APPENDIX A

Descent Theory

1. History and motivation

The theory of descent in modern algebraic geometry was introduced by Grothendieck
in the Séminaire Bourbaki [35], with details and proofs offered in SGA 1 [38, Exposé
VIII]. The origins of the subject go back at least to Weil, although his (less general)
results predate the modern language of schemes. This Appendix gives a self-contained
treatment of some of the more important results which are generally gathered under
the heading, “theory of descent.” Some of the easier steps are left as exercises, but all
of these are solved in the Answers.

The idea behind descent is that, under appropriate hypotheses, objects and mor-
phisms over a scheme can be described locally. An object is described (uniquely up
to canonical isomorphism) by an object on some cover, plus a gluing map satisfying
a cocycle condition. A morphism between two objects thus specified is determined by
giving a morphism locally (i.e., on the cover), which is compatible with the gluing maps.

Let us spell this out in the particular case of vector bundles on schemes, and for
simplicity, we take our covers to be Zariski covers, fine enough that they give local
trivializations. So let T" be a scheme, and £ a locally free sheaf of Op-modules of some
finite rank r. Then there exists a Zariski open cover (U;) of T and isomorphisms

of Opy,-modules for each i. If we set U;; = U; N Uj, then for any pair ¢« and j, the
isomorphisms A; and A; determine isomorphisms ¢;; : Of‘;fj — Of‘;fj via the diagram

Dr
(2) & Uij Pij

)‘]' ‘Uij (9@7«
Uij

Note that specifying the transition mappings ¢;; is the same as giving G L,-valued
transition functions on each U;;. The ¢;; satisfy the cocycle condition: ;; is the
identity map for every 4, and for every triple ¢, j, k, if we set U;j, = U; N U; N Uy, then
we have

(3) (jklue) © (@3
(Note that the condition that each ¢;; be the identity follows from the latter condition,
applied to the triple 4,1, 1.)

Uijk) = Pik|Usj-
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Now descent for locally free sheaves in the Zariski topology is a collection of asser-
tions which imply that, given an open cover (U;), and a collection of morphisms ¢;;
satisfying the cocycle condition (3), then there exists a locally free sheaf £ (unique up
to canonical isomorphism) together with local trivializations (1) such that the diagram
(2) commutes for all ¢ and j. There is a similar assertion for morphisms, to the effect
that if the locally free sheaf F also admits local trivializations p;: Fly, — Ogj and
transition maps 1;;, then there is a bijection between morphisms h: & — F of locally
free sheaves and collections of morphisms h;: Ogj — Ogj for all ¢ such that the diagram

hilu, .
Dr ] Ds
ofr 2 0f?

Pij l lwij

@®r O@s

commutes, for all 7 and j.

The assertions just spelled out are artificially restrictive. Indeed it is not necessary
for £ to be trivialized on the cover (U;). In fact we need not restrict to locally free
sheaves; the same considerations work in the context of arbitrary quasi-coherent sheaves.
Given a Zariski open covering {U;} of T', and a collection &; of quasi-coherent sheaves
on U;, with isomorphisms ¢;;: &y, — Ej\Uij of sheaves of Oy, ,-modules, satisfying the
cocycle condition (3), then there is a quasi-coherent sheaf £ on T', with isomorphisms
Elu, — &;, giving rise to these transition homomorphisms. And there is a similar version
of descent for morphisms between quasi-coherent sheaves: if £ comes from &; and ¢;;,
and F comes from F; and v;;, then there is a canonical bijection between morphisms
h: & — F and collections h;: & — F; of morphisms such that v;; o hs|v,, = hjlu,; © @i
for all 7, 7. We will use this fact, which is a basic construction in algebraic geometry;
a reference is [EGA 0.3.3.1].

These assertions can be stated more succinctly, avoiding all the indices, by defining
T’ to be the disjoint union of the open sets U;, which comes with a canonical mapping
T" — T. The sheaves &; determine a sheaf £ on 7”. The transition functions ¢;;
amount to an isomorphism

v: pi(€) — p5(E)
on T" x7 T', where p; and p, are the projections from T x T" to T'. The cocycle
condition asserts that pis(¢) o piy(p) = pis(@) on T' X1 T' X T', where

Dij: T’ X T’ X7 T =T X7 T’

are the projections to the corresponding factors.

A key feature of Grothendieck’s descent theory is that it extends from Zariski cov-
erings to the more general étale and smooth coverings that are required for the theory
of stacks. In fact, the appropriate morphisms to use are quite general flat morphisms.

NOTATION A.1. Given a morphism f:T" — T of schemes, set T" =T x7T", with
its two projections p; and py from T" to T'. Let T" = T' x7 T" x¢ T', which comes
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with three projections pia, P13, and pez from T™ to T". We also have three projections
q1, G2, and qz from T to T", with ¢; = p1 o pij and q; = paopy, 1 <i < j < 3.

Descent for objects says that an object specified on a cover, together with a
patching isomorphism satisfying a cocycle condition, determines an object defined on
the base, and this object is unique up to canonical isomorphism. In more traditional
terminology, every descent datum (pair consisting of an object defined on the cover,
with a patching isomorphism satisfying the cocycle condition) is effective (determines
an object on the base); the object on the base that realizes this effectivity is called a
solution to the descent problem posed by the given datum.

Descent for morphisms says that, if we are given two sets of descent data, to-
gether with respective objects on the base (solutions to the descent data), then to give a
morphism between these objects is the same as to give a morphism between the objects
on the cover, subject to a compatibility condition.

The next theorem spells this out in the case of quasi-coherent sheaves on schemes.
Following the statement are detailed explanations of its assertions. The next two sec-
tions are devoted to the proof of the theorem, while the rest of this appendix will discuss
applications to other descent situations, especially those involving schemes instead of
quasi-coherent sheaves.

THEOREM A.2. Let f: T" — T be a flat morphism of schemes. Assume, further,
that f is surjective and either quasi-compact or locally of finite presentation. (a) Let &'
be a quasi-coherent sheaf on T" and ¢: piE — p3E" an isomorphism on T" such that

Pa3p © Pra = P13
onT". Then there exists a quasi-coherent sheaf & on T and an isomorphism \: f*E€ —
E" on T satisfying

PaA = p o PIA

on T". Moreover the pair consisting of the sheaf & and the isomorphism X is unique up
to canonical isomorphism.
(b) With notation as in (a), suppose (F' 1) is another descent datum with solution
given by F and p. Then, for every morphism h': &' — F' on T" satisfying

p3h' o = o pil
on T", there is a unique morphism h: € — F on T such that po f*h =h"o X on T".

The hypotheses on the morphism f (flat, surjective, etc.) will be discussed in Section
3. The hypothesis in (a), that p5;p o piyp = pisp, means that the diagram

pfﬁo
* * / * * ! * * !
P1apiE ——= piapsE’ == p53pi €
H lpéav
* * / * * ! * * !
P13P1 —>p* 2 P13P2¢ == Pa3Ds
13

commutes. The three equal signs denote canonical isomorphisms coming from the
equalities P1©Pjk = q; = P2 © Dij-
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The conclusion in (a), that p;A = ¢ o p{o, means that the diagram

DN
pifr€ Lo e

|k

* L% *x O/
p2f 5—>p§)\ p25

commutes.

