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Lecture 1. Reflections on the notion of topological spaces I

The purpose of these first few lectures is to understand the notion of manifolds in various
contexts (topological, differentiable, analytic ...) For that we will start in this first lecture
by considering the case of topological manifolds.

1.1. REVIEW OF THE TOPOLOGICAL MANIFOLDS

Definition 1.1.1.

(1) A topological manifold is a topological space X which possesses a open cover {U; }ier
such that for each i € I there exists a homeomorphism of U; with an open set of R™
(for a certain integer n; > 0 depending on i).

(2) The category of topological manifolds is the full subcategory of that of the topological
spaces whose objects are topological manifolds. This category is denoted by Top.

Let X be a topological manifold and {U;};e; a open cover as in the Definition [1.1.1] (1)
above. We put, for ¢ and j in I, U; ; .= U; N U;. We have a diagram of topological spaces

I v =11v

(4,5)€I? il
where the first morphism sends the component U; ; to U; by the natural inclusion U, ; C Uj,
and the second morphism sends U;; to U; by the natural inclusion U;; C U;. There also
exists a natural morphism
iel
summing the inclusions U; C X, which equalizes the two morphisms above. We thus obtain
a well-defined morphism

coli I1 vs=1lvi| — x.

(i,)€I? el

The important fact is the following.

Lemma 1.1.2. The morphism

coli IT vs=]lv| — x
(1,5)eI? iel

18 an isomorphism.

Proof. The lemma says that for a topological space Y, to give a morphism f : X — Y is the
same as to give for any ¢ € I a morphism f; : U; — Y such that (f;)|v,, = (f;)|v,, for any
(i,7) € I*. (Exercise: work out the details). O

It is necessary to interpret the preceding lemma as follows: any topological variety is
obtained as a colimit of a diagram of open sets of R" (for n varying). We draw from that
the following principle:

The category Top of topological manifolds is deduced from the category of open sets of R™
(and continues maps).

We will clarify this principle later.
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1.2. MANIFOLDS AND SHEAVES

Let C' be a full subcategory of Top whose objects are open sets of R™ (for n varying). We
denote by Pr(C') the category of presheaves of sets on C' (also denoted by C'). We consider
the Yoneda embedding of C

h_ : Top — Pr(C)
X +— hx,

where the presheaf hy is defined by

hx(Y) == Homr,, (Y, X),
for any Y € C' C Top.
Lemma 1.2.1. The functor h_ above is fully faithful.

Proof. The functor is faithful: for two morphisms f, g : X — X', we consider an open cover
{U;} of X such that U; € C (this exists since X is a manifold). If hy = hy, then for any ¢
the two maps

hf(UZ) = hg(UZ) : HOIH(U“X) = hx(Ul) — HOIII(UZ',X,) = hX’(Uz)

are equal. This means that f|y, = g|y, for any 4, and so that f = g.

The functor is full: Let X and X’ be two topological manifolds and u : hx — hxs a
morphism of Pr(C'). Let {U;} be an open cover of X with U; € C. For any 7, the morphism
u induces a map

hx<Ul) = HOHI(UZ‘, X) — hXI(UZ) = Hom(Ui,X/).
The image of the inclusions U; C X under this map give morphisms f; : U; — X’ for any
i. For any i and j in I, the elements (f;)|v,, € hx/(Us;) and (f;)|v,, € hx/(Us;) are both
images of the inclusion morphisms U;; C X under the map hx(U;;) — hx/(U;;), and are

thus equal (recall: U;; = U;NU;). Thus, the morphisms f; : U; — X’ glue together to define
a morphism f : X — X'. By construction, we have h; = u. ([l

Lemma is a good starting point, we know that Top is identified (up to equivalence)
with a full subcategory of Pr(C'). We now try to characterize this subcategory.

We start by making C' a Grothendieck site by declaring that a family of morphisms {U; —
Utier in C is a covering family if each morphism U; — U is a open immersion, and if the
total map [[,.; U; — U is surjective. This defines a pre-topology on C' (Exercise: check it),
whose associated topology is denoted 7.

Lemma 1.2.2. For any X € Top the presheaf hx € Pr(C) is a sheaf with respect to the
topology 7.

Proof. This is another way of saying that for a topological variety ¥ and an open cover

{U; = Y }ics, to give a continuous map from Y to X is the same as to give continuous maps
fi from U; to X such that f; and f; coincide on U; N U;. [

Thus, Lemma implies that we have a fully faithful functor
h_ : Top — Sh(C, 7).

A sheaf isomorphism to hy is called representable by X. Generally speaking we identify the
category Top with its image in Sh(C, 7).
To characterize the image we make the following definition.
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Definition 1.2.3.

(1) A morphism f : F — G in Sh(C,7) is a local homeomorphism if for any X € C,
and any morphism hx — G, the sheaf F' Xg hx is representable by Y € Top, and
the morphism Y — X induced from the projection F' Xg hx = hy — hx is a local
homeomorphism of topological spacef]

(2) A morphism in Sh(C,T) is an open immersion if it is a monomorphism and a local
homeomorphism.

We check easily that the open immersions in Sh(C, 7) are stable under composition (Ex-
ercise: check it). We may also check that the local homeomorphisms are stable under
composition, but this requires Corollary below (Exercise: check it). We also show that
a morphism of topological manifolds X — Y is a local homeomorphism of topological spaces
if and only if hy — hy is a local homeomorphism in the sense of the preceding definition
(Exercise: check it).

We then have the following proposition.

Proposition 1.2.4. A sheaf F € Sh(C,T) is representable by a topological manifold (i.e.,
F = hy for a certain X € Top) if there ezist a family {U;}icr of objects in C and a morphism
of sheaves
p: H hUi — F
iel

satisfying the following two conditions.

(1) The morphism p is an epimorphism of sheaves.

(2) For anyi € I the morphism U; — F is an open immersion (in the sense of Definition

.

Proof. Suppose F' is representable by a topological manifold X. We choose an open cover
{U,}ier of X with U; € C, and we consider the natural morphism

p: H hUi — F = hyx
i€l
induced by the inclusions U; C X. For Y € C'and f : Y — X, an element of hx(Y) we

consider {f~!(U;)}iesr which is an open cover of Y. Furthermore, for any i € I there exists
a commutative diagram

fHU) —=Y
.
U, X,

which shows that f is a locally the image of the morphism p. This implies that p is an
epimorphism of sheaves. Moreover, for Y € C and for any morphism hy — hx corresponding
to an morphism f :Y — X, we have

hU,- Xhx hy = hUiXXY = hffl(Ui)'

As f7Y(U;) — Y is an open immersion we see that each morphism hy, — F is an open
lmmersion.

* Recall: a continuous map f : X — Y between topological spaces is a local homeomorphism if for any
x € X, there exists an open neighborhood U of z in X and an open neighborhood V of f(z) in Y, such that
f induces a homeomorphism of U with V.
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Conversely, assume that F' is a sheaf satisfying the two conditions in the proposition.
We reconstruct a topological space X in the following way: let {U;} be a family of objects
in C' and p : [Jhy, — F a morphism as in the statement in the proposition. We put
U =11, U; € Top. We note that the natural morphism

H hUi — hU
is an isomorphism in Sh(C,7) (Exercise: check this). We consider the two projections
hU XF hU = hU-
By hypothesis we have
hy Xp hy = hg
where R = Hw Ui ; with hy, X hy, (thus each Uj ; is isomorphic to an open set of U; and
of U;). By Lemmas [1.2.1| and |1.2.2| the diagram

hr = hy
is the image of h of a diagram of topological manifolds R = U. We put
X = colim(R = U),

where the colimit is taken in the category of topological spaces. Note that R is an equivalence
relation on U and that X is the quotient.

We notice that X is a topological space. For that, by definition the natural morphism
U — X is surjective. Furthermore, U; — X is an open immersion. In fact, since hy, — F'is
a monomorphism, we have U, ; = U;, which implies that U; — X is injective (Exercise: check
this). Moreover, a subset V' C X is open if and only if its preimage in U over the projection
U — X is an open set. Yet, the inverse image of U; C X over this projection is the subset
11 ;Ui of U which is an open set. This shows that X is covered by open sets U; € C, and
therefore is a topological manifold.

It remains to show that F' and hx are isomorphic. There exists a natural morphism of
sheaves

coli (hR = hU) — hX.
Since hy — F' is an epimorphism, and that the epimorphism of sheaves are effective, we
know that that the left-hand side is naturally isomorphic to F'. It therefore remains to show
that the morphism above is an isomorphism of sheaves. Since the morphism hy — hx is
also an epimorphism of sheaves (Exercise: check it), we only need to show that the natural
morphism
hR — hU X hth

is an isomorphism. Since h is faithfully flat and commutes with limits it suffices to check
that the natural morphism

R—U X x U
is an isomorphism. This is true because the natural morphism U;; — U; xx U; is an
isomorphism (this is a bijective local homeomorphism). U

Corollary 1.2.5. Let X € Top, and F — X a morphism of sheaves. If there is an open
cover {U; }ier of X such that for any i € I the sheaf F X, hy is representable by a topological
manifold, then F is representable by a topological manifold.
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Proof. For any i € I, we choose {V; ;};es and [[; hv;; = F Xy hy, as in Proposition |1.2.4]
We then check that

1]
is a morphism as in Proposition (Exercise: check it). O

1.3. QUOTIENT MANIFOLDS

Let G be a (discrete) group acting on a topological manifold X € Top. By functoriality
the group GG act on the sheaf hx. Recall that the action of G on X is free if for any x € X
and g € G we have (g.x = ) = (g = e). Recall also that the action of G on X is totally
discontinuous if any point x € X possesses an open neighborhood U C X such that for any
g € G we have

(g(U)NU # @)= (g=c¢).

In the following statement, we will be careful not to confuse the quotient sheaf hx /G with

the sheaf hx/ represented by the quotient space X/G.

Proposition 1.3.1.
(1) If the action of G on X is free then the quotient morphism
hX — hx/G

1s a local isomorphism.
(2) If the action of G on X is totally discontinuous then the quotient sheaf hx /G €
Sh(C, 1) is [represented by] a topological manifold.

Proof. (1) Let Y € C and hy — hy/G a morphism of sheaves. We must show that
hx X hx/Ghy is a topological manifold. Since the quotient morphism hy — hx/G is
an epimorphism, there exists an open cover {Y;} of Y and a commutative diagram

[1; by, ——hy

]

hx — hx/G.
Corollary applied to the morphism
hx Xny/q by — hy
implies that it suffices to show that each hx X, /¢ hy, is a manifold. We have
hx Xny /e hy, = (hx Xnyc hx) Xny hy,.

Yet, hx Xpy/a hx = hx X hg since it can be checked on the level of presheaves of sets
(Exercise: check it). Thus, we have

hx Xhx /G hyl = hyl X hG = hyixg.
This finishes showing that hy Xj,,q hy is a topological manifold. Moreover, the morphism
of manifolds
hx Xnyja hy — hy
is, after restriction to the cover {Y;}, isomorphic to the projection

hyl. XhG—>th.



8 BERTRAND TOEN

Since this morphism is a local homeomorphism, this implies that the morphism hx X, /¢
hy — hy is a local homeomorphism.

(2) For any x € X let U, be an open neighborhood of z in X such that g(U,) NU, = &
for any g # e in G. We consider the natural morphism

By point (1), this morphism is a composition of local homeomorphisms (hy, — hx — hx/G)
and therefore is a local homeomorphism. Furthermore, we have

hu, Xny /e hu, = (hu, Xny /G hX)hX hy, = (hu, X ha),,, ho.,
as we saw in the proof of point (1). Finally, we have
(hu, X ha)y,, Pu, = hu,<6)xxU,-
From the choice of U,, we have (U, x G) xx U, = U, (Exercise: check it). Thus, we have
shown that the diagonal morphism
hy, — hu, Xny/a hu,
is an isomorphism, or in other words the morphism
hy, — hx/G
is a monomorphism. This shows that for any x € X the morphism
hy, — hx/G
is an open immersion. Since the total morphism
I 7w, — hx — hx/G
zeX
is an epimorphism, this finishes the proof of the proposition. O

The preceding corollary implies that the quotient X/G exists also in the category Top
(because h is fully faithful), but is a stronger statement.

1.4. CRITICISM OF MANIFOLDS

Proposition [1.3.1]is a good way to construct examples of topological manifolds by totally
discontinuous actions. However, when a group G acts freely on a manifold X but not totally
discontinuously, the quotient space X/G is in general very pathological. The quotient sheaf
hx /G has better properties (e.g. point (1) of Proposition[L.3.1]), even if it is not representable
by a topological manifold.

A striking example is the following: we let the discrete group Q (for the additive law) act
on the topological space R by the morphism

RxQ@—R

given by (x,t) — x +t. We see that this action is free, but not totally discontinuous.
Furthermore, the morphism R — R/Q is not a local homeomorphism because it is not
locally injective. Finally, the quotient space R/Q has the coarse [trivial] topology (because
its open sets are the invariant open sets of R). This shows that the quotient R/Q is not a
reasonable object from a geometric point of view. In return, the quotient sheaf hr /Q seems
more interesting, because the morphism hg — hg/Q being a local homeomorphism we can
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legitimately think that hg/Q is somehow locally isomorphic to an open set of R. The sheaf
hr/Q is the very first example of a geometric space.

Definition 1.4.1. A sheaf F' € Sh(C, 1) is a geometric space if there ezist a family of objects
{Ui}ier of C, and a morphism of sheaves

p: H hUi — F
icl
satisfying the following two conditions.
(1) The morphism p is an epimorphism of sheaves.
(2) For any i € I the morphism U; — F is a local homeomorphism (in the sense of

Definition .

Proposition tells us for example that the quotient sheaf hyx /G, for a free action of
G on a manifold X, is a geometric space. An example of geometric space is therefore hg/Q
described above. One other example is hg/(Z + oZ), with « € R — Q.

The geometric space form a full subcategory of Sh(C, 7). This category will be studied in
more details in the following lecture.
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Lecture 2. Reflections on the notion of topological spaces II

In the previous lecture we saw how the category of topological manifolds could be recon-
structed from the category C' of open sets of R™. To be more precise we used the category
C as well as two additional structures: the topology 7, and the notion of local homeomor-
phism. In this lecture we formalize this, and we explain how to define varieties/manifolds
and geometric spaces in an abstract context.

2.1. GEOMETRIC CONTEXTS

Let C be a category equipped with a subcanonical (pre)topology 7. By the Yoneda lemma
we identify C' with a full subcategory of the category Sh(C, 1) of sheaves on C'. We denote
the Yoneda embedding by

h:C — Sh(C, ).

Let a class P of morphisms in C' be given (i.e. P is a subset of the set C; of morphism of

(). Recall the following notions:

(1) We say that a morphism f: X — Y in C'is carrable if for any morphism Z — Y in
C, the object X xy Z exists in C.

(2) We say that P is stable under composition if for any two morphisms X 5Ly % 7 we
have (f € Pand g € P) = (go f € P).
(3) We say that P is stable under base change if for any cartesian square in C'

X/ L) Y/

L

X —=Y,
f

we have (f € P) = (f' € P).
(4) We say that P contains identities if for any object X € C' we have idx € P.

We note that if P is stable under base change and contains identities then P also contains
isomorphisms (Exercise: check it. We use that commutative squares of isomorphisms are
cartesian).

We also need the following notions.

(1) A family of morphisms {X; — X} in C is a P-covering if every morphism X; — X
belongs to P and furthermore the morphism

HhXi — hX

is an epimorphism of sheaves.
(2) A family of morphisms {X; — X} in C is a P-open covering if it is a P-covering and
furthermore every morphism X; — X is a monomorphism.
(3) We say that IP is local to the topology T the following two conditions are satisfied.
(a) Let f: X — Y be a morphism in C' such that there exists a covering family
{Y; = Y} such that every induced morphism f; : X xy Y; — Y belongs to P.
Then f € P.
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(b) Let f: X — Y be a morphism in C' such that there exists a P-covering family
{X; — X} such that every induced morphism X; — [Y] belongs to P. Then
fekl.

