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PERFECT COMPLEXES ON ALGEBRAIC STACKS

JACK HALL AND DAVID RYDH

Abstract. We develop a theory of unbounded derived categories of quasi-

coherent sheaves on algebraic stacks. In particular, we show that these cat-
egories are compactly generated by perfect complexes for stacks that either

have finite stabilizers or are local quotient stacks. We also extend Toën and

Antieau–Gepner’s results on derived Azumaya algebras and compact genera-
tion of sheaves on linear categories from derived schemes to derived Deligne–

Mumford stacks. These are all consequences of our main theorem: compact

generation of a presheaf of triangulated categories on an algebraic stack is local
for the quasi-finite flat topology.

Introduction

Our first main result is the following.

Theorem A. Let X be a quasi-compact algebraic stack with quasi-finite and sep-
arated diagonal. Then the unbounded derived category Dqc(X), of OX-modules
with quasi-coherent cohomology, is compactly generated by a single perfect com-
plex. Moreover, for every quasi-compact open subset U ⊆ X, there exists a compact
perfect complex with support exactly X \ U .

This generalizes the results of A. Bondal and M. Van den Bergh [BB03, Thm. 3.1.1]
for schemes and B. Toën [Toë12, Cor. 5.2] for Deligne–Mumford stacks admitting
coarse moduli spaces (i.e., X has finite inertia). While we can show that every com-
pact object of Dqc(X) is a perfect complex (Lemma 4.4), a subtlety in Theorem A
is that the converse does not always hold in positive characteristic. Indeed, if X is
not tame, then the structure sheaf is perfect but not compact.

Theorem A, as well as the theory developed to establish it, have been used to
classify the thick tensor ideals in Dqc(X)c [Hal16] (generalizing work of [Kri09,
DM12]), to resolve the telescope conjecture for algebraic stacks [HR17] (extending
[Ant14]), and for results on dg-enhancements [CS16, BLS16].

Extending Theorem A to certain stacks with infinite stabilizer groups is our
second main result. We briefly recall a notion from [Ryd15, §2]: an algebraic stack
X is of s-global type if étale-locally it is the quotient of a quasi-affine scheme by
GLN for some N .

Theorem B. Let X be an algebraic stack of s-global type. If X is of equichar-
acteristic zero (i.e., it is a Q-stack), then the unbounded derived category Dqc(X)
is compactly generated by a countable set of perfect complexes. Moreover, for ev-
ery quasi-compact open subset U ⊆ X, there exists a compact perfect complex with
support exactly X \ U .
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2 J. HALL AND D. RYDH

Stacks of s-global type are frequently encountered in practice. Sumihiro’s Theo-
rem [Sum74] and its recent generalization by Brion [Bri15] show that many quotient
stacks are of s-global type (Proposition 9.1). Thus, we have the following corollary
(see Corollary 9.2 for an amplification).

Corollary. Let X be a variety over a field k of characteristic zero. Let G be an
affine algebraic k-group acting on X. If X is either (a) normal or (b) seminormal
and quasi-projective, then D(QCohG(X)) = Dqc([X/G]) is compactly generated.
Moreover, for every G-invariant open subset U ⊆ X, there exists a perfect G-
equivariant complex with support exactly X \ U .

A key advantage of Theorem B over previous results (e.g., [BZFN10, Cor. 3.22]
and [Lie04, Prop. 2.2.4.13]) is its applicability to a much wider class of stacks. The
main result of [AHR15] implies that algebraic stacks of finite type over a field with
affine diagonal and linearly reductive stabilizers at closed points (e.g., stacks with
a good moduli space) are of s-global type [AHR15, Thm. 2.25]. In general, it is not
possible to generate Dqc(X) by a single perfect complex (e.g., X = BGm).

Theorems A and B are both consequences of a general result that we now de-
scribe. Let β be a cardinal. Let X be an algebraic stack. We say that X satisfies
the β-Thomason condition if:

(1) Dqc(X) is compactly generated by a set of cardinality ≤ β; and
(2) for every quasi-compact open subset U ⊆ X, there is a compact perfect

complex supported on the complement.

We say that X satisfies the Thomason condition if it satisfies the β-Thomason
condition for some β. Our main results are that a very large class of stacks satisfy
the Thomason condition. In order to prove these results, however, we found it
necessary to consider the following refinement of the Thomason condition.

We say that X is β-crisp if the β-Thomason condition is satisfied for every étale
localization of X (Definition 8.1). If X is β-crisp and β is finite, then X is compactly
generated by a single perfect complex. Hence Theorems A and B are implied by

Theorem C. Let p : X ′ → X be a morphism of quasi-compact and quasi-separated
algebraic stacks that is representable, separated, quasi-finite, locally of finite pre-
sentation, and faithfully flat. If X ′ is β-crisp, then X is β-crisp.

Theorem C is proved using the technique of quasi-finite flat dévissage for alge-
braic stacks—due to the second author [Ryd11]—together with some descent results
for compact generation. In sections 5–6 these descent results are stated in great
generality—for presheaves of triangulated categories—without requiring monoidal
or linear structures. This allows us to establish compact generation in other con-
texts (see below, Theorem 6.9, and §9). Along the way, we will review and develop
foundational material for unbounded derived categories on algebraic stacks.

We also wish to point out that for schemes the fppf and quasi-finite flat topologies
coincide, but for algebraic stacks they differ. Moreover, compact generation is
not fppf local for algebraic stacks. Indeed, Dqc(BkGa) when k is of characteristic
p > 0 has no compact objects besides 0; thus, it is not compactly generated—even
though it is so fppf-locally [HNR14, Prop. 3.1]. In particular Theorem C (as well
as its generalizations to other contexts in this article), which is about quasi-finite
local compact generation, can be viewed as the correct generalization of fppf local
compact generation results to algebraic stacks.

Azumaya algebras and the cohomological Brauer group. Our work is strongly
influenced by Toën’s excellent paper [Toë12] on derived Azumaya algebras and gen-
erators of twisted derived categories. In [Toë12], Toën shows that compact gen-
eration of certain linear categories on derived schemes is an fppf-local question.
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The salient example is the derived category of twisted sheaves D(QCohα(X)), where
the twisting is given by a Brauer class α of H2(X,Gm). A compact generator of
D(QCohα(X)) gives rise to a derived Azumaya algebra—the endomorphism algebra
of the generator [Toë12, Prop. 4.6]. More classically, a twisted vector bundle that
is generating gives rise to an Azumaya algebra A.

The Brauer group Br(X) classifies Azumaya algebras A up to Morita equiva-
lence, that is, up to equivalence of the category of modules Mod(A). Moreover,
Mod(A) ' QCohα(X) for a unique element α in the cohomological Brauer group
Br′(X) := H2(X,Gm)tors. Existence of twisted vector bundles thus answers the
question whether Br(X)→ Br′(X) is surjective.

Constructing twisted vector bundles, or equivalently Azumaya algebras, is dif-
ficult. Indeed, the question is not local as vector bundles rarely extend over open
immersions. When X is affine, or the separated union of two affines, Gabber proved
in his thesis that Br(X) = Br′(X) [Gab81], or equivalently, that D(QCohα(X)) is
compactly generated by a twisted vector bundle [Lie04, Thm. 2.2.3.3]. The state of
the art is also due to Gabber: twisted vector bundles exist if X is quasi-projective
[Jon03].

Compact objects of the derived category are typically easier to construct as we
may extend them over open immersions using Thomason’s localization theorem
(Corollary 3.13). With this technique, M. Lieblich proved that D(QCohα(X)) is
compactly generated whenX is any quasi-compact and quasi-separated scheme [Lie04,
Cor. 2.2.4.14]. Lieblich has also studied twisted vector bundles in great detail and
obtained a number of arithmetic applications.

In §9, we prove that compact generation is quasi-finite flat local for twisted
derived categories. In particular, we prove that on a quasi-compact algebraic
stack with quasi-finite and separated diagonal every twisted derived category has
a compact generator (Example 9.3). We thus establish a derived analogue of
Br(X) = Br′(X) for such stacks, extending the results of Toën [Toë12] and Antieau–
Gepner [AG14].

Sheaves of linear categories on derived Deligne–Mumford stacks. Al-
though we work with non-derived schemes and stacks, our methods are strong
enough to deduce similar results for derived (and spectral) Deligne–Mumford stacks
(Example 9.4). Indeed, if X is a derived Deligne–Mumford stack, then the small
étale topos ofX is equivalent to the small étale topos of the non-derived 0-truncation
π0X. Thus, (local) compact generation of a presheaf of triangulated categories on
X can be studied on π0X.

Sometimes results for stacks can be deduced from schemes using a similar ap-
proach: if π : X → Xcms is a coarse moduli space, then a presheaf T of triangulated
categories on X induces a presheaf π∗T of triangulated categories on Xcms. If π∗T
is locally compactly generated, then it is enough to show that compact generation
is local on Xcms to deduce compact generation of T(X). This is how Toën extends
his result to Deligne–Mumford stacks admitting a coarse moduli scheme [Toë12,
Cor. 5.2].

Perfect and compact objects. As we already have mentioned, some care has
to be taken since perfect objects are not necessarily compact. The perfect objects
are the locally compact objects or, equivalently, the dualizable objects. If X is a
quasi-compact and quasi-separated algebraic stack, then the following conditions
are equivalent (Remark 4.6):

• every perfect object of Dqc(X) is compact;
• the structure sheaf OX is compact;
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• there exists an integer d0 such that for all quasi-coherent sheaves M on X,
the cohomology groups Hd(X,M) vanish for all d > d0; and
• the derived global section functor RΓ: Dqc(X) → D(Ab) commutes with

small coproducts.

We say that a stack is concentrated when it satisfies the conditions above.
In [HR15, Thm. B] we give a complete list of the group schemes G/k such that

BG is concentrated: every linear group and certain non-affine groups in charac-
teristic zero but only the linearly reductive groups in positive characteristic. Note
that [HR15, Thm. A] also gives many examples of classifying stacks that are not
concentrated, yet compactly generated.

Drinfeld and Gaitsgory have proved that noetherian algebraic stacks with affine
stabilizer groups in characteristic zero are concentrated [DG13, Thm. 1.4.2]. This
is generalized in [HR15, Thm. C] to positive characteristic. In particular, a stack
with finite stabilizers is concentrated if and only if it is tame.

Perfect stacks. Ben–Zvi, Francis and Nadler introduced the notion of a perfect
(derived) stack in [BZFN10]. In our context, an algebraic stack X is perfect if and
only if it has affine diagonal, it is concentrated and its derived category Dqc(X)
is compactly generated [BZFN10, Prop. 3.9]. A direct consequence of our main
theorems and [HR15, Thm. C] is that the following classes of algebraic stacks are
perfect:

(1) quasi-compact tame Deligne–Mumford stacks with affine diagonal; and
(2) Q-stacks of s-global type with affine diagonal.

The affine diagonal assumption is needed only because it is required in the definition
of a perfect stack. It is useful though: if X is perfect, then D(QCoh(X)) = Dqc(X)
by [HNR14].

In the terminology of Lurie [DAGXI, Def. 8.14], an algebraic stack is perfect if
it has quasi-affine diagonal, is concentrated and Dqc(X) is compactly generated.
Thus in Lurie’s terminology, we have shown that

(1) quasi-compact tame Deligne–Mumford stacks with quasi-compact and sep-
arated diagonals; and

(2) Q-stacks of s-global type

are perfect.

Coherence. Compact generation is extremely useful and we will illustrate this
with a simple application—also the origin of this paper. Let A be a commuta-
tive ring and Mod(A) the category of A-modules. A functor F : Mod(A) → Ab is
coherent if there exists a homomorphism of A-modules M1 → M2 together with
isomorphisms

F (N) ∼= coker
(
HomA(M2, N)→ HomA(M1, N)

)
natural in N . This definition is due to Auslander [Aus66] who initiated the study
of coherent functors. Hartshorne studied in detail [Har98] coherent functors when
A is noetherian and M1 and M2 are finitely generated and obtained some very nice
applications to classical algebraic geometry. For background material on coherent
functors, we refer the reader to Hartshorne’s article. Recently, the first author has
used coherent functors to prove Cohomology and Base Change for algebraic stacks
[Hal14] and to give a new criterion for algebraicity of a stack [Hal17].

Using the compact generation results of this article, we can give a straightforward
proof of the following Theorem (combine Theorem A with Corollary 4.16).

Theorem D. Let A be a noetherian ring and let π : X → SpecA be a proper
morphism of algebraic stacks with finite diagonal. If F ∈ Dqc(X) and G ∈ DbCoh(X),
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then the functor

HomOX
(F,G⊗L

OX
Lπ∗qc(−)) : Mod(A)→ Mod(A)

is coherent.

Theorem D generalizes a result of the first author for algebraic spaces [Hal14,
Thm. E], which was proved using a completely different argument. The first author
has also proved a non-noetherian and infinite stabilizer variant of Theorem D at the
expense of assuming that G has flat cohomology sheaves over S [Hal14, Thm. C].

Related results. The first proof that Dqc(X) is compactly generated when X is a
quasi-compact separated scheme appears to be due to Neeman [Nee96, Prop. 2.5] al-
though he attributes the ideas to Thomason [TT90]. Bondal–Van den Bergh [BB03,
Thm. 3.1.1] adapted the proof to deal with quasi-separated schemes and noted that
there is a single compact generator. Lipman and Neeman further refined the result
by giving an effective bound on the existence of maps from the compact genera-
tor [LN07, Thm. 4.2]. As noted by Ben-Zvi, Francis and Nadler, the proof of Bondal
and Van den Bergh readily extends to derived schemes [BZFN10, Prop. 3.19].

In [DAGXI, Thm. 6.1] and [DAGXII, Thm. 1.5.10] Lurie proves that compact
generation is étale local on E∞-algebras and on spectral algebraic spaces for quasi-
coherent stacks (sheaves of linear∞-categories). Lurie uses scallop decompositions,
which are a special type of étale neighborhoods (or Nisnevich squares). Unfor-
tunately, scallop decompositions do not exist for algebraic stacks. This is what
necessitates our stronger inductive assumption—β-crispness—for our local-global
principle, Theorem C. Indeed, to apply Thomason’s localization theorem it is nec-
essary to establish the existence of compact objects with prescribed support. On
affine schemes (which appear in the scallop decompositions) this is done using
Koszul complexes, cf. Bökstedt and Neeman [BN93, Prop. 6.1]. This is the basis
for our induction and also used in all previous proofs, e.g., Toën [Toë12, Lem. 4.10]
and [AG14, Prop. 6.9].

Drinfeld and Gaitsgory [DG13, Thm. 8.1.1] prove that on an algebraic stack of
finite type over a field of characteristic zero with affine stabilizers, the derived cate-
gory of D-modules is compactly generated. They remark that compact generation
of Dqc(X) is much subtler and open in general [DG13, 0.3.3].

Antieau [Ant14] has considered local-global results for the telescope conjecture.
Some of these are generalized in [HR17].

Krishna [Kri09] has considered the K-theory and G-theory for tame Deligne–
Mumford stacks with the resolution property admitting projective coarse moduli
schemes (i.e., projective stacks).

Future extensions. In [LN07, Thm. 4.1], Lipman and Neeman prove that pseudo-
coherent complexes can be approximated arbitrarily well by perfect complexes on
a quasi-compact and quasi-separated scheme. Local approximability by perfect
complexes is essentially the definition of pseudo-coherence so this is a local-global
result in the style of Theorem C. This result has been extended to algebraic spaces
in [Stacks, 08HH] and we expect that it can be extended to stacks with quasi-finite
diagonal using the methods of this paper amplified with t-structures. Similarly, we
expect that there is an effective bound on the compact generator in Theorem A as
in [LN07, Thm. 4.2].

Contents of this paper. In §§1–2 we recall and develop some generalities on
unbounded derived categories of quasi-coherent sheaves on stacks and concentrated
morphisms—working in the unbounded derived category is absolutely essential for
this range of mathematics. Unfortunately some important foundational notions,
such as concentrated morphisms, had not been considered in the literature before.

http://stacks.math.columbia.edu/tag/08HH
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In §3, we recall the concept of compact objects and Thomason’s localization
theorem for triangulated categories.

In §4, we address fundamental results on perfect and compact objects in the
derived categories of quasi-coherent sheaves on algebraic stacks. Using this we
establish a general projection formula for stacks, tor-independent base change, and
finite flat duality. We also prove Theorem D assuming Theorem A.

In §§5–6 we introduce presheaves of triangulated categories and Mayer–Vietoris
triangles. We also prove our main result on descent of compact generation (Theorem
6.9).

In §7 we introduce the β-resolution property, which gives a convenient method
to keep track of the number of vector bundles needed for generating the derived
category of a stack with the resolution property.

In §8, we introduce compact generation with supports and β-crispness and relate
these to Koszul complexes.

In §9, we prove the main theorems.

Acknowledgments. It is our pleasure to acknowledge useful discussions with B.
Bhatt and A. Neeman. We would also like to thank D. Bergh, M. Hoyois, M.
Lieblich and O. Schnürer for a number of useful comments. We also wish to thank
the referee for their careful reading and several suggested improvements to the
article.

Notations and assumptions. For an abelian category A, denote by D(A) its
unbounded derived category. For a complex M ∈ D(A), denote its ith cohomol-
ogy group by Hi(M). For a sheaf of rings A on a topos E, denote by Mod(A)
(resp. QCoh(A)) the category of A-modules (resp. the category of quasi-coherent
A-modules). If the sheaf of rings A on the topos E is implicit, it will be convenient
to denote Mod(A) as Mod(E) and D(Mod(A)) as D(E).

For algebraic stacks, we adopt the conventions of the Stacks Project [Stacks].
This means that algebraic stacks are stacks over the big fppf site of some scheme,
admitting a smooth, representable, surjective morphism from a scheme (note that
there are no separation hypotheses here). A morphism of algebraic stacks is quasi-
separated if its diagonal and double diagonal are represented by quasi-compact
morphisms of algebraic spaces.

For a scheme X denote its underlying topological space by |X|. For a scheme X
and a point x ∈ |X|, denote by κ(x) the residue field at x.

Let f : X → Y be a 1-morphism of algebraic stacks. Then for any other 1-
morphism of algebraic stacks g : Z → Y , we denote by fZ : XZ → Z the pullback
of f by g.

1. Quasi-coherent sheaves on algebraic stacks

In this section we review derived categories of quasi-coherent sheaves on algebraic
stacks. For generalities on unbounded derived categories on ringed topoi we refer
the reader to [KS06, §18.6]. In [KS06, §18.6], a morphism of ringed topoi is assumed
to have a left exact inverse image—we will not make this assumption, but instead
indicate explicitly when it does and does not hold.