We clarify what it means in (a) for the solution to be unique up to canonical iso-
morphism. Precisely, it means that if F is another quasi-coherent sheaf on 7', and
w: f*F — & is an isomorphism on 7" satisfying p5u = @ o pip on T”, i.e., the diagram

p1N

[ F ——pi&’

|k

* *]_‘ *5/
pr —>p§“ D2

commutes, then there is a unique isomorphism h: & — F such that po f*h = X on 17,
i.e., the diagram

h
eIt pr
N
8/
commutes. This uniqueness claim is in fact a special case of (b), applied to the identity
morphism on &’.

The hypothesis in (b), that pjh’ o ¢ =1 o pih/, means that the diagram

g/ ¥ pQg/

pfh’l lpéh/

}"’—>p2]-"’

commutes.
Finally, the conclusion in (b), that po f*h = h’ o A, means that the diagram

rel g

Al |

g/ Y > f‘/

commutes.
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2. The affine case

The general case of Theorem A.2 will be reduced to the affine case, which amounts
to some elementary commutative algebra. This algebra is worked out in this section.
No Noetherian or finiteness conditions on either rings or modules are required.

We are concerned with an arbitrary homomorphism A — A’ of commutative rings
with unit, which corresponds to a morphism f: 7" — T, with T' = Spec(A) and 7" =
Spec(A’). Let A” = A/ @4 A’, and A” = A/ @4 A’ @4 A’, so we have identifications T" =
Spec(A”) and T = Spec(A”). The projections p; and py from T” to T" correspond
to the homomorphisms z — x® 1 and x — 1 ® = from A’ to A’ ®4 A’. Similarly, the
projections pia, p13, and po3 from 7" to T” correspond to the mappings from A’ @4 A’
to A7 = A @4 A ®4 A’ that take xo@y to reoyel, reley, and 1®x oy, respectively.
Projections ¢q, ¢o, and g3 from 7" to T" correspond to mappings A’ — A" given by
r—relel, r— lerel, and 1®1®x, respectively.

DEFINITION A.3. A homomorphism A — A’ of commutative rings with unit is
flat if, for any exact sequence M; — My — M3 of A-modules, the induced sequence
A @a M — A @4 My — A" @4 M3 (of A-modules) is exact. The homomorphism is
called faithfully flat if it is flat and the corresponding map Spec(A’) — Spec(A) is
surjective.

EXERCISE A.1. (1) Show that a flat homomorphism A — A’ is faithfully flat if and
only if, for any nonzero A-module M, A’ ®4 M # 0. (2) Show that a homomorphism
A — A’ is faithfully flat if and only if the following condition is satisfied: a sequence
M — M — M" of A-modules is exact if and only if the sequence A’ @4 M’ —
A4 M — A @4 M" is exact.

EXERCISE A.2. Suppose A — A’ is faithfully flat. (1) Show that a homomorphism
M — N of A-modules is a monomorphism (resp. epimorphism, resp. isomorphism)
if and only if the homomorphism A’ ®4 M — A’ ®4 N is a monomorphism (resp.
epimorphism, resp. isomorphism). (2) Show that an A-module M is finitely generated
(resp. finitely presented, resp. flat, resp. locally free of finite rank n) if and only if the
A'-module A’ ®4 M is finitely generated (resp. finitely presented, resp. flat, resp. locally
free of finite rank n).

For any homomorphism A — A’, and any A-module M, there is a canonical homo-
morphism v: M — A'® 4 M, taking u to 1 ® u. There are two canonical homomorphisms
A M — A4 A @4 M, taking rou to r® 1w and 1 ® x ® u, corresponding to the
two projections p; and po.

LEMMA A.4. Let M be an A-module. If A — A’ is faithfully flat, then
MEARAM= Ao A @M

15 exact, that is, the canonical homomorphism ~v maps M isomorphically to the set of
elements in A’ @4 M that have the same image in A’ @4 A’ @4 M by the two projection
homomorphisms. Equivalently, if one defines a homomorphism & from A’ @4 M to
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A @4 A @4 M by the formula §(xreou) = 1lezeu—xeleu, then the sequence
0 MBA@MS A A @4 M
of A-modules is exact.

PROOF. By Exercise A.2 (2), it suffices to show that the sequence becomes exact
after tensoring it (on the left) over A by A’| i.e., that the sequence

00— A MEB A A ML A @ A 0s A o4 M

is exact. Let pu: A/ ®@4 A" — A’ be the multiplication map, u(x @ y) = xy. The injectivity
of the first map A’ ® v is now immediate, since the mapping p @ M: A’ @4 A’ @4 M —
A" @4 M gives a left inverse to it. Suppose an element Y z; ® y; ® u; is in the kernel of

A'®0,ie.
Zaji@)l@yi@ui = Zaji®yi®1®ui.
Applying p to the first two factors yields

in@vyi@ui = inyi@)l@ui,
and Y x;y; ® 1 ®u; is the image of > zy; @ u; in A’ @4 A’ ®4 M, as required. O

The proof of this lemma is a common one in descent theory: one makes a faithfully
flat base extension to achieve the situation where the covering map 7" — T has a
section, in which case the assertion proves itself.

Although we don’t need it, a natural generalization of this lemma is true:

EXERCISE A.3. Define the Amitsur complex T* = T*(A’JA) for a homomorphism
A — A" by setting T° = A, and, for n > 1, T™ is the tensor product of n copies
of A" over A. Define 6": T" — T™! by: §° is the given map from A to A’, and

n ; . .
o = > " (1), where g(z1©---0x,) = 110 -0x;0lex;1® - -®x, Thisis a

complex of A-modules. Show that, for any A-module M, if A — A’ is faithfully flat,
the complex T* ® 4 M is exact.

Descent for morphisms of modules amounts to the following easy consequence of
the preceding lemma:

LEMMA A5, If A — A’ is faithfully flat, and M and N are A-modules, then the
sequence
HOH]A(M, N) — HOIHA/(A/(XJAM, A/®AN) = HOIHA/®AA/(A,®AA/®AM, A/®AA,®AN)
15 ezact.