(4) We say that the tripe (C,7,P) is compatible with finite sums if the following three
conditions are satisfied.

(a) The category C possesses finite sums.
(b) For any finite family of objects {X;};cr in C' the family of morphisms

{Xj — 1] Xi}
iel jer
is a P-covering.
(c) The finite sums are disjoint in C: for any finite family of objects {X,};cs in C,
the sum X =[], ; X;, and for any (j, k) € I* we have

X]XXngglf]?ék’ XjXXngXjﬂ
(d) For any X € C, if there exist two sheaves F' and G such that hxy = F'II G, then
there exists Y € C such hy = F.
(5) We say that the morphisms in P have open images if for any morphism f: X — Y

of P, there exists a family of morphisms {X! — Y} of P satisfying the following two
conditions.

(a) The morphisms X! — Y are monomorphisms.
(b) The morphisms of sheaves hx — hy and ][], hxs — hy have the same image.
(6) We say that the morphisms in P are locally carrable if for any morphism f: X — Y
in P, there exists a P-open covering {X; — X };¢; such that each morphism X; — Y
is carrable.

We finally arrive at the key definition of this lecture.

Definition 2.1.1. A geometric context is given by the a category C, a (pre)topology T on
C, and a class of morphism P in C, which satisfy the following conditions.

(1) The topology T is subcanonical.
(2) The morphisms of P are locally carrable.

(8) P is stable under composition and base change, contains identities, and is local for
the topology T.

(4) The triple (C,7,IP) is compatible with finite sums.
(5) The morphisms of P have open images.

It is important to note right away the following fact that will be used implicitly in the
sequel.

Lemma 2.1.2. If (C,7,P) is a geometric context, then the Yoneda embedding
h:C — Sh(C,T)

commutes with finite sums.

*The condition here means that the diagonal morphism of X; in X; x x X, is an isomorphism



12

BERTRAND TOEN

Proof. For a family of finite objects {X,}ier in C, the sum X = [, X;, we must show that
the natural morphism

is

H hXi — hX
iel
an isomorphism of sheaves. For that we show that it is an epimorphism and a monomor-

phism.

To show that this is a monomorphism, we use that we have

(Hhxi) iy (Hhx> = T (hx. ns b,

(i,9)€r?

Since the sums are disjoint in C' we find that

(10) (11 =11

which implies that the morphism [[,.; hx, — hx is a monomorphism.

The fact that [],.; hx, — hx is an epimorphism is true by condition (b) of the definition

of being compatible with finite sums. OJ

To fix the ideas, here are some examples of geometric contexts (Exercise: verify that they

really satisfy the conditions of Definition [2.1.1]).

(1) We take for C' the category of topological spaces. The topology 7 is the usual topol-
ogy: a family of morphism of topological spaces {X; — X };cs is covering if for any
i the morphism X; — X is an open immersion and if the morphism [[, X; — X is
surjective. For P we take the local homeomorphisms.

(2) We take for C' the full subcategory of that of topological spaces consisting of finite
disjoint sums of open sets of R (for n varying). The topology 7 is the usual topology
as above, and similarly P is like above the class of local homeomorphisms.

(3) We take C' and 7 as in Example (2) above. For P we take the class of topological
submersions. We say that a continuous map f : X — Y is a topological submersion
if there exist an open cover {U;} of X, open sets V; of Y, and commutative diagrams

Ui —=V; x R™

o |

X Y,

where u; are homeomorphisms, and ¢; and p; are natural morphisms U; C X and
VixR" -V, CY.

(4) We define a category C' as follows: the objects are finite disjoint unions of open sets
of R" (for n varying). The morphisms are the maps C* (i.e. infinitely differentiable).
The topology 7 on C' is always the usual topology: a family of morphism of C,
{X; = X}ies is covering if for any ¢ the morphism X; — X is C* open immersion (i.e.
is injective and the differential is bijection at any point of X;) and if the morphism
[[; Xi — X is surjective. For P we take the class of local diffecomorphisms (i.e. the
C> map whose differential is bijection at any point).

(5) We take C and 7 as in Example (4) above. For P we take the class of C*° submersions
(i.e. C* map which has a differential surjective at any point).
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(6) We define a category C' as follows: the objects are finite disjoint unions of open sets of
C" for n varying. The morphisms are the holomorphic functions (i.e. C* and whose
differential at any point is a C-linear map). For P we take the smooth holomorphic
maps (i.e. holomorphic and whose differential is surjective at any point).

2.2. VARIETIES
We fix a geometric context (C,7,P) in the sense of Definition [2.1.1]

Definition 2.2.1.

(1) Let X € C. A morphism of sheaves f : ' — hx is an open immersion if it is a
monomorphism and there exists a family of morphisms {X; — X} in P such that the
image of f is equal to that of the morphism [, hx, = hx.

(2) A morphism of sheaves f : F' — G is an open immersion if for any X € C and any
morphism hx — G, the induced morphism

Fxqghx — hyx
s an open immersion in the sense above.

We note that the condition (5) of the definition of geometric contexts (cf. previous lecture)
implies that one can assume that each morphism X; — X is also a monomorphism in the
preceding definition.

One shows that the open immersions are stable under composition and base change (Ex-
ercise). One also shows that for two sheaves F' and G the natural morphism F — F II G is
an open immersion (Exercise: use that (C,7,P) is compatible with finite sums).

Definition 2.2.2. A sheaf F' € Sh(C, 1) is a variety (with respect to the context (C,7,P))
if there exist a family of objects {U;}icr in C and a morphism p : [[.., hy, — F satisfying
the following two conditions.

i€l

(1) The morphism p is an epimorphism of sheaves.
(2) For any i € I the morphism hy, — F' is an open immersion.

The data of objects U; and of morphisms p : [[,c; hu, — F' is called an open atlas of F.
The category of varieties is the full subcategory of the category Sh(C,T) of sheaves con-
sisting of varieties.

Each geometric context described at the end of the previous section thus gives rise to a
notion of variety. Here is what the notion of varieties in these contexts, numbered as in the
previous section (Big exercise: show these assertion by drawing inspiration from the previous
lecture which treats the context (2)).

e category of varieties in this context is equivalent to that of topological spaces.
1) The category of varieties in this context i ivalent to that of topological
e category of varieties in this context is equivalent to that of topological varieties
2) The category of varieties in this context i ivalent to that of topological varieti
(this has been shown in the previous lecture).
e category of varieties in this context is equivalent to that of topological varieties
3) The category of varieties in this context is equivalent to that of topological varieti
(we note that the open immersions are the same as for the previous case, despite that
the class P is different).
(4) The category of varieties in this context is equivalent to that of differentiable varieties
(of C*™-class).
(5) The category of varieties in this context is equivalent to that of differentiable varieties.
(6) The category of varieties in this context is equivalent to that of complex varieties.
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2.3. GEOMETRIC SPACES

To be able to define geometric spaces we must first extend the notion of morphisms in P
of objects of C' to all the sheaves, like we have done for the notion of local homeomorphism.

Definition 2.3.1.
(1) A morphism f : F — G in Sh(C,T) is representable (by a variety) if for any object
X € C and any morphism hx — G the fiber product F' X hx is a variety.
(2) A morphism f : F — G in Sh(C,T) possesses the property P (we also say belong
to P) if it is representable and if for any object X € C and any morphism hx — G
there exists an open atlas

p:HhUZ. — ' xg hx
iel
such that each induced morphism hy, — hx corresponds to a morphism U; — X
belonging to P.

We note the following important lemma. It shows in particular that the preceding notion
of morphisms in P is compatible with the notion already existing in C.

Lemma 2.3.2.
(1) An open immersion in Sh(C, 1) is in P.
(2) Let X € C and F — hx a morphism of sheaves. We assume that there exists a
covering family {X; — X} satisfying the following conditions.
(3) (a) Each morphism X; — X is a monomorphism and is in P.
(b) For any i the sheaf F' Xy, hx, is a variety.
Then the sheaf F' is a variety.
(4) The morphisms in P in the sense of Definition are stable under composition
and base change.
(5) Let f : X — Y be a morphism in C. Then f is in P if and only if the morphism
hy : hx — hy is in P in the sense of Definition[2.5.1]
(6) A morphism f : X — Y induces an open immersion hy : hx — hy if and only if f
1s in P and if it 1s @ monomorphism in C.
Proof.

(1) Let f : F — G be an open immersion. Let X € C, hy — G a morphism, and
consider the induced morphism

F' I:FXGhX—>hX.

There then exists a family of morphisms {X; — X} in P such that F” is identified with
the image of the morphism [ [, hx, — hx. Using the fact that the morphisms in IP have
open images, we may furthermore assume that each hx, — hx is a monomorphism.
Using the fact that the morphisms in P are locally carrable we may also assume
that the morphisms X; — X are carrable in C'. The morphisms hx, — hx factorize
through F”. Moreover, one easily sees (Exercise) that each morphism hy, — F” is an
open immersion. Since the morphism p : [ [, hx, — F’ an epimorphism by hypothesis,
this implies that F” is a variety. Moreover, p : [[, hx, — F’ is an open atlas such
that hx, — hx is in P. This shows that f is in P.
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(2) Put F; = F xyp, hx,. For any i there exists an open atlas ]_[j Vij — Fi. We then
check that the total morphism

[Mvi,—F
1,3
is an open atlas

(3) Exercise (using point (2)).

(4) Let f: X = Y bein C. First assume that f is in P. Let Z — Y be a morphism in
C. We must start by showing that the sheaf hx X}, hyz is representable by a variety.
For this we use that the morphisms in P are locally carrable. There thus exists a
P-open covering {X; — X}, such that each sheaf hyx, X, hz is representable by an
object U; of C. By point (2) this shows that hyx X, hz is a variety. Moreover, the
induced morphisms U; — Z are in P, because the morphisms of P are stable under
base change. This shows that f is well in P.

(5) can be deduced from (4) and the fact that a morphism f in C' is a monomorphism if
and only if the morphism Ay is a monomorphism in Sh(C, 7). O

Definition 2.3.3. A sheaf F' is a geometric space if there exists a family of objects {U; }ier
in C and a morphism p : [{,.; hu, = F satisfying the following two conditions.

(1) The morphism p is an epimorphism of sheaves.
(2) For any i € I the morphism hy, — F belongs to P.

The data of objects U; and of morphisms p : [[,c; hu, — F' is called an atlas of F'.
The category of geometric spaces is the full subcategory of the category Sh(C, 1) of sheaves
consisting of geometric spaces.

A variety is of course a geometric space (because the open immersions are also morphisms
in P).

We end with the following proposition, which presents geometric spaces as certain quotient
of varieties by equivalence relations.
Proposition 2.3.4. Let F' be a geometric space. Then, there exist a sheaf X, and an
equivalence relation R C X x X satisfying the following conditions.

(1) The sheaves X and R are varieties. The sheaf X is a disjoint union of objects of C
(Z@ X = HhUi7 with UZ S C)

(2) The two morphisms R — X x X — X are in P.

(8) The sheaf F' is isomorphic to the quotient sheaf of X by the relation R

F = X/R = colim(R =2 X).

Proof. We choose an atlas
p: H hy, — F.
We set X =[] hy, and R = X X X. Since the morphism p is an epimorphism we have
F = colim(X xp X = X),
which shows the condition (3). To show (1), we write

R=XxpX =[] h, xrhu,.

i?j
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This shows that R is a disjoint union of varieties and so a variety. Finally, since each
morphism hy, — F'is in P, we have that each projection

hUi Xp hUj — hUi

is in P. This implies the condition (2). O
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Lecture 3. Schemes and algebraic spaces 1

3.1. REMINDERS ON RINGS AND MODULES

]

The A-modules and morphisms of A-modules form a category denoted by A-Mod.
Let f: A — B be a morphism of rings, we define a [restriction of scalars| functor

C

[...] One can show that the functor F' possesses a left adjoint
A-Mod — B-Mod
M — B®jM.

]

We denote by Comm the category of commutative rings. |...]
We end with the notation
Aff .= Comm®?
Moreover, the identity functor Aff — Comm® is denoted by Spec. Thus, a morphism of
commutative rings A — B is formally the same as a morphism Spec B — Spec A in Aff.

3.2. FLAT MORPHISMS

Definition 3.2.1. A morphism of commutative rings A — B s flat if the functor
B®4—: A-Mod — B-Mod
1S exact.

We start by noting that since the categories of modules are abelian categories and that
the functor B ® 4 — is left adjoint (or right exact), the functor
B ®4 —: A-Mod — B-Mod

is exact if and only if it preserves kernels. This is often the criterion that we use.
The general properties of flat morphisms are the following.

Lemma 3.2.2.
(1) The flat morphisms are stable under compositions.
(2) 1f
AL
-
7

is a cocartesian diagram in Comm, and if f is flat then f' is flat (i.e. the flat
morphisms are stable under cobase change).

Proof. [..] O

Exercise: For any commutative ring A, show that the natural inclusion morphism A <
A[X] is a flat morphism. The same for the morphism A[X] — A[X] that sends X to X?.
Show that the morphism A[X] — A which sends X to 0 is not flat.
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Definition 3.2.3. A morphism of commutative rings A — B is faithfully flat if the functor
B ®4 —: A-Mod — B-Mod
is exact and conservative (i.e. exact and furthermore (B ®4 M = 0) = (M =0)).

The general properties of faithfully flat morphism are the same as those of flat morphisms.

Lemma 3.2.4.
(1) The faithfully flat morphisms are stable under compositions.
(2) If
AT n

-

B - B??
fl

is a cocartesian diagram in Comm, and if f is faithfully flat then f' is faithfully flat
(i.e. the flat morphisms are stable under cobase change).

Proof. Same method as for Lemma [3.2.2] (Exercise: fill in the details). 0

Exercise: For any commutative ring A, show that the natural inclusion morphism A <

A[X] is a faithfully flat morphism. The same for A[X] — A[X] that sends X to X?2. Show
that the inclusion morphism Z — Q is flat but not faithfully flat.

Definition 3.2.5. A family of morphisms in Aff
{Spec A; — Spec A}

is a faithfully flat and quasi-compact covering (fpqc for short) if the following conditions
are satisfied:

(1) The set I is finite.

(2) For any i € I the morphism A — A; is a flat morphism.

(8) The morphism A — [],c; A; is faithfully flat.

i€l

Exercise: Show that the condition (3) above implies the condition (2) (Exercise: one can
use that there exists an equivalence of categories ([],c; 4;) -Mod 2 [],_;(A;-Mod).

Lemma 3.2.6. The fpqc coverings defined in Deﬁm’tion defines a Grothendieck (pre)topology
on Aff.

Proof. This is deduced from Lemmas |3.2.2| and (3.2.4] O

Definition 3.2.7. The Grothendieck topology on Aff whose covering families are the fpqc
coverings is called the fpqc topology.

We end the subject with the following lemma.
Lemma 3.2.8. The fpqc topology is sub-canonical.

Proof. We note that all representable presheaves on Aff are sheaves is equivalent to that for
any faithfully flat morphism A — B the natural morphism

A—1im (B = B®, B)

is an isomorphism (Exercise: check this).
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So let u: A — B be a faithfully flat morphism. Since the functor B ® 4 — commutes with
finite limits (by flatness), and is conservative (by faithful flatness), it is enough to show that
the morphism

A— lﬁn (B= B®sB)
induces an isomorphism
B®AAgB—>1’£1(B®AB:§B®AB®AB).

[.-] ]
3.3. SMOOTH AND ETALE MORPHISMS

For more details on this section we refer to the first exposé of [1], or in Paragraphs 2.1
and 2.2 of [2].
Let Cy € Comm. We recall that a square zero extension of (y is the data of a morphism
p: C — Cy in Comm which satisfies the following two conditions:
e The morphism p is surjective.
e If x € Kerp then 2% = 0.

