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In these notes we collect some useful facts about sheaves of modules on a ringed space that
are either left as exercises in [Har77] or omitted completely. Most of these observations can be
found in [Gro60], which is of course always the best reference. Nonetheless it may be useful for
the reader to have an english reference when these points arise in our other notes on algebraic
geometry. These notes are definitely not intended as an introduction to the subject.
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1 Modules over Ringed Spaces

Definition 1. Let X be a topological space and C the small category of open sets of X. In our
Algebra in a Category notes we defined the following concepts: presheaf of rings,sheaf of rings,
presheaf of commutative rings, sheaf of commutative rings. A ringed space is a pair (X,Ox)
consisting of a topological space X and a commutative sheaf of rings Ox. Note that if say that
. is a sheaf of rings, we do not require . to be commutative.

If R is a presheaf of rings on X, then we have the complete grothendieck abelian category
(P(C); R)Mod of presheaves of left R-modules (LC,Corollary 3), which we denote by Mod(R) or
Mod(X) for a ringed space (X,Ox). If . is a sheaf of rings on X, the complete grothendieck
abelian category (Sh;(C);.”)Mod of sheaves of left .-modules (LC,Corollary 4) is denoted
Mod () or Moo (X) for a ringed space (X, Ox).
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Throughout this section (X, Ox) denotes a ringed space, and all modules are Ox-modules.
For any module .% you can form the conglomerate of subobjects Sub.#. Recall that a subobject
is a monomorphism ¢ : 4 — # in Mod(X), whereas a submodule is a subobject for which ¢ is
the inclusion of a subset for all open U. Every subobject is equivalent to a submodule, and two
submodules are equivalent iff. they are the same module with the same embedding in .%, so there
is a bijection between Sub.%# and the set of submodules of .#. You can form the intersection and
union of any set of subobjects.

Lemma 1. Let ¢ : F — 4 be a morphism of sheaves of modules. Then the subsheaf Ime is
defined by the following condition: given an open set U and s € 4(U) we have s € (Im¢)(U) if
and only if for every point x € U there is an open set V with x € V. C U and s|y € Im(¢y).

Lemma 2. Let G be a subpresheaf of modules of a sheaf of modules F#. Then the induced
morphism of sheaves aG — F is a monomorphism whose image ¢ is defined by the following
condition: given an open set U and s € F(U) we have s € 4 (U) if and only if for every point
x € U there is an open set V with x € V C U and s|ly € G(V).

Note that the submodule ¥ of % above is the smallest submodule of # containing G. Let
{%i}ic1 be a nonempty family of submodules of a sheaf of modules .#. Then the union ), %; is
the image of the induced morphism @, % — Z.

Lemma 3. Let {¥;}icr be a nonempty set of subsheaves of a sheaf of modules . Then the
subsheaf Y, 9; is defined by the following condition: given an open set U and s € % (U) we have
s € (3,%)U) if and only if for every point x € U there exists an open neighborhood V with
z €V CU and elements a;,, .. .,a;, with a;, € 9;, (V) such that sly = a;, + -+ a;,, .

n

Proof. Taking the union of subsheaves of modules is the same as taking the union of subsheaves
of abelian groups, so the result follows from (SGR,Lemma 11). O

Lemma 4. Let {%4;}icr be a direct family of subsheaves of a sheaf of modules . Then for an
open set U and s € F(U) we have s € (3>°,%)(U) if and only if for every point x € U there
exists an open neighborhood V. with x € V. C U and k € I such that s|y € %(V). IfU is a
quasi-compact open subset of X then any section s € (3, %;)(U) belongs to 4;(U) for some i € I.

Proof. Since the family is direct, this follows easily from the explicit description of the union given
above. O

Remark 1. Since Moo (X) is grothendieck abelian, for any family of sheaves of modules {.%; }icr
the canonical morphism @,.%;, — [[.%; is a monomorphism. In particular for every open set

U C X we have an inclusion
F(Ua@jz) — HF(UWQ\’L)

which at first glance seems puzzling: the sheaf coproduct is not necessarily the presheaf (i.e.
pointwise) coproduct, but nonetheless it consists of sequences. The difference is that I'(U, @, %;)
can contain some genuinely infinite sequences that do not belong to the pointwise coproduct. In
the case where X is quasi-noetherian and U quasi-compact there is sufficient finiteness about to
stop any sequences “escaping” @, I'(U,.#;) and becoming infinite (COS,Proposition 23), so the
presheaf and sheaf coproduct agree.