Let X be an algebraic stack. Let Mod(X) (resp. QCoh(X)) denote the abelian
category of OX -modules (resp. quasi-coherent OX -modules) on the lisse-étale topos
of X [LMB, 12.1]. Let D(X) (resp. Dqc(X)) denote the unbounded derived category
of Mod(X) (resp. the full subcategory of D(X) with cohomology in QCoh(X)).
Superscripts such as +, −, ≥ n, and b decorating D(X) and Dqc(X) are to be
interpreted as usual.
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IfX is a Deligne–Mumford stack (e.g., a scheme or an algebraic space), then there
is an associated small étale topos which we denote as Xét. There is a natural mor-
phism of ringed topoi resX : Xlis-ét → Xét. Let Mod(Xét) (resp. QCoh(Xét)) denote
the abelian category of OXét

-modules (resp. quasi-coherent OXét
-modules). The re-

striction of (resX)∗ : Mod(X)→ Mod(Xét) to QCoh(X) is fully faithful with essen-
tial image QCoh(Xét) [LMB, Prop. 13.2.3]. Let Dqc(Xét) denote the triangulated
category DQCoh(Xét)(Mod(Xét)). Then the natural functor R(resX)∗ : Dqc(X) →
Dqc(Xét) is an equivalence of categories [LMB, Prop. 12.10.1]. If X is a scheme, then
the corresponding statement for the Zariski topos also holds [LMB, Lem.13.1.5].

1.1. Hypercoverings and simplicial sites. We now recall the relationship be-
tween the unbounded derived categories of quasi-coherent sheaves on an algebraic
stack and those on a smooth hypercovering (i.e., cohomological descent). Our ap-
proach follows [Ols07] and [LO08]. Let X be an algebraic stack and let p• : U• → X
be a smooth hypercovering by algebraic spaces. Typically, we will take U• to be
the 0-coskeleton associated to a smooth covering p0 : U0 → X, where U0 is an al-
gebraic space. In plainer language, Un is the (n+ 1)th fiber product of U0 over X
and the simplicial structure (i.e., face and degeneracy maps) come from the various
projections and diagonals between the Un as n varies.

The simplicial algebraic space U• gives rise to two semi-simplicial topoi: U+
•,lis-ét

and U+
•,ét. The semi-simplicial topos U+

•,ét is formed as follows: for each integer

n ≥ 0 there is the étale topos Un,ét and for each injective map δ : [n] = {0, . . . , n} →
[m] = {0, . . . ,m} there is a morphism of topoi δ : Um,ét → Un,ét. A sheaf F• on
U+
•,ét is a sheaf Fn on each Un,ét together with transition maps δ−1Fn → Fm for

each injective map δ : [n] → [m] that are compatible with composition; the sheaf
F• is cartesian if the transition maps are always isomorphisms.

The topos U+
•,ét is naturally ringed by the flat sheaf O+

U•,ét
. Here flat means

that the transition maps δ−1OUn,ét → OUm,ét are flat. Let Mod(U+
•,ét) denote the

associated category of modules and Modcart(U
+
•,ét) the subcategory of cartesian

sheaves. Here cartesian means that the transition maps δ∗Fn = δ−1Fn ⊗δ−1OUn,ét

OUm,ét
→ Fm are isomorphisms.

An O+
U•,ét

-module is quasi-coherent if it is cartesian and its restriction to each

Un,ét is quasi-coherent. Let QCoh(U+
•,ét) denote the category of quasi-coherent

sheaves. Let D(U+
•,ét) be the unbounded derived category of Mod(U+

•,ét), let Dcart(U
+
•,ét)

denote the subcategory whose objects have cartesian cohomology sheaves and let
Dqc(U+

•,ét) denote the subcategory with quasi-coherent cohomology sheaves. The

semi-simplicial topos U+
•,lis-ét and its various module categories are defined similarly.

Thus, there are natural morphisms of ringed topoi:

(1.1) Xlis-ét

p+
•,lis-ét←−−−− U+

•,lis-ét

resU•−−−→ U+
•,ét.

One way phrasing smooth descent of quasi-coherent sheaves is that these morphisms
of topoi induce equivalences of abelian categories:

QCoh(X)
(p+
•,lis-ét)∗←−−−−−− QCoh(U+

•,lis-ét)
(resU• )∗−−−−−→ QCoh(U+

•,ét)

In [LO08, Ex. 2.2.5], it is shown that this can be improved to unbounded cohomo-
logical descent, that is, these morphism of topoi induce equivalences of triangulated
categories:

(1.2) Dqc(X)
R(p+
•,lis-ét)∗←−−−−−−− Dqc(U+

•,lis-ét)
R(resU• )∗−−−−−−→ Dqc(U+

•,ét).

The morphisms p+
•,lis-ét and resU• have left exact inverse image functors.
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1.2. Operations in unbounded categories of modules. We now record for
future reference some useful formulas [KS06, §§18.4 and 18.6]. If M and N ∈ D(X),
then there is

M⊗L
OX

N ∈ D(X) (the derived tensor product)

RHomOX
(M,N) ∈ D(X) (the derived sheaf Hom functor)

RHomOX
(M,N) ∈ D(Ab) (the derived global Hom functor)

If in addition P ∈ D(X), then we have a functorial isomorphism:

(1.3) HomOX
(M⊗L

OX
N,P) ∼= HomOX

(M,RHomOX
(N,P)),

as well as a functorial quasi-isomorphism:

(1.4) RHomOX
(M⊗L

OX
N,P) ' RHomOX

(M,RHomOX
(N,P)).

Letting RΓ(X,−) = RHomOX
(OX ,−), there is also a natural quasi-isomorphism:

(1.5) RHomOX
(M,N) ' RΓRHomOX

(M,N).

If M and N belong to Dqc(X), then M⊗L
OX

N ∈ Dqc(X). Indeed, using homotopy
colimits and triangles we reduce to the case where M and N are quasi-coherent
sheaves. Then it follows from the definition of quasi-coherence [LMB, Déf. 13.2.2].
Since the category Dqc(X) is well generated [HNR14, Thm. B.1] and the functor
−⊗L

OX
M : Dqc(X)→ Dqc(X) preserves small coproducts, it admits a right adjoint

[Nee01b, Thm. 8.4.4]

RHomqc
OX

(M,−) : Dqc(X)→ Dqc(X).

In fact, if
QX : D(X)→ Dqc(X)

is the right adjoint to the inclusion Dqc(X) ⊆ D(X), which exists for the same
reasons as above, then

RHomqc
OX

(M,−) ' QX(RHomOX
(M,−)).

Note that while the formation of RHomOX
(M,−) is smooth local on X, this

is not true in general for RHomqc
OX

(M,−). It is true, however, if M is perfect

(Lemma 4.3(2)).

1.3. Direct and inverse image. For a morphism of algebraic stacks f : X → Y ,
the induced morphism of ringed topoi flis-ét : Xlis-ét → Ylis-ét does not necessarily
have a left exact inverse image functor [Beh03, 5.3.12]. Thus the construction of the
correct derived functors of f∗ : QCoh(Y )→ QCoh(X) is somewhat subtle. There are
currently two approaches to constructing these functors. The first, due to M. Olsson
[Ols07] and Y. Laszlo and M. Olsson [LO08], uses cohomological descent. The other
approach appears in the Stacks Project [Stacks, Tag 07BD]. In this article, we will
employ the approach of Olsson and Laszlo–Olsson, which we now briefly recall.

Let f : X → Y be a morphism of algebraic stacks. Let q : V → Y be a smooth
surjection from an algebraic space. Let U → X×Y V be another smooth surjection
from an algebraic space. Let f̃ : U → V be the resulting morphism of algebraic
spaces and let p : U → X be the resulting smooth covering. By (1.1), there is an
induced 2-commutative diagram of ringed topoi:

(1.6) X

f

��

U+
•,lis-ét

p+
•,lis-étoo

f̃+
•,lis-ét

��

resU• // U+
•,ét

f̃+
•,ét

��
Y V +

•,lis-ét
q+
•,lis-ét

oo
resV•

// V +
•,ét.

http://stacks.math.columbia.edu/tag/07BD
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The 2-commutativity of the diagram above induces natural transformations:

R(flis-ét)∗ ⇒ R(q+
•,lis-ét)∗R(f̃+

•,lis-ét)∗L(p+
•,lis-ét)

∗ and(1.7)

R(f̃+
•,ét)∗ ⇒ R(resV•)∗R(f̃+

•,lis-ét)∗L(resU•)
∗,(1.8)

which are natural isomorphisms for those complexes with quasi-coherent cohomol-
ogy that are sent to complexes with quasi-coherent cohomology by R(f̃+

•,lis-ét)∗ or

R(f̃+
•,ét)∗.

Remark 1.1. Note, however, that if f : X → Y is not representable, then R(flis-ét)∗
does not, in general, send Dqc(X) to Dqc(Y )—even if f is proper and étale and
X and Y are smooth Deligne–Mumford stacks [Stacks, 07DC]. The problem is
that quasi-compact and quasi-separated morphisms of algebraic stacks can have
unbounded cohomological dimension, which is in contrast to the case of schemes
and algebraic spaces [Stacks, 073G]. In the next section we will clarify this with the
concept of a concentrated morphism.

Another crucial observation here is that the morphism of topoi f̃+
•,ét has a

left exact inverse image functor. The general theory now gives rise to an un-
bounded derived functor L(f̃+

•,ét)
∗ : D(V +

•,ét) → D(U+
•,ét), which is left adjoint to

R(f̃+
•,ét)∗ : D(U+

•,ét) → D(V +
•,ét). The functor L(f̃+

•,ét)
∗ is easily verified to preserve

small coproducts and complexes with quasi-coherent cohomology. Using the equiv-
alences of (1.2), we may now define a functor Lf∗qc : Dqc(Y ) → Dqc(X) such that

H0(Lf∗qcM[0]) ∼= f∗M, whenever M ∈ QCoh(Y ). It is readily verified that the func-
tor Lf∗qc is unique up to canonical natural isomorphism, that is, it does not depend
on the choice of charts U and V . If f : X → Y is flat, then for all integers q and
all M ∈ Dqc(Y ) there is a natural isomorphism:

(1.9) f∗Hq(M) ∼= Hq(Lf∗qcM)

Since the category Dqc(Y ) is well generated [HNR14, Thm. B.1] and the functor
Lf∗qc preserves small coproducts, it admits a right adjoint [Nee01b, Thm. 8.4.4]

R(fqc)∗ : Dqc(X)→ Dqc(Y ).

The functor above is closely related to the functors we have already seen. Indeed,
since Lf∗qcOY [0] ' OX [0], it follows that if M ∈ Dqc(X), then

(1.10) RΓ(Y,R(fqc)∗M) ' RΓ(X,M).

We now describe R(fqc)∗ locally. Let

QV +
•,ét

: D(V +
•,ét)→ Dqc(V +

•,ét)

be a right adjoint to the natural inclusion functor Dqc(V +
•,ét) → D(V +

•,ét), which

exists by [Nee01b, Thm. 8.4.4]. A straightforward calculation, utilizing the equiv-
alences (1.2), induces a natural isomorphism of functors:

(1.11) R(fqc)∗ ' R(q+
•,lis-ét)∗L(resV•)

∗QV +
•,ét

R(f̃+
•,ét)∗R(resU•)∗L(p+

•,lis-ét)
∗.

The following Lemma clarifies the situation somewhat.

Lemma 1.2. If f : X → Y is a morphism of algebraic stacks that is quasi-compact
and quasi-separated, then the following hold.

(1) The restriction of R(flis-ét)∗ to D+
qc(X) factors through D+

qc(Y ).

(2) The restrictions of R(flis-ét)∗ and R(fqc)∗ to D+
qc(X) are isomorphic.

(3) For each integer d, the restriction of the functor R(fqc)∗ to D
[d,∞)
qc (X) pre-

serves direct limits (in particular, small coproducts).

http://stacks.math.columbia.edu/tag/07DC
http://stacks.math.columbia.edu/tag/073G
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(4) Consider a 2-cartesian diagram of algebraic stacks:

X ′
g′ //

f ′

��

X

f

��
Y ′

g // Y.

If g is flat, then the base change transformation

Lg∗qcR(fqc)∗ ⇒ R(f ′qc)∗L(g′)∗qc

is an isomorphism upon restriction to D+
qc(X).

Proof. Claim (1) is [Ols07, Lem. 6.20]. Claim (2) follows from cohomological de-
scent (1.2), claim (1) and equations (1.7), (1.8), and (1.11).

For (3), by (2), we may replace R(fqc)∗ by R(flis-ét)∗. The hypercohomology
spectral sequence:

(1.12) Rr(flis-ét)∗H
s(M)⇒ Rr+s(flis-ét)∗M

now applies and it is thus sufficient to prove that the higher pushforwards

Rr(flis-ét)∗ : QCoh(X)→ QCoh(Y )

preserve direct limits for every integer r ≥ 0. This is local on Y for the smooth
topology, so we may assume that Y is an affine scheme. Thus it suffices to prove
that the cohomology functors Hr(Xlis-ét,−) : QCoh(X)→ Ab preserve direct limits
for every integer r ≥ 0. Since X is quasi-compact and quasi-separated, this is
well-known (e.g., [Stacks, 0739]).

The base change transformation of (4) exists by functoriality of the adjoints.
Applying (2) we may replace (fqc)∗ and (f ′qc)∗ by (flis-ét)∗ and (f ′lis-ét)∗ respectively.
The statement is now local on Y and Y ′ for the smooth topology, so we may assume
that both Y and Y ′ are affine schemes. Small modifications to the argument of
[Stacks, 073K] complete the proof. �

In §2 we describe a class of morphisms for which the conclusions of Lemma 1.2
remain valid in the unbounded derived category.

1.4. Comparison with definitions in derived algebraic geometry. We will
now compare the derived category of quasi-coherent sheaves Dqc(X) that we are
using in this paper with derived categories of quasi-coherent sheaves as defined in
derived algebraic geometry. This is not used in the remainder of the paper (but see
Example 9.4).

First recall that if A is an abelian category, then the derived category D(A) is
the homotopy category of a natural stable ∞-category D(A) [HA, Def. 1.3.5.8].
If in addition C ⊆ A is a weak Serre subcategory, then we can consider the full
∞-subcategory DC(A) of objects with cohomology in C and this has homotopy
category DC(A). We thus define Dqc(X) := DQCoh(X)(Mod(X)) which has ho-
motopy category Dqc(X). If X is Deligne–Mumford, we also define Dqc(Xét) :=
DQCoh(Xét)(Mod(Xét)) which is equivalent to Dqc(X) [LMB, Prop. 12.10.1].

Proposition 1.3 (cf. [DG13, Rem. 1.2.3]). Let X be an algebraic stack. Then

Dqc(X) = lim←−
SpecA→X

D(Mod(A))

where the limit is taken in the ∞-category of ∞-categories and is over either (i) the
category of all affine schemes over X, (ii) the full subcategory of those smooth over
X, or (iii) the subcategory of those smooth over X with only smooth X-morphisms
SpecA→ SpecB.

http://stacks.math.columbia.edu/tag/0739
http://stacks.math.columbia.edu/tag/073K
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We denote the limit of the right-hand side going over all morphisms by QCoh(X).
This is a stable ∞-category which is left- and right-complete, and has a t-structure
with heart the abelian category QCoh(X) [SAG, Cor. 9.1.3.2, Rem. 9.1.3.3]. The
∞-category QCoh(X) also makes sense for any contravariant functor X from affine
schemes to groupoids and can be adapted to variants in derived algebraic geometry.
This is how derived categories of quasi-coherent sheaves usually are defined in
derived algebraic geometry, cf. [BZFN10, §3.1], [DG13, §1.2], [SAG, §6.2.2] and
[GR17, Ch. 3, §1.1].

The category Dqc(X) is left-complete [HNR14, Thm. B.1]. We do not use this
fact in the proof so we obtain an independent proof of the left-completeness of both
Dqc(X) and Dqc(X).

Proof of Proposition 1.3. The limit restricted to smooth morphisms, or to smooth
morphisms with smooth maps between them, is also equivalent to QCoh(X) [GR17,
Ch. 3, §1.4.2]. Moreover, if U → X is a smooth presentation and U+

• is the corre-
sponding semi-simplicial algebraic space, then restricting the limit to the diagram
U+
• gives the same limit (use that X is a stack and that ∆+ ⊆ ∆ is right cofinal,

cf. [SAG, Prop. 6.2.3.1 and pf. of Prop. 9.1.3.1] or [GR17, Ch. 3, Cor. 1.3.11]). We
may also instead take the limit over the site U+

•,ét since U+
• : ∆+ → U+

•,ét is right
cofinal.

We have a sequence of maps between ∞-categories

Dqc(X)
α−−→ Dqc(U+

•,ét)
β−−→ lim←−

V ∈U+
•,ét

Dqc(U+
•,ét/V )

γ−−→ lim←−
V ∈U+

•,ét

Dqc(V )
δ←− QCoh(X).

That α is an equivalence follows by unbounded cohomological descent (1.2). That
β is an equivalence follows from Lemma 1.6 applied to the semi-simplicial étale site
U+
•,ét since having quasi-coherent cohomology can be verified locally. The map γ

comes from the morphism of topoi ε : U+
•,ét/V → Vét. Since ε∗ (restriction) is exact

and ε∗ is exact and fully faithful with essential image the cartesian modules, we
obtain equivalences between cartesian modules and between derived categories of
modules with cartesian cohomology sheaves, cf. [LMB, Prop. 12.10.1]. This shows
that γ is an equivalence. We saw that δ was an equivalence above. �

Remark 1.4. The maps β and γ are also equivalences if we replace quasi-coherent
cohomology with cartesian cohomology.

Remark 1.5. If in additionX has affine diagonal, or is noetherian and affine-pointed,
then the natural functor D+(QCoh(X)) → D+

qc(X) is an equivalence [HNR14,

App. C]. It follows that D+(QCoh(X)) → QCoh+(X) is an equivalence, which
can also be proven directly, cf. [DG13, Rem. 1.2.10] and [GR17, Ch. 3, Prop. 2.4.3].
Note that D(QCoh(X)) and D(QCoh(X)) are not always left-complete, e.g., when
X = BGa in positive characteristic [Nee11]. They are left-complete, and hence
coincide with Dqc(X) and Dqc(X), respectively, when Dqc(X) is compactly gener-
ated [HNR14, Thm. 1.2].

Lemma 1.6. Let (T,O) be a ringed topos and let (T/U,O|U ) denote the localized
topos for any U ∈ T. Then the assignment U 7→ D(Mod(O|U )) is a sheaf, that is,
there is a limit preserving functor

T◦ −→ Cat∞

U 7−→ D(Mod(O|U )).
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Proof. We identify a ringed topos with a E∞-ringed∞-topos by taking nerves. Such
an ∞-topos is a 1-topos, that is, discrete, and O is discrete. We let ModO denote
the ∞-category of O-module spectra. Its heart is the category of usual modules
Mod(O) [SAG, Def. 2.1.0.1, Rem. 2.1.2.1]. By the universal property of derived
categories, there is a functor D+(Mod(O|U )) → ModO|U . This functor extends to
a fully faithful functor D(Mod(O|U )) → ModO|U whose essential image is the full
subcategory of hypercomplete objects [SAG, Cor. 2.1.2.3].