The fundamental example of a square zero extension is the morphism
A[X]/(X?H) — A
which sends X to 0. It is called a trivial square zero extension. This is denoted by
Ale] = AX]/(X?),

and € € Ale] is by definition the class of X. Thus, any element of A[e] can be written in the
form a + b - € with @ and b in A.

To better understand the square zero extension we may consider the following example.
Let A = C[Xqy, ..., X,)]/(P, ..., P.) be a commutative C-algebra of finite type. Let x : A — C
correspond to a point z € C™ such that P;(z) = 0 for any j. The data of a commutative
diagram

—C[q

L

—x>C

corresponding to the data of a vector b € C" such that Pj(x +b-¢€) = 0 for any j. Now, since
€2 = 0 we have

op; oP;
Pi(z+b-e) :]%(x)+2bi-a—);(x) -E:sz--aX{(x) ‘e

Thus, the data of a commutative diagram as above is equivalent to the data of a vector
b € C" satisfying
oP,

or in turn to the data of a tangent vector to the variety of equations P, ..., P, at point x.

Definition 3.3.1.
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(1) A morphism A — B in Comm is formally smooth (resp. formally étale) if for any
Co € Comm, any square zero extension C — Cy, and any commutative diagram in
Comm

A—C

L

B—— CO
there exists a (resp. a unique) morphism B — C' in Comm such that the diagram

A—C

|

B—>CO

commutes.
(2) A morphism in Comm is smooth (resp. étale) if it is formally smooth (resp. formally
étale) and of finite presentatio.

Lemma 3.3.2. The smooth and étale morphisms are stable under composition and base
change in Aff.

Proof. Exercise. 0
The following proposition gives one way to construct examples of étale morphisms.

Proposition 3.3.3. Let F' € A[X] be a polynomial, and consider the natural morphism
A — A[X]/(F)=B.

Then, the morphism A — B is formally étale if and only if the derivative polynomial F'(X)
becomes invertible in B.

Proof. [..] O

An important corollary of the preceding proposition is that an algebraic extension of fields
K — L is an étale morphism if and only if it is separable.

Another immediate consequence of the preceding proposition is that for any commutative
ring A and any f € A, the morphism A — Ay = A[X]/(f - X — 1) is étale. Exercise: check
this directly by applying the definition.

We also cite the following fact without proofs.

Proposition 3.3.4.

(1) A morphism A — B is smooth if and only if B is isomorphic as an A-algebra to
AlXq, .., X0/ (P, ..., Py), where P; € A[Xq, ..., X,,] are such that the ideal generated
by the minors of order m x m of the matriz (9F;/0X;(X)), ; is B.

* We recall that a morphism of commutative rings A — B is of finite presentation if B is isomorphic as
A-algebra to an A-algebra of the form A[X;, ..., X,]/(P, ..., B).
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(2) A morphism A — B is smooth if and only if there exist an fpqc cover {u; : B — B;}
and commutative diagrams

B B;

T

A——> A[Xl, ,an]

where all morphisms u; and v; are étale.
(8) The smooth (and in particular étale) morphisms are flat.

To finish we pose the following definition.

Definition 3.3.5. A morphism in Aff is an Zariski open immersion if it is an étale morphism
and a monomorphism.

We warn that we demand the morphism be monomorphism in Aff. In terms of rings this
means that A — B is a Zariski open immersion if it is an étale morphism and if for any
C € Comm the induced morphism

Hom(B,(C) — Hom(A, C)

is injective (i.e. that A — B is an epimorphism in Comm).

Exercise: show that a smooth monomorphism in Aff is also étale. Show that the étale
morphism A — Ay considered above is a Zariski open immersion. One can also show that a
flat monomorphism of finite presentation is also is also étale (we will not do it).

3.4. THE ALGEBRO-GEOMETRIC CONTEXT

We now define a geometric context (C,7,P) as follows.

(1) The category C'is the category Aff opposite to the category of commutative rings.

(2) We define an étale topology (ét) on Aff by setting a family {Spec A; — Spec A} of
morphisms in Aff an étale covering if it is an fpqc covering and if all morphisms
A — A; are étale. (cf. Proposition [3.3.4] (3)).

(3) The class P is by definition the class of smooth morphisms (lisse).

Theorem 3.4.1. The definition above defines a geometric context.
Proof. [...] O

Definition 3.4.2. The varieties (resp. geomelric spaces) with respective to the geometric
context (Aff, ét,lisse) of Theorem are called schemes (resp. algebraic spaces).



22 BERTRAND TOEN

Lecture 4. Schemes and algebraic spaces 11

Recall that the category Aff opposite to that of commutative rings is equipped with the
étale topology ét. We simply denote by Sh(Aff) the category of sheaves on (Aff,ét). In the
previous lecture we have defined three full subcategories

{Affine schemes} C {Schemes} C {Algebraic spaces} C Sh(Aff).

In this lecture we give some examples of affine schemes, schemes, and algebraic spaces.
We also give examples of sheaves which are not algebraic spaces, but are geometric in some
sense.

4.1. SOME PROPERTIES OF MORPHISMS

We recall the notions of smooth morphisms and etale between affine schemes given in
Lecture 3. The following definition gives some notions of morphisms between schemes and
algebraic spaces. We will see more of them in the following course on stacks and algebraic
spaces.

Definition 4.1.1.

(1) A morphism F' — G in Sh(Aff) is representable by a scheme (resp. by an algebraic
space, resp., by an affine scheme) if for any affine scheme X and any morphism
X — G, the sheaf F xg X is a scheme (resp. an algebraic space, resp. an affine
scheme). A morphism representable by an affine scheme is also called an affine
morphism.

(2) A morphism F' — G in Sh(Aff) is smooth (resp. étale) if it is representable by
an algebraic space and if furthermore for any affine scheme X and any morphism
X — G, there exist an atlas {U;} of F xg X such that the composite morphisms
U; = X are smooth (resp. étale) morphisms.

(3) A morphism F' — G in Sh(Aff) is an open immersion if it is an étale monomorphism.

(4) A morphism F — G in Sh(Aff) is a closed immersion if it is an affine morphism
and if furthermore for any affine scheme X = Spec A and any morphism X — G,
the morphism of affine schemes

F xg X =2 Spec B — Spec A
corresponds to a surjective morphism of rings A — B.

One can verify that the preceding notions are stable under base change and composition
(Exercise. One will use Proposition (1) below to show that the representable morphisms
are stable under composition). We will also see that the notion of étale morphism above is
compatible with the definition in Lecture 3. (Exercise. One will be inspired by Lemma m
(4) about the case of smooth morphisms).

Proposition 4.1.2.

(1) Let X be a scheme (resp. an algebraic space) and F' — X a morphism in Sh(Aff).
Suppose that there exists an open atlas (resp. an atlas) {U;} of X such that for any i
the sheaf U; X x F is a scheme (resp. an algebraic space). Then F is a scheme (resp.
an algebraic space).

(2) All three full subcategories of Sh(Aff) consisting of affine schemes, of schemes, and
of algebraic spaces are stable under finite limits and arbitrary sums.
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(8) Let ' — G be a morphism representable by a scheme (resp. an algebraic space,
resp. an affine scheme). If G is a scheme (resp. an algebraic space, resp. an affine
scheme), then so is F.

Proof. Exercise. O

4.2. EXAMPLES OF SCHEMES

4.2.1. The affine line. We consider the functor
Aff* = Comm — Set
A — A,

which sends an affine scheme X = Spec A to the underlying set of the ring A (again denoted
by A). This functor is representable by the affine scheme
A' := Spec ZI[T]
called the affine line. In fact, for any commutative ring A we have a bijection functorial in
A
A = Hompg(Spec A, AY) = Homcomm (Z[T], A).
Explicitly, [...]. We also use the following notations (for A € Comm)
A" := (A")" = Spec Z[Ty, ..., Ty,
A’y == A" x Spec A = Spec A[Th, ..., T,)].
The scheme A’} is called the affine space of dimension n over A. If we denote by by X :=
Spec A we also use the following notation
A = A" x X =A'}.
4.2.2. The multiplicative group. We consider the functor

Aff® = Comm — Set
A — A,

which sends an affine scheme X = Spec A to the set A* of invertible elements of the ring A.
This functor is representable by the affine scheme

Gy == Spec Z[T, T,

and is called the multiplicative group (Exercise: check that G,, indeed represents the functor
above.)

4.2.3. The linear group. We consider the functor
Aff? = Comm — Set
A — A%,
which sends an affine scheme X = Spec A to the set GL,(A) of n X n invertible matrices
with coefficients in A. This functor is representable by the affine scheme

GL, = Spec Z[T; ;] [det(T;,

—1
) Lgmgn )

which is called the general linear group (of rank n). We have GL; = G,,.



24 BERTRAND TOEN

4.2.4. Complementary open. Let A € Comm be a fixed commutative ring, I an ideal of
A, X = Spec A, and Y = Spec A/I a closed subscheme of X. We define a subfunctor U
of X as follows: for any B € Comm, U(B) is the subset of X(B) consisting of morphisms
A — B such that B®4 A/I = B/IB = 0. The functor U is representable by a scheme,
which we call the complementary open of X and denote symbolically by X — Y. In fact, let
{fi} be a family of generator of I. For any i, we consider Uy, = Spec Ay, together with the
morphism
U fi — X

induced by the natural morphism A — Ay. We then see that each morphism Uy — X
factorizes through U C X. We moreover show that the total morphism

[Mv,. —vU

is an open atlas of U. Indeed, the fact that U; — X is an open immersion implies that
the morphism U; — U is also an open immersion. It therefore remains to show that the
morphism

[Mv,. —v

is an epimorphism of sheaves. For that, let B € Comm, and Spec B — U a morphism. We
need to find a covering family {Spec B; — Spec B}, and for any j an index ¢ (which depends
on j) and a commutative diagram

Spec B; — Spec B
U; U.

The morphism Spec B — U correspond to a morphism of rings v : A — B such that IB = B.
We can therefore write 1 = ). b; - u(f;), where the b; are in B and all but a finite number of
them are zero. We then consider the family

{Spec Bys,) — Spec B}
where 4 runs through the subset of indices ¢ such that b; # 0. We clearly have the commu-
tative diagrams
Spec B; — Spec B

L

U; U.
Each morphism SpecB,y,) — Spec B is an open immersion, and it therefore remains to show
that the functor

B-Mod — [ [ (Bu(s,-Mod)

is conservative. For that, let M be a B-module such that M ®p By, = 0 for any ¢. For
m C B a maximal ideal, there exists an index iy such that u(f;,) ¢ m. Therefore, the
localization morphism B — B, factorizes through By, ). We then have

M ®p B,, = (M Qp BU(fig)) ®B"<fi0> B,, = 0.

This being true for any maximal ideal m of B, we have M = 0.
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Note that the proof above shows that X — Y is the union of subsheaves Uy, C X, and in
particular is an open subsheaf of X. Therefore, the inclusion morphism X —Y < X is an
open immersion.

The existence of the scheme X —Y is generalized when X is an algebraic space and Y — X
a closed immersion: we define X — Y to be the subfunctor of X consisting of morphisms
Spec B — X which are such that Spec B x x Y = @&. We then check, with the aid of the case
where X is an affine scheme, that the inclusion morphism X —Y <= X is an open immersion
and in particular is representable. This implies that X — Y is an algebraic space.

We will be careful that even if X and Y are affine, the scheme X — Y is in general non-
affine. For example, A% — 0 (which corresponds to A = Z[X,Y] and I = (X,Y)) is not
affine. We can see this in the following manner. For any scheme X, we can consider the
set O(X) := Hom(X, A'). Since the scheme A' represents a sheaf of commutative rings, the
set O(X) naturally inherits a structure of commutative rings. Furthermore, if X = Spec A
is affine, then we have a natural isomorphism A = O(X). We can write A2 — 0 as an
amalgamated sum in Sh(Aff)

G, X G,, — G, x A!
Al x G,,, ——= A% - 0.
(Exercise: check this.) Applying the functor X — O(X) we find a cartesian diagram of rings
O(A? - 0) ZIX,X1,Y]
ZIX, Y. Y —=Z[X, XY,y .

which implies that O(A? — 0) = Z[X,Y]. Therefore, if A — 0 was affine, we would have
A% — 0 = A% which is not true (we can for example compare their complex points and use
the fact that C* — 0 is not homeomorphic to C?).

4.2.5. Projectives spaces. We fix an integer n > 1. For a commutative ring A € Comm,
we define P"(A) to be the set of A-submodules L C A™*! which satisfies the following two
conditions:

(1) There exists an A-submodule P C A" such that A" = L @ P.
(2) For any field K and any morphism A — K we have dimg (L ®4 K) = 1.

For an morphism A — B in Comm we define a map P"(A) — P"(B) which, to an A-
submodule L C A™*! ] associates L ® 4 B C B™"! (note that the condition (a) above implies
that L ®4 B is a B-submodule of B"™!). We must think of L € P"(A) as a family of lines
in A" parametrized by Spec A.

We now show that the functor P" thus defined is a scheme. To do that, for any integer
1 <j <n+1, we consider U;(A) C P"(A) the subset of L C A™"! which are such that
the projection onto the jth factor induces an isomorphism L = A. As A traverses through
Comm, this defines a subfunctor U; C P".

We start by showing that for j fixed the inclusion morphism U; — P" is an open immersion.
For that, let Spec A — P" be a morphism corresponding to an A-submodule L C A", The
subfunctor V; = Spec A xpn U; C Spec A is described as follows: an element of Spec A(B) is
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in V;(B) if it corresponds to a morphism A — B such that the j-th projection L ®4 B — B
is an isomorphism. Note that as L —4 B and B are projective B-modules of rank 1, the
morphism p : L ® 4 B — B is an isomorphism if and only if it is a surjective morphism. In
fact, if it is surjective, we have L® 4 B = B®Ker(p), and the condition (b) above implies that
Ker(p) ®p B/m = 0 for any maximal ideal m of B. The Nakayama lemma then implies that
Ker(p) = 0. Thus, V; = Spec A xpn U; C Spec A is identified with the subfunctor of Spec A
consisting of morphisms A — B such that the j-th projection L ®4 B — B is surjective.
Write I C A for the image of the j-th projection L — A. This is an ideal of A, corresponding
to a closed subscheme of Spec A, and we see by definition that its complementary open is V;.
From this we see that Vj} is a scheme, and furthermore V; C Spec A is an open immersion.
This shows that the morphism U; < P" is an open immersion.
It remains to show that the total morphism

H Uj — P
J
is an epimorphism of sheaves. For that, we use the following lemma.

Lemma 4.2.1. Let {U; — F'} be a finite family of open immersions in Sh(Aff). Then, the
morphism

s an epimorphism if and only if for any field K the induced morphism
H Ui(K) — F(K)

18 surjective.

Proof. We first show that the necessity. Let K be a field and Spec K — F a morphism.
There then exists an open atlas {Spec K; — Spec K}, and we have commutative diagrams

Ui F

]

Spec K; — Spec K.

Now, since K — K; is a monomorphism in Comm, the morphism z +— z ® 1 induces an
isomorphism K; = K; ®x K;. This implies that K; is of dimension 1 as K-vector space, and
thus K =2 K;.

Next we show the sufficiency. We start by using that a morphism f : FF — G is an
epimorphism if and only if for any X € Aff and any morphism X — G the morphism
F xg X — X is an epimorphism (Exercise: check that.) This reduces the lemma to the case
where F'is an affine scheme Spec A. In this case U; are schemes (as open sets of Spec A) (we
use here the necessity already demonstrated). Now write

{U; = Spec A; — F = Spec A}

for the family. Let M be a nonzero A-module. The A-module M contains an A-submodule
of the form A/I for a proper ideal I. Let m be a maximal ideal of A containing I, and note
that the hypothesis implies that the morphism A — A/m factorizes through A; — A/m for
a certain index i. Write m; for a maximal ideal of A; that contains the kernel of A; — A/m,
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write the morphism u : A — A;, and therefore u~!(m;) = m. Thus, the ideal I A; is contained
in m; and therefore A;/TA; # 0. Since A — A, is flat we have a monomorphism

and thus M ®4 A; # 0. This finishes showing that {U; = Spec A; — F = Spec A} is a
covering family. 0

According to the lemma it suffices to show that for any field K the morphism
[[vix) — P(K)

is surjective. But a point of P"(K') corresponds to a vector subspace L C K™ of dimension
1. There therefore exists an index j such that the j-th projection L — K is nonzero and
therefore an isomorphism.