Since Mod(X) is a grothendieck abelian category it follows from Mitchell ITI 1.2 that if %; are
a direct family of submodules of a module .# then the induced morphism hi)nt% — % is in fact
a monomorphism, isomorphic as a subobject to the categorical union ), .%#;. In the case where
X is a noetherian space we can give a nice characterisation of this submodule.

Lemma 5. Let {«; : #; —> F}ier be a nonempty family of submodules of a Ox-module .
Then the intersection is the following submodule

(n 9) (U) = O%(U)
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If X is a noetherian topological space and the F; are a direct family of submodules, then the union
1s the following submodule

?

(Z %) () =)
Proof. Same proof as (SGR,Lemma 12).

Lemma 6. Let %,...,.%, be submodules of a Ox-module % . Then for x € X we have
(FiN--NF),=F1.N NFpy
as Ox g-submodules of Fy.

Lemma 7. Let ¢ : F — & be a morphism of Ox-modules and suppose J is a submodule of
4. Then the inverse image ¥~ % is the submodule defined by

W'Y (U) = vy (#(U))
Proof. See the proof of (SGR,Lemma 14). O

Lemma 8. Let .7 be a Ox-module. The following conditions on two submodules ¢, 7€ of F are
equivalent:

(i) ¢ precedes F as a subobject in the category OxMod;
(i) 4 (U) C H#(U) for all open U;
(iii) 4, C ;. as submodules of F, for all x € X.

Proof. 1t is clear that (i) < (i¢) and (i) = (it3). If 4, C 7, for all z € X and s € 4(U) then we
can find an open neighborhood z € U, C U and h, € 5#(U,) such that s|y, = h, for all x. The
fact that 7 is a sheaf implies that the amalgamation s must belong to J#(U), as required. [

Definition 2. Let (X, Ox) be a ringed space, % a sheaf of Ox-modules and {s; };c; a nonempty
set of sections s; € % (U;) over open sets U; C X. The submodule of . generated by the set {s;}
is the intersection of all submodules of .# containing all the s;. This is the smallest submodule
containing the s;, in the sense that it precedes any other such submodule. We say that % is
generated by the set {s;}ics if the submodule generated by the s; is all of .

In particular, .% is generated by global sections if there is a nonempty set of global sections
{si}ier which generate . This property is stable under isomorphisms of modules and ringed
spaces, and under restriction to open subsets.

Proposition 9. Let (X,Ox) be a ringed space and F a Ox-module. Given sections s; € F (U;)
let G, C F, be the Ox -submodule generated by the set {germys; |z € U;}. For U C X let

GU)={se FU)|germys € Gy for all x € U}

Then & is the submodule generated by the set {s;}.

Proof. 1t is clear that 4 (U) is a Ox (U)-submodule of .% (U), that these modules are closed under
the restriction of %, and the resulting presheaf of Ox-modules is actually a sheaf. So ¢ is in
fact a submodule of .#, and clearly s; € 4(U;) for all i. If 5 is any other submodule of % with
s; € H(U;) for all i, we claim that & precedes 5 as a subobject of .#. Since it is clear from the
definition that ¥, = G, C 47, for all x € X this follows from the previous Lemma. ]

Remark 2. It follows that if (X, Ox) is a ringed space, # a Ox-module and {s;};c; global
sections, the s; generate % if and only if germgs; generate %, as a Ox z-module for every z € X.
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Lemma 10. Let (X,Ox) be a ringed space and ¢ : & — 4 a morphism of Ox-modules. The
image of ¢ is the submodule of 4 generated by the elements {pu(s)|s e F(U)}.

Proof. Earlier we defined the submodule Imep of & by t € (Imy)(U) iff. every x € U has an open
neighborhood = € V- C U such that t|y € Im(py ), which is iff. germyt € Im(p,). For z € X the
Ox z-submodule G, C ¥, corresponding to the collection {¢y (s) |s € F(U)} is precisely Im(py),
so the result is clear. O

Definition 3. Let (X,Ox) be a ringed space. A sheaf of Ox-modules .7 is globally finitely
presented if there are integers p,q > 0 and an exact sequence

o5k — 0% — 7 —0

We say that % is locally finitely presented if every point z € X has an open neighborhood
x € U C X such that Z|y is a globally finitely presented sheaf of Ox|y-modules. Clearly a
finitely free sheaf is globally finitely presented, and a locally finitely free sheaf is locally finitely
presented.