By [SAG, Rem. 2.1.0.5], there is a limit-preserving functor U 7→ModO|U . Since
being hypercomplete is a local property [HTT, Rem. 6.5.2.22], we obtain a limit-
preserving functor U 7→ D(Mod(O|U )). �

Remark 1.7 (Deligne–Mumford stacks). If X is a Deligne–Mumford stack, we can
associate a spectral Deligne–Mumford stack X to X. To X, one associates a sta-
ble ∞-category of quasi-coherent sheaves QCoh(X), a subcategory of Mod(X) =
Mod(OXét

). It is equivalent to QCoh(X) as defined above [SAG, Prop. 6.2.4.1],
hence to Dqc(X). This can also be seen directly as follows [SAG, Cor. 2.2.6.2].
The ∞-category D(Mod(OXét

)) can be identified with the full subcategory of hy-
percomplete objects of Mod(X) [SAG, Cor. 2.1.2.3] and QCoh(X) can be identified
with the full subcategory of hypercomplete objects with quasi-coherent homotopy
sheaves [SAG, Prop. 2.2.6.1]. That is, Dqc(Xét) = QCoh(X).

2. Concentrated morphisms of algebraic stacks

A morphism of schemes f : X → Y is concentrated if it is quasi-compact and
quasi-separated [Lip09, §3.9]. Concentrated morphisms of schemes are natural
to consider when working with unbounded derived categories of quasi-coherent
sheaves. Indeed, if f is concentrated, then

(1) R(fqc)∗ coincides with the restriction of R(fZar)∗ to Dqc(X),
(2) R(fqc)∗ preserves small coproducts, and
(3) R(fqc)∗ is compatible with flat base change on Y .

Here, as before, R(fqc)∗ denotes the right adjoint to the unbounded derived functor
Lf∗qc : Dqc(Y )→ Dqc(X). In this section we isolate a class of morphisms of algebraic
stacks, which we will also call concentrated, that enjoy the same properties.

Definition 2.1. Let n ≥ 0 be an integer. A quasi-compact and quasi-separated
morphism of algebraic stacks f : X → Y has cohomological dimension ≤ n if for all
i > n and all M ∈ QCoh(X) we have that Ri(flis-ét)∗M = 0 (by Lemma 1.2(2), this
is equivalent to Ri(fqc)∗M = 0).

The next result is inspired by [Alp13, Prop. 3.9], where similar results are proven
in the context of cohomologically affine morphisms. Note, however, that cohomo-
logically affine morphisms are not quite the same as morphisms of cohomological
dimension ≤ 0 [Alp13, Rem. 3.5].

Lemma 2.2. Let f : X → Y be a 1-morphism of algebraic stacks that is quasi-
compact and quasi-separated. Let n ≥ 0 be an integer.

(1) Let α : f ⇒ f ′ be a 2-morphism. If f has cohomological dimension ≤ n,
then so has f ′.

(2) Let g : Z → Y be a 1-morphism of algebraic stacks that is faithfully flat. If
fZ : X ×Y Z → Z has cohomological dimension ≤ n, then so has f .

(3) If f is affine, then it has cohomological dimension ≤ 0.
(4) Let h : W → X be a 1-morphism of algebraic stacks that is quasi-compact

and quasi-separated and let m ≥ 0 be an integer. If f (resp. h) has coho-
mological dimension ≤ n (resp. ≤ m), then the composition f ◦ h : W → Y
has cohomological dimension ≤ m+ n.



PERFECT COMPLEXES ON ALGEBRAIC STACKS 13

(5) Let g : Z → Y be a 1-morphism of algebraic stacks that is quasi-affine. If f
has cohomological dimension ≤ n, then so has the 1-morphism fZ : X ×Y
Z → Z.

(6) Let g : Z → Y be a 1-morphism of algebraic stacks. If f has cohomologi-
cal dimension ≤ n and Y has quasi-affine diagonal, then the 1-morphism
fZ : X ×Y Z → Z has cohomological dimension ≤ n.

Proof. The claim (1) is trivial. To address the claim (2) we note that higher pushfor-
wards commute with flat base change (Lemma 1.2(4)). As faithfully flat morphisms
are conservative, the morphism f has cohomological dimension ≤ n. The claim (3)
follows trivially from (2). The claim (4) follows from the Leray spectral sequence.

We now address the claim (5). Denote the pullback of g by f as gX : ZX → X and
throughout we fix M ∈ QCoh(ZX). We first assume that the morphism g is a quasi-
compact open immersion. In this situation the adjunction (gX)∗qc((gX)lis-ét)∗M →
M is an isomorphism. For i ≥ 0 we deduce that there are isomorphisms in QCoh(Z):

Ri((fZ)lis-ét)∗
(
(gX)∗qc((gX)lis-ét)∗M

)
→ Ri((fZ)lis-ét)∗M.

Since higher pushforward commute with flat base change, we deduce that for all
i ≥ 0 there are isomorphisms:

g∗Ri(flis-ét)∗
(
((gX)lis-ét)∗M

)
→ Ri((fZ)lis-ét)∗M.

Since ((gX)lis-ét)∗M ∈ QCoh(X), it follows that fZ : XZ → Z has cohomological
dimension ≤ n. Next assume that the morphism g is affine. Then the morphism
gX is also affine and so, by (3), both morphisms have cohomological dimension
≤ 0. By (4) we conclude that the composition f ◦ gX : ZX → Y has cohomological
dimension ≤ n. But we have a 2-isomorphism f ◦ gX ⇒ g ◦ fZ and so by (1) the
morphism g◦fZ has cohomological dimension ≤ n. By the Leray spectral sequence,
however, we see that there is an isomorphism for all i ≥ 0:

(glis-ét)∗R
i((fZ)lis-ét)∗M → Ri((g ◦ fZ)lis-ét)∗M.

Since the morphism g is affine, the functor g∗ is faithful; thus we conclude that the
morphism fZ has cohomological dimension ≤ n. In general, a quasi-affine morphism

g : Z → Y factors as Z
j−→ Z

g−→ Y , where the morphism j is a quasi-compact open
immersion and the morphism g is affine. Combining the above completes the proof
of (5).

To prove the claim (6) we observe that by (2) the statement is smooth local on
Z—thus we are free to assume that Z is an affine scheme. Since the diagonal of
the stack Y is quasi-affine, the morphism g : Z → Y is quasi-affine. An application
of (5) now gives the claim. �

We wish to point out that Lemma 2.2(6) is false if Y does not have affine stabi-
lizers [HR15, Rem. 1.6].

Definition 2.3. A quasi-compact and quasi-separated morphism f : X → Y of
algebraic stacks has finite cohomological dimension if there exists an integer n ≥ 0
such that the morphism f has cohomological dimension ≤ n.

Morphisms of quasi-compact and quasi-separated algebraic spaces have finite
cohomological dimension [Stacks, 073G]. V. Drinfeld and D. Gaitsgory [DG13,
Thm. 1.4.2, §2] have shown that a morphism of quasi-compact and quasi-separated
algebraic stacks f : X → Y has finite cohomological dimension if Y is a Q-stack
and f has affine stabilizers and finitely presented inertia. This result is refined
and generalized in [HR15]: the condition on inertia is not required and in posi-
tive characteristic f has finite cohomological dimension exactly when f has linearly
reductive stabilizers.

http://stacks.math.columbia.edu/tag/073G
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Definition 2.4. A morphism of algebraic stacks f : X → Y is concentrated if it is
quasi-compact, quasi-separated, and for every quasi-compact and quasi-separated
algebraic stack Z and every morphism g : Z → Y , the pulled back morphism
fZ : XZ → Z has finite cohomological dimension.

By the result of Drinfeld and Gaitsgory, a quasi-compact and quasi-separated
morphism of algebraic stacks f : X → Y is concentrated if Y is a Q-stack and f
has affine stabilizers.

The next result is immediate from Lemma 2.2.

Lemma 2.5. Let f : X → Y be a 1-morphism of algebraic stacks that is quasi-
compact and quasi-separated.

(1) If f is concentrated, then it remains so after base change.
(2) Let g : Z → Y be a 1-morphism that is faithfully flat. If fZ : X ×Y Z → Z

is concentrated, then so is f .
(3) If f is representable, then it is concentrated.
(4) Let h : Y →W be a 1-morphism that is concentrated. Then the composition

h ◦ f : X →W is concentrated if and only if f is concentrated.
(5) Assume that Y is quasi-compact with quasi-affine diagonal. Then f is con-

centrated if and only if it has finite cohomological dimension.

The main result of this section is the following Theorem that refines Lemma 1.2.

Theorem 2.6. Let f : X → Y be a concentrated 1-morphism of algebraic stacks

(1) If Y is quasi-compact and quasi-separated, then there is an integer n such
that the natural morphism

τ≥jR(fqc)∗M→ τ≥jR(fqc)∗(τ
≥j−nM)

is a quasi-isomorphism for every integer j and M ∈ Dqc(X).
(2) The restriction of R(flis-ét)∗ to Dqc(X) coincides with R(fqc)∗.
(3) The functor R(fqc)∗ preserves small coproducts.
(4) If g : Y ′ → Y is a flat morphism of algebraic stacks, then the 2-cartesian

square:

X ′
g′ //

f ′

��

X

f

��
Y ′

g // Y

induces a natural quasi-isomorphism for every M ∈ Dqc(X):

Lg∗qcR(fqc)∗M ' R(f ′qc)∗Lg
′∗
qcM.

Proof. For (2), choose a diagram as in (1.6). By the natural transformations (1.7),

(1.8), and (1.11), it is sufficient to prove that the restriction of R(f̃+
•,ét)∗ to Dqc(U+

•,ét)

factors through Dqc(V +
•,ét). This can be verified smooth locally on Y , so we may

assume that Y is quasi-compact and quasi-separated and f has cohomological di-
mension ≤ n for some integer n. In particular, Ri(f̃+

•,ét)∗M = 0 for every i > n and

M ∈ QCoh(U+
•,ét). By [LO08, Lem. 2.1.10], for every M ∈ Dqc(U+

•,ét) and integer j
the natural morphism:

(2.1) τ≥jR(f̃+
•,ét)∗M→ τ≥jR(f̃+

•,ét)∗(τ
≥j−nM)

is an isomorphism. By Lemma 1.2(2) the result follows. Note that the equation
(2.1) now proves (1). Finally, the claims (3) and (4) follow from (1) and the
corresponding results for the bounded below category in Lemma 1.2. �
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Corollary 2.7. If f : X → Y is an affine morphism of algebraic stacks, then there
is a natural equivalence of triangulated categories

f
∗

: Dqc(Ylis-ét, f∗OX)→ Dqc(X).

Proof. Pick a diagram as in (1.6). Since f is an affine morphism, we may assume

that Ui = X ×Y Vi. The morphism of ringed topoi f̃+
•,ét : U+

•,ét → V +
•,ét factors as:

(U+
•,ét,OU+

•,ét
)
g−→ (V +

•,ét, (f̃
+
•,ét)∗OU+

•,ét
)
k−→ (V +

•,ét,OV +
•,ét

).

We claim that g−1(f̃+
•,ét)∗OU+

•,ét
→ OU+

•,ét
is flat. It is sufficient to verify this

upon restriction to each (Ui)ét and then work étale-locally; thus, we may as-
sume that f is a morphism of affine schemes SpecB → SpecA. Hence, it suffices
to prove that the induced morphism of ringed sites f : ((SpecB)ét,OSpecBét

) →
((SpecA)ét, (fét)∗OSpecB) is flat. This can be verified at geometric points, so let
p be a prime ideal of B. We must prove that if q = f(p), then the induced ring
homomorphism B ⊗A Ash

q → Bsh
p is flat, where sh denotes the strict henselization

at the relevant prime ideal. Since Spec(B ⊗A Ash
q ) has flat diagonal over SpecB

and SpecBsh
p is a flat SpecB-scheme, the assertion is clear and the claim is proved.

It follows that g∗ : Mod(V +
•,ét, (f̃

+
•,ét)∗OU+

•,ét
)→ Mod(U+

•,ét,OU+
•,ét

) is exact. More-

over since f is affine, it has cohomological dimension ≤ 0 (Lemma 2.2(3)) and is con-
centrated. In particular, the restriction of Rg∗ to Dqc(U+

•,ét,OU+
•,ét

) factors through

Dqc(V +
•,ét, (f̃

+
•,ét)∗OU+

•,ét
) and is exact. It remains to prove that the restriction of

the adjunctions Id ⇒ Rg∗Lg
∗ and Lg∗Rg∗ ⇒ Id to complexes with quasi-coherent

cohomology sheaves are isomorphisms. By the exactness, it is sufficient to prove
that the restrictions of the underived adjunctions Id ⇒ g∗g

∗ and g∗g∗ ⇒ Id to
quasi-coherent modules are isomorphisms. Unwinding the definitions, this is just
the assertion that QCoh(X) ∼= QCoh(Ylis-ét, f∗OX). By smooth descent, we may
reduce to the situation where X and Y are affine schemes. The result now follows
from [EGA, §II.1.4]. �

Corollary 2.8. Let f : X → Y be a quasi-affine morphism of algebraic stacks and
let M ∈ Dqc(X). If R(fqc)∗M ' 0, then M ' 0, that is, R(fqc)∗ is conservative.

Proof. We may factor f as X
j−→ X ′

f ′−→ Y , where j is a quasi-compact open
immersion and f ′ is an affine morphism. By Corollary 2.7, the result is true for f ′.
Hence, we are reduced to the situation where f is a quasi-compact open immersion.
In this case, however, ∆X/Y : X → X×Y X is an isomorphism. By Theorem 2.6(4)
Lf∗qcR(fqc)∗M 'M and the result follows. �

3. Triangulated categories

In this section we will recall some results on triangulated categories that may
not be familiar to everyone. For excellent and comprehensive treatments of these
topics see [Nee92b] and [Tho97, §2]. In particular, we will recall thick and localiz-
ing triangulated subcategories. This leads to the concept of compact objects and
Thomason’s localization theorem.

Throughout this section, let S be a triangulated category with shift operator Σ.
A functor F : S → S′ between triangulated categories is triangulated if F sends

triangles to triangles and is compatible with shifts. We say that a full subcategory
R of S is triangulated if the category R is triangulated and the inclusion functor
R → S is triangulated. A subcategory R ⊆ S is thick (also known as épaisse or
saturated) if it is full, triangulated, and every S-direct summand of every r ∈ R

belongs to R.
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Example 3.1. For a triangulated functor F : S → S′ we denote by kerF the
full triangulated subcategory consisting of those x ∈ S such that F (x) ' 0. The
subcategory kerF ⊆ S is thick.

Example 3.2. Given triangulated subcategories R1 ⊆ R2 ⊆ S such that R1 is a
thick subcategory of S, then R1 is a thick subcategory R2.

Kernels of triangulated functors produce essentially all thick subcategories [Tho97,
§1.3]. Indeed, for every thick subcategory R ⊆ S there is a quotient functor
Q : S→ S/R such that R ∼= kerQ, Q is essentially surjective, and satisfies a univer-
sal property [Nee01b, Thm. 2.1.8].

For a class R ⊆ S the thick closure of R is the smallest thick subcategory R ⊆ S

containing R. A subcategory R ⊆ S is dense if it is full, triangulated, and its thick
closure coincides with S.

If the triangulated category S is essentially small, then there is a notion of K0(S):
it is the free abelian group on the set of isomorphism classes of objects in S modulo
the relation that given an S-triangle s1 → s2 → s3, then [s2] = [s1] + [s3]. It is
easy to see that for s, t ∈ S then [s ⊕ t] = [s] + [t] and [s] = −[Σs]. Also, for
every σ ∈ K0(S), there exists s ∈ S such that σ = [s]. Given a triangulated functor
F : S → S′ between essentially small triangulated categories, there is an induced
group homomorphism K0(F ) : K0(S)→ K0(S′). The following is a nice result of A.
Neeman [Nee92b, Cor. 0.10] (also see [TT90, 5.2.2] and [Tho97, Lem. 2.2]).

Lemma 3.3. Let S be an essentially small triangulated category and let R be a
dense subcategory. If s ∈ S, then s ∈ R if and only if s belongs to the image of
K0(R) in K0(S). In particular, if s ∈ S, then s⊕ Σs ∈ R.

A pair of triangulated functors R → S
F−→ T is left-exact (resp. almost exact,

resp. exact) if R is a thick subcategory of S via the functor R→ S and the functor
F : S→ T factors through the quotient F : S/R→ T and this functor is fully faithful
(resp. fully faithful and dense, resp. an equivalence). The following (well-known)
Lemma will be useful.

Lemma 3.4. Let F : S → T be a triangulated functor. If F has a right adjoint
G : T → S such that the adjunction ε : FG → IdT is an isomorphism, then the

sequence kerF → S
F−→ T is exact.

Proof. We will show that F satisfies the universal property of the quotient. Let
P : S → P be a triangulated functor such that kerF ⊆ kerP . We must prove
that there is a functor P ′ : T → P and an isomorphism α : P ' P ′F unique up
to unique isomorphism. For the uniqueness, let P ′1, P ′2 be two such functors with
isomorphisms αi : P ' P ′iF . Then the isomorphism α2α

−1
1 : P ′1F ' P ′2F induces a

unique isomorphism P ′1 ' P ′1FG ' P ′2FG ' P ′2 compatible with the αi. For the
existence, set P ′ = PG and let α = P∗η, where η : IdS → GF is the unit of the
adjunction. Now F∗η is an isomorphism since ε is an isomorphism, so α = P∗η is
an isomorphism since kerF ⊆ kerP . �

A triangulated category is said to be closed under small coproducts if it admits
small categorical coproducts and small coproducts of triangles remain triangles. If
the triangulated category S is closed under small coproducts, then we say that a
subcategory R ⊆ S is localizing if it is a full triangulated subcategory, closed under
small coproducts, and the functor R → S preserves small coproducts. For a class
R ⊆ S, where S is closed under small coproducts, there is a smallest subcategory
R ⊆ S that is localizing and contains R. We refer to R as the localizing envelope of
R.
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Example 3.5. If a subcategory R ⊆ S is localizing, then it is thick. Indeed, given
r ∈ R and r ' r′ ⊕ r′′ in S, the Eilenberg swindle produces an S-isomorphism:

r′′ ⊕ r ⊕ r ⊕ · · · ' r ⊕ r ⊕ r ⊕ · · · .
Since R is localizing, r′′ ⊕ r ⊕ r ⊕ · · · ∈ R. The cone of the natural morphism
r ⊕ r ⊕ · · · → r′′ ⊕ r ⊕ r ⊕ · · · is r′′; thus r′′ ∈ R.