This ends the proof that P" is a scheme. We remark that each open subscheme V; C P"
is isomorphic to A" (Exercise: check it. To a point L C A" of V; we will correspond the
image of 1 € A = L in A" under the projection that forgets the j-th factor). We can also
see that P is not affine. In fact, for n = 1 we have a cocartesian diagram in Sh(Aff)

Gm Vi = Al
Vo =2 Al P,

which by applying the functor X +— O(X) gives a cartesian diagram of rings
O(P) Z|X]

| ]

Z[Y] “a Z[T7 T71]7

where the morphism a sends Y to T and b sends X to T-!. We also find O(P') = Z. If
P! was affine it would be isomorphic to Spec Z, which is not the case because for example
P}(Z) is not reduced to a point.

4.3. EXAMPLES OF ALGEBRAIC SPACES

A general procedure of construction of algebraic spaces is given by the following proposi-
tion. For that, we recall that a scheme in groups is a group object in the category of schemes
(i.e. a sheaf in groups on Aff whose sheaf in underlying sets is a scheme). Similarly, for S a
scheme, a scheme in groups on S is a group object in the category of schemes over S (it is
therefore a sheaf in groups on the site Aff/S whose sheaf of underlying sets is a scheme).

Proposition 4.3.1. Let k be a commutative ring and S = Speck. Let G be a scheme in
groups that is affine and smooth over S, which acts on a scheme X. We assume that the
morphism

GxX —XxX
produces by the action by the second projection is an isomorphism (i.e. that the action is
fized-point free). Then the quotient sheaf X/G is representable by an algebraic space.
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Proof. We will show that the natural morphism
X — X/G

is representable and smooth. This implies the result because an atlas {U;} of X will give by
composition an atlas of X/G.

Let Spec A — X/G be a morphism. There exists an étale covering {A — A;}, and we
have commutative diagrams

X X/G

|

Spec A; — Spec A.

We have
X Xx/c Spec A; = (X XX/GX) X x Spec A; = (G x X) x x Spec A; =2 G x Spec A;.

By Proposition m (1) this implies that X x x/Spec A is an algebraic space. Furthermore,
we see that the projection X X x,¢ Spec A — Spec A becomes, after base change to Spec A;,
isomorphic to the natural projection

G x Spec A; — Spec A;.

This shows that the morphism X — X/G is representable by an algebraic space and is
smooth. We end by applying the technical lemma below, which we will prove later in the
course on algebraic stacks. 0

Lemma 4.3.2. Let X = Spec A, and {Spec A; — Spec A} an étale covering. Let F' — X be
a morphism in Sh(Aff) such that for any i the sheaf F X x Spec A is an affine scheme. Then
F' is representable by an affine scheme.

Although Proposition gives a way simply enough to construct examples of algebraic
spaces, it is not easy to explicitly construct an algebraic space which is not a scheme. We
can consult Example 3.4.2 of Appendix B of 3] for one such example.

4.4. NON-REPRESENTABLE EXAMPLES

We have seen that the quotient of a scheme by an affine group scheme and smooth étale
group scheme and representable by an algebraic space when the action is fixed-point free.
We may legitimately ask the question of the representability of such a quotient when the
action is no longer fixed-point free. It turns out that, as we expect, a quotient by an action
with fixed point is no longer representable in general. To convince ourselves we consider the
very simple example below.

We take X = A'! the affine line and G = Z/2 which acts on A! by x — —z. Clearly, for
A € Comm, the action of G on A'(A) = A is a — —a. We claim that the quotient sheaf
X/G is not a scheme nor an algebraic space. In fact, we could show (we will not do so)
that if X/G is an algebraic space then it is necessarily an affine scheme. This affine scheme
satisfies then

X/G = Spec O(X/G).
Now, since O(X/G) = Hom(X/G, A'), the universal property of quotient gives

O(X/G)={P € ZIT||P(T) = P(-T7)} C Z[T).
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In other words, the morphism of affine schemes X — X/G corresponds tu the morphism of
rings
Z|U] — Z[T]
which sends U to T?. Thus, if X/G is an algebraic space we find that the morphism
X =A"— X/G=A!

induced by z +— 22 locally has sections in the étale topology.

To see that it is not the case we proceed as follows. For x : SpecZ — X a point of X, we
define

TxX = Hom,(Spec Z[e], X),

where the right-hand side designates the subset of morphisms SpecZ[e] — X whose com-
position with SpecZ — SpecZ][¢] is equal to the morphism z. The set T,X is called the
tangent of X at = (we will talk about this later). We can easily check that if f: X — Y is
an étale morphism then the induced morphism 7, X — T})Y is bijective (Exercise). This
implies in particular that our morphism

X=A"— X/G=A!
which locally has sections for the étale topology is such that the induced morphism
T()Al — T()Al

is surjective. Now, we can explain this morphism as being the zero morphism between
ToA' = Z (Exercise). This leads to a contradiction.
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Lecture 4%. Supplements on schemes and algebraic spaces

In this lecture we cite in bulk some facts concerning schemes and algebraic spaces. We
will not give proofs which are in line with the statements we have seen but which would take
too much time. We refer to [1,3,5] for the details and for further references.

4Y%.1. THE UNDERLYING ZARISKI SPACE
In this section we fix an algebraic space X.

4'%.1.1. Back to the Zariski open sets. Recall we have showed that for all closed immer-
sion Y — X the subfunctor X — Y of X was an open subfunctor and therefore defining a
Zariski open set X —Y < X (see Example 4 of Lecture 4).

Proposition 4%2.1.1. For all open immersion U — X there exists a closed immersion
Y < X such thatU =X -Y. [l

The preceding proposition seems natural but the proof is not immediate given the defini-
tion of open immersions that we have adopted.

Exercise: Use Proposition to show that a Zariski open set U of X = Spec A is
a (possibly infinite) union of open sets of the form X; = Spec Ay (where Ay is the ring A
localized at f € A).

4'4.1.2. The set of points. We consider the set E(X) of pairs (K, x), where K is a field
and x € X (K) is a point of X with values in K. We define an equivalence relation on E(X)
as follows: (K, z) is equivalent to (K’, ') if there exist a field L and morphisms i : K < L,
j : K' — L such that i(x) = j(2') (as elements of X (L)). Exercise: check that this defines
an equivalence relation on E(X).

Definition 4%.1.2. We define the set of points of X as the quotient set E(X)/R where R
is the relation defined above. We denote it by | X|.

Exercise: show that when X = Spec A the set | X]| is in natural bijection with that of the
prime ideals of A.

The construction X + |X| is (contravariantly) functorial in X, and naturally defines a
functor from the category of algebraic spaces to that of sets.

Exercise: Show that if | X| = @ then X = @ (we will show that if {U; — X} is an atlas
then the induced map

[l — x|
i
is surjective, and then we will treat the case where X is an affine scheme).

45.1.3. The locally ringed space (|X|, Ox). We define a topology on the set |X| as
follow: a subset U C |X| is an open set if there exists an open subfunctor V' C X such that
U = |V (as subset of | X|). In other words, U is the set of points of X represented by pairs
(K,z) with z € V(K) C X(K).

Exercise: check that this defines a topology on |X|. When X = Spec A show that the
open sets of the form X; := Spec Ay form a base of this topology.

Definition 4%2.1.3. The set | X| equipped with the topology defined above is called the Zariski
space underlying X . It is simply denoted by |X|.
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Remark: Proposition 72.1.1] shows that the closed sets in |X| are of the form |Y] C |X]|
for a closed immersion ¥V — X.

We assume for the moment that X is a scheme. We remark then that a base of the
topology on | X| is given by the open sets of the form |U| C |X|, where U < X is an open
immersion with U an affine scheme (Exercise: check it, we note that this is false for X an
algebraic space that is note a scheme). We then define a sheaf Ox of commutative rings on
| X| by putting

@ X(U ) =A
where A € Comm is such that U = Spec A. This defines a sheaf Ox on the open sets of a
base of the topology on | X| and therefore by extension on | X| entirely.

Definition 4%2.1.4. The topological space |X| equipped with sheaf Ox is called the locally
ringed space underlying the scheme X.

We note that the preceding definition is valid only when X is a scheme. When X = Spec A
we can show that the ringed space (]X|, Ox) is isomorphic to the space (Spec A, Ogpec 4) as
defined in [3] for example.

4%.2. THE SMALL ETALE TOPOS

We return to the general case where X is an algebraic space. As Definition 4%2.1.4] no
longer makes sense, we will look for a palliative to the ringed space (| X|, Ox).

4%4.2.1. The locally ringed topos (X¢, Ox). We denote Et/X the category of étale mor-
phisms U — X with U an affine scheme (and morphisms which commute with the projection
onto X). Thisis a full subcategory Sh(Aff)/X of sheaves on X, and it inherits a Grothendieck
topology induced by that on Sh(Aff). Clearly, a family of morphisms

U; %4
X
is covering in Et/X if the family of morphisms of schemes {U; — V'} is an étale covering.

Definition 4%.2.1. The site Et/X is called the small étale site of X. Its associated topos
Sh(Et/X) is called the small étale topos of X. It is also denoted by X;.

We have on Et/X a sheaf of commutative rings, denoted by Oy, that to an object U =
Spec A — X associates the ring A (Exercise: check that this defines a sheaf of rings on
Et/X). We thus obtain a ringed topos (Xg,Ox), which is a palliative to ringed space
(|X],Ox) when X is a general algebraic space. It should be noted, however, that when X
is a scheme, (| X|, Ox) and (X4, Ox) are not equivalent objects.

The following example shows that the topos X is in general not equivalent to the topos
of a topological space (and therefore not equivalent to topos of sheaves on | X]).

We consider X = Speck, where k is a field. We denote k*P/k its separable closure and
G = Aut(k*P/k) its Galois group. The group G is a topological group with the Krull
topology, for which the open subgroups are of the form Aut(k*P/k") C G for k' a separable
finite extension of k. So we can show that the topos Sh(Et/X) is equivalent to the category of
continuous G-sets, that is the sets F with an action of G such that the morphism Gx F — E
is continuous (or equivalently such that the stabilizer of any point x € E is an open subgroup
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in G). For example, when k£ = R, we find that Sh(Et/X) is equivalent to the category of sets
with a Z/2 action (i.e. the involution). This shows that the topos Sh(Et/X) and Sh(|X]) are
already not equivalent when X is the spectrum of a field, because we always have | X| = * and
therefore Sh(|X|) = Set (and we can see that Set is equivalent to the category of continuous
G-sets for G trivial).

4%.3. QUASI-COHERENT SHEAVES

We just saw the definition of ringed topos (Xe¢;, Ox). We can then consider the category of
Ox-modules on Et/ X, which we will denote by O-Mod(X¢). Similarly, when X is a scheme
we have the category of Ox-modules on |X|, which we denote by O-Mod(X). By restriction
of the site Et/X to the site of the space | X|, we find a restriction functor

O-Mod(X¢) — O-Mod(X)

(Exercise: fill in the details). This functor is not an equivalence in general. There, however,
are subcategories on which it induces an equivalence.
Recall that an object M € O-Mod(Xy) is given by a Ox(U)-module M (U) for any object

U — X, and a commutative diagram
I v
X

for any morphism M (U) — M (V') that is Ox (U)-linear and functorial in f

Definition 4%2.3.1. An object M € O-Mod(X) is called quasi-coherent if for any mor-
phism

v

Spec B !

X
in Et/X the induced morphism

M (Spec A) ®4 B — M (Spec B)

Spec A

18 an isomorphism.
The full subcategory of O-Mod(Xg) consisting of quasi-coherent objects are denoted by

QCoh(X).

Exercise: show that for any commutative ring A the category QCoh(X), where X =
Spec A, is naturally equivalent to the category A-Mod of A-modules.

Proposition 4%2.3.2. The restriction functor
O-Mod(X¢) — O-Mod(X)
induces an equivalence between QCoh(X) and its essential image in O-Mod(X). O
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4Y5.4. PROPERTIES OF MORPHISMS

4%.4.1. Properties of finiteness.
Definition 4Y%2.4.1.

(1) An algebraic space X is quasi-compact if there exists an atlas {U; — X }ier with 1
finite.

(2) A morphism of algebraic spaces f : X — Y is quasi-compact if for any affine scheme
Z and any morphism Z — Y the algebraic space X Xy Z is quasi-compact.

(8) A morphism of algebraic spaces f : X — Y is locally finitely presented if for any
affine scheme Z and any morphism Z — Y, there exists an atlas {U; — X Xy Z}
such that each induced morphism U; — Z is a finitely presented morphism (of affine
schemes).

(4) A morphism of algebraic spaces f: X — Y is finitely presented if it is locally finitely
presented and quasi-compact.

(5) An algebraic space X is locally noetherian if there exists an atlas {U; — X} with
U; = Spec A; and each A; is a noetherian ring.

(6) An algebraic space X is noetherian if it is locally noetherian and quasi-compact.

Exercise: show that the classes of morphisms defined above are stable under base change
and composition. Also show that if f : X — Y is locally finitely presented and if Y is locally
noetherian, then X is also locally noetherian.

One important property of a noetherian algebraic space X is that its underlying topological
space is noetherian (i.e. that each descending chain of closed sets are stationary). (Exercise:
check it). In particular, we can deduce that any closed set of | X| is a finite union of irreducible
closed sets (a closed set is irreducible if it is not a nontrivial union of two closed sets). Thus,

| X | is itself a finite union of irreducible closed sets, which we call the irreducible components
of X.

45.4.2. Separated and proper morphisms.

Definition 4v2.4.2.

(1) A morphism of algebraic spaces f : X — Y is separated if the diagonal morphism
X — X x X s a closed immersion.

(2) A morphism of algebraic spaces f : X — Y is proper if it is finitely presented,
separated, and if for any affine scheme Z and any morphism Z — X Xy Z, the
induced morphism

| X xy Z| — | Z]
1$ a closed morphism of topological spaces.

Exercise: check that the proper and separated morphisms are stable under base change
and composition.

Proposition 4%2.4.3. The morphism P" — SpecZ is proper. 0]

The preceding proposition allows us to construct of proper morphisms. In fact, any mor-

phism X — Y factorizes into X Lyxp 2 Y, where j is a (finitely presented) closed
immersion and p the natural projection is a proper morphism. Such morphisms are called
projective.
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4'5.4.3. Flat, smooth and étale morphisms.

Proposition 4%2.4.4. A finitely presented morphism f : X — Y between algebraic spaces
is smooth (resp. étale) if and only if it is flat, and if for any field k and any morphism
Speck — Y the induced morphism X Xy Speck is smooth (resp. étale). 0

We will also note the following complementary fact.

Proposition 4v2.4.5. Let k be a field. A morphism k — A is étale if and only if A is
isomorphic, as a k-algebra, to a finite product of fields [ | ki, where k;/k is a finite separable
extension. 0

45.4.4. Covering criteria. The following criteria is very useful to construct atlas. We
have already used it to show that P™ is a scheme.

Proposition 4%.4.6. Let {f; : X; — Y} be a family of locally finite presented morphisms
between algebraic spaces. Assume that each f; is an open immersion (resp. a smooth mor-
phism). Then, for the induced morphism

to be an epimorphism of sheaves (for the étale topology) it is necessary and sufficient that
for any field k (resp. for any separably closed field k), the induced map

Hfz(k) : HX’L(k> — Y(k)
18 surjective. L]

4%.5. ALGEBRAIC VARIETIES OVER A FIELD
For this section we denote by k a field.

Definition 4%2.5.1. An algebraic variety over k is a scheme X equipped with a morphism
X — Speck that is finitely presented.