PROOF. The exactness of Lemma A .4, applied to N, together with the left exactness
of Hom, gives the exactness of

HOIHA(M, N) — HOIHA(M, A, XA N) = HOIHA(M, A, XA A, Xa N)

Using the identifications Hom (M, P) = Homg(B ®4 M, P) for any homomorphism

A — B and any B-module P, first for B = A’ and then for B = A’ ® 4 A’, translates
this exact sequence into the exact sequence of the lemma. l
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Now let M’ be an A’-module. We have, as we recall, projection maps p; and po
from Spec(A”) to Spec(A’), where A” = A’ ®4 A’. Hence we have pullbacks pj(M') =
A" @, 4 M and p5(M') = A” ®,, 4 M'. The two pullbacks pj(M') and p5(M') can be
identified with M’ @4 A’ and A’ ® 4 M’ respectively, where the actions of A” on these
modules are given by (z®y)-(uez) = zueyz and (rey)-(z®u) = rz® yu respectively,
with z, y, and z in A" and v in M’. Similarly, the three pullbacks of M’ by ¢1, g2, and
g3 to A" can be identified with M’ @4 A @4 A", A Qx4 M' @4 A, and A @4 A" @4 M,
respectively, again with the diagonal actions of A” = A’ ®4 A’ ®4 A'.

Suppose ¢: M' @4 A" = pi(M') — p5(M') = A’ ®4 M’ is an isomorphism of A”-
modules. This determines by the three pullbacks p;;, isomorphisms

vij =)+ q; (M) = p;(p1(M)) — pj(p3(M)) = ¢; (M)
For example, ¢ is the map from M'®4 A’ ®@4 A" to A @4 M’ ®4 A’ that takes uez oy
to p(uex)ey; that is, if p(uez) = > z;®u;, then pp(uerey) => x;0u;®y. Sim-
ilarly, pi3(ueyer) = > r;oyeu;, and pys(yeuer) =Y yer,; ®u;.

Descent for modules amounts to the following assertion:

LEMMA A.6. Suppose A — A’ is faithfully flat, M’ is an A’-module, and ¢: M' ® 4
A — A @4 M is an isomorphism of A”-modules such that v13 = w230 w12 from g (M')
to ¢5(M'"). Define the A-module M by

M={ueM|pusel)=1cu}.
Then the canonical homomorphism \: AAQa M — M', x @ u +— x-u, is an isomorphism.

PROOF. Let 7: M’ — A" ®4 M’ be defined by 7(u) = 1eou — p(ue1). We have an
exact sequence
0->M—-M 5 AesM
Tensoring this on the right with A" over A gives the top row of the following diagram:
0—>M®AA,—>M/®AA,—>A,®AM,®AA,

lw |+ | o

0 M/ A/®AM/—>A/®AA/®AM/

The bottom row is the exact sequence from Lemma A.4, applied to the A-module M’.
The map ) is defined by ¥(u®x) = z - u, and we want to show 1 is an isomorphism.
Since the rows are exact, and the right two vertical maps are isomorphisms, this con-
clusion will follow if we verify that the diagram is commutative.

The left square commutes since, for u in M and z in A, p(uez) = (1ez)p(usl) =
(lex)(1®u) = 1®zu. To prove that the right diagram commutes, we must show that,
for any v in M’ and x in A’, the element u® x in M’ ® 4 A’ has the same image by either
route around the square. Let p(u®1l) = > y;®v;, with y; € A" and v; € M’. Then

pluex) = (lex)p(uel) = Zyi@)xvi,

so the image of u®x by the lower route is

Zl@yi@vxvi — Zyi®1®xvi.
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On the upper route, u®x maps to the right to leuezr — p(usl)er = lousr —
>y ®v; ® x, which maps down to

lep(uer) —Zyi@)go(vi@x) = Zl@yiébxvi —Zyi@)cp(vi@a:).

We are therefore reduced to verifying that

Zyi®90(vi®$) = Zyi@)l@a:vi.

But this is exactly the assertion that po3(p12(uelex)) = piz(uelex). O

To complete the proof that the construction of this lemma solves the descent problem
for modules, i.e., that it solves case (a) of Theorem A.2, we must verify that the identity
@ o piA = p3A is satisfied. This amounts to verifying that the diagram

N
A/®AM®AA/L>M/®AA/

P3A

A,®AA/®AM—>A,®AM,

commutes, where k(zeuey) = reoyeu. This amounts to the identity ze AN you) =
o(NMzxou)oy), ie, zeoyu= p(ruay), or (roy)(leu) = (roy)p(ue 1), which follows
from the fact that v is in M.

Similarly, we want Lemma A.5 to give a proof of (b) of Theorem A.2 in the affine
case. This means that we have A’-modules M’ and N’; with isomorphisms

o: M @A — A @4 M  and : NN@s A — A @4 N,

and we have A-modules M and N, with isomorphisms A\: A’ @, M — M’ and pu: A’ ®4
N — N'| satisfying ¢ o pfA = pi\ and ¢ o piu = pip. We are given a homomorphism
h': M'" — N’ of A’-modules, satisfying the identity p5(h')op = opi(h’). We must show
that there is a unique homomorphism h: M — N of A-modules such that po(A'®@h) =
o\ Set g =ptohol: AA®a M — A ®4 N. If we show that pi(g') = p3(g’), then
Lemma A.5 will produce a unique homomorphism hA: M — N such that ¢’ = A’ ® h.
This says that A’ o A = o (A’ ® h), as required. To conclude the proof, we calculate:

pi(g") =pi(p ok o X) = pi(k) o pi(h o) =py(p) " oo pi(K) o pi(N)
= p3(p) " o pi(h') o o pi(N) = ps(p~" o k') o p5(A) = p3(g),

as required. The uniqueness assertion in (a) is a special case of (b), so the theorem is
proved in the affine case.

The overall structure of the proofs in this section is worth noting, as it will be
repeated below in the proof of Theorem A.2. First, we proved descent for morphisms in
the case of objects pulled back from the base (Lemma A.5). Then we showed that every
descent datum is effective (Lemma A.6). We saw as a formal consequence that descent
for morphisms holds in the case of an arbitrary pair of descent data, each admitting
a solution, and from this that the solution to any descent problem is unique up to
canonical isomorphism.
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3. The general case

In this section, we complete the proof of Theorem A.2. Recall that a morphism
f:T" — T of schemes is faithfully flat if it is flat and surjective. It is not enough
to assume f is faithfully flat for the conclusions of the theorem to hold, as we’ll see
below in Exercise A.6. To pass from the affine case (Lemmas A.5 and A.6) to the case
of general schemes we’ll need some additional hypothesis on the morphism f. In fact,
there are two additional hypotheses that we may impose, and either one will suffice to
establish descent for objects and morphisms, in the context of quasi-coherent sheaves:

(i) f is fpqc, that is, faithfully flat and quasi-compact. We recall this means that
the pre-image, under f, of any affine open subset of the base is covered by
finitely many affine open subsets.

(ii) f is fppf, that is, faithfully flat and locally of finite presentation. The impor-
tant fact needed here is that every morphism that is flat and locally of finite
presentation is open [EGA 1V.2.4.6].

The notations fpqc and fppf come from the French terminology for the conditions
on f (fidelement plat, quasi-compact and fidélement plat, de présentation finie).

As described at the end of the previous section, to prove Theorem A.2, it suffices to
prove descent for morphisms of objects pulled back from the base and to show that every
descent datum is effective. In other words, Theorem A.2 follows from the following pair
of assertions.