A result of A. Neeman [Nee92b, Prop. 1.9] says that if a subcategory R ⊆ S is
localizing, then the quotient Q : S→ S/R preserves small coproducts. In particular,
since the quotient is essentially surjective, the category S/R is closed under small
coproducts.

Example 3.6. If F : S→ S′ is a triangulated functor that preserves small coprod-
ucts, then the subcategory kerF is localizing.

An object s ∈ S is compact if the functor HomS(s,−) preserves small coproducts.
Denote by Sc the full subcategory of compact objects of S.

Example 3.7. Let A be a ring. A complex of A-modules is compact in D(A) if and
only if it is quasi-isomorphic to a bounded complex of finitely generated projective
A-modules [Stacks, 07LT]. That is, the compact objects of D(A) are the perfect
complexes of A-modules.

Example 3.8. Let F : S → S′ be a triangulated functor that admits a right ad-
joint G : S′ → S. If G preserves small coproducts, then F sends Sc to S′c [Nee96,
Thm. 5.1 “⇒”].

Example 3.9. If f : X ′ → X is a concentrated morphism of algebraic stacks, then
Lf∗qc sends Dqc(X)c to Dqc(X ′)c. This follows by combining Example 3.8 with
Theorem 2.6(3).

A class S ⊆ S is generating if given x ∈ S such that HomS(Σns, x) = 0 for all
s ∈ S and n ∈ Z, then x ' 0. The triangulated category S is compactly generated
if it admits a set of generators consisting of compact objects.

Example 3.10. Let A be a ring. Denote the unbounded derived category of A-
modules by D(A). Then the set {A} compactly generates D(A). Hence D(A) is
compactly generated.

Example 3.11. This is a refinement of Example 3.8. Let F : S→ S′ be a triangu-
lated functor that admits a right adjoint G : S′ → S that preserves small coproducts.
In addition, assume that G is conservative (i.e., G(x) ' 0 implies x ' 0). If S is
compactly generated by a class S, then S′ is compactly generated by the class
{F (s) : s ∈ S}.

We now recall Thomason’s Localization Theorem, which was proved in this gen-
erality by A. Neeman [Nee92b, Nee96, Thm. 2.1] (also see [TT90, 5.1]).

Theorem 3.12 (Thomason’s Localization). Consider an exact sequence of trian-

gulated categories R → S
F−→ T that are closed under small coproducts. If the

triangulated category S is compactly generated and R is the localizing envelope of a
subset R ⊆ Sc, then there is an induced sequence Rc → Sc → Tc which is almost
exact. In particular, Rc = Sc ∩ R and Rc is the thick closure of R.

Combining Theorem 3.12 with the elementary Lemma 3.3 produces something
very surprising, which was observed by A. Neeman [Nee92b, Cor. 0.9].

Corollary 3.13. In Theorem 3.12 assume that the category Tc is essentially small.
Then for every t ∈ Tc, there exists an s ∈ Sc and an isomorphism t⊕ Σt ' F (s).

http://stacks.math.columbia.edu/tag/07LT
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Another useful Corollary is the following [Nee96, Thm. 2.1.2].

Corollary 3.14. In Theorem 3.12 suppose that R is a generating set for S, then
R = S.

4. Perfect complexes, projection formulas, and finite duality

We now use the results of the previous section to prove some useful results for
derived categories of algebraic stacks. We begin with the notion of a perfect complex
on an algebraic stack.

4.1. Perfect complexes. We recall some notions from [SGA6, Exp. II] (also see
[Stacks, Tag 08FK]). If A is a ring, then a complex of A-modules P is strictly perfect
if it is a bounded complex of finitely generated and projective A-modules. More
generally, if A is a sheaf of rings on a site E, then a complex P = (P k) of A-modules
is strictly perfect if it is a bounded complex and each term P k is a direct summand
of a finite free A-module. A complex P ∈ D(A) is perfect if it is locally strictly
perfect.

Let X be an algebraic stack. Then a complex P on X is perfect if it is a perfect
object of D(X). Note that all perfect complexes on X belong to Dqc(X). The
following lemma provides a useful criterion for perfection.

Lemma 4.1. Let X be an algebraic stack and let P ∈ Dqc(X). The following
conditions are equivalent.

(1) P is perfect; and
(2) for every x ∈ |X|, there exists a flat morphism f : SpecA→ X with image

containing x such that RΓ(SpecA, Lf∗qcP) is a strictly perfect complex of
A-modules.

Moreover, every perfect complex on an affine scheme is strictly perfect.

Proof. It is sufficient to prove that if A→ B is a faithfully flat ring homomorphism
and M ∈ D(A), then M is a strictly perfect complex of A-modules if and only if
M ⊗AB is a strictly perfect complex of B-modules. This is [Stacks, Tag 068T]. �

Example 4.2. Let X be an algebraic stack. Then every flat OX -module of finite
presentation defines a perfect complex in Dqc(X). In particular, if f : X → Y is
a morphism of algebraic stacks that is finite, flat, and of finite presentation, then
f∗OX is perfect in Dqc(Y ).

We recall the following well-known definition (e.g., [Bra14, Defn. 4.7.1] or [BZFN10,
Defn. 3.3]). Let X be an algebraic stack. An object P ∈ Dqc(X) is dualiz-
able if there exists P∨ ∈ Dqc(X) together with morphisms e : P∨ ⊗L

OX
P → OX ,

c : OX → P⊗L
OX

P∨ such that the two induced maps:

OX ⊗L
OX

P
c⊗IdP // P⊗L

OX
P∨ ⊗L

OX
P

IdP⊗e // P

P∨ ⊗L
OX

OX
IdP∨⊗c// P∨ ⊗L

OX
P⊗L

OX
P∨

e⊗IdP∨// P∨

are isomorphisms. It is standard that P dualizable implies that P∨ ' RHomqc
OX

(P,OX)

and the e and c maps are simply those arising from the adjunction between −⊗L
OX

P

and RHomqc
OX

(P,−).
The following Lemma is straightforward but crucial.

Lemma 4.3. Let X be an algebraic stack and let P ∈ Dqc(X) be a perfect complex.

(1) The double duality morphism P → RHomOX
(RHomOX

(P,OX),OX) is a
quasi-isomorphism.

http://stacks.math.columbia.edu/tag/08FK
http://stacks.math.columbia.edu/tag/068T


PERFECT COMPLEXES ON ALGEBRAIC STACKS 19

(2) The restriction of the functor RHomOX
(P,−) : D(X) → D(X) to Dqc(X)

factors through Dqc(X) and preserves small coproducts in Dqc(X). More-
over, if M ∈ Dqc(X), then there is a natural quasi-isomorphism:

RHomOX
(P,OX)⊗L

OX
M ' RHomOX

(P,M).

In particular, RHomqc
OX

(P,−) ' RHomOX
(P,−) ' P∨ ⊗− on Dqc(X).

(3) If P ∈ Dqc(X) is dualizable, then it is perfect.

In particular for every algebraic stack X, the notions of perfect and dualizable
objects in Dqc(X) coincide.

Proof. To prove (1), we note that the existence of the double duality morphism
follows from RHom-⊗ adjunction. That it is a quasi-isomorphism can be verified
smooth-locally on X, so we may assume that X = SpecA is an affine scheme. To
prove (2), we may argue similarly to reduce to the affine setting. Now the collection
of all P that satisfy the conclusions of (1) and (2) is closed under finite coproducts,
direct summands, shifts, and the taking of cones, that is, it is a thick subcategory
of Dqc(X) ' D(A). Since OX satisfies the conclusions of (1) and (2) and X is affine,
(1) and (2) follow.

For (3): since dualizable implies locally dualizable, it follows that we may as-
sume that X is affine. In this case, the result is classical. One may also argue
as follows: Q being dualizable implies that there is an isomorphism of functors
RHomqc

OX
(Q,−) ' Q∨ ⊗L

OX
− from Dqc(X) to Dqc(X). In particular, the functor

RHomqc
OX

(Q,−) : Dqc(X)→ Dqc(X) preserves small coproducts. Taking global sec-

tions, we see that HomOX
(Q,−) preserves small coproducts. Hence, Q is compact

in Dqc(X). But X is affine, so Q is perfect. �

4.2. Compact complexes. We now move on to a description of the compact
objects of Dqc(X) and their relationship to perfect complexes.

Lemma 4.4. Let X be a quasi-separated algebraic stack.

(1) If Q ∈ Dqc(X)c, then Q is perfect.
(2) If P is perfect on X and Q ∈ Dqc(X)c, then Q⊗L

OX
P ∈ Dqc(X)c.

(3) If X is concentrated, then OX ∈ Dqc(X)c; in particular, if P is perfect on
X, then P ∈ Dqc(X)c.

Proof. We first prove (1). Consider a smooth morphism p : SpecA→ X. It follows
from the quasi-separatedness of X that p is quasi-compact, quasi-separated, and
representable. In particular, p is concentrated (Lemma 2.5(3)) and so Lp∗qcQ ∈
Dqc(SpecA)c by Example 3.9. The claim now follows from Example 3.7 and Lemma
4.1.

To prove (2), we note that if M ∈ D(X), then (1.3) implies

HomOX
(Q⊗L

OX
P,M) ' HomOX

(Q,RHomOX
(P,M)).

By Lemma 4.3(2), the restriction of RHom(P,−) to Dqc(X) preserves small coprod-
ucts. Since Q ∈ Dqc(X)c, it follows that the restriction of RHomOX

(Q ⊗L
OX

P,−)

to Dqc(X) preserves small coproducts. Hence, Q⊗L
OX

P ∈ Dqc(X)c.
For (3), we note that if M ∈ D(X), then by definition RHomOX

(OX ,M) =
RΓ(Xlis-ét,M). Since X is concentrated, Theorem 2.6(3) implies that the restriction
of RΓ(Xlis-ét,−) to Dqc(X) preserves small coproducts. Thus, OX ∈ Dqc(X)c. The
latter claim follows from the former and (2). �

In the following Lemma we provide criteria for a perfect complex on an algebraic
stack to be compact. We have not seen this characterization in the literature before.
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Lemma 4.5. Let X be a quasi-compact and quasi-separated algebraic stack and let
P ∈ Dqc(X) be a perfect complex. The following conditions are equivalent:

(1) P is a compact object of Dqc(X);
(2) there exists an integer r ≥ 0 such that HomOX

(P,N[i]) = 0 for all N ∈
QCoh(X) and i > r; and

(3) there exists an integer r ≥ 0 such that the natural map

τ≥jRHomOX
(P,M)→ τ≥jRHomOX

(P, τ≥j−rM)

is a quasi-isomorphism for all M ∈ Dqc(X) and integers j.

Proof. Assume that (2) does not hold. Then there is an infinite sequence of quasi-
coherent OX -modules M1, M2, . . . and strictly increasing sequence of integers d1 <
d2 < . . . such that HomOX

(P,Mi[di]) 6= 0 for every i. Since Dqc(X) is left-complete
[HNR14, Thm. B.1], there is a quasi-isomorphism in Dqc(X):

∞⊕
i=1

Mi[di] '
∞∏
i=1

Mi[di].

This implies that the natural morphism
∞⊕
i=1

HomOX
(P,Mi[di])→ HomOX

(P,

∞⊕
i=1

Mi[di]) '
∞∏
i=1

HomOX
(P,Mi[di])

is not an isomorphism. In particular, P is not compact. Thus, by the contrapositive,
we have proved the implication (1)⇒(2).

For (2)⇒(3), first choose a diagram as in (1.6) with V = Y = SpecZ. Let
P+
•,ét = R(resU•)∗L(p+

•,lis-ét)
∗P and M+

•,ét = R(resU•)∗L(p+
•,lis-ét)

∗M. Note that

R(resU•)∗L(p+
•,lis-ét)

∗RHomOX
(P,M) ' RHomO

U
+
•,ét

(P+
•,ét,M

+
•,ét)

has quasi-coherent cohomology (Lemma 4.3) and that RHomO
U

+
•,ét

(P+
•,ét,N[i]) = 0

for all i > r and N ∈ QCoh(U+
•,ét). It is enough to prove that

τ≥jRHomOU+ (P+
•,ét,M)→ τ≥jRHomOU+ (P+

•,ét, τ
≥j−rM)

for every integer j and M ∈ Dqc(U+
•,ét). This follows as in the proof of [LO08,

Lem. 2.1.10] with ε∗ replaced by HomO
U

+
•,ét

(P+
•,ét,−).

Finally, for (3)⇒(1), we note that because P is perfect, it is dualizable. Thus,
for all M ∈ Dqc(X) and integers j, there are natural quasi-isomorphisms:

τ≥jRHomOX
(P,M) ' τ≥jRHomOX

(P, τ≥j−rM)

' τ≥jRΓ(Xlis-ét,P
∨ ⊗L

OX
τ≥j−rM).

Also since P is perfect, the restriction of the functor P∨ ⊗L
OX

(−) to D≥j−rqc (X)

factors through D≥j−r
′

qc (X) for some fixed integer r′. The result now follows from
Lemma 1.2(3). �

For future reference, we summarize the situation in the following remark.

Remark 4.6. Let X be a quasi-compact and quasi-separated algebraic stack. Then
the following are equivalent:

(1) every perfect object of Dqc(X) is compact;
(2) the structure sheaf OX is compact;
(3) X has finite cohomological dimension; and
(4) the derived global section functor RΓ: Dqc(X) → D(Ab) commutes with

small coproducts.



PERFECT COMPLEXES ON ALGEBRAIC STACKS 21

The equivalence of the first two conditions follows from Lemma 4.4. The structure
sheaf is compact, if and only if X has finite cohomological dimension (Lemma 4.5).
The last condition is equivalent to the definition of OX being compact.

4.3. Supports and generation. Let X be a scheme and let M ∈ QCoh(X). The
support of M is the subset

supp(M) = {x ∈ |X| : Mx 6= 0}.
More generally, if X is an algebraic stack and M ∈ QCoh(X), then we define the
support of M as follows: let p : U → X be a smooth surjection from a scheme U ;
then supp(M) = p(supp(p∗M)). It is easily verified that this is well-defined (i.e.,
independent of the cover p).

Definition 4.7. Let X be an algebraic stack and let E ∈ Dqc(X). Define the
cohomological support of E to be the subset

supph(E) = ∪n∈Z supp(Hn(E)) ⊆ |X|.
Recall that if X is a quasi-separated algebraic stack, then for every x ∈ |X|,

there is a quasi-affine monomorphism ix : Gx ↪→ X with image x, where Gx is a
gerbe over a field κ(x), the residue field at x [Ryd11, Thm. B.2]. We refer to this
data as the residual gerbe at x. We now have the following lemma.

Lemma 4.8. Let X be a quasi-compact and quasi-separated algebraic stack. Let E
be a perfect complex on X.

(1) Then x ∈ supph(E) if and only if the complex L(ix)∗qcE is not acyclic in
Dqc(Gx), where ix : Gx → X is the residual gerbe.

(2) If f : X ′ → X is a quasi-compact and quasi-separated morphism, then
supph(Lf∗qcE) = f−1 supph(E).

(3) supph(E) is closed with quasi-compact complement.

Proof. For (1), then x ∈ supph(E), if and only if there exists a smooth and surjec-
tive morphism p : U → X, where U is a scheme, and u ∈ U such that p(u) = x and
(Lp∗qcE)u is not acyclic in Dqc(OU,u). By [Tho97, Lem. 3.3(a)], this is equivalent to
(Lp∗qcE) ⊗ κ(u) not being acyclic in Dqc(κ(u)). Since Specκ(u) → Gx is faithfully
flat, the result follows.

For (2), we use (1) and argue as in [Tho97, Lem. 3.3(b)], with the additional
observation that for every x′ ∈ |X ′|, the induced morphism on residual gerbes
Gx′ → Gf(x′) is faithfully flat.

For (3), by (2), the conclusion may be verified smooth-locally. In particular,
we may assume that X is an affine scheme, and the result follows from [Tho97,
Lem. 3.3(c)]. �

If X is an algebraic stack and Z ⊆ |X|, then we define

Dqc,|Z|(X) = {M ∈ Dqc(X) : supph(M) ⊆ Z}.
If j : U ↪→ X is a flat monomorphism, e.g., an open immersion, then

Dqc,|X\U |(X) = {M ∈ Dqc(X) : j∗M ' 0}.

Lemma 4.9. Let X be an algebraic stack and let P ∈ Dqc(X) be a perfect com-
plex with support Z = supph(P). If M ∈ Dqc,|Z|(X), then M ' 0 if and only if
RHomOX

(P,M) ' 0.

Proof. The question is local on X for the smooth topology, so we may assume that
X is an affine scheme. By [BN93, Prop. 6.1], there is a perfect generating complex
K ∈ Dqc,|Z|(X)c (a Koszul complex). As P is perfect and the support of P is |Z|,
it follows from [Nee92a, Lem. A.3] that K is in the thick closure of P, so P is also
a generator of Dqc,|Z|(X). Thus, RHomOX

(P,M) ' 0 if and only if M ' 0. �
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Lemma 4.10. Let X be a quasi-compact and quasi-separated algebraic stack and
let j : U → X be a quasi-compact open immersion with complement |Z|.

(1) If Dqc,|Z|(X) is generated by a set whose elements have compact image in
Dqc(X), then there exists a compact object Q of Dqc(X) with support |Z|.

(2) If Dqc(X) is generated by a set of compact objects {Qb}b∈B and there exists
a perfect complex P on X with support |Z|, then Dqc,|Z|(X) is generated by

the set {Qb ⊗L
OX

P}b∈B (whose elements have compact image in Dqc(X)).

Proof. For (1): let {Qλ}λ∈Λ be a set of generators for Dqc,|Z|(X) whose elements
have compact image in Dqc(X). Let z ∈ |Z| be a point and choose a representa-
tive, that is, a field k and a 1-morphism of algebraic stacks z : Spec k → X with
image z. Since the diagonal of X is quasi-compact and quasi-separated, it follows
that z is quasi-compact and quasi-separated. By Lemma 1.2(4), it follows that
Lj∗qcR(zqc)∗OSpec k ' 0 and so there exists a λ ∈ Λ, an integer n, and a non-zero
morphism Qλ[n]→ R(zqc)∗OSpec k. By adjunction, Lz∗qcQλ 6= 0 and we deduce that
∪λ∈Λ supph(Qλ) = |Z|. It suffices to show that there is a finite subset Λ′ ⊆ Λ such
that ∪λ∈Λ′ supph(Qλ) = |Z|. This is obvious if X is noetherian or, more generally,
if Z has a finite number of irreducible components.

In complete generality, we note that |Z| is constructible (by hypothesis) and that
supph(Qλ) is constructible for every λ (by Lemma 4.8(3)). Indeed, both subsets are
closed with quasi-compact complement. We conclude that |Z| = ∪λ∈Λ supph(Qλ)
has a finite subcovering since the constructible topology is quasi-compact.