Proposition 11. Let (X,0x) be a ringed space. There is a nonempty set T of locally finitely
presented sheaves of modules on X which is representative. That is, every locally finitely presented
sheaf of modules is isomorphic to some element of T.

Proof. The general idea is that up to isomorphism all the globally finitely presented sheaves can
be obtained by taking p,q > 0 and the canonical cokernel of all morphisms O% — O%. To get all
the locally finitely presented sheaves you get all the globally finitely presented sheaves over open
covers and all the possible ways of glueing these sheaves. Let us now get into the specifics. Let
C be the set of all nonempty open covers of X. For each open set U C X we define the following
union set

Fy = ] Homoy, (Ox|f, Ox|)

p,q>0

For every pair of open sets U,V C X we define the following union set

Guy = U Homoyjyny (Coker(f)lunv, Coker(g)|unv)
(f,9)€EFu xFyv

A glueing datum D consists of the following data: (i) a nonempty open cover { of X (i) for each
open set U € 4 an element fy of Fy (i) for each pair of open sets U,V € 4 an isomorphism
vuv : Coker(fu)luny — Coker(fv)|lunv with the property that the sheaves Coker(fy) and
isomorphisms ¢y, satisfy the hypothesis of (GS,Proposition 1). Using the sets Fy,Gy,y it is
clear how to formalise this in such a way that we have a set G of all glueing datums. We can glue
any glueing datum D to produce a locally finitely presented sheaf of modules %p on X. This
defines a set of locally finitely presented sheaves {Zp}peg.

Now let ¢4 be any locally finitely presented sheaf of modules on X and let 1 be a nonempty
open cover with ¢|y globally finitely presented for every U € 4. That is, we can find fy € Fy
together with a canonical isomorphism ¢y : Coker(fy) = 4|y for each U € 4. For each pair of
open sets U,V € U let oy be ¢;1|Umva\UnV. This clearly defines a glueing datum D, and we
have Fp = ¥ by construction, which completes the proof. O

Lemma 12. Let X be a topological space, and let Z be the sheafification of the constant presheaf
of rings U v Z. Then there is a canonical isomorphism Mod(Z) = Ab(X).

Proof. Let P be the presheaf of rings defined by P(f)) = {0} and P(U) = Z for nonempty open
U. The restriction maps are the obvious ones, and we denote by Z the sheaf of rings associated
to this presheaf. We claim that the canonical forgetful functor F : 9od(Z) — 2Ab(X) is an
isomorphism.

Let Z be a sheaf of abelian groups on X. Then .# becomes a sheaf of P-modules in the obvious
way, and therefore also a sheaf of Z-modules. This defines a functor G : Ab(X) — Mod(Z). It
is clear that F'G = 1, and it is not difficult to check that GF' = 1, which completes the proof. O
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1.1 Stalks

Throughout this section let (X, Ox) be a fixed ringed space. All sheaves of modules will be over
X. For any point x € X we have the additive stalk functor

(—)z : MMod(X) — Ox Mod

Given an Ox ,-module M we define a sheaf of modules by

M xeU

0  otherwise

LU, Sky.(M)) = {

where for 2 € U the abelian group M = I'(U, Sky,(M)) becomes an Ox (U)-module via the ring
morphism Ox (U) — Ox ;. One defines Sky, on morphisms in the obvious way, so that we have
an additive functor

Sky,(—) : Ox sMod — Mod(X)

For a sheaf of modules .# and Ox ,-module M we have natural morphisms

n: F — Sky.(%:), nu(m)=(U,m)
e: (Sky, M), — M, U,m)=m

In fact these are the unit and counit of an adjunction (—),——Sky,. It is clear that € is a
natural equivalence, from which we deduce that Sky,, is fully faithful (AC,Proposition 21). Tt is
also distinct on objects, so Sky, gives a full embedding of Ox ;Mod into Mod(X). Given a sheaf
of modules . we define an abelian group

F* = Homoy (Sky.(Ox z), F)

which becomes a Ox ;-module with action (7 - s)y () = sy (rt) for open sets V' containing z. A
morphism of sheaves of modules ¢ : . — ¥ determines a morphism of Ox ,-modules ¥* defined
by ©¥*(s) = 1 o s. This defines an additive functor