LEMMA A.7. Assume f: T — T is (i) fpgc or (ii) fppf. Let € and F be quasi-
coherent sheaves on T. Then, for every morphism h': f*€ — f*F on T' such that
pih' = pish’ on T" there is a unique morphism h: € — F on T such that f*h = h'.

LEMMA A.8. Assume f: T" — T is (i) fpqc or (ii) fppf. Let ' be a quasi-coherent
sheaf on T" and ¢: p;&" — piE' an isomorphism on T" such that pyp o piyp = pisp on
T". Then there exists a quasi-coherent sheaf & on T and an isomorphism \: f*€ — &’
on T" such that ps3A = o piA on T".

Let us say that f satisfies descent for morphisms if the conclusion of Lemma A.7
is valid for f. Let us say that f satisfies effective descent if both the conclusion of
Lemma A.7 and of Lemma A.8 are valid for f. We have proved in the previous section
that every faithfully flat morphism of affine schemes satisfies effective descent. We saw
in the first section that every Zariski open covering satisfies effective descent. These
two facts will be combined to deduce what is claimed in Lemmas A.7 and A.8, namely
that every morphism that is fpqc or fppf satisfies effective descent.

The argument rests on the following two claims. Let f: S — T and g: R — S be
morphisms of schemes.

First claim: Suppose g satisfies descent for morphisms, and suppose for any morphism
g1 R — S’ obtained from g by a base change with respect to an arbitrary morphism
S’ — S and any pair of quasi-coherent sheaves £ and F’ on S’, the map induced by
pullback ¢”: Hom(&', F') — Hom(g*E’, ¢"*F') is injective. Then f satisfies descent for
morphisms if and only if f o g satisfies descent for morphisms.
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To prove this, we consider the following diagram:

RxgR—>RxyR—>8x%,8

e

R S T

Given quasi-coherent sheaves & and F on T, if h”: g* f*E — g¢* f*F satisfies ¢ih" = ¢5h”,
then rih" = *qih" = *¢;h" = r3h", so by descent for morphisms for g there exists a
unique h': f*€ — f*F such that g*h’ = h”. The morphism k factors as R xr R —
R xr S — S xp S, a pair of morphisms each obtained from g by base change. Now
since k*pih’ = k*pih’ it follows that pih' = pih’. If descent for morphisms holds for f,
it follows that there exists a unique morphism h: & — F such that f*h = h’, and hence
descent for morphisms holds for f o g. Conversely, suppose f o g satisfies descent for
morphisms. If we are given quasi-coherent sheaves £ and F on T, and if h': f*€ — f*F
satisfies pih' = p5h/, then h” := g*h’ satisfies ¢fh” = ¢3h”, so there exists a morphism
h: & — F satisfying ¢*f*h = h”, and hence f*h = h'.

EXERCISE A.4. Use this first claim to show that every affine faithfully flat morphism
of schemes satisfies descent for morphisms.

Second claim: Suppose g satisfies effective descent, and suppose any morphism obtained
from g by base change satisfies descent for morphisms. Then f satisfies effective descent
if and only if f o g satisfies effective descent.

We refer to the diagram (4). For the “only if” portion of the claim, we suppose f
satisfies effective descent. Now suppose we are given a quasi-coherent sheaf £’ on R

together with an isomorphism ¢': ¢;€” — ¢; " satisfying the cocycle condition
(5) 3@’ = a3 0 Moy

where 7;;: R Xp R xp R — R Xr R denote the various projections. By pulling back (5)
by the morphism R xXg R Xxg R — R X1t R X1 R, we obtain the cocycle identity for the
cover g. So, by effective descent for the morphism g, there exists a sheaf £ on S together
with an isomorphism \: ¢g*&" — £” such that r;\ = k*¢' o rjN. Now we claim there
exists a morphism ¢: pi€ — pi;€’ such that g\ o h*p = ¢’ o gfN'. By the first claim,
k (a composite of two pullbacks of g, as we saw in the proof of the first claim) satisfies
descent for morphisms. Now consider the morphism g3\ Lo ogiN: k*pi& — k*pi&’.
For the existence of ¢ as promised we must check the agreement of the two pullback
to (R X1 R) Xgsxps (R X7 R). This fiber product is identified, via the map which on
points is given by (w, z,y, 2) — (w,y, z,x), with the fiber product R xg R X1 R X5 R,
whereupon the agreement of the two pullbacks reduces to the identity

(6) Tia = a4’ 0 Moap' 0 M.

In fact (6) is the pullback of a similar identity on R X7 R X7 R X7 R, and the latter
is deduced by combining the pullback of (5) by 723 with the pullback of (5) by mi34

(here m;; and m;;;, denote projections from quadruple fiber products). Now ¢ satisfies the
cocycle condition for the covering map f, since the map Rxr RxXr R — SX15 XS can
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be written as a composite of three morphisms, each obtained from g by base change, and
via this map the cocycle condition we are claiming pulls back to (5). By effective descent
for f there exists a quasi-coherent sheaf £ on T with an isomorphism \: f*€ — &’
satisfying p3A = ¢ o pjA. Hence effective descent holds for f o g.

EXERCISE A.5. Show, conversely, that under the hypotheses of the second claim, if
f o g satisfies effective descent, then effective descent holds for f.

We now complete the proof of Lemmas A.7 and A.8. We start by letting (7;), i € I,
be an affine open cover of T'. For each i, we let (Ti/,j), 7 € J; be an affine open cover of
fUT).

Suppose we are in case (i) of the lemmas, that is, f is faithfully flat and quasi-
compact. Then the set J; maybe taken to be finite, for every i. Now for each 7 € I, the
map f;: ]_[je 5, Ti; — T; is a faithfully flat morphism of affine schemes. We consider
the following commutative diagram

]_L.’ o LA LT

J uJ

]

T T
The vertical maps are Zariski open coverings, and for such maps we know effective
descent holds. By the affine case (Lemmas A.5 and A.6), effective descent holds for
each morphism f;, hence as well for the top map in (7). By Exercise A.4, any morphism
obtained from the latter by base change satisfies descent for morphisms. So, by the
second claim, the composite map [[7}; — T in (7) satisfies effective descent. Again
invoking the second claim, we conclude that effective descent holds for f.

We turn to case (ii) of the lemmas, where f is fppf and hence open. Fix i € I. We
let Uj; = f(T7;) for all j € J;, so (Us;) is a Zariski open covering of T;. It follows?
that each morphism 7}, — U;; is affine, so in particular is fpqc. By case (i) of the
assertions, then, each map T}, — Uj ; satisfies effective descent. Now, to conclude, we
consider a square as in (7) but with ]_[” U, ; in the upper right-hand corner, and we
reason as above except we appeal to case (i) at the second step of the deduction.

EXERCISE A.6. Show that Theorem A.2 (a) fails for the covering map
H Spec Z,, — Spec Z.

P
Note that f is faithfully flat, but is neither fpqc nor fppf.

4. Categorical formulation

There is a category-theoretic approach to stating the above descent results. The
proposition in this section outlines how the results appear in this language; one often
sees them expressed this way in the literature.