For (2): first note that the complex Qb ⊗L
OX

P, which belongs to Dqc,|Z|(X), is a
compact object of Dqc(X) (Lemma 4.4(2)). Let M ∈ Dqc,|Z|(X) and suppose that

RHomOX
(Qb⊗L

OX
P,M) ' 0. By adjunction (1.3), RHomOX

(Qb,RHomOX
(P,M)) '

0. Since the set {Qb}b∈B is generating, it follows that RHomOX
(P,M) ' 0. Thus

M ' 0 by Lemma 4.9. �

4.4. Projection formula. A typical application of Corollary 3.14 is given by the
following Proposition. The given argument is a variant of [Nee96, Prop. 5.3], though
we have not seen this Proposition in the literature before.

Proposition 4.11 (Strong projection formula). Let A be a ring and let π : X →
SpecA be a morphism of algebraic stacks. Let Q be a compact object of Dqc(X) and
let G ∈ Dqc(X). Then for every I ∈ D(A), there is a natural quasi-isomorphism:

RHomOX
(Q,G)⊗L

A I ' RHomOX
(Q,G⊗L

OX
Lπ∗qcI).

Proof. First we describe the morphism: by adjunction, there is a natural morphism

Lπ∗qcR(πqc)∗RHomOX
(Q,G)→ RHomOX

(Q,G)

and so by (1.3) there is a natural morphism(
Lπ∗qcR(πqc)∗RHomOX

(Q,G)
)
⊗L

OX
Q⊗L

OX
Lπ∗qcI → G⊗L

OX
Lπ∗qcI.

By (1.3) again, there is a natural morphism:

Lπ∗qc

[
R(πqc)∗RHomOX

(Q,G)⊗L
A I
]
→ RHomOX

(Q,G⊗L
OX

Lπ∗qcI).

By adjunction and (1.5) and (1.10) we deduce the existence of the required natural
morphism

φI : RHomOX
(Q,G)⊗L

A I → RHomOX
(Q,G⊗L

OX
Lπ∗qcI).

Let K ⊆ D(A) be the full subcategory with objects those I such that φI is a quasi-
isomorphism. It remains to show that K = D(A). Clearly, K is a triangulated
subcategory that contains A[k] for every integer k. Moreover, since Q is a compact
object of Dqc(X), K is closed under small coproducts. The result now follows from
Corollary 3.14. �
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A straightforward implication is the usual projection formula for concentrated
morphisms of algebraic stacks.

Corollary 4.12 (Projection formula). Let f : X → Y be a concentrated 1-morphism
of algebraic stacks. The natural map

(R(fqc)∗M)⊗L
OY

N→ R(fqc)∗(M⊗L
OX

Lf∗qcN)

is a quasi-isomorphism for every M ∈ Dqc(X) and N ∈ Dqc(Y ).

Proof. By adjunction, there is a natural morphism

Lf∗qcR(fqc)∗M⊗L
OX

Lf∗qcN→M⊗L
OX

Lf∗qcN.

By adjunction again, we deduce the existence of a natural morphism

ψN : (R(fqc)∗M)⊗L
OY

N→ R(fqc)∗(M⊗L
OX

Lf∗qcN).

It remains to show that ψN is a quasi-isomorphism for every N ∈ Dqc(Y ). Note that
the verification of this is smooth local on Y , so by Theorem 2.6(4), we may reduce
to the situation where Y is an affine scheme. By Lemma 4.4(3), OX is compact
and the result now follows from Proposition 4.11. �

4.5. Tor-independent base change. Let f : X → Y and g : Y ′ → Y be mor-
phism of algebraic stacks. We say that f and g are tor-independent if for every
smooth morphism SpecA → Y and every pair of smooth morphisms SpecB →
X ×Y SpecA and SpecA′ → Y ′ ×Y SpecA we have that TorAi (B,A′) = 0 for all

i > 0. Equivalently, TorY,f,gi (OX ,OY ′) = 0 for every integer i > 0 (see [Hal17,
App. C] for details). Note that if g is flat, then it is tor-independent of every f .
The projection formula of Corollary 4.12 is powerful enough to prove a very general
tor-independent base change result which extends Theorem 2.6(4).

Corollary 4.13. Fix a 2-cartesian square of algebraic stacks

X ′
g′ //

f ′

��

X

f

��
Y ′

g // Y.

If f and g are tor-independent and f is concentrated, then there is a natural quasi-
isomorphism for every M ∈ Dqc(X):

Lg∗qcR(fqc)∗M ' R(f ′qc)∗Lg
′∗
qcM.

Proof. By Theorem 2.6(4), the result can be verified smooth-locally on Y and Y ′.
Thus, we may assume that Y = SpecA and Y ′ = SpecA′. In particular, g and
g′ are affine. Since g is affine, R(gqc)∗ is conservative (Corollary 2.8). Hence, it
is sufficient to verify that the morphism in question is a quasi-isomorphism after
application of the functor R(gqc)∗. By the projection formula applied to g and then
f , there are natural quasi-isomorphisms

R(gqc)∗Lg
∗
qcR(fqc)∗M ' R(fqc)∗M⊗OY

R(gqc)∗OY ′

' R(fqc)∗(M⊗L
OX

Lf∗qcR(gqc)∗OY ′).

Note, however, that because f and g are tor-independent and g is affine, the natural
map

Lf∗qcR(gqc)∗OY ′ → R(g′qc)∗OX′

is a quasi-isomorphism. Indeed, this may be verified smooth-locally on X, so we
may assume that X = SpecC. The morphism in question corresponds to the map
C ⊗L

A A
′ → (C ⊗A A′)[0] in D(C), which is a quasi-isomorphism because f and g
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are tor-independent. With the projection formula and functoriality, we now obtain
the following natural sequence of quasi-isomorphisms:

R(fqc)∗(M⊗L
OX

Lf∗qcR(gqc)∗OY ′) ' R(fqc)∗(M⊗L
OX

R(g′qc)∗OX′)

' R(fqc)∗R(g′qc)∗Lg
′∗
qcM

' R(gqc)∗R(f ′qc)∗Lg
′∗
qcM.

The result follows. �

Note that in the setting of derived algebraic geometry, tor-independence is not
necessary to obtain a base change result [BZFN10, Prop. 3.10].

4.6. Finite duality. Using the projection formula, we can also establish finite
duality.

Theorem 4.14. Let f : X → Y be a concentrated morphism of algebraic stacks.

(1) R(fqc)∗ : Dqc(X)→ Dqc(Y ) admits a right adjoint f×.
(2) For every M ∈ Dqc(Y ) there is a natural quasi-isomorphism:

R(fqc)∗f
×(M) ' RHomqc

OY
(R(fqc)∗OX ,M).

(3) If f is affine, then for every M ∈ Dqc(Y ) there is a natural quasi-isomorphism:

f×(M) ' f∗RHomqc
OY

(f∗OX ,M),

where f
∗

is the functor from Corollary 2.7.
(4) If f is affine and f∗OX is perfect, then for every M ∈ Dqc(Y ) there is a

natural quasi-isomorphism:

f×(OY )⊗L
OX

f∗(M) ' f×(M).

In particular, f× preserves small coproducts. Moreover, f× is compatible
with tor-independent base change on Y . If in addition f is surjective, then
f× is conservative.

Proof. By Theorem 2.6(3), the functor R(fqc)∗ preserves small coproducts. Since
Dqc(X) is well generated [HNR14, Thm. B.1], the existence of f× follows from
[Nee01b, Prop. 1.20]. Now fix N ∈ Dqc(Y ); then there are natural isomorphisms:

HomOY
(N,R(fqc)∗f

×(M)) ∼= HomOX
(Lf∗qcN, f

×(M))

∼= HomOY
(R(fqc)∗Lf

∗
qcN,M)

∼= HomOY
((R(fqc)∗OX)⊗L

OY
N,M)

∼= HomOY
(N,RHomqc

OY
(R(fqc)∗OX ,M)).

The penultimate isomorphism follows from the projection formula (Corollary 4.12).
By the Yoneda Lemma, this proves (2).

We now address (3). Let f̃× : Dqc(Y )→ Dqc(X) be the functor

f̃×(M) = f
∗
RHomqc

OY
(f∗OX ,M),

where f
∗

comes from the equivalence of Corollary 2.7. We claim there is a natural
transformation of functors f̃× ⇒ f×. To see this, let N ∈ Dqc(X) and M ∈ Dqc(Y );
then there are natural morphisms:

HomOX
(N, f̃×(M))→ HomOY

(R(fqc)∗N,R(fqc)∗f̃
×(M))

= HomOY
(R(fqc)∗N,RHom

qc
OY

(f∗OX ,M))

→ HomOY
(R(fqc)∗N,RHom

qc
OY

(OY ,M))

∼= HomOY
(R(fqc)∗N,M)

∼= HomOX
(N, f×(M)).
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By the Yoneda Lemma, we have the claim. Since f is affine, to prove that the
natural transformation f̃× ⇒ f× is an isomorphism, it is sufficient to prove it is
after application of R(fqc)∗ (Lemma 2.8). This follows from the definition of f̃×

and (2).
We now treat (4). By adjunction and the projection formula (Corollary 4.12) we

obtain a natural morphism for every M ∈ Dqc(Y ):

f×(OY )⊗L
OX

Lf∗qc(M)→ f×(M).

Since f is affine, it is sufficient to prove this morphism is an isomorphism after appli-
cation of R(fqc)∗ (Lemma 2.8). By (2) and the projection formula (Corollary 4.12),
we see that it is sufficient to prove that the induced morphism:

RHomqc
OY

(f∗OX ,OY )⊗L
OY

M→ RHomqc
OY

(f∗OX ,M)

is a quasi-isomorphism for every M ∈ Dqc(Y ). But f∗OX is perfect, so Lemma
4.3(2) now gives the claim.

For the compatibility of f× with base change, we consider a tor-independent
2-cartesian diagram of algebraic stacks:

X ′
g′ //

f ′

��

X

f

��
Y ′

g // Y.

Adjointness and tor-independent base change (Corollary 4.13) provides a natural
transformation Lg′∗qcf

× → (f ′)×Lg∗qc of functors that we must show is an isomor-
phism. Tor-independent base change also implies that there is a quasi-isomorphism:
Lg∗qcR(fqc)∗OX ' R(f ′qc)∗Lg

′∗
qcOX . Since R(fqc)∗OX is perfect, it follows that

R(f ′qc)∗OX′ is perfect. By the formula just determined for f×, we thus see that

it is sufficient to prove that Lg′∗qcf
×(OY )→ (f ′)×Lg∗qc(OY ) is a quasi-isomorphism.

Since f (and so f ′) is affine, it is sufficient to verify this after application of R(f ′qc)∗.
This observation, together with (2) and tor-independent base change shows that it
is sufficient to prove that the morphism:

Lg∗qcRHom
qc
OY

(f∗OX ,OY )→ RHomOY ′ (Lg
∗
qc(f∗OX),OY ′)

is a quasi-isomorphism. But f∗OX and Lg∗qc(f∗OX) are both perfect and so du-
alizable (Lemma 4.3). In particular, the derived pullback of the dual of f∗OX
coincides with the dual of Lg∗qc(f∗OX). It follows that the asserted map is a quasi-
isomorphism and the claim follows.

Finally, we address the conservativity. For this, it is sufficient to observe that if
f is surjective, then supph(f∗OX) = |Y |. But RHomOY

(f∗OX ,M) ' 0 if and only
if M ' 0 (Lemma 4.9). �

Corollary 4.15. If f : X → Y is a finite and faithfully flat morphism of finite
presentation between algebraic stacks, then the functor

f×(M) = f
∗
RHomOY

(f∗OX ,M), where M ∈ Dqc(Y ),

is right adjoint to R(fqc)∗ : Dqc(X)→ Dqc(Y ). Moreover, f× is compatible with ar-
bitrary base change on Y , f×(OY )⊗L

OX
f∗(−) ' f×(−), preserves small coproducts,

and is conservative.

4.7. Coherent functors. Combining the strong projection formula of Proposition
4.11 with the characterization of compact objects in Lemma 4.5, we can prove most
of Theorem D.
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Corollary 4.16. Let A be a noetherian ring and let π : X → SpecA be a morphism
of finite type between noetherian algebraic stacks. Suppose that

(1) for every i ≥ 0 and M ∈ Coh(X), the cohomology Hi(Xlis-ét,M) is a finitely
generated A-module (e.g., π proper); and

(2) Dqc(X) is compactly generated.

Then, for every F ∈ Dqc(X) and G ∈ DbCoh(X), the functor

HomOX
(F,G⊗L

OX
Lπ∗qc(−)) : Mod(A)→ Mod(A)

is coherent.

Proof. We begin by observing that the coherent functors Mod(A)→ Mod(A) consti-
tute a full abelian subcategory of the category of A-linear functors, which is closed
under products (where everything is computed “pointwise”) [Hal14, Ex. 4.9]. Let
T ⊆ Dqc(X) denote the full subcategory with objects those F ∈ Dqc(X) where the
functor HomOX

(F,G⊗L
OX

Lπ∗qc(−)) is coherent for every G ∈ DbCoh(X). In particular,
T is closed under small coproducts, shifts, and triangles. By Corollary 3.14, it is
enough to prove that T contains the compact objects of Dqc(X). If Q ∈ Dqc(X) is
compact, then the strong projection formula (Proposition 4.11) implies that there
is a natural quasi-isomorphism:

RHomOX
(Q,G)⊗L

A I ' RHomOX
(Q,G⊗L

OX
Lπ∗qcI).

Since Q is compact, it is perfect (Lemma 4.4(1)) and so RHomOX
(Q,G) ∈ DbCoh(X).

The assumption on preservation of coherence implies that R(πqc)∗ sends D+
Coh(X)

to D+
Coh(A). In particular, RHomOX

(Q,G) ' R(πqc)∗RHomOX
(Q,G) ∈ D+

Coh(A). By

Lemma 4.5 we also have RHomOX
(Q,G) ∈ Db(A). Thus the functor HomOX

(Q,G⊗L
OX

Lπ∗qc(−)) is coherent [Hal14, Ex. 4.13] and we deduce the result. �

5. Presheaves of triangulated categories

Throughout this section we fix a small category D that admits all finite lim-
its. Let TCat denote the 2-category of triangulated categories. A D-presheaf of
triangulated categories is a 2-functor T : D◦ → TCat.

Given a morphism f : U → V in D, there is an induced pullback functor f∗T : T(V )→
T(U). When there is no cause for confusion, we will suppress the subscript T from
f∗T. For any such f (not necessarily a monomorphism), we let

TV \U (V ) = ker(f∗ : T(V )→ T(U)).

We say that T has adjoints if for every morphism f : U → V in D, the pullback
functor f∗ : T(V )→ T(U) admits a right adjoint f∗ : T(U)→ T(V ).

Definition 5.1. Suppose that T is a D-presheaf of triangulated categories with
adjoints. Let f : U → V be a morphism in D and let N ∈ T(V ). We denote by

ηfN : N → f∗f
∗N the unit of the adjunction. A morphism g : W → V in D is

T-preflat if for every cartesian square in D:

UW

fW

��

gU // U

f

��
W

g // V,

the natural transformation g∗f∗ → (fW )∗(gU )∗ is an isomorphism. A morphism
g : W → V in D is T-flat if for every morphism V ′ → V , the pullback g′ : W ′ → V ′

of g is T-preflat.

Note that because monomorphisms are stable under base change, T-flat monomor-
phisms are stable under base change.
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Example 5.2. Let Y be an algebraic stack that is quasi-compact and quasi-
separated. Let Repfp/Y denote the category of 1-morphisms X → Y that are

representable and of finite presentation. The category Repfp/Y is small. We

have a Repfp/Y -presheaf of triangulated categories Dqc : (Repfp/Y )◦ → TCat,

that sends X → Y to Dqc(X) and a 1-morphism f : X ′ → X in Repfp/Y to
Lf∗qc : Dqc(X) → Dqc(X ′). The functor Lf∗qc admits a right adjoint R(fqc)∗ so Dqc

is a presheaf with adjoints.
By Theorem 2.6(4), if f is a flat morphism, then it is Dqc-flat. Conversely, if

f : X ′ → X is Dqc-flat, then f is flat. Indeed, this is local on the source and target
of f , so it is sufficient to show that if f : SpecB → SpecA is Dqc-preflat, then B
is a flat A-algebra. For this, we note that if I is an ideal of A, then corresponding
to i : Spec(A/I)→ SpecA we see that there is a quasi-isomorphism (A/I)⊗L

A B '
(B/IB)[0]. That is, for all n > 0 and ideals I of A we have that TornA(B,A/I) = 0—
hence B is flat over A. It follows that the Dqc-flat monomorphisms are the quasi-
compact open immersions [EGA, IV.17.9.1].

Example 5.3. Our notion of T-flatness is not always optimal. In particular, it
is weaker than expected in the derived setting. If T is a presheaf of triangulated
categories with t-structures, then a better definition is that f is T-flat if f∗ is t-exact.

To illustrate this, suppose D = SCR◦ is the∞-category of affine derived schemes,
that is, the opposite category to the ∞-category of simplicial commutative rings.
Further, let T = Mod(−) be the functor that takes a simplicial commutative ring
A to the stable ∞-category Mod(A) of (not necessarily connective) A-modules.
Then every morphism in D is T-flat whereas SpecB → SpecA is flat exactly when

the pullback B
L
⊗A − : Mod(A) → Mod(B) is t-exact. Nevertheless, just as in

the non-derived case, the finitely presented T-flat monomorphisms are exactly the
quasi-compact open immersions since every monomorphism of derived schemes is
formally étale [HAGII, 2.2.2.5 (2)].

Lemma 5.4. Let T be a D-presheaf of triangulated categories with adjoints. Fix a
commutative diagram in D:

WV

fV
��

jW // W

f
��

V
j // X.

(1) If j is a T-preflat monomorphism in D, then the adjunction j∗j∗ → IdT(V )

is an isomorphism.
(2) f∗ : TX\V (X)→ T(W ) factors through TW\WV

(W ).
(3) If the diagram is cartesian and j is T-preflat, then the functor f∗ : TW\WV

(W )→
T(X) factors through TX\V (X) and is right adjoint to f∗ : TX\V (X) →
TW\WV

(W ).

Proof. If j : V → X is a monomorphism, then the commutative diagram:

V
IdV //

IdV ��

V

j��
V

j // X

is cartesian, whence j∗j∗ ' (IdV )∗(IdV )∗ ' IdT(V ).
By functoriality (2) is trivial. For (3), given M ∈ TW\WV

(W ), then j∗f∗M '
(fV )∗(jW )∗M ' 0, hence f∗M ∈ TX\V (X). �
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Definition 5.5. Fix a D-presheaf of triangulated categories T with adjoints. A
Mayer–Vietoris T-square is a cartesian diagram in D:

U ′

fU

��

j′ // X ′

f

��
U

j // X,

satisfying the following three conditions:

(1) j is a T-flat monomorphism,
(2) the natural transformation f∗j∗ → j′∗f

∗
U is an isomorphism, and

(3) the induced functor f∗ : TX\U (X)→ TX′\U ′(X
′) is an equivalence of cate-

gories.