(—)* : Mod(X) — Ox Mod

For an Ox ;-module M, any element m € M corresponds to a morphism of modules m : Ox , —
M and therefore to a morphism of sheaves Sky,(m) € Sky,(M)*. Since Sky,(—) is fully faithful,
this is a natural isomorphism of Ox ,-modules

n: M — Sky,(M)*
n(m) = Sky,(m)

In fact this is the unit of an adjunction Sky,(—)——(—)*. To see this, suppose we are given a
sheaf of modules ¢ and morphism of Ox ;-modules o : M — %*. Then the following morphism
of sheaves of modules

¢ : Sky(M) — 4
pv(m) = a(m)v(1)

is unique with the property that ¢*n = a. This establishes the desired adjunction, so we have a
triple of adjoints

(=)o — Skya(=) —— (=)*
which in particular means that Sky,(—) is exact and preserves all limits and colimits.

Remark 3. You can’t expect the stalk functor (—), to preserve products in general, because a
sequence in [], .%; , could contain germs over a strictly descending sequence of open sets. Then
it makes sense that no open section of [],.%; (which is a sequence of sections over a fized open

set) can induce all of these germs at once.
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Remark 4. It is clear that for any sheaf of modules .# the morphism of Ox ,-modules n, : ¥, —
Sky, (%), is an isomorphism. Suppose now that z is a closed point and that Supp(F) = {z}.
Then the stalk of Sky.(%;) is zero at every point y # x, so it is clear that 7 is an isomorphism of
sheaves of modules. So if x is a closed point and .% a sheaf of modules, .% is a skyscraper sheaf
at x if and only if Supp(.F) C {z}.

Lemma 13. Let x € X be a point and I an injective Ox ,-module. Then Sky,(I) is an injective
object in Mod(X).

Proof. The functor Sky,(—) has an exact left adjoint (—), and therefore preserves injectives
(AC,Proposition 25). O

Lemma 14. Let x € X be a point, ¥ a sheaf of modules on X and M an Ox z-module. Then
there is a canonical morphism of sheaves of modules natural in F and M

A F ®ox Skys(M) — Sky,(F. ®ox ., M)
a®@br (Ua)®b
with the property that A, is an isomorphism. If x is a closed point then X is an isomorphism.

Proof. Tensoring the counit € : (Sky, M), — M with %, and composing with the canonical
isomorphism yields an isomorphism of Ox ;-modules

(y ®ox SkyI(M))I — Fy ®OX,I M

By the adjunction this corresponds to a morphism A with the required properties. This result
should be compared with Lemma 80. O]

Lemma 15. Letx € X be a point and M, N two Ox .-modules. There is a canonical isomorphism
of sheaves of modules natural in M, N

Sky.Homoy ,(M,N) — Homo, (Sky. M, Sky.N)
a— Sky.(a)|y

Lemma 16. Let x € X be a point, M an Ox z-module and & a complez of sheaves of modules.
There is a canonical isomorphism of sheaves of modules natural in F, M

Sky.Homoy ,(Fo, M) — Homo (F, Sky, M)

Proof. We compose the isomorphism of Lemma 15 with the unit of the adjunction between
Sky,(—) and (—), to obtain a canonical morphism of sheaves of modules

Sky, Homoy ,(Foy M) =2 Homoy (Skye(Fr), Sky. M) — Homo (F, Sky, M)
which is clearly natural in both variables, and is easily checked to be an isomorphism. This result
should be compared with Corollary 87. O

1.2 Inverse and Direct Image

Lemma 17. Let f : (X,0x) — (Y,0Oy) be a morphism of ringed spaces and F a sheaf of
modules on'Y. Then for open U C X, s € f*F(U) and x € U there exists open V withx € V C U
such that sly = s1 + -+ + s, where each s; has the form

s;=[T,c]@b
withT 2 f(V), ce F(T) and b e Ox(V).

Lemma 18. Let f : X — Y be a morphism of ringed spaces and ¢ : F — 4 a morphism of
sheaves of modules on'Y. For open U C X, T D f(U) and c € F(T),b € Ox(U) we have

(fo)u([T,c]@b) = [T,pr(c)] @b
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Theorem 19. Let f : X — Y be a morphism of ringed spaces. Then there is an adjunction
f*—f«. For a sheaf of modules F on X the unit is

n:F — fuf"F
nu(s) =[U,s]®1

If ¢ : 9 — f.F is a morphism of sheaves of modules on'Y , the adjoint partner is
v Y — F
Yu(V.t]@r)=r-¢v(t)u
for open V-2 f(U) and t € (V).