For any scheme X, there exists a closed subscheme X,.q < X, called the reduced subscheme
of X. This is the smallest closed subscheme Y of X such that X —Y = @. When X = Spec A
we have X oq = Spec Ajeq, Where A,eq = A/rad(A), where rad(A) is the ideal of nilpotent
elements in A.

Suppose for now that X is an algebraic variety over k. We consider that X,.q is again an
algebraic variety. The scheme X,.q is noetherian, and therefore is a finite union of irreducible
components X,oq = |J Z;. Each Z; being irreducible, we see that any nonempty Zariski open
set of Z; is dense. Furthermore, if Spec A; < Z; is one such Zariski open set, the ring A; is
integral (we use here that Z; is reduced and irreducible). We consider its field of fractions

K(Z;) = Frac(4;)

which we see is independent of the choice of open set Spec A; — Z;.

Definition 4%2.5.2. Let X be an algebraic variety and keep the notations above. The integer
d; = DimTry K(Z;)

is called the dimension of X along the component Z;.
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We recall that DimTr, K (Z;) designates the transcendence degree of the field extension
K(Z;)/k.
Exercise: show that P" is irreducible and that its dimension is n.
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Lecture 5. Stacks I

We recall that for a category C' and a subset W C C} of morphisms in C, a localization
of C along W is a category W~1C together with a functor [ : ¢ — W~1C such that for all
category D, the functor

I* : Hom(W~'C, D) — Hom(C, D)

is fully faithful and its essential image consists of functors C' — D sending W to the isomor-
phisms in D. We show that a localization always exists and is unique up to equivalence.

5.1. HOMOTOPY THEORY OF GROUPOIDS

We consider the case where C' = Gpd is the category of groupoids (i.e. its objects are the
groupoids and its morphisms are functors between groupoids). We denote by W the subset
of equivalences of groupoids (i.e. the functors which are equivalences of categories) and we
seek to describe the category W—1Gpd.

Definition 5.1.1. The homotopy category of groupoids is the localized category W —1Gpd.
It is denoted by Ho(Gpd). The set of morphisms in Ho(Gpd) between two objects A and B
will be denoted by [A, B].

Denote by [Gpd] for now the category whose objects are groupoids, and for two groupoids
A and B the set of morphisms from A to B in [Gpd] is by definition the set of isomorphism
classes of functors from A to B (i.e. the set of isomorphisms of the category Hom(A, B)). We
have a natural projection p : Gpd — [Gpd], which is identities on objects and the canonical
projection on the sets of morphisms. Exercise{] describe the composition of morphisms in
[Gpd].

Theorem 5.1.2. The natural projection
p: Gpd — [Gpd]
s a localization of Gpd along W. Thus, p induces a natural equivalence
Ho(Gpd) ~ [Gpd].
Proof. We start by noting that for all category D the functor
p" : Hom([Gpd], D) — Hom(Gpd, D)

is fully faithful. In fact, as p is surjective on objects the functor p* is faithful (Exerciseﬂ
check that). Furthermore, as p is surjective on the sets of morphisms the functor p* is also

full (Exerciseﬂ check that).

* [RC]: Let [f] : A — B and [g] : B — C be morphisms in [Gpd], represented by f : A — B and
g : B — C, respectively. Then we define [g] o [f] = [go f]. It remains to show that if f = f" and g & ¢/, then
gof=gof =g of; this is easily checked.

t [RC]: Fix F,G : [Gpd] — D. Let 7,0 : F — G be two natural transformations such that 7op = o o p,
and we want to show that 7 = ¢. But any object in [Gpd] has the form p(A) for some groupoid A, and
Tp(A) :TAOp:UAOpZO'p(A), SOT=o0.

1 [RC]: Let us adopt the notations of the previous footnote. Given a natural transformation 7: F op —
G o p, we want to define a natural transformation 7 : F — G such that 7o p = 7. Given any object p(A)
in [Gpd], define 7)(4) to be 74; the surjectivity of p on the sets of morphisms guarantees that 7 defines a
natural transformation.
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It remains to show that the functor F' : Gpd — D which sends the morphisms in W to
isomorphisms in D is in the essential image of p*. By definition of the category [Gpd], the
functor F' factorizes through the canonical projection Gpd — [Gpd] if and only if F(f) =
F(g) for two isomorphic functors f,g : A — B between groupoids. Therefore, let f and g
be two such functors, and we show that F/(f) = F(g).

Denote by Al the groupoid with two objects 0 and 1 and a unique isomorphism between

0 and 1. We see that there exists a functorial bijection between the set of functors Al A
and the set of isomorphisms in A. Choose a natural isomorphism v : f — ¢. The natural
transformation ~ defines a morphism of groupoids

h:AXZ1—>B

so that there exists a commutative diagram of groupoids

where i : A — A x A" is the functor id x{0} and i; : A — A x A' s the functor id x{1}.

(Exercise: describe in detail the functor h in terms of 7). Denote by ¢ : A x A' = A the
projection onto the first factor. We have q o ig = ¢ o i; = id. Furthermore, ig 0 ¢ and i; o q

are both naturally isomorphic to the identity functor of A x A'. The functors q, 1o and i
are therefore equivalences of categories. By hypothesis on the object F' € Hom(Gpd, D), we
therefore find F'(ig) = F(i;) = F(q)~'. Thus, we have

F(f) = F(h)o F(iy) = F(h) o F(q)~" = F(h) o F(i1) = F(g). 0
Corollary 5.1.3. The natural functor
Jj : Set — Gpd — Ho(Gpd),
which sends a set to the corresponding discrete groupoid, is fully faithful and has a left adjoint
7o : Ho(Gpd) — Set.

Proof. We define my(A) as the set of isomorphism classes of objects in A. Theorem m
allows us to easily check that j is fully faithful and that 7 is its left adjoint. O

Exerciseﬂ Let G and H be two groups. We denote by BG (resp. BH) the groupoid with
a unique object and G (resp. H) the automorphism group of that object. Describe the set
[BG, BH] of morphisms from BG to BH in the category Ho(Gpd).

* [RC]: Write n for the unique isomorphism in A' from 0 to 1. Fix a morphism 6 : a — a’ in A, then h
sends (0,0) to f(0), (0,1) to g(0), and (6,7) to g(0) o va = var © f(0).

T [RC]: A morphism in Hom(BG, BH) between f, f/ € Homgpa(BG, BH) = Homg,p (G, H), which is
a natural transformation that is necessarily a natural isomorphism, consists of a morphism in BH, which
corresponds to an element h € H, such that f'(g) oh = ho f(g) for any g € G. Therefore, [BG, BH] &
Home,p (G, H)/ ~u, where ~p denotes the conjugation by elements in H.
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5.2. HOMOTOPY THEORY OF DIAGRAMS OF GROUPOIDS

Let I be a category, and consider the category Hom(/, Gpd) of functors from I to Gpd
(also called the category of I-diagrams of Gpd). Let F,G : I — Gpd be two [-diagrams.
We say that a morphism

f:F—(
in Hom(7, Gpd) is an equivalence if for any object i € I, the induced morphism
fir F(i) — G(i)

is an equivalence of groupoids. The notion of equivalence defines a subset W; of morphisms
in Hom(7, Gpd).

Definition 5.2.1. The homotopy category of I-diagrams of groupoids is W; 'Hom(7, Gpd).
It is denoted Ho(Hom(I, Gpd)). The set of morphisms between F and G in W; "Hom(I, Gpd)
is denoted [F,G]|.

The generalization of Theorem to the case of diagrams of groupoids requires the
introduction of the notion of weak morphisms between objects of Hom(/, Gpd). For that,
we denote, for any F' € Hom(I, Gpd) and any morphism u : i — j in I, ul’ : F(i) — F(j)

the functor induced by u. Note that by definition we have (u” ov®), = uf ovf and idf = id.

*

Definition 5.2.2. Let F,G : I — Gpd be two I-diagrams of groupoids. A weak morphism
f+ F — G consists of the following data:

(1) For any object i € I, a functor of groupoids
fi: F(i) — G(i).
(2) For any morphism w :i — j in I, a natural transformation
%{3Ufofi —>ij1£5-
We assume furthermore that ’yi]; = id.
We demand moreover that these data satisfies the following condition: for any pair of mor-

phisms i — j — k in I, the two natural transformations

G f f F
(v orxf) o (v oul) : wowTo fi=vf ouf o fi == 0% 0 fjoul == frovf ouf = fro(vou)!
Yo : (Wou)i o fi — fuo(vou)!
are equal

(vF o) o (v oul) =l

* [RC]: In other words, the diagram of functors of groupoids

fi

LY
|
(

J

F(i

u uG
F G(j

l

)
)

)
) f]

<

:
Fl .

fr

l

F(k) G(k)

commutes up to unique natural transformations.
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Let F', G and H be three [-diagrams of groupoids, and f : F' — G and g : G — H two
weak morphisms. We define the composite weak morphism go f : F' — H by the following
data:

(1) For any object i € I
(go f)i=gio fi: F(i) — H(1).

(2) For any morphism wu : i — j in I, we have natural transformation v9°/ is defined as
the composition

g o~
of . H Yaofi G 95°%u F
ygf.u* og;ofi—=gjou]ofi ——gjofjou.

Clearly,
= (giom) o (o fi).
Exercise: check that this composition is associative and unitary.

Definition 5.2.3. Let F,G : I — Gpd be two [-diagrams of groupoids, and f,g : FF — G
two weak morphisms. A natural transformation between f and g is the data of, for each
object © € I, a natural transformation

Gi: fi — gi
such that for any morphism u : 1 — j in I we have

G F
U, O¢i:¢jou*'

The preceding definition allows us to define for two [-diagrams of groupoids F' and G as
above a category Ho_mlaX(F ,G), whose objects are the weak morphisms and the morphisms
are the natural transformations (Exercise: describe the composition of morphisms in this
category). We see that the category Hom'™(F, @) is a groupoid (Exercise: check it). The
composition of weak morphisms described above defines a functor

Hom"™(F,G) x Hom"™(G, H) — Hom"*(F, H).

For F and G fixed, we denote by Hom(F, G) the full subcategory of Hom'*(F, ) consisting
of weak morphisms f such that 7/ = id for any morphism « in /. These morphisms are
also the morphisms of [-diagrams (i.e. the morphisms between F' and G in the category
Hom(/, Gpd)), and will be called the strict morphisms.

We define a category [Hom(/, Gpd)], whose objects are the [-diagrams of groupoids, and
whose morphisms are the isomorphism classes of weak morphisms. Since a morphism of
I-diagrams of groupoids is also a weak morphism (for which v, = id for any u), we have a
natural functor

Hom(Z, Gpd) — [Hom(Z, Gpd)],
which is the identity on the set of objects.

Theorem 5.2.4. The natural functor
Hom(/, Gpd) — [Hom(I, Gpd)]
induces an equivalence
Ho (Hom(7, Gpd)) — [Hom(Z, Gpd)].

Proof. This is a similar proof, although a little more complicated than that of Theorem [5.1.2]
We will not give it. 0
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Exercise: Let I be a groupoid and F': I — Gpd a constant functor with value in a fixed
groupoid A € Gpd. Determine the groupoids Hom(*, F) and Hom'™*(*, F') of strict and
weak morphisms of constant /-diagrams from a point to F'. Thereof deduce that the natural
functor

Hom(1, Gpd) — Ho(Hom([, Gpd))
is not surjective on morphisms (i.e. that there exist weak morphisms non-isomorphic to
strict morphisms).

We end this section with the following important fact.

Proposition 5.2.5. A weak morphism F — G of I-diagrams of groupoids represents an
isomorphism in Ho(Hom(I, Gpd)) if and only if for any i € I the functor

fir F(i) — G(i)
s an equivalence of groupoids.
Proof. We choose for any i € I an inverse functor g; : G(i) — F(i), and natural isomorphisms
a; : fiog;, = id, Bi:giofi=1id.

We then show that there exists a unique structure of weak morphisms on g; (i.e. ,) and
unique isomorphisms of weak morphisms

a: fog=id, B:gof=id
compatible with those already chosen for any i (Exercise: fill in the details). 0

5.3. HoMOTOPY LIMITS

Let I be a category and denote by Gpd — Hom(7, Gpd) the functor that sends a groupoid
A to the constant /-diagram with value A. It induces a functor on the localizations

¢ : Ho(Gpd) — Ho(Hom(Z, Gpd)).
The following statement is a corollary to Theorem [5.1.2]
Corollary 5.3.1. The preceding functor ¢ : Ho(Gpd) — Ho(Hom(7,Gpd)) has a right
adjoint
Holim : Ho(Hom(7, Gpd)) — Ho(Gpd).
I

Proof. For F' € Ho(Hom(7, Gpd)) we put
Holim F = Hom'™(c(x), F),
I

where * is the groupoid that is reduced to a point and Hom"(c(*), F') is the groupoid of
weak morphisms from c¢(x) to F'.
Clearly, an object = of Eolim ; F' is the following data:

(1) For any object i € I an object z; € F\(i).
(2) For any morphism u : i — j in I an isomorphism ~Z : u
vy = id.

F

*

(x;) = x;. We assume that

O
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We demand further that for two morphisms i — j — k in I, we have
Yo 00 (V) = Voou
(as morphisms (v o u)E (x;) — z;). The morphisms between z and y in Holim F are simply
the family of morphisms ¢; : z; — y; in F(i) such that ¢;07% = vYoul (¢;). We check that the
groupoid of functors Hom (A, olim F ) is in bijection with the groupoid Hom'™(¢(A), F)

and in a way that is functorial in A € Gpd. By passing to the isomorphism classes of objects
we find a functorial bijection in A € Ho(Gpd)

A, Holim F'
I

= [e(A), F.

This finishes the proof of the corollary.

Definition 5.3.2. Denote by I the category of the form
1

|

2——0.
Let F' € Ho(Hom(7, Gpd)) be represented by a diagram of groupoids
Ay

|»

A2 —q> AQ.
The object Eoliml F is called the homotopy fiber product of A; and Ay over Ag. It is denoted
Holim F'F' =: A, xi, A € Ho(Gpd).
I

Exercise: Show that the groupoid A; Xﬁlo A, is naturally equivalent to the groupoid whose
objects are the triples (a1, ag, u), with a; € A; and u : p(a;) — ¢(ag) an isomorphism in Ay,
and the morphisms are pairs of morphisms a; — a/, as — al, which commute with u and «’'.

Exercisd] Let H be a group and BH its classifying groupoid. Let * — BH be the unique
functor. Calculate the groupoid x x; *.

Corollary has also the following generalization. We consider two categories I and J,
and the functor

c; : Hom(J, Gpd) — Hom(I x J, Gpd)
which to a J-diagram of groupoids corresponds the I x J-diagram “constant with respect to
I”. Again it induces a functor on the localizations

¢y : Ho(Hom(J, Gpd)) — Ho(Hom(/ x J, Gpd)).

* [RC]: By the previous exercise, the object of * x/ - x is the set of morphisms of BH, i.e. the underlying
set of H, and the only morphisms are the identities. That is, x x% ;; * is isomorphic to the discrete groupoid
corresponding to the underlying set of H.
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Corollary 5.3.3. The preceding functor ¢; : Ho(Hom(J, Gpd)) — Ho(Hom(/ x J, Gpd)) has
a right adjoint

Holim : Ho(Hom(/ x J, Gpd)) — Ho(Hom(J, Gpd)).
T

Proof. Let F € Ho(Hom(I x.J, Gpd)). For any j € .J, we consider the groupoid Hom'*(c(x), F(—, 7)).
As j traverses the category J, this defines a J-diagram of groupoids which we denote
Eoliml F. We check that, with the help of Theorem that this object Eoliml has
the required universal property

[c;(G), F] = |G,Holim F’

1

. 0

Notice that the objects of Hom(/ x J,Gpd) are the I-diagrams in the category of J-
diagrams. When [ is the category
1

pJ—)
an object of Hom(I x J, Gpd) is given by a diagram
Fiy
F2 —— FO
in Hom(J, Gpd). The object Holim  F" is then denoted Fy X Fy € Ho(Hom(J, Gpd)).