!By [EGA 11.1.6.2], any morphism from an affine scheme to a separated scheme is affine. Note
that each Uj; is separated since it is an open subscheme of a separated, in fact affine, scheme Tj.



app-12 Descent Theory

Fix schemes T and 7" and a morphism f: 7" — T. Let C(T) be the category of
quasi-coherent sheaves on 7', with their usual morphisms as sheaves of Op-modules.
Let C(T"/T) be the category whose objects are pairs (€', ¢) of descent data, with
a morphism from (£',¢) to (F’,¢) being a homomorphism A': & — F’ such that
psh/op = 1opih’. There is a canonical functor C(T") — C(T"/T), taking a quasi-coherent
sheaf £ on T to the pair consisting of the sheaf f*€ and the canonical isomorphism
PiffE=(fop) (€)= (fop2)*(€) = psf*E; we will sometimes use can to denote this
canonical isomorphism. (The cocycle condition pi;can = piscan o piycan amounts to
the compatibility of the canonical isomorphisms among pullbacks to 7".)

ProrosiTION A.9. If f: T" — T is an fpqgc morphism or an fppf morphism of
schemes, then the induced functor from the category C(T') of quasi-coherent sheaves of
Op-modules to the category C(T'/T') of descent data is an equivalence of categories.

PROOF. Let (&, ¢) be an object of C(7"/T'). To give an isomorphism (f*E, can) =
(&', ) is, by definition, the same as to give an isomorphism \: f*€ — &’ satisfying
psX = @ o piA. So essential surjectivity of the functor is equivalent to the condition in
Theorem A.2(a).

If we have isomorphisms (f*&, can) = (€', ) and (f*F, can) = (F',1)) then The-
orem A.2(b) is the assertion that the map

Home(r) (€, F) — Homerm ((E, ¢), (F',4))

(obtained by applying the functor and composing with the isomorphisms) is bijective.
In the case of identity morphisms 1(+g can) and 1(f« 7 can), this is the condition for the
functor to be fully faithful. U

REMARK A.10. There is a larger category Co(T"/T) whose objects consist of pairs
(&', @) where £ is a quasi-coherent sheaf on 7" and ¢: pi&" — po&’ is an isomorphism.
Morphisms in Co(7"/T') are defined just as in C(7"/T), making C(T"/T) a full subcat-
egory of Co(7"/T'). This subcategory has the property that, given an object (£, ¢)
of C(T"/T), if (£',¢) — (F',4) is an isomorphism in Cy(7"/T) then (F',1)) is also in
C(T'/T). The verification of this fact involves a diagram chase. This fact tells us that if
the descent problem corresponding to an object (F',1) of Co(1"/T') admits a solution,
meaning that F’ is isomorphic to a sheaf f*F compatibly with ¢, then (F’, ) lies in
C(T'/T), i.e., ¥ must satisfy the cocycle condition.

5. Faithfully flat descent

In this section we give some of the descent statements that are important for the
theory of stacks. Most of these results are rather quick consequences of Theorem A.2.
More challenging applications will be given in the last section. First we have a descent
result for vector bundles.

ProproOSITION A.11. Let f: T" — T be a morphism of schemes that is fpgc or
fopf. Then: (a) Given a locally free sheaf of finite type £ on T' and an isomorphism
w: pi&€ — pPiE" such that piyp o Pl = Pisp, there exists a locally free sheaf of finite
type € on T and an isomorphism \: f*E€ — &' satisfying ps\ = v o piA, and these are
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unique up to canonical isomorphism.

(b) With notation as in (a), suppose (F' 1)) is another descent datum with solution
given by F and . Then, for every morphism h': €' — F' satisfying p3h’ o p = ¢ opih’
there is a unique morphism h: & — F such that po f*h =h'o \.

PRroOF. This follows from Theorem A.2, coupled with Exercise A.2. O
Next we turn to descent for affine schemes.

PROPOSITION A.12. Let f:T" — T be a morphism of schemes that is fpgc or fppf.
(a) Given an affine morphism of schemes P — T" and an isomorphism ¢: P' x0T —
T x1pP" overT” satisfying the cocycle condition, there exists an affine morphism P — T
and isomorphism \: T' x7 P — P" over T’, unique up to canonical isomorphism, such
that T" xp A =po (A xpT).
(b) With notation as in (a), suppose (Q',) is another descent datum with solution
gwen by Q@ — T and p. Then, for every morphism h': P' — Q' over T' satisfying
(T" xp W) ow = o (W xpT') there is a unique morphism h: P — @Q such that
po (T xph)="h o

We will see that descent for morphisms reduces to the statement that the functor
Hom(—, X) satisfies the sheaf axiom (for any fpqc or fppf cover), which holds for an
arbitrary scheme X.

PROPOSITION A.13. Let f: T' — T be a morphism of schemes that is fpgc or fppf.
Let X be a scheme. If g: T' — X is a morphism of schemes such that g o py = g o pa,
then there is a unique morphism h: T — X such that ho f = g.

The proof of this proposition requires some preparatory results. Below we denote by
f#: Op — f.Op the morphism of structure sheaves induced by a morphism of schemes
f: T —T'. Let p: T" — T be the composition f op; = f o ps.

LEMMA A.14. Suppose f: T" — T is fpgc or fppf. Then the sequence

f*pfbff*pf
—

#
0— 0r 15 f.0p 0.Opn

15 exact.

PrRoOOF. By Theorem A.2(b) applied to £ = F = Op and adjointness of pushfoward
and pullback, the sequence

: ot 1ot
(8) 0 — D(T,00) L5 0(T, £.00) "2 (T, p,0p0)

is exact. The sequence (8) with T replaced by any open subscheme of T is still exact,
so the sequence of sheaves is exact. [l

LEMMA A.15. Suppose f: T — T is fpqc. Let Z be a subset of T such that f~(Z)
is closed in T'. Then Z is a closed subset of T .

PROOF. Since f is surjective, it suffices to show that if f~1(Z) is closed, then

(9) [(2)=1"2)
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where Z denotes the closure of Z. It suffices to verify (9) when T' and T" are affine, so
we may suppose 1" = Spec A and T = Spec A". Introduce the ideals

I=()p and I'= () ¥,

peZz pef-1(2)

corresponding to closed subsets Z C T and f~1(Z) C T", respectively. We have I'NA =
I (viewing A as a subring of A’). In other words, I fits into an exact sequence

(10) 0—1—A— AT

Tensoring (10) by A’ identifies [ ® 4 A" with the kernel of the composite of A" — A'®@4 A’,
x +— 1®x, with the quotient map by the ideal I'® 4 A’. The ideal A’ ®4 I’ has the same
radical as the ideal I’ @4 A’, since (f o p1)~1(Z) is the closed subset of T" associated
with both. Thus /I ®4 A’ = I, and (9) is established. O

EXERCISE A.7. If f: T" — T is any surjective morphism of schemes, then for any
points x and y in T such that f(z) = f(y), there exists z € T" such that p;(z) = x and

p2(2) =Y.