Remark 5. Let f : (X,0x) — (Y,0Oy) be a morphism of ringed spaces and ¢ a sheaf of
modules on Y. For z € X the Ox ,-module (f*¥), is also a (f~'Oy),-module as f*¥ is the
tensor product of f~*Oy-modules f~!'¥ @ -1, Ox. The ring isomorphism (f~*Oy), = Oy, f ()
therefore defines a Oy, ¢(,)-module structure on (f*%),. It is straightforward to check this agrees
with the structure obtained from the canonical ring morphism Oy, ¢,y — Ox . The canonical
isomorphism of abelian groups (f~'¥¢), = 9t () maps the action of (f~1Oy), to the action of
Ov.f()-

Proposition 20. Let f: (X,0x) — (Y,Oy) be a morphism of ringed spaces and 4 a sheaf of
modules on Y. Then there is a canonical isomorphism of Ox ,-modules natural in &

T (Y — Yt () QOy sz Ox
germa([V, 5] @ b) — germ (s © germab

Proof. Identifying the rings Oy, ¢(,) and (f ~10y), using the canonical isomorphism, we have an
isomorphism of Oy, f(,)-modules

(f*g)w = (f_lg ®f-10y OX)I
= (f7'9)s @110y, Ox,2
= (f'9). R0y ) OX,z
= Yt(x) D0y, 50y OX oo

It is straightforward to check that this is an isomorphism of Ox ,-modules natural in ¢. O

Lemma 21. Let f: (X,0x) — (Y,O0y) and g : (Y,Oy) — (Z,0z) be morphisms of ringed
spaces. Then as functors between the categories of sheaves of modules (gf)« = gufs. Also 1, =1
and therefore if f is an isomorphism of ringed spaces, fi : Mod(X) — Mod(Y) is an isomorphism
of categories.

Remark 6. Let (X,Ox) be a ringed space and U C X be an open subset with inclusion ¢ :
U — X. If % is a sheaf of Ox modules then the isomorphism of sheaves of abelian groups
Flyg — i~1.Z is actually an isomorphism of sheaves of O x|v-modules. The module structure on
i~1.% comes from the natural i ~*Ox-module structure together with the isomorphism Ox |y —
iflox.

Proposition 22. Let f : (X,0x) — (Y,0y) and g : (Y,0y) — (Z,0z) be morphisms of
ringed spaces and let .F be a sheaf of Oz-modules. There is a canonical isomorphism of sheaves
of (¢f)~*O0z modules natural in F

i (ghH ' F — g T

Proof. The sheaf g~ !.% is naturally a g~'Oz-module, so f~l¢g~!.% is naturally a f~lg71O-
module. We use the isomorphism (gf) 10z — f~1g 1Oy to make f~1g~1.% into a (gf) " 1O0z-
module.



We claim the isomorphism of sheaves of abelian groups (gf)~'.% — f~lg~L.% is actually
an isomorphism of sheaves of (gf)~1Oz-modules. First we set up our notation. Let Z’, Z be the
presheaves on X which sheafify to give (gf)~1.% and f~lg~1.% respectively and let R’, R be the
presheaves of rings sheafifying to give (¢f) 'Oz and f~1g~ 1Oy respectively. Let ¢' : 2/ — Z
and ¢’ : Z' — Z be the canonical morphisms of presheaves. For z € X and a € Z/, and b € R/,
it is not difficult to check that

¢ (b a) =1y (b) - ¢, (a)

Let ¢ : (gf) 17 — f~lg ' and ¥ : (9f) 'Oz — f~1g71Oz be the sheafifications of ¢,
respectively. If U C X is open and m € (gf)"L.Z(U) and r € (gf)*Oz(U) then

pu (r-m)(zx) = ¢, ((r-m)(x))
= ¢, (r(x) - m(x))

P (r(x)) - ¢ (m(x))
= (Yu(r) - dv(m)) (z)

This shows that ¢ : (¢f)"1.% — f~1g~1.% is an isomorphism of (¢f)~*Oz-modules, as required.
O