Definition 5.3.4. For a diagram
Fy

|

F2 - F07
in Hom(J, Gpd), the object F} x}}o Fy is called the homotopy fiber product of F; and Fy over
Fy.

We notice, according to the proof of Corollary , that the J-diagram F} x%o Fy is
described explicitly as follows:
F1 X%o F2 J — Gpd
j o () X}}Lro(j) 1210)8

5.4. THE HOMOTOPY CATEGORIES OF PRESTACKS AND OF STACKS
For now, let C' be a Grothendieck site.

Definition 5.4.1. The homotopy category of prestacks on C' is Ho(Hom(C°P, Gpd)). It is
denoted
Ho(PrCh(C)) := Ho(Hom(C*?, Gpd)).
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The category of prestacks Ho((PrCh(C)) is a generalization of the category of presheaves
in the following sense: there exists a functor Hom(C°P, Set) — Hom(C°P, Gpd), obtained by
composition with the functor Set — Gpd which sends a set to the corresponding discrete
groupoid. This induces a functor

i : Pr(C) — Ho(PrCh(C))
of the category of presheaves of sets on C' to the homotopy category of prestacks.
Proposition 5.4.2. The functor
i : Pr(C) — Ho(PrCh(C))
18 fully faithful and has a left adjoint
7y« Ho(PrCh(C)) — Pr(C).
Proof. We set for F' € Ho(PrCh(C))
7y (F) : C° — Set
defined by 7y (F)(X) = mo(F (X)), where mo(F (X)) is the set of isomorphism classes of
objects in F'(X). Using Theorem we can show that
Hom (7§ (F), G) = [F,i(G)]. O
By composing the functor i of Proposition and the Yoneda embedding we find a fully
faithful functor (again called the Yoneda embedding)
C' — Ho(PrCh(()),

by which we identify the category C with its image in Ho(PrCh(C')). The version of the
Yoneda lemma for prestacks is stated below:

Proposition 5.4.3. For any F' € Ho(PrCh(C)) and X € C, there exists a functorial bijec-
tion in F' and X

(X, F] = mo(F(X)) =y (F)(X),
where mo(F (X)) is the set of isomorphism classes of objects of F(X)).
Proof. 1t is again an application of Theorem m We know that [X, F] is in natural
bijection with the set of isomorphism classes of objects in the groupoid Hom'* (X, F) of weak

morphisms of X and F'. We start by checking, with the usual help of Yoneda lemma (applied
to presheaves of objects and of morphisms of F'), that there exists a natural isomorphism

Hom(X, F) = F(X).
We must therefore show that the natural inclusion
j : Hom(X, F) — Hom™ (X, F)

is an equivalence of groupoids. For that, we start by noticing that the groupoid Hom'™ (X, F)
is described as follows: An object of Hom'* (X, F) is the data for any morphism u: Y — X
in C' an object z, € F(Y), and for any commutative diagram

7.y

RN

X
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an isomorphism vy : z, = f*(x,) in F'(Z), so that vy satisfy the usual cocycle condition:
G (V£)Vg = Vfog and iq = id. We then define a functor

¢ : Hom"™(X, F) — Hom(X, F)

which to an object of Hom"*(X, F) associates z;q € F(X). We easily see that ¢ is a functor
inverse to j (Exercise: check the details). O

We now see to generalize the notion of sheaves. For that, note that for any F' € Hom(C°P, Gpd),
any object X € C and any covering family {U; — X}, we have a diagram of groupoids

€0
—_—

do

t1
FX)—[[FW0) <=1 FWi) == [ F(Uisn)
7 > 4,7 562 4,5,k

where the morphisms are defined as follows. |...]

Definition 5.4.4.

(1) A prestack F' € Ho(PrCh(C)) is a stack if for any X € C' and any covering family
{U; = X} the natural morphism

€0
_—

do t1

FIX) — li s €
(X) olim | g x) H F(U;) % H F(U;;) T;> H F(Ui;r)
i — i <—62 4,7,k

is an isomorphism in Ho(Gpd).

(2) The full subcategory of Ho(PrCh(C')) consisting of stacks is denoted Ho(Ch(C)).
We end with a decannulated version of the preceding definition.

Proposition 5.4.5. A prestack F' € Ho(PrCh(C)) is a stack if and only if it satisfies the
following two conditions:
(1) For any X € C' and any pair of objects (a,b) in F(X), the presheaf
Iso(a,b) : (C/X)®» — Set
(u:Y = X) — Hompwy)(u*(a),u*(b))
is a sheaf on the set C/X.
(2) For any X € C, any covering family {U; — X}, any family of objects a; € F(Uj;),
and any family of isomorphisms in F(U; ;)

(bi,]' : (al) Ui ; = (aj) Ui ;
satisfying
(¢jJ€) Uijk © <¢i7j) Uik — (¢z,k> Ui jko (¢Z,z) Ui — id,
there exists an object a € F(X) and isomorphisms «; : a|y, = a; such that
¢ivj = (aj> U;; © (C“i)il Ui j+
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Idea of proof. We start by describing the homotopy limit involved in Definition by using
the formula

olim F' ~ Hom"™*(x, F

I
for any I-diagram of groupoids F'. We then notice that condition (1) of the proposition is
equivalent to the fact that the functor

do Tu
F(X) — Holi s €1
(X) — F(X)—>HF(UZ-)<%HF(UZ-J)THF(UM,,C)
i — iy <, ik
is fully faithful. Similarly, condition (2) of the proposition is equivalent to the fact that this
functor is essentially surjective. 0

Remarks:

(1) In practice it is the criteria given in Proposition that we use to show that a
prestack is a stack. In the literature these criteria are often taken as the definition
of stack.

(2) A data {a; € F(U;),¢:;} as in Proposition [5.4.5] is called the descent data for F
relative to the covering {U; — X}. Condition (2) of Proposition is also said
“any descent data for F' is effective”.

(3) In condition (2), (¢i:)|u, is the restriction of ¢,; along the diagonal

U, — Ui,z’ =U; xx U,.
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Lecture 6. Stacks II
6.1. EXAMPLES OF STACKS

In this section we give some fundamental examples of stacks, as well as two procedures
of general constructions. Many examples of stacks can be constructed by using these basic
examples and these two procedures.

6.1.1. The stack of sheaves. We consider a Grothendieck site C'. For any X € C, we
consider the groupoid Fais(X [ of sheaves on the site C'//X. For a morphism v : Y — X in
C we have a restriction functor

u* : Fais(X) — Fais(Y)

induced by the natural functor C/Y — C/X. We clearly have (u o v)* = v* o u*, and
therefore X +— Fais defines a prestack that we naturally call the prestack of sheaves on C.

Proposition 6.1.1. The prestack Fais is a stack.

Proof. We use the criteria given by Proposition[5.4.5] Let X € B, and F and G two objects of
Fais(X), that is two sheaves on C'/X. The presheaf Iso(F, ) is the presheaf of isomorphisms
from F to G, which to (u : Y — X) corresponds the set of isomorphisms between u*(F')
and u*(G) as sheaves on C/Y. The fact that Iso(F,G) is a sheaf follows from the following
lemma.

Lemma 6.1.2. Let C' be a Grothendieck site, and F and G two sheaves on C. Then the
presheaf Hom(F, G) of morphisms from F to G is a sheaf. Furthermore, the sub-presheaf
Iso(F,G) C Hom(F,G) consisting of the isomorphisms is a subsheaf.

Proof of Lemma. The fact that Hom(F, G) is a sheaf is well known. It just remains to show
that Iso(F,G) C Hom(F,G) is a subsheaf. But this is deduced easily from the fact that
being an isomorphism is a local condition (Exercise: fill in the details). O

Now let X € C and {U; — X} a covering family. Let F; be the sheaves on C'/U;, and
¢i,j : (Fl) Ui j = (ﬂ)

UZ,]
isomorphisms satisfying

(9252,1) U — id7 (¢j7k) Uik © (¢i,j) Usjk — ((bl,k)
We define a sheaf F' on C/X as follows. Let ¥ — X be an object of C'/X. We put

Yi =Y xx U; and Y;; = Y xx U;;. The natural morphisms Y¥; — U; and Y;; — U, ;
determine objects of C'//U; and of C/U; ;. By definition, the set F'(Y') is the set of families

{a; € F;(Y;)} satisfying
i ((ai)lv,;) = (ay)lvi,

for any ¢, j. For a morphism 7 Ly 5 Xin C'/X, we define a map
fFFY)— F(2)
by the formula f*(a); = f(a;) where
fiiZi=ZxxU — Y, =Y xx U,
is the morphism induced by f. We easily check that Y +— F(Y") defines a presheaf on C'/X.

Uijke

* [RC]: The largest subcategory of Sh(C/X) containing all objects which is a groupoid. (?)
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Let Y — U; be an object of C'//U;. The set F(Y') is by definition the set of families of
elements {a; € F;(Y xy, U;;)} which satisfies
D)k ((aj)!YinUi,j,k) = (ar) |y xp,v;
for any j, k. We define a map f;y from F(Y') to F;(Y') by putting
fix(a) = (a;)ly € Fi(Y),

where we use the natural morphism ¥ — Y; = Y xx U; to restrict a; to Y. We define a
converse map ¢;y from F;(Y') to F(Y') by putting

giy(a); = di; (a\YinUi,j) € Fj(Y xu, Ui ).

The element g,y (a) is well defined due to the condition ¢;; = ¢;x © ¢; ; being satisfied on
C/U, ;- Since (¢;:)|v, = id, we see that f;y o g;y = id. Conversely, for a € F(Y'), we have

gir (i (@) = 01 (@), ) = a5

Thus, we have g;y o f;y = id.
As Y varies in the category C'/U;, the map g;y and f;y therefore define isomorphisms
inverse to each other between F|y, and F;. We consider the isomorphism

fi - F
of presheaves on C/U; thus defined. Now let i and j be two indices, and Y — U, ; an object
of C/U; ;. We consider the diagram

~ A
U, — 14

By definition we have

¢ij(fiv(a)) = ¢i;((ai)y) = a;.
This almost shows condition (2) of Proposition |5.4.5 except that F' must also be a sheaf.
But this is deduced immediately from the following lemma.
Lemma 6.1.3. The presheaf F' thus defined is a sheaf.
Proof of Lemma. Denote by p; : C'/U; — C/X the natural functor. It induces by direct
image a functor between the categories of sheaves

(pi)s : Sh(C/U;) — Sh(C/X)
by the formula

(p)(FNY = X)=F (Y xx U, = U,).
Similarly, we have a direct image functor
(pij)s : Sh(C/Ui;) — Sh(C/X).

By construction, we see that I is the equalizing presheaf of the two morphisms

%
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where the first morphism is, on component (, ) the projection onto (p;)«(F;) followed by
the restriction morphism (p;).(F;) = (pij)« ((F3)|v,,) (induced by the morphism U; ; — U;).
The second morphism is, on component (i, j), the prOJectlon onto (p;)«(F;) followed by the
restriction morphism (p])*(F) (pij )+ ((FZ)|U”) and then the isomorphism

(Pig)«(05:) = (Dig)s (F))lvsy) — (i)« (F)los,) -
Now, all the presheaves (p;).(F;) and (p;;).((F3)|v, ;) are the direct images of sheaves and
therefore themselves sheaves. Thus, F'is a limit of sheaves and therefore it is a sheaf. O

The preceding lemma shows that F' is a sheaf (
F;), and therefore defines an element of Fais(X) which satisfies condition (2) of Proposition
5.4.5 O

6.1.2. The stack of algebraic spaces. Let Aff be the category of affine schemes, which we
regard as a Grothendieck site equipped with the étale topology. For X € Aff, we consider
EspAlg(X) the full sub-groupoid of Fais(X) consisting of algebraic spaces. The correspon-
dence X — EspAlg(X) is a sub-prestack of the stack of sheaves Fais(.X).

Proposition 6.1.4. Let C' be a Grothendieck site and F' a stack on C. Let Fy C F be a full
sub-prestack of F' (i.e. a sub-presheaf in groupoids such that Fy(X) is full in F(X)). We
assume that the following property is satisfied (we then say that being in Fy is local): if x is
an object of F(X) such that there exists a covering family {U; — X} with x|y, isomorphic
to an object in Fy(U;) for any i, then v € F(X). Then Fy is a stack.

Proof. This is an easy application of Proposition [5.4.5 O

The preceding proposition applies to EspAlg C Fais, and Proposition implies that
the prestack EspAlg is a stack.

Corollary 6.1.5. The prestack EspAlg is a stack.

We notice that the full sub-prestack Sch C EspAlg, of schemes, does not satisfy the
condition of Proposition [6.1.4, We can in fact show that Sch is not a stack for the étale
topology (i.e. that there exist descent data in Sch which are not effective in Sch, although
they are effective in EspAlg).

6.1.3. The stacks of quasi-coherent modules. We now place ourselves in the case where
C = Aff is the site of affine schemes equipped with the étale topology. We want to define a
stack which to an affine scheme Spec A associates the groupoid A —-Mod of A-modules. For
a morphism of affine schemes f : Spec B — Spec A corresponding to a morphism of rings
A — B, we would put

ff=B®4—: A-Mod — B-Mod.

However, with these definitions, for two morphisms Spec C' 2 Spec B ER Spec A, the two
functors (f o g)* and g* o f* are only naturally isomorphic but not equal. In fact, for an
A-module M, the C-module M ®4 C' is only naturally isomorphic to (M ®4 B) ®p C but
not equal. Thus, A — A-Mod is not a presheaf in groupoids.

There are two solutions to resolve this problem. We may generalize the notion of presheaf
in groupoids to a notion of weak presheaf in groupoids for which we are given isomorphisms
Vg o (fog)" = g*o f* satisfying a certain cocycle condition (analogous to the definition of
weak morphisms between prestacks). This is the point of view that is often considered in
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the literature (see for example [4] and [1]). A second solution is to modify the groupoid of
A-modules to a groupoid which is equivalent to it but is functorial in A (a general theorem,
called the strictification, says that this is always possible). It is this second point of view
that we will adopt.

For a commutative ring A, we therefore define a groupoid A-Mod as follows. An object
M consists of the following data:

e For any morphism of commutative rings u : A — B, a B-module M, € B-Mod.
e For any commutative diagram of commutative rings

A—"-~B

|7

C

an isomorphism of C-modules
7}” M, ®p C — M,
(simply denoted by v, when M is clear).
We furthermore demand that these data satisfy the following two conditions:

® Viq = id.
e For any commutative diagram of commutative rings

A

N
v
w
D<~—C~—B
9 !

the following diagram commutes

D
(M, ®5 C) @ D2 M, ©c D

l lvg

Mu ®B D Mw7

Ygof

where «a : (M, ®p C) ®c D = M, ®p D is the natural isomorphism of simplification
of tensor products (which sends (m ® ¢ ® d) to (m ® g(c) - d)).

A morphism ¢ : M — N in the groupoid A-Mod consists of the data of an isomorphism
Oy : My, — N,
for any u : A — B, such that for any commutative diagram
A—"~B

|7

C



50 BERTRAND TOEN

the following diagram commutes

M, ®BC@N ®gC

Wj jw

M, N,.

b5
Now let f: A — B be a morphism of commutative rings. We define a functor
f*: A-Mod — B-Mod
in the following manner. For an object M and morphism v : B — B’, we put
1 (M) = Myoy.

Similarly, for a commutative diagram

B—=Dp
| A
B//

we put

vy M =" (M) ©@p B" = Myop ®pr B" — [*(M), = Myoy.
Thus defined, A — A-Mod defines a presheaf in groupoids
-Mod : Aff°® — Gpd
and therefore a prestack on Aff. This prestack is called the prestack of modules or still the
presheaf of quasi-coherent modules.

Lemma 6.1.6. The functor
A-Mod — A-Mod

which to an A-module M associates the A-module Mg, is an equivalence of groupoids.
Proof. [...] O
Proposition 6.1.7. The prestack -Mod is a stack.