Condition (2) for a Mayer–Vietoris T-square is satisfied if f is a T-(pre)flat
morphism. By tor-independent base change (Corollary 4.13), if T = Dqc, then
condition (2) is satisfied for every f . In [HR16], we will consider applications of
these Mayer–Vietoris triangles to a result of Moret-Bailly [MB96]. For this intended
application, it is essential that we permit f to be non-flat.

Example 5.6. We continue with Example 5.2. Let f : X ′ → X be a representable,
quasi-compact, and quasi-separated étale neighborhood of a closed subset |Z| ⊆ |X|
with quasi-compact complement |U |. Let j : U ↪→ X be the resulting quasi-compact
open immersion. Then the cartesian square:

U ′

fU

��

j′ // X ′

f

��
U

j // X,

is a Mayer–Vietoris Dqc-square. To see this, it remains to prove that the functor Lf∗qc

induces the desired equivalence. Now the exact functor f∗ : Mod(X) → Mod(X ′)
admits an exact left adjoint f! : Mod(X ′)→ Mod(X) [Stacks, 03DI]. Explicitly, for
M ∈ Mod(X ′) we have that f!M is the sheafification of the presheaf

(V → X) 7−→
⊕

φ∈HomX(V,X′)

M(V
φ−→ X ′).

Note that the natural map M → f∗f!M is an isomorphism for all M ∈ Mod(X ′)
such that j′∗M = 0. Also, if N ∈ Mod(X) and j∗N = 0, then the natural map
f!f
∗N → N is an isomorphism. The exactness of the adjoint pair (f!, f

∗) now
gives an adjoint pair on the level of derived categories (f!, f

∗) : D(X) � D(X ′) and
that the relations just given also hold on the derived category. Next, we observe
that the restriction of f∗ to Dqc(X) coincides with Lf∗qc. Thus it remains to prove
that if M ∈ Dqc(X ′) and L(j′)∗qcM ' 0, then f!M ∈ Dqc(X). The exactness of f!

and L(j′)∗qc show that is sufficient to prove this result when M is a quasi-coherent

sheaf such that (j′)∗M = 0. Note that (U
j−→ X,X ′

f−→ X) is an étale cover of X,
j∗f!M = (fU )!(j

′)∗M = 0 and f∗f!M ∼= M . We deduce that étale-locally f!M is
quasi-coherent. By descent f!M is quasi-coherent and the result is proved. For a
different proof in a more general context, see [HR16, Prop. 4.2].

Example 5.7 (Étale cohomology). Let Y be an algebraic stack that is quasi-
compact and quasi-separated. Let Λ be a noetherian ring such that Λ is torsion and
|Λ| is invertible on Y . We have the derived category D+

cart(Y,Λ) of bounded below

http://stacks.math.columbia.edu/tag/03DI
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lisse-étale Λ-modules on Y with cartesian cohomology [LMB, 12.10]. More gener-

ally, we have a Repfp/Y -presheaf of triangulated categories D+
cart(−,Λ): (Repfp/Y )◦ →

TCat, that sends X → Y to D+
cart(X,Λ) and a 1-morphism f : X ′ → X in Repfp/Y

to f∗ : D+
cart(X,Λ) → D+

cart(X
′,Λ) [Ols07, 9.16]. By smooth base change, f∗ takes

cartesian sheaves to cartesian sheaves so the functor f∗ admits a right adjoint
Rf∗ [Ols07, Prop. 9.9], i.e., D+

cart(−,Λ) is a presheaf with adjoints. Moreover, étale
and smooth morphisms are D+

cart(−,Λ)-flat.
If f : X ′ → X is an étale neighborhood of |Z| ⊆ |X| as in the previous example,

then the resulting square is a Mayer–Vietoris D+
cart(−,Λ)-square. Indeed, if i : Z →

X is a closed immersion for some scheme structure on Z, then i∗ and i∗ induce an
equivalence of categories D+

cart,|X\U |(X,Λ) ∼= D+
cart(Z,Λ).

We also have a subpresheaf D+
c (−,Λ) where D+

c (X,Λ) ⊆ D+
cart(X,Λ) consists

of the objects with constructible cohomology sheaves [LMB, 18.6]. If Y is quasi-
excellent of finite dimension, Λ = Z/NZ and N is invertible on Y , then D+

c (−,Λ)
has adjoints (Deligne–Gabber’s finiteness theorem) and an étale neighborhood is a
Mayer–Vietoris D+

c (−,Λ)-square.
These results are also valid for unbounded derived categories [LZ12, 6.3.3–6.3.4].

Example 5.8. Consider a 2-commutative diagram of triangulated functors:

R′ S′
j′∗oo

R

r∗

OO

S,
j∗oo

f∗

OO

and assume that they all have right adjoints, which we will denote as f∗, j∗, r∗,
and j′∗, respectively. Let K = ker(j∗) and K′ = ker(j′∗). Let D be the category
consisting of the following objects and arrows:

R′
j′ //

r

��

S′

f

��
R

j // S.

There is a D-presheaf of triangulated categories T with adjoints such that T(S) = S

etc. The square above is a Mayer–Vietoris T-square if and only if the following
conditions are satisfied:

(1) the natural transformations j∗j∗ → Id and j′∗j′∗ → Id are isomorphisms,
(2) the natural transformation j∗f∗ → r∗j

′∗ is an isomorphism,
(3) the natural transformation f∗j∗ → j′∗r

∗ is an isomorphism, and
(4) the induced functor K→ K′ is an equivalence of categories.

Condition (1) implies that R = S/K, R′ = S′/K′ and K, K′ are Bousfield subcate-
gories of S, S′ respectively (Lemma 3.4 and [Nee01b, Ch. 9]).

Mayer–Vietoris T-squares give rise to many nice properties. In particular, we
obtain a familiar distinguished triangle.

Lemma 5.9. Let T be a D-presheaf of triangulated categories with adjoints. Con-
sider a Mayer–Vietoris T-square in D:

U ′

fU
��

j′ // X ′

f

��
U

j // X.
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(1) If N ∈ T(X), then there is a unique map d that makes the triangle:

N

(
ηjN
ηfN

)
// j∗j∗N ⊕ f∗f∗N

( ηfj∗j∗N −f∗f
∗ηjN )

// f∗f∗j∗j∗N
d // N [1]

distinguished. Moreover, this d is functorial in N .
(2) Let M ∈ TX′\U ′(X

′) and let N ∈ T(X). Then there is a natural bijection:

HomT(X)(f∗M,N) ∼= HomT(X′)(M,f∗N).

(3) Given NU ∈ T(U), N ′ ∈ T(X ′), and an isomorphism δ : j′∗N ′ → f∗UNU ,
define N by a distinguished triangle in T(X):

N // j∗NU ⊕ f∗N ′
( ηfj∗NU

−α )
// f∗f∗j∗NU // N [1],

where α : f∗N
′ → f∗f

∗j∗NU is the composition:

f∗N
′ f∗η

j′

N′−−−−→ f∗j
′
∗j
′∗N ′

f∗j
′
∗δ−−−→ f∗j

′
∗f
∗
UNU

∼= f∗f
∗j∗NU .

Then the induced maps j∗N → NU and f∗N → N ′ are isomorphisms.
(4) If N ∈ T(X) satisfies j∗N ∈ T(U)c, f∗N ∈ T(X ′)c, and f∗U j

∗N ∈ T(U ′)c,
then N ∈ T(X)c.

Proof. An equivalent formulation of (1) is that

N
ηjN //

ηfN
��

j∗j
∗N

ηf
j∗j∗N
��

f∗f
∗N

f∗f
∗ηjN // f∗f∗j∗j∗N

is a homotopy cartesian square [Nee01b, Def. 1.4.1] whose differential d is unique
and is functorial in N . To see that the square is cartesian, first choose C such that
we have a distinguished triangle:

C
l // N

ηjN // j∗j∗N
m // C[1].

Since j is a T-flat monomorphism, j∗ηjN is an isomorphism (Lemma 5.4(1)). It

follows that j∗C ∼= 0, so C ∈ TX\U (X), and ηfC is an isomorphism. We thus obtain
a morphism of distinguished triangles:

C
l // N

ηjN //

ηfN
��

j∗j
∗N

m //

u

��

C[1]

C
ηfN◦l // f∗f∗N

f∗f
∗ηjN // f∗f∗j∗j∗N

(ηf
C[1]

)−1◦f∗f∗m
// C[1]

for some morphism u. We can certainly let u = ηfj∗j∗N and we will soon see that this
is actually the only possible u. On the other hand, we can choose u such that the
middle square is a homotopy cartesian square by the Octahedral Axiom [Nee01b,
Lem. 1.4.3]. After applying j∗j

∗ to the middle square and adjoining to it the natural
square relating u and j∗j

∗u we obtain the commutative diagram:

j∗j
∗N

j∗j
∗ηjN //

j∗j
∗ηfN

��

j∗j
∗j∗j

∗N

j∗j
∗u

��

j∗j
∗N

ηj
j∗j∗Noo

u

��
j∗j
∗f∗f

∗N
j∗j
∗f∗f

∗ηjN // j∗j∗f∗f∗j∗j∗N f∗f
∗j∗j

∗N.
ηj
f∗f∗j∗j∗Noo
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Since j is a T-flat monomorphism, the horizontal maps are all isomorphisms and it

follows that u = ηfj∗j∗N . Moreover, it is readily verified that the induced differential

d := l[1] ◦ (ηfC)−1[1] ◦ f∗f∗m : f∗f
∗j∗j

∗N → N [1]

is independent of the choice of the triangle C
l−→ N

ηjN−−→ j∗j
∗N

m−→ C[1]. The
functoriality of the Mayer–Vietoris triangle now follows from the construction. Fi-
nally, to show that d is unique, if d′ : f∗f

∗j∗j
∗N → N [1] is another morphism that

makes a distinguished triangle, then there is an induced morphism of distinguished
triangles:

N // j∗j∗N ⊕ f∗f∗N // f∗f∗j∗j∗N
d //

θ

��

N [1]

N // j∗j∗N ⊕ f∗f∗N // f∗f∗j∗j∗N
d′ // N [1].

It remains to show that θ is the identity morphism. Splitting up the sum in the
middle square, we obtain the commutative diagram:

f∗f
∗N

f∗f
∗ηjN // f∗f∗j∗j∗N

θ

��
f∗f
∗N

f∗f
∗ηjN // f∗f∗j∗j∗N.

Applying j∗j
∗ to this diagram, we may append another square on the right to

obtain the commutative diagram:

j∗j
∗f∗f

∗N
j∗j
∗f∗f

∗ηjN // j∗j∗f∗f∗j∗j∗N

j∗j
∗θ

��

f∗f
∗j∗j

∗N

θ

��

ηj
f∗f∗j∗j∗Noo

j∗j
∗f∗f

∗N
j∗j
∗f∗f

∗ηjN // j∗j∗f∗f∗j∗j∗N f∗f
∗j∗j

∗N,
ηj
f∗f∗j∗j∗Noo

where the horizontal arrows are isomorphisms. It follows that θ is the identity.
To obtain the isomorphism in (2), first note that by the definition of a Mayer–

Vietoris square, the counit f∗f∗M →M is an isomorphism since M ∈ TX′\U ′(X
′).

This gives us a natural isomorphism

HomT(X′)(M,f∗N) ∼= HomT(X′)(f
∗f∗M,f∗N) ∼= HomT(X)(f∗M,f∗f

∗N).

Now apply the homological functor HomT(X)(f∗M,−) to the triangle N → j∗j
∗N⊕

f∗f
∗N → f∗f

∗j∗j
∗N from (1). Since j∗f∗M ' 0 we obtain an isomorphism

HomT(X)(f∗M,N) ∼= HomT(X)(f∗M,f∗f
∗N) and the result follows.

For (3), the natural maps vj : j∗N → NU and vf : f∗N → N ′ are obtained
by adjunction from the maps v∨j : N → j∗NU and v∨f : N → f∗N

′ in the defining
triangle of N . The defining triangle exhibits N as a homotopy pullback. We may
thus find a morphism of distinguished triangles [Nee01b, Lem. 1.4.4] (Octahedral
axiom):

C // N
v∨j //

v∨f
��

j∗NU //

ηfj∗NU

��

C[1]

C // f∗N ′
α // f∗f∗j∗NU // C[1].

Since j is a T-flat monomorphism, we have that j∗α is an isomorphism, so j∗C ∼= 0.
It follows that j∗v∨j : j∗N → j∗j∗NU is an isomorphism and hence that vj : j∗N →
NU is an isomorphism (Lemma 5.4(1)).
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Now, by (1), we have a morphism of distinguished triangles:

N // j∗j∗N ⊕ f∗f∗N

j∗vj⊕f∗vf
��

// f∗f∗j∗j∗N

θ

��

d // N [1]

N // j∗NU ⊕ f∗N ′ // f∗f∗j∗NU // N [1].

As before, it follows that θ = f∗f
∗j∗vj by considering the application of j∗j

∗ to the
middle square. Since vj is an isomorphism, it follows that f∗vf is an isomorphism.
Now, if we let W be a cone of vf , then f∗W ' 0. We will be done if we can show
that j′∗vf is an isomorphism. Indeed, it would then follow that j′∗W ' 0 and so
W ' f∗f∗W ' f∗0 ' 0. To this end, since the following diagram commutes:

j′∗f∗N
j′∗vf //

can

��

j′∗N ′

δ

��
f∗U j

∗N
f∗Uvj // f∗UNU ,

and all appearing morphisms except j′∗vf are known to be isomorphisms, it follows
that j′∗vf is an isomorphism.

For (4), let h ∈ {j, f, j ◦ fU}. Since h∗ admits a right adjoint, it commutes with
small coproducts. Thus if {Qλ} is a set of objects of T(X), then

⊕λ Hom(N,h∗h
∗Qλ) ∼= ⊕λ Hom(h∗N,h∗Qλ)

∼= Hom(h∗N,⊕λh∗Qλ)

∼= Hom(h∗N,h∗(⊕λQλ))

∼= Hom(N,h∗h
∗(⊕λQλ)).

The result now follows by consideration of the Mayer–Vietoris triangles associated
to Qλ and ⊕λQλ, together with the long exact sequence given by the homological
functor Hom(N,−). �

In the following definition, we axiomatize the required properties of open immer-
sions of algebraic stacks.

Definition 5.10. Let T be a D-presheaf of triangulated categories with adjoints.
Let L be a collection of morphisms in D. We say that L supports T if it satisfies
the following five conditions:

(1) if j : U → X belongs to L, then j is a T-flat monomorphism;
(2) if j : U → V is an isomorphism, then j belongs to L;
(3) if j : U → V and k : V → X belong to L, then k ◦ j belongs to L;
(4) if j : U → X belongs to L and f : X ′ → X is a morphism in D, then the

induced morphism j′ : U ×X X ′ → X ′ belongs to L; and
(5) if i : U → X and j : V → X belong to L, then there exists a commutative

diagram:

U ∩ V

U
��

ıV
// V



�� j

��

U
ı //

i ,,

U ∪ V

k

##
X,

where k belongs to L, and the square is a Mayer–Vietoris T-square.
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Note that U ∩ V = U ×X V .

Example 5.11. We continue Example 5.6. Let I be the collection of morphisms
in Repfp/Y that are open immersions. By Example 5.6 and standard arguments,
I supports Dqc.

We now have a straightforward lemma.

Lemma 5.12. Let T be a D-presheaf of triangulated categories with adjoints. Let
L be a collection of morphisms in D that supports T. If i : U → X and j : V → X
belong to L, then

(1) TX\U∪V (X) = TX\U (X) ∩ TX\V (X), and
(2) there is an exact sequence of triangulated categories:

TX\U∪V (X)→ TX\V (X)
i∗−→ TU\U∩V (U).

Proof. (1) Certainly, we have TX\U∪V (X) ⊆ (ker i∗) ∩ (ker j∗). For the other in-
clusion let M ∈ (ker i∗)∩ (ker j∗). If k : U ∪V → X denotes the morphism induced
by Definition 5.10(5), then k∗M ∈ T(U ∪ V ). Now let k : U ∩ V → U ∪ V denote
the induced morphism. There is a triangle in T(U ∪ V ):

k∗M → ı∗ı
∗k∗M ⊕ ∗∗k∗M → k∗k

∗
k∗M.

Functoriality induces isomorphisms ı∗k∗ ' i∗, ∗k∗ ' j∗, and k
∗
k∗ ' ∗U i

∗. By
hypothesis i∗M and j∗M vanish, so the triangle gives k∗M ' 0. Hence M ∈
TX\U∪V (X).

(2) Lemma 5.4(2) shows that the functor i∗ : TX\V (X)→ T(U) factors through
TU\U∩V (U) and the kernel is (ker i∗)∩ (ker j∗) = TX\U∪V (X) by (1). Also, Lemma
5.4(3) shows that i∗ : TU\U∩V (U) → TX\V (X) is a right adjoint to i∗ and Lemma
5.4(1) shows that the natural transformation i∗i∗ → Id is an isomorphism. It
follows that the sequence is exact by Lemma 3.4. �

6. Descent of compact generation

For this section we fix a small category D that admits all finite limits. We also
fix a collection L of morphisms in D.

Definition 6.1. An admissible (L,D)-presheaf of triangulated categories is a D-
presheaf T of triangulated categories with adjoints (§5) satisfying

(1) for all X ∈ D, the triangulated category T(X) is closed under small co-
products;

(2) for all (f : X → Y ) ∈ D, the push-forward f∗ : T(X) → T(Y ) preserves
small coproducts; and

(3) L supports T (Definition 5.10).

Example 6.2. We continue Example 5.11: Dqc is an admissible (I,Repfp/Y )-
presheaf of triangulated categories. Indeed, the only non-trivial condition is that f∗
preserves small coproducts, which follows from Theorem 2.6(3) since representable
morphisms are concentrated.

Definition 6.3. Let β be a cardinal and let X ∈ D. We say that an admissible
(L,D)-presheaf of triangulated categories T is compactly generated with L-supports
by β objects at X if for every j : V → X in L the triangulated category TX\V (X) is
generated by a set of cardinality ≤ β whose elements have compact image in T(X).

In practice, D will often contain an initial object ∅ and for every X ∈ D it will be
the case that (∅ → X) ∈ L and T(∅) ' 0. Hence, in this situation, T(X) = TX\∅(X)
is also compactly generated by a set of cardinality ≤ β. Also observe that if β is
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a finite cardinal, then T can always be compactly generated with supports by one
object at X. In this section we will give conditions on T that guarantee that
the condition of compact generation with L-supports by β objects descends along
certain morphisms and diagrams in D.