Proposition 23. Let f : X — Y and g : Y — Z be morphisms of ringed spaces. There is a
canonical isomorphism of sheaves of modules on X natural in F

a:(gf)'F — g F

which is unique making the following diagram commute

F ! 9+9*F (1)

(9f)(gf)F ehea (9f)«f9*F

Proof. We have the following diagram of adjoint pairs

(9f)«
fe g«
Moo (X) Moo (Y) Mod(Z)
fr g
(9H)"
Let n¢,mg,1g¢ be the units for the adjunctions f* ife, g* 1g. and (gf)*——(gf)«. By

composition of adjoints, the functor f*g* is left adjoint to g, f« = (gf)+ with unit v = g,nrg* on,.
We deduce a canonical natural equivalence « : (gf)* — f*¢* which is unique making the
necessary diagram commute for each sheaf of modules % on Z. O

Remark 7. With the notation of Proposition 23 one checks that for a sheaf of modules % on X
the following diagram commutes

fref,z

9 9 foF ———— [ [T
—1
O‘(gf)*?l lf
a

@) (9f)F ——= 7

S



Remark 8. With the above notation, let .# be a sheaf of moduleson Z, U C X and T 2 (gf)(U)
open sets and ¢ € F(T),b € Ox(U) sections. Then we have

a:(gf)F — [T F
av ([T, ®b) =g 'T,[T,c]® 1] &b

In checking this one can reduce to the case b = 1 and U = (gf)~'T, which follows from com-
mutativity of (1). Also for open U C X,V D f(U),T 2 ¢g(V) and r € Ox(U),s € Oy (V) and
c € F(T) we have

ag (V. [T, & s]&r) = [T,d & (rff (s)lv)
Checking this for s = 1 is trivial. We can reduce to this case in the following way
V[T, @s]@r = ([Vis]- [V, [T, @ 1)) &r = [V, [T, @ 1] & (rff (s)lv)

since the tensor product is over f~1Oy (U).

1.3 Sheafification

Throughout this section (X, Ox) is a ringed space and a : Mod(X) — 9Mo0(X) the canonical
sheafification functor.

Lemma 24. Let U C X be an open subset. Then the following diagram of functors commutes up
to canonical natural equivalence

Mod(X) —2= 9Mod(X)

‘| |

Mod(U) —— Mod(U)

Proof. The analogous result for presheaves of sets, groups or rings is easily checked (see p.7 of
our Section 2.1 notes). Let F' be a presheaf of modules on X, and let ¢, : (F|y), — Fy be the
canonical isomorphism of modules (compatible with the ring isomorphism (Ox|y)s = Ox,,) for
x € U. Then we define

n:a(Fly) — (aF)[y
nw (s)(x) = ¢x(s(x))

This is a morphism of sheaves of Ox-modules, which is clearly an isomorphism. Naturality in F’
is also easily checked. O

Lemma 25. Let f : (X,0x) — (Y, Oy) be an isomorphism of ringed spaces. Then the following
diagram of functors commutes up to canonical natural equivalence

Mod(X) —2= Mod(X)

#| 2

Mod(Y') —— Mod(Y)

Proof. We checked this for abelian groups in Section 2.5 p.33. The natural equivalence given there
is easily checked to give a natural equivalence of functors in our present situation. O



1.4 Extension By Zero

Associated to any morphism of topological spaces is an adjoint pair of functors between the
categories of sheaves of abelian groups: direct and inverse image. We saw in (SGR,Theorem 32)
that in the special cases of open and closed embeddings, two extra adjoints make an appearance
(an extra left adjoint for open embeddings, and an extra right adjoint for closed embeddings).
The situation is similar for morphisms of ringed spaces and in this section we define the additional
adjoint for open immersions. The adjoint for closed immersions will have to wait until Section
1.13.

Definition 4. A morphism of ringed spaces f : (X,0x) — (Y, Oy) is an open immersion if it
is an open embedding and the induced morphism of ringed spaces (X, Ox) — (f(X),Ox|fx))
is an isomorphism.

Definition 5. A morphism of ringed spaces f : (X,0x) — (Y,Oy) is a closed immersion if
it is a closed embedding and the morphism f# : Oy — f,Ox is an epimorphism of sheaves of
abelian groups. Equivalently, the induced map Oy, f(,) — Ox . is surjective for every z € X.

