphism
Y’ — )’ such that the composite Y — )’ — ) is smoothable an
isomorphism
oy’ Sp*qugFlyét ~ Rq(ﬁ[ﬂ'*Flyét
such that if » : Y” — Y’ is a morphism in Lis-Et()") with the composite
Y" — V" — Y smoothable, then the diagram of sheaves on Y7,

(5.5.v) h* (P RIfiF |y, ) —> h*(Rigym*Flyy,)
J( O'Y/l \L

P*RUF vy

commutes. For this take oy: to be the map induced by the base change
isomorphism for the smoothable morphisms Y — ). The commuta-
tivity 5.5.v follows from 5.5.4. 0

Rq@ﬂ'*Fyygt

5.6. Kunneth formula. Throughout this section we assume that S is
regular so that {2g ~ A.

Let Y, and ), be S-stacks locally of finite type, and set ) :=
Vi x V. Let p; : Y — Vi (i = 1,2) be the projection and for two

L L
complexes L; € DE_)(M) let Li®gLs € D,(:_)(y) denote piLi®p;Lo.

L
Lemma 5.6.1. There is a natural isomorphism €y ~ Qy, ®gy,.

Proof:  For any smooth morphisms U; — ); (i = 1,2) with U; a
scheme, there is a canonical isomorphism

L
(561) Qy’UleUQ = Qy1‘U1®SQy2‘U27

and this isomorphism is functorial with respect to morphisms V; — U;
(in the case when dim(S) < 1 this is [14], II1.1.7.6). It follows that the

L
sheaf Qy, ®sQy, also satisfies the Ext—condition (2.3.3), and hence to
give an isomorphism as in the Lemma it suffices to give an isomorphism

in the derived category of U; xgUs for all smooth morphisms U; — ).
O

Lemma 5.6.2. Let (7,A) be a ringed topos. Then for any
P1, Py, My, My € D(7,A),

there 1s a canonical morphism

L L L
Rhom(P1, M;)® Rhom(Pa, Ma) — Rhom(P1@Py, M;@M,).
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Proof: 1t suffices to give a morphism

L L L L
Rhom(Pl, M1)® Rhom(Pz, M2)®P1®P2 — M1®M2.

This we get by tensoring the two evaluation morphisms

L

Lemma 5.6.3. Let A,B € D(&X).Then we have

L L
A ®B = hocolim 7<,A ® 7<,,B.

Proof: By 4.3.2, we have A ~ hocolim ,7<,A, and therefore we
have a distinguished triangle
BT, A 1oshift, BT, A—A
Tensoring this triangle with B we get a distinguished triangle

L 1—shift L L
BT<nAR®B —— &7, A®B—-A®B

proving
L L
hocolim7<,A®B = A® B.
Applying this process again we find
L L
hocolim 7<,A ® 7<,,B = A ® B.
Because the diagonal is cofinal in N x N, the lemma follows. O

Proposition 5.6.4. For L; € D{7)(Y)) (i = 1,2), there is a canonical
1somorphism

L L
(5611) Dyl (L1)®8Dy2 (LQ) ~ Dy<L1®SL2).
Proof: By 5.6.1 and 5.6.2 there is a canonical morphism
L L
(56111) Dyl (L1)®SD)}2 (Lg) — Dy(L1®SL2).

To verify that this map is an isomorphism, it suffices to show that for
every j € Z the map

(5.6.iv) M (Dy, (11)SsDy, (o)) — H? (Dy (L BsLa)).

Because (;Q commutes with homotopy colimits (5.6.3), we deduce from
D(A) = hocolim D(7>,,A) (use 4.3.2) that to prove this we may replace
L; by 7>,,,L; for m sufficiently negative, and therefore it suffices to con-
sider the case when L; € D%());). Furthermore, we may work locally in
the smooth topology on Y; and ), and therefore it suffices to consider
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the case when the stacks ); are schemes. In this case the result is [13],
XVII, 5.4.3. O

Now consider finite type morphisms of S—stacks f; : X; — V; (i =
1,2), and let f: X := &) xg Xy — Y := ) Xg Yo be the morphism
obtained by taking fiber products. Let L; € D{7(X;).

Theorem 5.6.5. There is a canonical isomorphism in D.())

L L
(5.6.v) Rfi(Li®sla) — Rfu(Li)®@sR fa(La).
Proof: We define the morphism 5.6.v as the composite

~

Rf!(L1<§>SL2) — Dy(f*DX(Llésb))

—= . Dy(f.(Da (L) BsDiy (L))
—— Dy(fu.Da (L) Ss(f2. D (1))
= Dy, (1D (L)) B Dy, (fo. Doty (1))
=, R fur(La)@sR for (Lo).

That this map is an isomorphism follows from a standard reduction to

the case of schemes using hypercovers of A}, biduality, and the spectral
sequences 4.9.1. O
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