Our first result is of an elementary nature and is similar to the arguments of
Toën [Toë12, Lem. 4.11]. First we require a definition:

Definition 6.4. Let T be an admissible (L,D)-presheaf of triangulated categories.
A morphism f : X ′ → X in D is T-quasiperfect with respect to L if the following
three conditions are satisfied:

(1) f is T-flat (Definition 5.1);
(2) if P ∈ T(X ′)c, then f∗P ∈ T(X)c;
(3) f∗ admits a right adjoint f× such that for every j : V → X in L, the

restriction of f× to TX\V (X) factors through TX′\V×XX′(X
′).

By Example 3.8, a potentially easy way to verify condition (2) above is for f× to
preserve small coproducts. To verify condition (3) above, it is sufficient to prove the
following: for every j : V → X in L, if j′ : V ′ → X ′ is the pullback of j along f and
fV : V ′ → V is the projection to V , then f∗ and (fV )∗ both admit right adjoints
and the natural transformation j′∗f× → f×V j

∗ is an isomorphism of functors.

Example 6.5. We continue with Example 6.2. If q : W ′ →W is a finite and faith-
fully flat morphism of finite presentation, then q is Dqc-quasiperfect with respect
to I (Corollary 4.15). In [HR15, App. A], we prove that if q : W ′ →W is a proper,
smooth and locally schematic morphism of noetherian algebraic stacks, then q is
Dqc-quasiperfect with respect to I.

We now have the first important result of this section.

Proposition 6.6. Let β be a cardinal. Let T be an admissible (L,D)-presheaf of
triangulated categories. Let f : X ′ → X be a morphism in D that is T-quasiperfect
with respect to L. If the functor f× (which exists because f is T-quasiperfect) is
conservative and T is compactly generated with L-supports by β objects at X ′, then
T is compactly generated with L-supports by β objects at X. In fact, if j : V → X
belongs to L, let V ′ = X ′ ×X V and let B′ ⊆ T(X ′)c ∩ TX′\V ′(X

′) be a subset of
cardinality ≤ β generating TX′\V ′(X

′), then f∗B
′ ⊆ T(X)c ∩ TX\V (X) and f∗B

′

generates TX\V (X).

Proof. It suffices to prove the latter assertion. Set B = f∗B
′ = {f∗P : P ∈ B′}.

Then B has cardinality ≤ β, and B ⊆ TX\V (X) by Lemma 5.4(3). Moreover,
B ⊆ T(X)c, since f is T-quasiperfect with respect to L. It remains to show that
B generates TX\V (X). Let N ∈ TX\V (X) satisfy HomT(X)(f∗P [n], N) = 0 for
all P ∈ B′ and all n ∈ Z. Since f is T-quasiperfect with respect to L, it follows
that f×N ∈ TX′\V ′(X

′). As B′ is generating for TX′\V ′(X
′), we may conclude

that f×N ' 0. By assumption, f× is conservative. Thus N ' 0 and B generates
TX\V (X). �

Our next descent result is deeper, relying on Thomason’s Localization Theorem
3.12. First, however, we require a lemma.

Lemma 6.7. Let β be a cardinal. Let T be an admissible (L,D)-presheaf of tri-
angulated categories. Suppose that T is compactly generated with L-supports by β
objects at X ∈ D. Let W → V and V → X belong to L. Then the following holds.

(1) TX\W (X) is closed under small coproducts and the subcategory TX\V (X) ⊆
TX\W (X) is localizing;

(2) TX\V (X) is the localizing envelope of a set of compact objects of TX\W (X);
and
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(3) TX\V (X)c = TX\W (X)c ∩ TX\V (X).

Proof. First, observe that T(X) is closed under small coproducts. Also, if f : X ′ →
X is a morphism in D, then f∗ admits a right adjoint, so f∗ preserves small
coproducts. Hence, we see that TX\X′(X) is a localizing subcategory of T(X).
In particular, TX\X′(X) is closed under small coproducts. The claim (1) is now
immediate.

By hypothesis, TX\V (X) is generated by a subset R that has compact image in
T(X), hence also in TX\W (X). Let R ⊆ TX\W (X) denote the localizing envelope
of R, then R ⊆ TX\V (X). Applying Corollary 3.14 to R ⊆ TX\V (X), we find
R = TX\V (X), proving (2). The claim (3) is now an immediate consequence of (2)
and Thomason’s Theorem 3.12. �

Proposition 6.8. Let β be a cardinal. Let T be an admissible (L,D)-presheaf of
triangulated categories. Consider a Mayer–Vietoris T-square (Definition 5.5):

U ′

fU
��

j′ // X ′

f

��
U

j // X

with j ∈ L. If T is compactly generated with L-supports by β objects at U and X ′,
then T is compactly generated with L-supports by β objects at X.

Proof. Let V → X belong to L. Form the cartesian cube:

U ′ ∩ V ′

��

//

xx

V ′

{{
fV

��

U ′
j′ //

fU

��

X ′

f

��

U ∩ V //

xx

V

{{
U

j // X.

By Lemma 5.12, we have an exact sequence

(6.1) TX′\U ′∪V ′(X
′)→ TX′\V ′(X

′)→ TU ′\U ′∩V ′(U
′).

The category TX′\V ′(X
′) is compactly generated and by Lemma 6.7(1) it is also

closed under small coproducts. By Lemma 6.7(2) the subcategory TX′\U ′∪V ′(X
′) ⊆

TX′\V ′(X
′) is the localizing envelope of a set of compact objects of TX′\V ′(X

′).
Now let P ∈ T(U)c ∩ TU\U∩V (U). Then f∗UP ∈ T(U ′)c since (fU )∗ preserves

coproducts (Example 3.8) and f∗UP ∈ TU ′\U ′∩V ′(U
′) (Lemma 5.4(2)). Thus f∗UP ∈

TU ′\U ′∩V ′(U
′)c by Lemma 6.7(3). We now apply Thomason’s localization Theorem,

in the form of Corollary 3.13, to the exact sequence (6.1). This gives us P ′ ∈
TX′\V ′(X

′)c = T(X ′)c ∩TX′\V ′(X ′) and an isomorphism j′∗P ′ ' f∗U (P ⊕P [1]). As
in Lemma 5.9(3), form the following triangle in T(X):

P̃ → j∗(P ⊕ P [1])⊕ f∗P ′ → f∗f
∗j∗(P ⊕ P [1]).

By Lemma 5.9(3,4) we have that j∗P̃ ' P⊕P [1] and f∗P̃ ' P ′ and that P̃ ∈ T(X)c.

Since j∗j
∗P̃ , f∗f

∗P̃ and f∗f
∗j∗j

∗P̃ ∈ TX\V (X), it follows that P̃ ∈ TX\V (X).
Now let Q ∈ TX′\U ′∪V ′(X

′), and note that f∗Q ∈ TX\U∪V (X) (Lemma 5.12(1)).
Moreover, f∗f∗Q → Q is an isomorphism, because f∗ : TX\U (X) → TX′\U ′(X

′)
is an equivalence of categories. We also have that j∗f∗Q ' 0 and j′∗f∗f∗Q ' 0.
Thus, if in addition Q ∈ T(X ′)c, then f∗Q ∈ T(X)c by Lemma 5.9(4).
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By hypothesis, there is a subset B0 ⊆ T(U)c ∩ TU\U∩V (U) (resp. B1 ⊆ T(X ′)c ∩
TX′\U ′∪V ′(X

′)) of cardinality ≤ β generating TU\U∩V (U) (resp. TX′\U ′∪V ′(X
′)).

Define:
B = {P̃ : P ∈ B0} ∪ {f∗Q : Q ∈ B1}.

If β is infinite, then the cardinality of B is ≤ β, and if β is finite then the same is
true of B. By the above considerations, B ⊆ T(X)c ∩ TX\V (X) and it remains to
show that B generates TX\V (X).

Let M ∈ TX\V (X) so that f∗M ∈ TX′\V ′(X
′) and j∗M ∈ TU\U∩V (U). Suppose

that HomT(X)(f∗Q[n],M) = 0 for all Q ∈ B1 and all n ∈ Z. By Lemma 5.9(2), we
see that HomT(X′)(Q[n], f∗M) = 0 for all Q ∈ B1 and all n ∈ Z. Let K be a cone
of f∗M → j′∗j

′∗f∗M . Note that

HomT(X′)(Q[n], j′∗j
′∗f∗M) = HomT(X′)(j

′∗Q[n], j′∗f∗M) = 0

so HomT(X′)(Q[n],K) = 0. Since K ∈ TX′\U ′∪V ′(X
′) and B1 is generating, we see

that K ' 0, so f∗f
∗M → f∗j

′
∗j
′∗f∗M ' f∗f

∗j∗j
∗M is an isomorphism. From the

Mayer–Vietoris triangle M → j∗j
∗M ⊕ f∗f∗M → f∗f

∗j∗j
∗M , we deduce that the

natural map M → j∗j
∗M is an isomorphism for all such M .

Now suppose that M also satisfies HomT(X)(P̃ [n],M) = 0 for all P ∈ B0 and
n ∈ Z. Since the natural map M → j∗j

∗M is an isomorphism, it follows that
HomT(U)(j

∗P̃ [n], j∗M) = 0 for all P ∈ B0 and n ∈ Z. By Lemma 5.9(3), j∗P̃ '
P ⊕ P [1] and so HomT(U)(P [n], j∗M) = 0 for all P ∈ B0 and all n ∈ Z. By
assumption, B0 generates TU\U∩V (U) and thus j∗M ' 0. Since M ' j∗j

∗M ' 0,
we deduce that B generates TX\V (X). �

We are now in a position to prove the main technical result of the article.

Theorem 6.9. Let X be a quasi-compact and quasi-separated algebraic stack. Let
D be Repfp/X or one of the full subcategories Repfp,qff,sep/X or Repfp,ét,sep/X.
Let I denote the set of open immersions in D. Let T be a presheaf of triangulated
categories on D. Assume that

(1) T(W ) is closed under small coproducts for all W ∈ D,
(2) for every morphism f : W1 → W2 in D, the pullback f∗ : T(W2) → T(W1)

admits a right adjoint f∗ that preserves small coproducts,
(3) for every cartesian square in D

UW

fW

��

gU // U

f

��
W

g // V,

such that g is flat, the natural transformation g∗f∗ → (fW )∗(gU )∗ is an
isomorphism,

(4) for every open immersion U → W and étale neighborhood f : W ′ → W of
W \ U , the pullback f∗ induces an equivalence TW\U (W )→ TW ′\U ′(W

′),
(5) for every finite faithfully flat morphism W ′ → W of finite presentation,

the functor f∗ : T(W ′) → T(W ) admits a right adjoint f× that preserves
small coproducts, is conservative, and commutes with pullback along open
immersions.

Let C ⊆ D be the collection of all objects W such that for every separated étale mor-
phism q : W ′ →W in D and every open immersion V ′ →W ′ in I, the triangulated
category TW ′\V ′(W

′) is generated by a set of cardinality ≤ β whose elements have
compact image in T(W ′).

If p : W → X is a separated, quasi-finite and faithfully flat morphism in D such
that W ∈ C, then X ∈ C.
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Proof. Condition (2) says that T has adjoints. Condition (3) says that flat mor-
phisms are T-flat. Conditions (3) and (4) imply that étale neighborhoods are
Mayer–Vietoris squares. In particular, I supports T. Combining this with condi-
tions (1) and (2), we conclude that T is an admissible (I,D)-presheaf of triangulated
categories.

By assumption, there exists an object W ∈ C with W → X separated, quasi-
finite and faithfully flat. We will apply [Ryd11, Thm. 6.1] to deduce that X ∈ C.
To do this, we need to verify the following three conditions for a flat morphism
q : W ′ →W in D.

(D1) If W ∈ C and q is étale and separated, then W ′ ∈ C;
(D2) if W ′ ∈ C and q is finite and surjective, then W ∈ C; and
(D3) if q is an étale neighborhood of W \U , where U →W is an open immersion

in D, and U and W ′ belong to C, then W ∈ C.

Now (D1) tautologically follows from the definition of C. For (D2), Condition (5)
implies that p is T-quasiperfect with respect to I. By Proposition 6.6, we deduce
that (D2) is satisfied. As noted previously, Conditions (3) and (4) imply that étale
neighborhoods are Mayer–Vietoris T-squares. By Proposition 6.8, (D3) is satisfied.
The result follows. �

7. Algebraic stacks with the β-resolution property

Let X be an algebraic stack. Recall that X is said to have the resolution property
if every quasi-coherent OX -moduleM is a quotient of a direct sum of locally free OX -
modules of finite type. The resolution property is a subtle and difficult property,
although it is always satisfied for quasi-projective schemes. It has been studied
systematically by several authors, with notable contributions due to Thomason
[Tho87], Totaro [Tot04], and Gross [Gro10, Gro17].

The following simple refinements of the resolution property will be useful for
us. Let VB(X) ⊆ QCoh(X) denote the subcategory of locally free OX -modules of
finite type. Let β be a cardinal. We say that X has the β-resolution property if
there exists a subset B ⊆ VB(X) of cardinality ≤ β, with the property that every
quasi-coherent OX -module M is a quotient of a direct sum of elements of B. If,
in addition, it can be arranged that B consists of vector bundles that are compact
objects of Dqc(X), then we say that X has the compact β-resolution property.

IfX is concentrated, then every locally free OX -module of finite type is a compact
object of Dqc(X) (Lemma 4.4(3)). In particular, if X also has the β-resolution
property, then X has the compact β-resolution property. Since quasi-compact,
quasi-separated schemes and algebraic spaces are concentrated, the compact β-
resolution property and the β-resolution property coincide for schemes and algebraic
spaces.

The following simple Lemma will be important.

Lemma 7.1 ([Gro17, Prop. 1.8 (v)]). Let f : X → Y be a quasi-affine morphism
of algebraic stacks. Let β be a cardinal. If Y has the β-resolution property or the
compact β-resolution property, then so does X.

Proof. If B ⊆ VB(Y ) is a resolving set of cardinality β, then f∗B = {f∗E : E ∈
B} is a resolving set of cardinality β. Indeed, f∗ is right-exact and f∗f∗M → M
is surjective for every M ∈ QCoh(X). In addition, if B consists of compact objects
of Dqc(Y ), then f∗B consists of compact objects in Dqc(X) (Example 3.9) �

Remark 7.2. Similarly, there is the following partial converse: if f : X → Y is fi-
nite and faithfully flat of finite presentation and X has the β-resolution property
or compact β-resolution property, then so does Y . In this case, one takes f∗B as
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the resolving set and uses that f∗ is right-exact and that f∗f
!M → M is surjec-

tive [Gro17, Prop. 1.13]. But f ! = f× preserves coproducts (Corollary 4.15), so f∗
preserves compact objects (Example 3.8).

Proposition 7.3. Let X be an algebraic stack. If X is quasi-affine, then X has
the 1-resolution property. If X is quasi-compact and quasi-separated with affine
stabilizer groups, then the following are equivalent:

(1) X has the ℵ0-resolution property;
(2) X has the resolution property; and
(3) X = [V/GLn,Z] where V is a quasi-affine scheme.

When these conditions hold, X has affine diagonal.

Proof. The first statement follows from the fact that OX ∈ QCoh(X) is a gen-
erator if X is quasi-affine. Trivially, (1) =⇒ (2). That (2) =⇒ (3) is Totaro’s
theorem [Tot04, Gro17]. Finally, to see that (3) =⇒ (1) it is enough to prove that
BGLn,Z has the ℵ0-resolution property since X → BGLn,Z is quasi-affine. That
BGLn,Z has the resolution property is a special case of [Tho87, Lem. 2.4]: every
coherent sheaf on BGLn,Z is a quotient of a finite-dimensional subrepresentation of
a finite number of copies of the regular representation. Since there is a countable
number of vector bundles on BGLn,Z, the ℵ0-resolution property holds.

The last statement follows since [V/GLn,Z] has affine diagonal. �

Question 7.4. Every algebraic stack that admits a finite flat cover V → X with
V quasi-affine has the compact 1-resolution property by Remark 7.2. Are all stacks
with the (compact) 1-resolution property of this form? Is every algebraic space with
the 1-resolution property quasi-affine?

Many quotient stacks have the resolution property:

Example 7.5. Let S = SpecR be a regular scheme of dimension at most 1 (e.g.,
R = Z or R is a field). Let G → S be a flat affine group scheme of finite type
and let V be an algebraic space with an action of G. Then X = [V/G] has the
resolution property in the following cases [Tot04, Thm. 2.1]:

(1) V is quasi-affine.
(2) V is normal, noetherian and has an ample family of line bundles (e.g. V

quasi-projective) and G is an extension of a finite flat group scheme by
a smooth group scheme with connected fibers (this is automatic if R is a
field).

(3) V has an ample family of G-equivariant line bundles (e.g. V is quasi-
projective and G is acting linearly).

For (1), use thatBGS has the resolution property [Tho87, Lem. 2.4] and Lemma 7.1.
For (2) use [Tho87, Lem. 2.10 and 2.14] and for (3) use [Tho87, Lem. 2.6]. Note that
in (2) it is crucial that V is normal to apply Sumihiro’s theorem [Sum75, Thm. 1.6]
and deduce that sufficiently high powers of the line bundles carry a G-action. In
fact, this is false otherwise (cf. [Tot04, §9]) and whether X has the resolution
property in this case is not known in general. Alternatively, we could assume that
V is a quasi-projective scheme with a linear action of G, as in [BZFN10, Cor. 3.22].

We conclude this section with a simple lemma.

Lemma 7.6. Let X be a quasi-compact and quasi-separated algebraic stack. The
following conditions are equivalent:

(1) X has the compact β-resolution property.
(2) X has the β-resolution property and there exists a vector bundle F such

that supp(F ) = X and F is a compact object of Dqc(X).
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(3) There is a vector bundle F on X that is a compact object of Dqc(X) and
a subset B ⊆ VB(X) of cardinality ≤ β such that the set {F ⊗ E}E∈B
generates QCoh(X).

(4) There is a subset B ⊆ VB(X) of cardinality ≤ β that generates QCoh(X)
and an integer r ≥ 0 such that ExtiOX

(E,N) = 0 for all i > r, all E ∈ B

and all N ∈ QCoh(X).
(5) There is a subset B ⊆ VB(X) of cardinality ≤ β that generates QCoh(X)

and an integer r ≥ 0 such that the natural map

τ≥jRHomOX
(E,M)→ τ≥jRHomOX

(E, τ≥j−rM)

is a quasi-isomorphism for all integers j, all E ∈ B and all M ∈ Dqc(X).

Proof. (1)⇒(2): there is a surjection F � OX with F a vector bundle on X that
is compact in Dqc(X). Note that supp(F ) = X.