PROOF OF PROPOSITION A.13. By Exercise A.7, the map h that we are required
to produce is completely determined on the set-theoretic level. By Lemma A.15 in the
fpqc case, or by the fact that fppf maps are open, the map h is continuous. Finally, the
required map of structure sheaves h*: Ox — h,Or is determined uniquely by looking
at h, applied to the exact sequence from Lemma A.14. O

PROOF OF PROPOSITION A.12. To prove (a), we need to show is the existence of
the solution to a descent problem. To give a scheme, affine over T, is the same as
giving a quasi-coherent sheaf of Op-algebras. This sheaf (as a sheaf of modules) is
constructed by descent for quasi-coherent sheaves, and is given the structure of Op-
algebra (multiplication map) using descent for morphisms of quasi-coherent sheaves.

For (b), the exactness of

(11) I‘IOIHT(P7 Q) — HOHIT/(T/ X P, T X Q) = HOHIT//(T// X P, " X7 Q)
is the same as the exactness of
HOII]T(P, Q) - HOIHT(T/ X P7 Q) = HOII]T(T” XT P7 Q)7

which follows from Proposition A.13.
As in the previous sections, the existence of the solution to a descent problem plus
exactness of (11) imply the full assertions of both statements of this proposition. [

Torsors for an affine group scheme provide an important example of affine morphisms
of schemes. We recall that if G is a group scheme over T" then a left G-torsor is a scheme
E (the total space) with a map F — T (the structure map), together with a left G-action
a: G x E — E which upon pullback by some étale cover 7" — T becomes isomorphic to
the trivial G-torsor G x T" (with action of G on itself by left multiplication). Examples
are any unramified two-sheeted cover (for G = Z/2, i.e., the constant group scheme
T x7Z/2 — T over any T') and the complement of the zero section of a line bundle (for
the multiplicative group G,,). (The same applies to right instead of left actions.) A
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consequence of Proposition A.12 is that effective descent holds for G-torsors whenever
G is an affine group scheme over the base scheme. Note that the action of G on F is
given by a map of affine schemes, to which descent of morphisms applies.

COROLLARY A.16. Let f: T" — T be a morphism of schemes that is fpqc or fppf.

Let G be an affine group scheme over T. Then: (a) Given a G-torsor E' on T' and
an isomorphism ¢: piE' — psE' over T" satisfying the cocycle condition over T" there
exists a G-torsor E on T and G-equivariant isomorphism \: f*E — E’ overT', unique
up to canonical isomorphism, such that ps\ = ¢ o piA.
(b) Let notation be as in (a), and suppose (F' 1) is another descent datum with solution
given by F and p. Then, for every G-equivariant isomorphism h': E' — F' over T’
satisfying p5h' o @ = ¢ o pih’ there is a unique G-equivariant isomorphism h: £ — F
over T such that o f*h = h' o \.

6. Non-effective descent: an example

In this section we show how descent can fail for proper morphisms. In the next
section we will see how, with projective morphisms and suitable additional data, it is
possible to overcome this problem.

Let T be a smooth projective threefold over the complex numbers which has a 2-to-1
étale cover f:T" — T, such that there exists a nodal curve Z in T" whose pre-image
in 7" consists of the union of two smooth curves F and I’ meeting transversely at two
points that we denote P and ().

Now form X’ by modifying 7" along F' U F'. Near P, we first blow up F, and then
we blow up the proper transform of F'. Near (), we first blow up F', and then the proper
transform of E. Away from {P,Q}, the order of blow-up is irrelevant, so we can glue
these together to make a scheme X'.

Since T" is a 2-to-1 cover of T it has an involution that respects the map to 7.
Because of the order in which we performed the blow-ups, this involution actually
extends to an involution of X’. Both the involution of 7" and that of X’ are without
fixed points. We can express the problem of trying to form the quotient of X’ by the
involution as a descent problem. The pair consisting of the object X’ — T” (in the
category of schemes over T"), together with the isomorphism

X' XTT, — T X7 X'
which is the identity map over the identity component of 7" and the involution over the
other component, is a descent datum. This descent datum, we claim, is non-effective,

i.e., there is no scheme quotient of X’ by its involution.
Indeed, suppose X is a scheme over T with a map 7: X’ — X making

X/ ;T/
X—T

a cartesian diagram. Consider, in X', the pre-images AU B of P and CUD of (), where
each of A, B, C, D is a rational curve. Now we make a calculation in the ring of cycles
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modulo algebraic equivalence [27, §10.3] on X. Denoting this ring by B*(X), we have,
with a suitable labeling of the curves, equations [B] = [C] + [D] and [D] = [A] + [B] in
B*(X"), and hence

(12) [A] 4+ [C] =0
in B*(X). Since 7 is finite and flat of degree 2, we find from (12) that
(13) 2m,[A] = m([A] +[C]) = 0

in B*(X). This is impossible if X is a scheme. Indeed, if U denotes an affine neighbor-
hood in X of the generic point of 7(A), and if we take Y to be a a generically chosen
hypersurface of U, then the closure Y of Y in X meets 7(A) properly in at least one
point. This means that [Y] - m.[A] is a zero-cycle class of positive degree, which is a
contradiction to (13).

Of course, the quotient of X’ by the involution exists as an analytic space. This
analytic space quotient is, in effect, Hironaka’s example of an algebraic space which is
not a scheme (cf. [47, Exa. B.3.4.1]). So, effective descent fails for general schemes.
The category of algebraic spaces, which contains quasi-separated schemes as a full
subcategory, has the advantage over the category of schemes in that effective descent
holds for general fppf morphisms. We remark that this descent property, stated in this
text as Proposition 7?2, relies on Artin’s criterion for a stack to be algebraic (Theorem
??3), whose proof is not easy!

EXERCISE A.8. Construct a non-effective descent datum with 7" a threefold over the
real numbers and f the map induced by base change via R — C. This demonstrates
that there exist an algebraic space, separated and of finite type over a field, which is
not a scheme, but which becomes a scheme after a finite extension of the base field.

7. Further descent results

Despite the failure of effective fppf (and fpqc) descent for general morphisms of
schemes, there are restricted classes of morphisms of schemes for which effective descent
is known to hold. We saw that affine morphisms form one such class of morphisms.

It is important for the theory of stacks that quasi-affine and (polarized) quasi-
projective morphisms make up two other such classes. Let us recall that a morphism
is quasi-affine if it can be factored as a quasi-compact open inclusion followed by an
affine morphism. If f: X — VY is any separated quasi-compact morphism of schemes,
then in the canonical factorization

(14) X % Spec f,0x Y,

g is an open inclusion if and only if f = h o g is quasi-affine [EGA I1.5.1.6].
Quasi-projective morphisms enjoy a similar characterization, factoring through
Proj(p f.Ox(n)). The Proj construction relies on a choice of relative ample invertible
sheaf Ox (1), which must be included as part of the descent datum.