Proof. We check the conditions (1) and (2) of Proposition [5.4.5] [...]

Lemma 6.1.8. For any commutative ring A, any fpqc covering family {A — A;}, and any
A-module N, the diagram

N-)HN@AA jH N@AAz])
i,j

wdentifies N to the equalizer of two morphisms

H(N®AA ZKH N®AAU>

i 1,7
Proof of Lemma. We already see this lemma in the case where N = A (see Lemma [3.2.8)).
The proof of the general case is the same. O

] O
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6.1.4. Two general criteria. We return to the case of a general Grothendieck site C'.

Proposition 6.1.9. Let
Fy

|

Fl —— FO
be a diagram of presheaves in groupoids. If all F; are stacks then Fi X’}O F5 is a stack.

Proof. We apply still Proposition [5.4.5. Denote by
pZF1—>F0, q:F1—>F0

two morphisms. Then the prestack F} x’}o Fy is given by the functor which to X € C
associates the groupoid Fi(X) X%o(X) F5(X) whose objects are the triples (z,y, ), with z an
object of F}(X), y and object of F»(X), and u : p(x) = ¢q(y) an isomorphism in Fy(X). The
morphisms between (x,y,u) and (2/,y',u) are the pairs of morphisms f:x — 2/, g:y = ¢/
such that u' o p(f) =wuoq(g).

Let X € C and a = (z,y,u) and b = (2/,y/,u’) two objects of F;(X) x}o(x) Fy(X). We
then have an isomorphism of presheaves on C'/X

Iso(a, b) 2 Iso(w, ') X1so(p(e).ay)) 150(y, ¥)-
Thus, Iso(a,b) is a fiber product of sheaves and therefore is a sheaf.

Now let X € C and {U; — X} is a covering family. Let (z;,y;,w;) € (Fy Xl F») (U;)
and ¢; ; = (fi;, gi;) a descent data for F} x’}o F,. We see that x; € Fi(U;) and f;; define a
descent data for F} and therefore glue into an object x € Fy(X) equipped with isomorphisms
a; x|y, = x; with f;; = ozjoozi_l on U, ;. Similarly, y; and g, ; glue into ay € F»(X) equipped
with isomorphisms 5; : y|y, =2 y; with ¢, ; = ;0 5, Lon Ui ;. Finally, the local morphisms

vi 2 q(B; ") 0 ui 0 qlaw) ()|, — a(y)
which glue into an isomorphism v : p(z) = ¢(y). We then see that (z,y,v) € F1(X) x’}O(X)

U;

F5(X), and the isomorphisms
Vi = (i, Bi) « (@, y,0)|v, = (@5, yi, wi)

satisfying ¢; ; = 7, o 7, on Ui ;. U
Proposition 6.1.10. Let F' and G be two stacks on C. We consider the prestack Map(F, G)
defined by

Map(F,G) : C? — Gpd

X +—— Hom™(F x X,G).
Then Map(F, G) is a stack which we call the stack of morphisms from F to G.

Proof. Exercise. O
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Lecture 7. Stacks II1

Throughout this lecture we fix an arbitrary Grothendieck site.

7.1. LOCAL EQUIVALENCES AND ASSOCIATED STACKS

We recall that we have a fully faithful functor
Pr(C) — Ho(PrCh((C))
of category of presheaves of sets on C' to the homotopy category of prestacks (see Proposition
. This inclusion functor also has a left adjoint
7y : Ho(PrCh(C)) — Pr(C).

We also recall that for a prestack F, the presheaf 7f (F) sends X € C to the set m(F (X))
of isomorphism classes of objects of F(X). The Yoneda lemma (see Proposition [5.4.3)) for
prestacks therefore implies that there exist functorial isomorphisms

mo (F)(X) = [X, F].

Proposition 7.1.1.
(1) A presheaf F, considered as a prestack, is a stack if and only if a sheaf.
(2) The inclusion functor
Sh(C') — Ho(Ch(())
18 fully faithful and has a left adjoint
7o : Ho(Ch(C')) — Ho(Sh(C)).

Proof. (1) is deduced easily from Proposition [5.4.5l We define the functor 7y to be the
functor 7f" composed with the associated sheaf functor. O]

From now on, we will always identify a presheaf with prestack it defines. Similarly, a sheaf
will be identified with the stack it defines.

Definition 7.1.2. Let F be a prestack, X € C, and s € F(X) an object. We define a
presheaf in groups on C/X as following
' (Fs) : (C/X)* — Grp
(u:Y = X) — Autpy)(u'(s)).

The sheaf associated to 77" (F,s) is denoted
m(F,s) = a(m}" (F,s)).

We immediately notice that the presheaf 7}"(F,s) does not depend, up to isomorphism,
on the isomorphism class of the object s € F(X) (Exercise: show that an isomorphism
v s 2 §) induces an isomorphism of presheaves 70" (F,s) = 7} (F,s’)). Thus, up to
isomorphism, the sheaf 7 (F), s) does not depend on s € mo(F (X)) = [X, F].

We also notice that the construction (F,s) — m(F,s) is functorial in the pair (F,s).
More precisely, if f : FF — G is a weak morphism, we have a well-defined morphism that is

functorial in f

m(f,s): m(F,s) — m (G, f(s)).

Definition 7.1.3. A weak morphism f : F — G of prestacks is a local equivalence if it
satisfies the following two conditions:
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(1) The induced morphism mo(F) — m(G) is an isomorphism of sheaves.
(2) For any X € C and any object s € F(X), the induced morphism m (F,s) —
(G, f(s)) is an isomorphism of sheaves.

Exercise: check that the local equivalences are stable under composition. Also show that
if f and g are two isomorphic weak morphisms, then f is a local equivalence if and only if ¢
is.

Proposition 7.1.4. Let f : F' — G be a weak morphism of stacks. The following conditions
are equivalent.

(1) The morphism f is a local equivalence.
(2) For any X € C, the induced morphism

15 an equivalence of groupoids.
(3) The morphism f is an isomorphism in Ho(Ch(C)).

Proof. We show that (1) implies (2).

We start by showing that fx is fully faithful. First of all, as F' and G are stacks, for
any s € F(X) the presheaf 71" (F,s) and 7}" (G, f(s)) are sheaves (see the first condition
of Proposition . Thus, by hypothesis on f the functor fx induces an isomorphism
Autpx)(s) =2 Autgx)(f(s)). As F(X) and G(X) are groupoids this implies that

Isopx)(s,t) — Isoax) (f(s), f(1))
is a bijection provided Iso(s, t) is nonempty. (Exercise: check this assertion). Thus, f is fully
faithful if and only if
(Iso(f(s), f(2)) # @) = (Iso(s, t) # D)
for any s,t € F(X).

Therefore let v : f(s) = f(t) be an isomorphism in G(X), and we show that s and ¢ are
isomorphic in F(X). As mo(F) — m(G) is an isomorphism, there exists a covering family
{U; — X'} and isomorphisms wu; : sy, = t|y, in F(U;). From what we saw above, we can also
choose u; such that f(u;) = v|y,. On U;; we have

f(uZ)|U” - UIUi,j = f(uj)|U”
Again from what we saw above, this implies that (u;)|v,; = (u;)|v,,. Since 1Iso(s,?) is a
sheaf (because F' is a stack), the local isomorphisms u; glue into an isomorphism u : s = ¢.
This finishes showing that fx is fully faithful for any X € C.
Now let t € G(X). By hypothesis, there exists a covering family {U; — X}, objects
s; € F(U;), and isomorphisms u; : f(s;) = t|y,. Consider for any ¢ and j the isomorphism

Uij + f(sl) Ui, = f(sj)
By full faithfulness of f (by what we have already seen) there exist isomorphisms

g (s0)lvs,; = (55)
in F(U;;) such that f(¢;;) = (ujou; )|y, Still by full faithfulness of f, we see that s; and
¢ ; define a descent data for F', and thus Proposition implies the existence of s € F/(X)

that they glue. By construction, we see that f(s)|y, is naturally isomorphic to t|y,, and that
the local isomorphisms glue into an isomorphism between f(s) and t.

(uj o u;l) Ui, ;-

Ui,
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Finally, (2) implies (3) by Proposition [5.2.5, and (3) implies (1) by functoriality of the
constructions F +— mo(F) and (F, s) — m(F,s). O

Definition 7.1.5. Let F' be a prestack. An associated stack to F' is the data of a stack a(F)
and a local equivalence F — a(F).

We cite the following theorem without proof.

Theorem 7.1.6.

(1) For any prestack F an associated stack F' — a(F) exists.
(2) If F — a(F) is an associated stack, then for any stack G the induced morphism

[a(F),G] — [F, G]
18 bijective.
(8) For any diagram of prestacks
Fi+— Fy— F,
there exists a natural isomorphism in Ho(Ch(C))
a (Fy X, F2) = a(Fy) X} gy a(Fy). O
We deduce the following corollary from the theorem.

Corollary 7.1.7. The inclusion functor
Ho(Ch(C')) — Ho(PrCh(C))

admits a left adjoint
a : Ho(PrCh(C')) — Ho(Ch(())

which to F associates its associated stack a(F). O

We notice that the stack associated to a presheaf F'is simply given by its associated sheaf
(since seen directly from Definition[7.1.5)). Furthermore, for any prestack F and i : F' — a(F)
its associated stack we have

m(F,s) = m (a(F),i(s)).

7.2. QUOTIENT STACKS

We now use the notion of associated stack to construct new examples of stacks: the
quotient stacks.

We start by considering a sheaf of groups G on C'. We construct a prestack K(G, 1) by
putting

K(G,1) : C? — Gpd
X BG(XY)),

where we recall that for a group H, B(H) is the group having a unique object denoted
and with Autp)(*) = H. Equivalently, for any groupoid A, the functors B(H) — A are in
bijection with the pairs (z, u), where x is an object of A and u : H — Aut4(x) is a morphism
of groups.

We propose to describe the stack associated to K (G, 1) which we will denote BG (this is
really confusing but it is a standard notation in the literature).

We recall that a G-torsor is a sheaf E equipped with an action (from the left) of G (i.e. a
morphism p : G X E — E which satisfies obvious axioms) which satisfies the two following
conditions:
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(1) For any object X € C, there exists a covering {U; — X} such that each E(U;) is
nonempty (in other words the morphism E — * is an epimorphism of sheaves).
(2) The morphism
pxid:GxE— ExFE
is an isomorphism.
The G-torsors on C form a category G-Tors(C), for which the morphisms are simply the
morphisms of sheaves compatible with the action of G. We then note the following facts
(Exercise: show them).

(1) For any X € C there exists a restriction functor
G-Tors(C) — G| x-Tors(C),

where G|y is the sheaf of groups restricted to the site C/X.

(2) If E is a G-torsor, then for any X € C', there exists a covering family {U; — X} such
that each restricted sheaf F|y, is isomorphic, as G|y,-torsors, to G|y, equipped with
its action by left translation.

(3) Let E be a G-sheaf such that for any X € C, there exists a covering family {U; — X'}
such that each restricted sheaf E|y, is isomorphic, as G|y,-torsors, to G|y, equipped
with its action by left translation. Then F is a G-torsor.

(4) Any morphism of G-torsors is an isomorphism.

(5) If G is the trivial G-torsor (i.e. G equipped with its action by left translation), then
for any X € C' there exists a functorial isomorphism in X

G(X) = Autg|-Tors(c/x) (Gx)-
We consider the prestack of G-torsors defined as follows.

G-Tors : C°? —» Gpd
X +— G-Tors(X) = G|x-Tors(C/X).

There exists a morphism of prestacks
K(G,1) — G-Tors
which on X € C' is given by the trivial torsor G|x and the natural isomorphism
G(X) = Autg)-tors(c/x) (G x)-
Theorem 7.2.1. The morphism

K(G,1) — G-Tors
18 an associated stack.

Proof. We must show on one hand that G-Tors is a stack, and on the other hand that the
morphism K (G, 1) — G-Tors is a local equivalence.

Lemma 7.2.2. The prestack G-Tors is a stack

Proof of Lemma. We start by showing that condition (1) of Proposition is satisfied.
Let X € C, and E and F two objects of G-Tors(X), that is two G|x-torsors on C'/X. The
sheaf Iso.(E, F') of isomorphisms of G|x-torsors is naturally identified to the equalizer of

two morphisms
Iso(E, F) = Iso(G x E, F).
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The first of these two morphisms sends an isomorphism of sheaves f : E — F to the
composite

GxEE-LF
and the second sends f to the composite

GxELYN awr S F

Since the prestack of sheaves is a stack we already know that Iso(E, F) and Iso(G x E, F)
are sheaves on C/X. Therefore, Iso,(F, F) is a limit of sheaves and is therefore a sheaf.

We now show that condition (2) of Proposition is satisfied. For that let X € C
and {U; — X} a covering family. We are given a descent data E; € G-Tors(U;) and
Gij : (Ei)lu,, = (Ej)|v,, for G-Tors. By forgetting the action of G on Ej; we find a descent
data for the stack of sheaves. Therefore, there exist a sheaf F on C'/X and isomorphisms of
sheaves on C'/U;

OéiIE

u, = B
such that

15 = (a))lv; © (@) o,
We define morphisms

a; : Gly, X E|ly, — FEly,
by demanding that the following diagrams commute

Glu, % Elvy, — Elu,

id xail jai

G’Ui X Ez T> Ei,

where p; are the morphisms of the action of G. We then notice that a; glue into a unique
morphism of sheaves on C'/X

a:Glx x E— FE.
This defines a structure of G|x-sheaf on F so that the isomorphisms «; : E|y, = E; are
isomorphisms of G|y,-sheaves. Thus, E is a G|x-sheaf locally isomorphic to a G-torsor, and
is therefore a G|x-torsor itself. It therefore defines an object E € G-Tors(X), which with
which the isomorphism «; glue into the descent data. This ends the proof of the lemma. ¢

Lemma 7.2.3. The natural morphism
K(G,1) — G-Tors
18 a local equivalence.
Proof of Lemma. For any X € C the morphism
K(G,1)(X) — G-Tors(X)

identifies K (G, 1)(X) with the full sub-groupoid of G-Tors(.X') which only contains the trivial
G| x-torsor G|x. This implies that the induced morphism

m(K(G,1),%) = G|x — m (G-Tors, G|x)
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is an isomorphism. Moreover, since all objects of G-Tors(X) are locally isomorphic to each
other (because they are all locally isomorphic to the trivial torsor), we have mo(G-Tors) = .
Thus, the induced morphism

mo(K (G, 1)) = % — mo(G-Tors) =

can only be an isomorphism. O
Lemma and Lemma prove the theorem. O

We now propose to give a generalization of the stack BG for which we add an action of
G on a given sheaf E (the case of BG is recovered for E = x).

We therefore fix a sheaf E equipped with an action of G. We define a prestack K(G, E, 1)
as follows. For X € C, the set of objects of the groupoid K (G, E,1)(X) is the set E(X).
A morphism from z to y in K(G, E,1)(X) is the data of a g € G(X) such that g -z = y.
The composition of moprhisms is then defined by multiplication in G(X). For u: Y — X a
morphism in C', we have a functor

u K(G,E 1) (X) — K(G,E,1)(Y).
This functor is just u* : F(X) — E(Y) on the set of objects and is induced by u* : G(X) —
G(Y) on the set of morphisms.

Definition 7.2.4. The stack associated to K(G, E,1) is called the quotient stack of E by
G. It is denoted [E/G].

Exercise: show that 7' (K (G, E, 1)) is the quotient presheaf of E by G. Furthermore, show
that if G acts fixed-point free on E then the natural projection K (G, E, 1) — ny (K(G, E, 1))
is an equivalence (i.e. an isomorphism in Ho(PrCh(C')). Thereof deduce that in this case
the stack [E/G] is identified with the quotient sheaf of E by G.