(2)⇒(3): If C ⊆ VB(X) is a resolving set of vector bundles, then so is the set
{F ⊗ F∨ ⊗ E}E∈C. Indeed, the evaluation map F ⊗ F∨ � OX is surjective. We
take B = {F∨ ⊗ E}E∈C.

(3)⇒(4): for all i, all E ∈ B, and N ∈ QCoh(X) we have ExtiOX
(F ⊗ E,N) =

ExtiOX
(F,E∨ ⊗ N). Now choose r ≥ 0 as in Lemma 4.5 for F . An identical

argument gives (3)⇒(5). Also, (5)⇒(4) is trivial.
(4)⇒(1): immediate from Lemma 4.5. �

8. Crisp stacks

In this section we define β-crisp stacks and show that the compact β-resolution
property implies β-crispness.

Definition 8.1. Let β be a cardinal. Let X be an algebraic stack. We say that X
satisfies the β-Thomason condition if:

(1) Dqc(X) is compactly generated by a set of cardinality ≤ β; and
(2) for every quasi-compact open immersion j : U ↪→ X there exists a perfect

object P of Dqc(X) with support X \ U .

We say that X is β-crisp if for every representable, étale, separated, and quasi-
compact morphism X ′ → X the stack X ′ satisfies the β-Thomason condition.

By Lemmas 4.10 and 8.2, an equivalent definition for β-crispness is that for every
representable étale morphism W → X that is quasi-compact and separated, and
every quasi-compact open immersion j : U ↪→W , the triangulated category

Dqc,|W |\|U |(W ) = {M ∈ Dqc(W ) : j∗M ' 0}

is generated by a set of cardinality ≤ β consisting of compact objects of Dqc(W ).

Lemma 8.2. Let f : X → Y be a quasi-affine morphism of algebraic stacks. Let β
be a cardinal. If Dqc(Y ) is compactly generated by β objects, then so is Dqc(X). In
fact, if B ⊆ Dqc(Y )c is a subset that generates Dqc(Y ), then the set {Lf∗qcB : B ∈
B} compactly generates Dqc(X).

Proof. Since f is concentrated, R(fqc)∗ preserves small coproducts. Since R(fqc)∗
is conservative (Corollary 2.8), the result follows from Example 3.11. �

Remark 8.3. We do not know if the analogue of Lemma 8.2 holds for the β-
Thomason condition or even β-crispness.

The main result of this section is the following
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Proposition 8.4. Let X be a quasi-compact algebraic stack with affine diagonal.
Let β be a cardinal. If X has the compact β-resolution property, then it is β-crisp.
In particular, concentrated stacks with the β-resolution property are β-crisp. In
fact, Dqc(X) is compactly generated by any resolving set of compact vector bundles.

Proof. By Lemma 7.1 the compact β-resolution property is preserved under quasi-
affine morphisms. By Zariski’s Main Theorem [LMB, Thm. 16.5] étale morphisms
that are quasi-compact, separated, and representable are quasi-affine. Thus it is
enough to prove the following statement: if j : V ↪→ X is a quasi-compact open
immersion with complement |Z|, then there exists a generating subset B|Z| ⊆
Dqc,|Z|(X), of cardinality ≤ β, with compact image in Dqc(X).

Choose a resolving set B ⊆ VB(X) of cardinality ≤ β and an integer r ≥ 0 as in
Lemma 7.6(5). Let M ∈ Dqc(X). We claim that if n ∈ Z is such that Hn(M) 6= 0,
then there exists an E ∈ B and a non-zero morphism E[−n]→ M in Dqc(X). We
prove this claim by a small modification (which is likely well-known—e.g. [DG13,
Rem. 1.2.10]) to the argument of A. Neeman [Nee96, Ex. 1.10].

Thus, for all E ∈ B, all n ∈ Z and all M ∈ Dqc(X) we have

HomOX
(E,M [n]) = HomOX

(E, τ≥−rM [n]).

We may consequently assume that M ∈ D+
qc(X). By [Lur04, Thm. 3.8], the natu-

ral functor D+(QCoh(X)) → D+
qc(X) is an equivalence of triangulated categories.

Hence, we are free to assume that M is a complex (· · · → Mk dk−→ Mk+1 → · · · )
of quasi-coherent OX -modules. By assumption Hn(M) 6= 0, so there exists E ∈ B

and a morphism E → ker(dn) such that E → ker(dn) → Hn(M) is non-zero. The
composition E → ker(dn) → Mn thus induces a non-zero morphism E → M [n] in
Dqc(X) and we deduce the claim.

We now return to the proof of the Proposition. The above considerations shows
that the set B compactly generates Dqc(X). Now let i : Z ↪→ X be a closed im-
mersion with support |Z|. Since X has the resolution property and j : V → X is
quasi-compact, we may choose i such that the quasi-coherent ideal sheaf I defining
Z in X is of finite type. It follows that there is a surjection F → I, where F is a
finite direct sum of objects of B. Corresponding to the morphism s : F → OX , we
obtain a section s∨ ∈ Γ(X,F∨) with vanishing locus |Z|. If K(s∨) is the resulting
Koszul complex [FL85, IV.2], then K(s∨) is a perfect complex on X with support
|Z|. By Lemma 4.10(2), we deduce the claim. �

We conclude this section with examples of algebraic stacks that are crisp.

Example 8.5. Let A be a ring. Then SpecA is 1-crisp. Indeed, SpecA has the
1-resolution property and is concentrated, thus the result follows from Proposition
8.4.

Example 8.6. Let X be a concentrated stack with affine stabilizers and the reso-
lution property. Then X has the ℵ0-resolution property and affine diagonal (Propo-
sition 7.3), hence is ℵ0-crisp (Proposition 8.4).

Examples are stacks of the form X = [V/G] where V and G are as in Example 7.5
and either S = Spec(Q) orG is linearly reductive (e.g., a torus). Indeed, under these
assumptions on G, the classifying stack BG is concentrated, so X is concentrated
since X → BG is representable. More generally, we can take any stack X = [V/G]
as in Example 7.5 with linearly reductive stabilizers. Such stacks are concentrated
by [HR15, Thm. C].

Remark 8.7. Let X be a quasi-compact algebraic stack with affine diagonal and the
resolution property. When X is concentrated, then Dqc(X) is compactly generated
(Proposition 8.4) and Dqc(X) is an example of a unital algebraic stable homotopy
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category [HPS97, Def. 1.1.4]. Note that the localizing envelope of a set of compact
generators is the whole category (Corollary 3.14).

The proof of Proposition 8.4 actually shows that even if X is not concentrated,
then D(QCoh(X)) is perfectly generated. Note that since D(QCoh(X)) may not be
compactly generated, Corollary 3.14 does not apply. Nonetheless D(QCoh(X)) is
well-generated [Nee01a, Thm. 0.2] and there is a version of Corollary 3.14 for well-
generated triangulated categories [Nee01b, Thm. 1.14]. This result and others are
also discussed in [AJPV17]. Thus, D(QCoh(X)) is a non-algebraic stable homotopy
category in the sense of [HPS97, Def. 1.1.4]. Note that this says nothing about
perfect or compact generation of Dqc(X), because the functor D(QCoh(X)) →
Dqc(X) can fail to be fully faithful or essentially surjective (e.g., if X = BGa
in positive characteristic [HNR14]). Compact generation of Dqc(X), however, is
sufficient to prove that D(QCoh(X))→ Dqc(X) is an equivalence [HNR14].

9. Quasi-finite flat locality of β-crispness and applications

We are now in a position to prove Theorems A, B, and C and address the
applications mentioned in the Introduction.

Proof of Theorem C. Take D = Repfp/X. By Examples 5.2, 5.6, 6.2 and 6.5, the
D-presheaf of triangulated categories Dqc satisfies Conditions (1)–(5) of Theorem
6.9. The result now follows from Lemma 4.10 and Theorem 6.9. �

Proving Theorems A and B is now very simple.

Proof of Theorem A. By [Ryd11, Thm. 7.1] there exists a locally quasi-finite flat
morphism p : X ′ → X, where X ′ is a scheme. Since X is quasi-compact, we may
further assume that X ′ is an affine scheme, and consequently the morphism p is
also quasi-compact and separated. The result now follows by combining Example
8.5 with Theorem C. �

Proof of Theorem B. Since X is of s-global type, there exists an integer N > 0,
a quasi-affine Q-scheme V with an action of GLN , together with an étale, repre-
sentable, separated and finitely presented morphism p : [V/GLN ] → X. Now the
result follows from Theorem C and Example 8.6. �

We now recall some results of Sumihiro and Brion.

Proposition 9.1 (Sumihiro and Brion). Let X be a variety over a field k. Let G
be an affine algebraic k-group scheme acting on X. Assume that either X is

(1) geometrically normal, or
(2) quasi-projective and either

(a) geometrically seminormal, or
(b) char k = p > 0, or
(c) the action is linearizable, or
(d) G0 is a torus.

Then there exists a finite field extension k′/k, a quasi-projective variety W ′ over

k′ with a linear action of G′ = (G⊗k k′)0
red and an étale G′-equivariant morphism

f : W ′ → Xk′ .

Proof. Choose a finite field extension k′/k such that X ′ = X ×k k′ is normal (resp.
seminormal, resp. G′ is smooth, resp. G′ is a split torus). By construction G′ is
then a smooth connected group scheme.

If X ′ is normal, then by Sumihiro’s theorem, we can choose f as a Zariski-open
covering [Sum74, Lem. 8] (see [Sum75, Thm. 3.8] when k is not algebraically closed,
or replace k with a finite field extension). If X ′ is seminormal and quasi-projective,
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then an étale f exists by Brion [Bri15, Thm. 4.7]. If char k > 0, then an étale
f exists by [Bri15, §4.3]. If the action is already linearizable, then let f be the
identity. If G′ is a split torus, then an étale f , with W ′ affine, exists by [Bri15,
Thm. 4.8]. �

In [AHR15, Thm. 2.6] it is proved that if G acts with linearly reductive stabilizers
at closed points (e.g., if G is linearly reductive), then the result of Proposition 9.1
holds for any algebraic space of finite type (not necessarily normal, quasi-projective
or even separated). In particular, if G0 is a torus, we may drop the requirement
that X is quasi-projective.

The Corollary of Theorem B is a special case of the following.

Corollary 9.2. Let (X,G, k), and (W ′, G′, k′) be as in Proposition 9.1. Then

(1) [W ′/G′] has the resolution property;
(2) the map [W ′/G′]→ [X ′/G′]→ [X/G] is quasi-finite and faithfully flat; and
(3) [X/G] is of s-global type.

If in addition, char k = 0 or (G⊗k k)
0

red is a torus, then

(4) [W ′/G′] is concentrated and ℵ0-crisp;
(5) D(QCohG(X)) = Dqc([X/G]) is compactly generated; and
(6) for every G-invariant open subset U ⊆ X, there exists a compact perfect

G-equivariant complex with support exactly X \ U .

Proof. (1) is Example 7.5(3), (2) is by construction, and (3) follows from (2)
and [Ryd15, Prop. 2.8(iii)]. Under the additional assumption on k and G, we have
that BG′ is concentrated [HR15, Thm. B], hence so is [W ′/G′] and (4) follows from
Proposition 8.4. It follows that [X/G] is ℵ0-crisp by Theorem C. We always have
that QCohG(X) = QCoh([X/G]) and we have that D(QCoh([X/G])) = Dqc([X/G])
since Dqc([X/G]) is compactly generated [HNR14]. �

Example 9.3 (Brauer groups). Let X be a quasi-compact algebraic stack with
quasi-finite and separated diagonal. Let α ∈ H2(X,Gm) be an element of the
(bigger) cohomological Brauer group and let X denote the Gm-gerbe corresponding
to α. Since X has quasi-finite diagonal, there exists a quasi-finite flat presentation
p : X ′ → X such that X ′ is affine and p∗α = 0. Indeed, recall that X admits a
quasi-finite flat presentation q : U → X by an affine scheme [Ryd15, Thm. 7.1] and
then we may trivialize q∗α by a further surjective étale morphism of schemes. In
particular, X×X X ′ = X ′×BGm has the resolution property and is cohomological
affine. It follows that Dqc(X ×X X ′) and Dqc(X) have countable sets of compact
generators by Proposition 8.4 and Theorem C.

Let D = Repfp/X and let T = D(QCohα(−)) be the presheaf of derived cat-
egories of α-twisted sheaves. Then the conditions of Theorem 6.9 are satisfied.
Indeed, there is a canonical decomposition Dqc(X ×X T ) = D(QCoh(X ×X T )) =⊕

m∈Z D(QCohmα(T )) which is respected by pullbacks1. Since Dqc(X×X−) satisfies
conditions (1)–(5) of Theorem 6.9, so does T.

Thus, D(QCohα(X ′)) = D(QCoh(X ′)) = Dqc(X ′) is compactly generated by 1
object with supports. It follows that D(QCohα(X)) is compactly generated by 1
object with supports (Theorem 6.9). The endomorphism algebra of this object, in
a dg-enhancement of D(QCohα(X)), is a derived Azumaya algebra [Toë12].

Alternatively, one could argue as follows. Take the degree 1 part of the compact
generators of Dqc(X). This gives a countable generating set {Pi} of compact ob-
jects in Dαqc(X). For sufficiently large n > 0, the direct sum P :=

⊕n
i=1 Pi gives

1Here we have tacitly used [HNR14] to identify Dqc(X×X T ) = D(QCoh(X×X T )), which holds
since Dqc(X×X T ) is compactly generated. In general, one could define Dαqc(X) as the degree one

part of Dqc(X).
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a compact object that locally generates Dαqc(X). Indeed, since Dαqc(X ′) = Dqc(X ′)
and X ′ is affine, it is sufficient that supph(p∗P ) = |X ′| (Lemma 4.9). This com-
pact local generator P is enough to produce a derived Azumaya algebra [Toë12,
Prop. 4.6].

This latter argument also works for any quasi-compact and quasi-separated al-
gebraic stack X such that Dqc(X) has a set of compact generators. In this case,
take p : X ′ → X as a smooth presentation by an affine scheme such that p∗α = 0.
By [AHR15, Thm. 2.26], Dqc(X) is compactly generated for any algebraic stack X
of finite type over a field, with affine diagonal, and linearly reductive stabilizers at
closed points. We can thus conclude that for such X, every cohomological Brauer
class comes from a derived Azumaya algebra.

Example 9.4 (Sheaves of linear categories on derived stacks). Let (X,OX) be a
derived (or spectral) Deligne–Mumford stack. The 0-truncation (X,π0OX) is an
ordinary Deligne–Mumford stack with the same underlying topos X. In fact, even
for a non-connective E∞-algebra A, the category of étale A-algebras is equivalent
to the category of étale π0A-algebras [HA, Thm. 7.5.0.6].

Let F ∈ QStk(X) be a quasi-coherent stack on X [DAGXI, §8], e.g., F =
QCoh(X). For every object U in the small étale topos of X, this gives an OX(U)-
linear ∞-category F (U). Let hF be the presheaf of triangulated categories that
assigns to each étale U → X the homotopy category of F (U). Compact generation
of F (U) is a statement about its homotopy category [HA, Rem. 1.4.4.3]. Moreover,
since the conditions (1)–(5) of Theorem 6.9 can all be verified étale-locally, it follows
that Theorem 6.9 can be applied to hF to deduce compact generation of F (X) from
local compact generation of F .

Appendix A. Generators from above

Let w : W → X be an étale, separated, finitely presented and representable
morphism of algebraic stacks. Define

P′(w) =
{
R(wqc)∗R(uqc)∗P : (u : U →W ) ∈ Repfp,ét,sep/W andP ∈ Dqc(U)c

}
and let P(w) ⊆ Dqc(X) be the smallest thick subcategory of Dqc(X) containing
P′(w). The following Lemma—requested by Neeman—is a natural generalization
to algebraic stacks of a result that has found applications to Grothendieck duality
for schemes [Nee14, Lem. 3.1].

Lemma A.1. Let w : W → X be an étale, separated, finitely presented, repre-
sentable and surjective morphism of algebraic stacks. If X is quasi-compact and
quasi-separated and Dqc(X) is compactly generated, then

Dqc(X)c ⊆ P(w).

Proof. Let C ⊆ Repfp,ét,sep/X be the subcategory with objects those V such that
Dqc(V )c ⊆ P(W ×X V → V ). Note that if W ×X V → V admits a section, then
it is clear that V ∈ C. In particular, it follows immediately that W ∈ C. Now we
will prove that X ∈ C using [Ryd11, Thm. 6.1]. To do this, we need to verify the

following three conditions for a morphism v : V ′ → V in Repfp,ét,sep/X.

(D1) If V ∈ C, then V ′ ∈ C;
(D2) if V ′ ∈ C and v is finite and surjective, then V ∈ C; and
(D3) if v is an étale neighborhood of V \U , where j : U → V is an open immersion

in Repfp,ét,sep/X, and U and V ′ belong to C, then V ∈ C.

For (D1): Lemma 8.2 (and Theorem 3.12) imply that Dqc(V ′)c is the smallest
thick subcategory of Dqc(V ′) containing Lv∗qcQ, where Q ∈ Dqc(V )c. A simple
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argument involving flat base change (Theorem 2.6(4)) and the preservation of com-
pact objects under concentrated morphisms (Example 3.9) now shows that V ′ ∈ C.
For (D2): Proposition 6.6 (and Theorem 3.12) imply that Dqc(V )c is the smallest
thick subcategory of Dqc(V ) containing the collection of complexes R(vqc)∗Q, where
Q ∈ Dqc(V ′)c. The property now follows from the trivial observation that{

R(vqc)∗M : M ∈ P(W ×X V ′ → V ′)
}
⊆ P(W ×X V → V ).

For (D3): we note that the Mayer–Vietoris triangle of Lemma 5.9(1) implies that
if P ∈ Dqc(V )c, then there is a distinguished triangle:

P → R(jqc)∗Lj
∗
qcP ⊕ R(fqc)∗Lf

∗
qcP → R(fqc)∗Lf

∗
qcR(jqc)∗Lj

∗
qcP → P [1].

Since Lf∗qcR(jqc)∗ ' R(j′qc)∗Lf
′∗
qc, where j′ : U ′ = U ×V V ′ → V ′ and f ′ : U ′ → U

are the projections, it follows immediately that Dqc(V )c is contained in the smallest
thick subcategory of Dqc(V ) containing the objects:

•
{
R(jqc)∗M : M ∈ P(W ×X U → U)

}
,

•
{
R(fqc)∗M : M ∈ P(W ×X V ′ → V ′)

}
, and

•
{
R((f ◦ j′)qc)∗M : M ∈ P(W ×X U ′ → U ′)

}
.

But all the objects above are contained in P(W ×X V → V ) and the claim follows.
Since W ∈ C, we may now conclude that X ∈ C. �
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