2A reference to a statement in Part II of the book, which might not appear for a while.
3Another reference to Part II of the book.
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PROPOSITION A.17. Let f: T" — T be a morphism of schemes that is fpqc or fppf.

Then: (a) Given a quasi-affine morphism of schemes P’ — T’ and an isomorphism
©: P xqp T — T xp P over T" satisfying the cocycle condition, there exists a quasi-
affine morphism P — T and isomorphism \: T' xp P — P’ over T, unique up to
canonical isomorphism, such that T' xp A = p o (A xp T").
(b) With notation as in (a), suppose (Q',1) is another descent datum with solution
gwen by Q@ — T and p. Then, for every morphism h': P — Q' over T' satisfying
(T" xp W) op = o (W xpT') there is a unique morphism h: P — @ such that
o (T" X7 h) =h oA\

PROOF. Let t' denote the morphism P" — T’. We have the canonical factorization
(15) P" — Spec(t.Op/) — T'.

Set & = t.Op and P = Spec&’. Since f is flat, we have a canonical isomorphism
P& = (V' xp T").Opiy . Under this isomorphism, the morphisms we obtain by
pulling back (15) by py,

(16) P x¢T —P xpT' —T",

constitute the canonical factorization of P’ xrT" — T"”. Similarly,

(17) T xr P > T x7 P — T,

gives the canonical factorization of 7" xp P’ — T", under the canonical isomorphism
p;g, = (T, X t/)*OT’XTP"

The isomorphism ¢: P’ x7T" — T' x7 P’ determines an isomorphism @: P xpT —
T xr P'. Since  satisfies the cocycle condition, so does ¢. Now by Proposition A.12,
there is an affine morphism P — T and an isomorphism \: 7" xp P — P satisfying
T’ XT)\:@O()\ XTT/).

Since P is isomorphic to 7" X P’, the morphism P —TPis fpqc if f is fpqc and is
fppf if f is fppf. Moreover we can canonically identify P Xp P with P’ xrT". To do
this, we start with the cube with cartesian faces and extend the top face with cartesian
squares involving the isomorphism A, as shown in the following diagram, where f is

used to denote the second projection from 7" x P.

Iy P
@ T
- mﬂ s
P % plp X T’ T" XTP 7 T’ XTP

T/

s | i
_ -1 - f —
yzd a T x; P l P

b2
T// T/
p1
T/ / T /
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By the condition on A, the upper triangle commutes. Using Lemma A.15 in the case
f is fpqc, or the fact that fppf morphisms are open, we see that there is a one-to-
one correspondence between open subschemes U C P and open subschemes U’ C iz
satisfying

(18) (P xpp) ™ (U) = @_1((?/ X0 pa) N (U)).

In (15) we have P’ realized as an open subscheme of P'. The pre-image of P’ by 2 X711,
respectively by P xq P2, is the image of the open inclusion in (16), respectively (17).
Now (18) holds since we have a commutative diagram

P' xpT'—=T7 xp T

@l |+

T’ XTP/—>T, XT?/

So there is a unique open subscheme P C P satisfying (f o A™')"}(P) = P’. Now
the scheme P and the restriction of A to 7" xp P constitute a solution to the descent
problem posed by P’ and . O

The large diagram in the proof of this proposition illustrates a general principle. To
give the descent datum (P’ ) is equivalent to giving a scheme P” with morphism to
T" and an equivalence relation

(ﬁl,ﬁg)Z P//—>P/XP/
compatible with (py, pa): T" — T"xT". The compatibility condition is that the diagram

Di

pl— p!

L,

n P l
7" ——=T

is cartesian for ¢ = 1, 2. (To be an equivalence relation means that (p;, p2) is a locally
closed embedding? satisfying conditions that generalize the usual conditions when S is a
set for a subset of S x S to be an equivalence relation.) We take P” to be P’ xoT', with
p1 the projection map to P’ and p, the composite of ¢ and the projection 7" xr P — P’.
In the language of equivalence relations, effectivity amounts to providing a scheme P
over T and a map P’ — P such that P” = P’ xp P’. Many descent problems can be
stated in the language of equivalence relations (see [38]). In this appendix we stick to
the language of descent data, though in the next result, descent for quasi-projective
schemes, we employ the notation for the maps that we have just introduced:

(19) pi: PP xe T — P,
(20) ﬁQ:P,XTT/;T,XTPI—)P/.

4The correct condition is really monomorphism, but the more restrictive condition suffices for the
discussion of effectivity since the diagonal morphism of any scheme is a locally closed embedding.
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PROPOSITION A.18. Let f: T" — T be a morphism of schemes that is fpqc or fppf.
Given a quasi-projective morphism of schemes P' — T', a relatively ample invertible
sheaf L' on P', an isomorphism ¢: P' xpT" — T" xp P’ over T" satisfying the cocycle
condition, and an isomorphism w: piL' — piL' satisfying the cocycle condition on
P'xpT", where py and py are the maps of (19)—(20), there exists a scheme P with quasi-
projective morphism P — T' and relatiely ample invertible sheaf L, an isomorphism
AT X P — P over T" and, with f: P" — P the composition of A=t and projection,
an isomorphism x: f*L — L'; these satisfy T xp A = @ o (A xrT") and phx = wo pix.
The solution to the descent problem is unique up to canonical isomorphism.

As above, we set P” = P’ xpT'. If we further define P = P’ x;T" then the usual
cocycle condition on ¢ is expressed by the commutativity of the triangle

P/// T/ XT P//

N

T xp P/

where the maps are the ones obtained from ¢ by base change. There are projection
maps pip and pi3 (obtained from pis and py3 by base change) and po3 (the composite
P" — T" xy P" — P"). Now the cocycle condition on w is that the diagram

Sk

Piow

ProB1L! = Biyps L —— P L
liﬁgs‘”

oy ok Piaw ~x ~k sk

PP L — Pi3Ps L == iP5 L’

commutes.
The condition on y is commutativity of the diagram

where the equality f op; = f o Po 18 a consequence of the condition on A (as detailed in
the large commutative diagram in the proof of Proposition A.17).

Before we give the proof of this result, we recall that a quasi-projective morphism is
a morphism of finite type which factors as an open embedding followed by a map of the
form Proj(S) — X where S is a graded sheaf of quasi-coherent Ox-algebras. Associated
to a separated morphism of finite type of schemes f: X — Y and an invertible sheaf £
on X is a graded sheaf of algebras S := @,,o, f*(£L®"), open subscheme U C X, and
factorization of the restriction of f to U as

U — Proj(S) = Y.
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Now [EGA 11.4.6.3] states that the map f is quasi-projective if and only if U = X and
X — Proj(8S) is an open embedding. Further, for a morphism of schemes to be of finite

type is a Zariski local condition, and this is a condition that holds for any morphism if
it holds after fpqc base change ([EGA IV.2.7.1(v)]).