We end with a description of the stack associated to K(G, E,1). So given a sheaf E
equipped with an action of G. We define a prestack B(G, E) as follows. For X € C, the
objects of the groupoid B(G, E)(X) are the pairs (Ey, u), where Ey € G-Tors(X) is a G-
torsor on X, and u : By — FE|x is a morphism of sheaves on C'/ X compatible with the action
of G|x. A morphism (Ey,u) — (E{},u) is the data of a morphism f : Ey — Ej, of G-torsors
on X, such that v’ o f = u. Moreover, for f:Y — X a morphism in C, the functor

sends by definition (Ey, u) to ((Ep)|y, u|y), where the morphism uly is the morphism induced

by restriction of C'/X to C/Y.
There exists a morphism of prestacks

j: K(G,E,1) — B(G,E)
defined as follows. For X € C' the functor
jx : K(G,E,1)(X) — B(G, E)(X)
an object z € F(X) to the unique G-invariant morphism of sheaves on C'/X
Glx — Elx

(which sends the element the neutral of G|x to the point x). By considering G|x as the
trivial G-torsor on X, this gives an object of B(G, F)(X). This defines the functor jx at
the level of objects. We leave as an exercise the definition of jx at the level of morphisms
(we use that G(X) is identified with the automorphism group of trivial G-torsors on X).



58 BERTRAND TOEN
Theorem 7.2.5. The morphism
K(G,E,1) — B(G,E)
18 an associated stack. Thus, we have
[E/G] = B(G, E).
Proof. This is essentially the same as that for Theorem [7.2.1] We leave it as an exercise. [
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Lecture 8. Stacks IV

In this lecture we place ourselves in the Grothendieck site Aff of affine schemes equipped

with the étale topology. We saw in the previous lecture that there exist a homotopy category
of prestacks Ho(PrCh(Aff)) and fully faithful functors

Sh(Af) —s Ho(Ch(Af) —s Ho(PrCh(A)).

With these functors we will thereafter identify the categories Sh(Aff) and Ho(Ch(Aff)) with
the full subcategories of Ho(PrCh(Aff)). Thus, the subcategories of Sh(Aff) consisting of
algebraic spaces, of schemes, and of affine schemes will also be identified with their essential
images in Ho(Ch(Aff)). Thus, we say that a stack I € Ho(Ch(Aff)) is an algebraic space, a
scheme, or an affine scheme, if it is isomorphic in Ho(Ch(Aff)) to the image of an algebraic
space, a scheme, or an affine scheme, via the functor Sh(Aff) < Ho(Ch(Aff)).

In general, we will use the phrase a morphism of stacks (or still morphism of prestacks, or
even simply morphism) to mean a morphism in Ho(Ch(Aff)) (or even in Ho(PrCh(Aff))).
Thus, unless otherwise specified, a morphism will be an isomorphism class of weak morphisms

(see Theorem [5.2.4)).

8.1. ALGEBRAIC STACKS

Let f : F — G be a morphism in Ho(Ch(Aff)), X € Aff, and z : X — G a morphism.
The fiber of f at x is by definition the stack F' x% X. Assume that the morphism z : X — G
corresponds, via the isomorphism [X, G] = 7y(G(X)), to an object © € G(X) (well-defined
up to isomorphism). Then the stack F' x% X is described as follows. For Y € Aff, an object
of (F x% X)(Y) is given by a triple (z,u, ), where z is an object in F(Y), u: Y — X
is a morphism in Aff, and o : f(z) = u*(z) is an isomorphism in G(Y). A morphism
(z,u,a0) — (2,u,a’) is given by a morphism z — 2’ in F(Y), such that the following
diagram commutes

There is no morphism (z,u, ) — (', u,a’) for u # '

Definition 8.1.1.

(1) A morphism f : F — G of stacks is representable (resp. representable by a scheme,
resp. representable by an affine scheme) if for any X € Aff and for any x : X — G
the fiber of f at x, F x% X is an algebraic space (resp. a scheme, resp. an affine
scheme).

(2) A representable morphism f : F — G of stacks is smooth (resp. étale, resp. quasi-
compact, resp. locally finitely presented, resp. a closed immersion, resp. an open
immersion ...) if for any X € Aff the induced morphism of algebraic spaces is smooth
(resp. é€tale, resp. quasi-compact, resp. locally finitely presented, resp. a closed
immersion, resp. an open immersion ...) in the sense of algebraic spaces.

We notice that the representable morphisms (resp. smooth representables, étale ...) are
stable under composition (Exercise). They are also stable under base change in the sense of
homotopy fiber products.



60 BERTRAND TOEN

An important property of representable morphisms is the following (it is useful to show
that a morphism is not representable).

Proposition 8.1.2. If f : F — G is a representable morphism, then for any X € Aff and
x € [X, FY, then induced morphism

f : 7T1(F7 ‘T) — 7.‘-1(6'\'(aL]C(J"))
is a monomorphism of sheaves.

Proof. If f is representable, then for any ¥ — X the groupoid (F x% X)(Y) is equivalent
to a set. In particular, the automorphism groups of objects in (F' x% X)(Y) are trivial.
Let X € Aff and z € [X, F]. Assume that there exist v : Y — X and a € m(F,z)(Y) =
Autpyy(u*(z)) a nontrivial automorphism in the kernel of the morphism
7T1(F7 x)(Y) — 7Tl(C;’a f(l'))

We consider the object (u*(z),u,id), which is an object in (F x& X)(Y") (for the morphism
f(z) € [X,G]). Furthermore, the automorphism a of u*(z) induced by definition a nontrivial
automorphism of the object (u*(z),u,id) in the groupoid (F x% X)(Y). This implies that f
is not representable. 0

Before giving the definition of algebraic stacks we need the following definition.

Definition 8.1.3. A morphism of stacks f : F — G is an epimorphism if the induced
morphism mo(F) — m(G) is an epimorphism of sheaves.

We notice that f : F — G is an epimorphism is an epimorphism if and only if for any
X € Aff and any object x € G(X) there exist a covering family {U; — X} and objects
y; € F(U;) such that x|y, are isomorphic to f(y;) for any i (i.e. any object of G is locally in
the essential image of f).

Definition 8.1.4. A stack F is algebraid if it satisfies the following two conditions.

(1) The diagonal morphism
F— FxF

18 representable.
(2) There exist affine schemes {U;} and a smooth and representable epimorphism

p:U:HUi—>F.

Such a morphism p is called an atlas for F.

We will see that condition (2) implies condition (1). We present, however, the notion of
algebraic stacks in this form which is what we will encounter in the literature. Moreover, it
is often a custom to replace condition (1) by the following stronger condition.

(1’) The diagonal morphism

F— FxF
is representable, quasi-compact and separated.

As far as we are concerned, we will primarily focus on algebraic stacks F' whose diagonal
morphism F' — F x F' is representable and affine.
We end this section with the following finiteness notions.

* In the literature we also find the terminology of Artin stack.
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Definition 8.1.5. Let F' be an algebraic stack.
(1) We say that F is quasi-compact if there exists an atlas

p:U—F

with U an affine scheme, and if furthermore the diagonal morphism F' — F X F' is
quasi-compact.

(2) Let X € Aff and F — X a morphism. We say that F' is locally finitely presented on
X if there exists an atlas

p:U:HUi—>F

with each U; finitely presented on X.

(3) Let X € Aff and F — X a morphism. We say that the stack F' is finitely presented
on X if it is locally finitely presented on X and quasi-compact.

(4) We say that F is locally noetherian if there exists an atlas

p:U:HUi—>F

with each U; noetherian.
(5) We say that the stack F is noetherian if it is locally noetherian and quasi-compact.

8.2. SOME ELEMENTARY PROPERTIES
We start with a proposition which makes Definition [8.1.4] precise.

Proposition 8.2.1. Let F' be a stack. The following three conditions are equivalent.

(1) The diagonal morphism F — F x F' is representable.

(2) For any affine scheme X and any x,y € F(X), the sheaf Iso(z,y) is representable by
an algebraic space.

(3) For any affine scheme X and Y, and any morphisms X,Y — F the stack X x&Y
15 representable.

Proof. To say that F' — F x F' is representable is equivalent to saying that for any affine
scheme X and any morphism (z,y) : X — F x F, the stack X x%_p F is representable. We
see that the stack X x. . F is isomorphic to the sheaf Iso(x,y). Thus (1) is equivalent to

(2).

For any affine schemes X and Y, and any morphisms X,Y — F', we have
Xxhy=2(XxY)xh ,F
Thus, (1)=-(3). Conversely, any morphism X x F' x F' factorizes as
X —XxX—FxF.

Thus, we have
X X}}L?XFFgX X})l(xX (X X%X),
and therefore (3)=-(1). O

Proposition 8.2.2. Let F' be a stack. The following two conditions are equivalent.
(1) The stack F is algebraic.
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(2) There exist affine schemes {U;} and a representable smooth epimorphism

p:U:HUi—>F.

Proof. By definition (1)=-(2). We show that (2)=>(1). For that we use Proposition [8.2.1] (3).

Let X and Y be two affine schemes, and z : X — F and y : Y — F two points. We
consider X x%Y — X, which is a morphism of sheaves (Exercise: check that the stack
X x"'Y is equivalent to a sheaf), and we want to show that it is an algebraic space. We
then apply Proposition 4.1.2| which allows us to pass to an étale covering of X. Thus, upon
replacing X by an étale covering we may assume that the morphism X — F factorizes

through 2’ : X — U. We then have
X xpY =X xp (Uxpy).
Since by hypothesis U x%Y is an algebraic space we see that X x4Y is an algebraic space. [

We now give some general criteria to construct algebraic stacks.

Proposition 8.2.3.

(1) An algebraic space is an algebraic stack.

(2) Let f: F — G be a morphism of stacks with G an algebraic stack. We assume that
there exists an atlas
such that each F x% U; is an algebraic stack. Then F is an algebraic stack.

(3) Let Fy — Fy < Fy be a diagram of algebraic stacks. Then Fy x’}o F5 is an algebraic
stack.

(4) Let f : F — G be a representable morphism. If G is algebraic then so is F.

Proof. Exercise (inspired by the analogous facts for algebraic spaces). 0

We end this section with the construction of algebraic stacks as quotient stacks.

Proposition 8.2.4. Let G be an algebraic space smooth over x = SpecZ. Let X be an
algebraic space on which G acts. Then the quotient stack [X /G| is an algebraic stack.

Proof. We start with a general lemma on quotient stacks. For that we recall that there exist
natural morphisms

X — K(G,X,1) — [X/G].

Lemma 8.2.5. Let Y — [X/G] be a morphism with Y an affine scheme, corresponding to
a diagram
Y«—F—X

with E =Y a Gly-torsor. Then the stackY Xx/q X is identified with the sheaf E.

Proof. Let Z € Aff. The groupoid (Y Xx/q X)(Z) is identified with the set of pairs (a,u),
with a : Z — Y and u : G|z = E|z an isomorphism from E|z to the trivial G|z-torsor
(Exercise: check it). The image of the unit of G(Z) under the isomorphism u gives a point
in E(Z). As Z varies in the affine schemes this defines a morphism Y x[x,g X — E which
we see is an isomorphism (Exercise). O
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We return to the proof of the proposition. For that we show that the morphism
X — [X/G]

is a representable and smooth epimorphism. This implies that [X/G] is an algebraic stack,
because by composing with an atlas for X we find a smooth epimorphism [[U; — [X/G]
with U; affine schemes, and we can apply Proposition [8.2.2]

The fact that X — [X/G] is an epimorphism is general. In fact, the morphism induced
on the sheaves 7y is the natural projection

X — m([X/G]) = X/G,
where X/G is the quotient sheaf of X by G. This is therefore an epimorphism of sheaves.
Now let Y € Aff and Y — [X/G] a morphism. By Lemma[8.2.5we find that ¥ xx/¢ X —
Y is a G|y-torsor. Thus, through an étale covering of Y this morphism is isomorphic to the
natural projection
Y xG—Y.

It is therefore representable and smooth (because G is smooth). O

Proposition also has the following relative version. Given an affine scheme S =
Speck, X and algebraic space over S (i.e. equipped with a morphism X — S), and G is
a group algebraic space over S (i.e. a group object in the algebraic spaces over S) which
acts on X. We may then define the quotient stack [X/G] which is a stack equipped with a
morphism to S. Then the conclusion of Proposition remains valid, and the proof is the
same: the stack [X/G] is algebraic.

Corollary 8.2.6. Let G be a smooth group algebraic space. Then the stack BG is an algebraic
stack.

Proof. Indeed, we have BG = [x/G]. O

Corollary shows in particular that BGL,, is an algebraic stack (we recall that GL,, is
the group scheme A — GL,(A), and is smooth because it is an open subscheme of A"Q).

8.3. TWO EXAMPLES

We will start by defining, for any integer n > 0, a sub-prestack Vect, of the stack of
modules -Mod (see Lecture 6). For that, we recall that an A-module M is projective if there
exists an A-module N such that M & N is a free A-module. We say furthermore that M
is projective of rank n (we also say is a vector bundle of rank n) if for any field K and any
morphism A — K, we have dimg M ®4 K = n. Similarly, we say that an A-module M is
projective of rank n if the A-module Mq is.

By definition Vect, (A) is the full sub-groupoid on -Mod(A) of projective A-modules of
rank n. It is clear that for a morphism of rings A — B the functor

-Mod(A) — -Mod(B)
sends the sub-groupoid Vect,, (A) into Vect,, (B). Thus, Vect,, is a full sub-stack of -Mod.

Proposition 8.3.1. The prestack Vect,, is an algebraic stack.

Proof. [...] O
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Let A be a commutative ring. Recall that an A-algebra (associative and unitary) is given
by an A-module R equipped with two morphisms of A-modules

p:RxsR— R,
e:A— R

which satisfy the evident associative and unitary axioms.
Similarly, an A-algebra R consists of the following data.

e For any morphism of commutative rings u : A — B, a B-algebra R, € B-Alg
(associative and unitary).
e For any commutative diagram of commutative rings

A—"~B

|7

C

an isomorphism of C-algebras
yf R, ®C — R,
(simply denoted by 77 when R is clear).
We furthermore demand that these data satisfy the following two conditions:

® 7iq — ld
e For any commutative diagram of commutative rings
A

the following diagram commutes

D
(R, ®5 C) ®c DX R, ®c D

.| jvg

Ru ®B D Rw>

Ygof

where o : (R, ®p C) ®c D = R, ®p D is the natural isomorphism of simplification
of tensor products (which sends (m ® ¢ ® d) to (m ® g(c) - d)).

A morphism ¢ : R — R’ in A-algebras consists of the data of an isomorphism
¢u: R, — R,
for any u : A — B, such that for any commutative diagram
A—>B

|7

C
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the following diagram commutes

R, ®5 C"22 R @y C

u

w[ |

R, R,.

o v

Thus defined, the A-algebras form a groupoid denoted by A-Alg. Furthermore, just as for
the case of A-modules, we have for any morphism of commutative rings A — B a functor

A-Alg — B-Alg

which makes A — A-Alg a prestack on Aff. This prestack is denoted Ass (for associative
algebras).

Lemma 8.3.2. The prestack Ass is a stack.
Proof. [...] O
We have a forgetful morphism of the algebra structure
f:Ass — -Mod.
We then define the substack Ass™ of Ass by
Ass™ == Ass x4 Vect,, .

In other words, the substack Ass" C Ass consists of the A-algebras whose underlying A-
modules is projective of rank n.

Theorem 8.3.3. For any n > 0 the stack Ass" is an algebraic stack.
Proof. |...] O
An important corollary of the proof of Theorem is the following.
Corollary 8.3.4. The stack Ass" is finitely presented over Spec Z (and therefore noetherian).
Proof. In the proof of the theorem we saw that an atlas of Ass" is given by
Ass" Xl 4 — Ass”,

and that Ass” x%_. = is furthermore the spectrum of a Z-algebra of finite type. Moreover,
it is easy to see that the diagonal morphism Ass" — Ass" x Ass" is representable affine, and
therefore quasi-compact (Exercise: prove it). 0]
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