PROOF OF PROPOSITION A.18. We introduce P” = P’ x¢ T" as above, with mor-
phism t”: P” — P’. Consider the composite isomorphism

PRELL = EpiL = L = pt L

of two base-change isomorphisms and the pushforward of w. We claim that ¢,.£’, to-
gether with this isomorphism, constitutes a descent datum, and hence determines by
Theorem A.2 a quasi-coherent sheaf S; on T'. Verifying the cocycle condition amounts
to writing down a large diagram whose commutativity results by (i) naturality of the
base change isomorphism, (ii) the property that a composite of base change morphisms
resulting from two commuting squares glued together equals the base change morphism
coming from the large outer diagram (see the Glossary), and (iii) the cocycle condition
on w.

The same consideration applies as well to £®" yielding a sheaf S, on T, for all
n > 0. So, we get a graded quasi-coherent sheaf S = @,,>0S,, on T" which is given an
algebra structure by using descent for morphisms of quasi-coherent sheaves.

The remainder of the argument exactly parallels the proof of Proposition A.17. We
have the canonical factorization of P’ — T” through P’ := Proj(@D t.L£'®"), with descent
datum 3: P x7T" — T' x7 P . A solution is given by P := Proj (S). As before there is
a uniquely determined open subscheme P C P whose pullback is the image of P’ — P,
Now P — T with 7" xp P — P’ and the restriction of the invertible sheaf Op(1) to P
constitute a solution to the descent problem. U

Proposition A.18 is used to show that various families of curves determine stacks.
It is also are used to show that other moduli problems, such as abelian varieties with
various kinds of polarization, give rise to stacks.

REMARK A.19. The proof of Proposition A.17 is in fact the special case L' = Op
of the proof just given. In fact there is a common generalization of Propositions A.17
and A.18. This is the statement that effective descent holds for schemes equipped
with relatively ample invertible sheaves. The proof is obtained by copying the proof of
Proposition A.18 and changing “of finite type” to “quasi-compact” throughout.

A modern descent result — which is not needed in this book — stems from the study
of principal bundles on curves. Consider a scheme 7" with a covering by two Zariski
open subsets. Then, the cocycle condition on the transition mappings is vacuous, so any
isomorphism of objects on the overlap determines an object on 7. One might expect
a similar result for the cover consisting of the formal neighborhood of a divisor on T’
and the complement of the divisor. So, for instance, a vector bundle on a curve C' over
a field k£ should be determined uniquely up to isomorphism bAy a vector bundle on the
complement of a k-rational point z, a vector bundle on Spec O, ¢, and an isomorphism
on the overlap. Here is the precise result:
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PROPOSITION A.20. Let T = Spec A be an affine scheme, and let f: T — T
be the cover given by T = T] L1 Ty, where T{ C T is the complement of the divisor
corresponding to a non-zero-divisor a € A and Ty is Spec of the completion of A with
respect to the a-adic topology. Let T" = T| X Ty with projections p; to T;. Given a
quasi-coherent sheaves E! on T, fori =1 and 2 such that &) is f-reqular (i.e., such that
multiplication by f induces an injective map E5 — E5) and an isomorphism ¢: pi&; —
p3&s, there exists a locally free sheaf & on T, unique up to canonical isomorphism, with
an isomorphism X': f*€ — &' satisfying p3\ = ¢ o piA.

We remark that Proposition A.20 does not follow from faithfully flat descent. In
fact, the map f is not even flat in general. What is true is that f is faithful, i.e., we
have f*€ = 0 if and only if & = 0 for quasi-coherent £. This “faithful descent” result
is proved by Beauville and Laszlo in [9] and has important applications in conformal
field theory (see [8] for a survey) and in the geometric Langlands program.

Answers to Exercises

A.1. (1) For =, a nonzero element of M determines an inclusion A/l — M, hence
an inclusion A'/IA" — A'®4 M. With m any maximal ideal containing I, it suffices to
show A’/mA’ # 0, and this holds by surjectivity of Spec(A’) — Spec(A). For <, the
crucial fact is that p € Spec A implies A/p — A’/p A’ is injective. Indeed, if the image in
A" of some a € A\ p lies in pA’ then (p+aA)/p would be a nonzero A-module becoming
zero under A" ®4 —. Now any maximal ideal of the localization A,/pA, @4/, A'/pA’
gives an element of Spec A’ that maps to p. The condition in (2) is readily shown to be
equivalent to that given in (1); a reference is [14, Proposition 1.3.1.1].

A.2. (1) If p is the homomorphism, look at the exact sequence
0 — Ker(p) - M — N — Coker(p) — 0.

(2) If A’ ®4 M is finitely generated, one can find a finitely generated free A-module F’
and a morphism F' — M such that A’ ®4 F — A’ ® 4 M is surjective. Then (1) shows
that F' — M is surjective. The same argument on the kernel of F' — M gives the
corresponding assertion for finitely presented. The flat case follows directly from the
definitions, and the last follows from the fact that locally free of finite rank is equivalent
to flat and finitely presented. A reference for this last fact is [14, Corollary 11.5.2.2].

A.3. It suffices to prove that A’ ®4 T°* ®4 M is exact. One can prove this as in
the lemma, or, more elegantly, by defining a chain homotopy h": A’ @4 T" @4 M —
A'@, T ' ®4 M by the formula h*(xez,© - ®@x,@m) = -1, 9Ty - ® T, ®m, and
verifying that A" o 6" + 6" 1o h" = Lygrreu.

A.4. Cover T by affines T;, and let S; = f~!(T};). Descent for morphisms holds for
each S; — T; by the affine case, hence as well for [[.S; — [ 7T;. Since Zariski coverings
satisfy descent for morphisms, we may deduce descent for morphisms for [[S; — T,
and then for 77 — T.
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A.5. Given & on S and p: pi&’ — pi€’ satisfying the cocycle condition, pull back
the cocycle condition via R X7 R X7 R — S X7 S X1 S and use effective descent for
f o g to conclude there exists € on T and X': g* f*€ — ¢*E’ such that gz N = k*pogfN.
Since k o ¢ factors through the image of S in S x7 S (by the diagonal morphism), we
have ri\ = 0* ¢\ = "¢ N = ri N, hence there exists A\: f*€ — £ such that g*\ = \.
Now k*'p3A = ¢;9"A = k*p o ¢ig*\ = k*(p o piA), hence p3\ = ¢ o piA.

A.6. A non-effective descent datum is given by multiplication by p/q on the trivial
rank 1 free module on SpecZ, ®z Z,, for every pair p and ¢ of prime numbers.

A.7. What is true more generally is that if 7} and 75 are any schemes mapping to
T, with x € T} and y € Ty mapping to the same point ¢ € T, then the fiber product
Ty %1 Ty contains a point z with p;(2) = = and pe(2) = y. Localizing, we may suppose
we are in the affine case with x, y, and t all closed points. Passing to closed subschemes
we are reduced to the assertion that the tensor product of two fields over a third field
is a nonzero ring and hence contains a prime ideal.

A.8. Repeat the given construction using an irreducible curve defined over R which
becomes the union of two irreducible components (meeting at nodes) after extending
the base field to C.