Definition 6. Let f : (X,0x) — (Y,Oy) be an open immersion of ringed spaces. If ¢ is
a sheaf of Oy-modules, then we write ¢|; (or more commonly just ¢|x) to denote the sheaf
of Ox-modules defined by T'(U,¥|x) = T'(f(U),¥). This defines an additive functor (—)|x :
Moo(Y) — Moo (X).

Lemma 26. Let f: (X,0x) — (Y,Oy) be an open immersion of ringed spaces. For any sheaf
of Oy -modules & there is a canonical isomorphism of sheaves of modules natural in 4

0: Y —9|x
0([T,c] @b) =b-c|yq)
Proof. Follows from Proposition 111 Proposition 107. O

Definition 7. Let f : (X,0x) — (Y,0Oy) be an open immersion of ringed spaces with open
image U. Let .% be a sheaf of Ox-modules and define a presheaf of Oy-modules by

0 otherwise

FolV) = {ff(flw Vcu

Denote the sheafification a.#g by fi.%, which is a sheaf of Oy-modules. If ¢ : % — F' is a
morphism of sheaves of modules then the morphism ¢ of (SGR,Definition 16) is a morphism of

presheaves of Oy-modules, so we have a morphism of sheaves of modules fi¢ = a¢g : fiF —
fi.#'. This defines an exact additive functor fi(—) : Mod(X) — Mod(Y).

Proposition 27. Let f: (X,0x) — (Y,Oy) be an open immersion of ringed spaces. Then we
have a triple of adjoints

I

N

Mod(X) <~ Mod(Y)  fi— i f*— f

\ﬁ/

The functors f and f* are exact.

Proof. We need only show that f is left adjoint to f*, and by Lemma 26 it is enough to show
that fi is left adjoint to (—)|x. Let ¢ be a sheaf of Oy-modules. There is an obvious morphism
of presheaves of Oy-modules (¥|x)r — ¢ which is the identity for V C U and zero otherwise.
This induces a morphism of sheaves of Oy-modules ¢ : fi(¥|x) — ¢, which is natural in ¢. If
A is a sheaf of Ox-modules and ¢ : fi. 7 — ¢4 a morphism of sheaves of Oy-modules, we define

10
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a morphism of ¢ : # — ¥|x by v (s) = @) (8). This is the unique morphism of sheaves of
Ox-modules making the following diagram commute

©

Jira %

7

f¥]x)
which shows that fi is left adjoint to (—)|x with counit e. O

Remark 9. Let (X, Ox) be aringed space and U C X an open subset with inclusion j : U — X.
There is a canonical isomorphism of sheaves of modules n : S — (515)|y for any sheaf of
modules % on U. It gives rise to an isomorphism of Ox ,-modules 4, — (ji#), for any
x € U. Clearly (1), =0 for any = ¢ U.

Corollary 28. Let f: (X,0x) — (Y,Oy) be an open immersion of ringed spaces. Then the
functor (=)|x : Mod(Y) — Mod(X) preserves injectives.

Proof. This follows from the fact that (—)|x has an exact left adjoint (AC,Proposition 25). O

There is an intuitive description of the sections of the extension by zero as those sections of
the original sheaf which “fade out” in an appropriate way, and can therefore be extended by zero
to a larger open set.

Lemma 29. Let (X,Ox) be a ringed space and U an open subset with inclusion j : U — X. For
any sheaf of modules % on U there is a canonical monomorphism of sheaves of modules natural
in F

Vi F — juF
whose image is the submodule ¥ defined by

T(V,9)={seT(VNU,ZF)| for every x € V\ U there is an open set
x € W CV such that slwnu = 0}

Proof. Let Fg be the presheaf of modules on X defined by I'(V, %) =T'(V, %) for V C U and
zero otherwise. This is a subpresheaf of j,.# and the induced morphism of sheaves ¢ : j1. % —
j«Z has an image ¢4 defined by the condition of Lemma 2. Examining this condition one checks
that T'(V,¥) C T'(V, j..%) consists of the sections satisfying the given condition. O

Remark 10. With the notation of Lemma 29 let ¢4 be a sheaf of modules on X and set # = ¥|y.
Let V C X be open and s € I'(V, j1(¥|v)) a section identified with a section of I'(V N U,¥) with
the “fading out” property. For every & € V' \ U choose an open set x € W, C V with s|w, v = 0.
Then these sets together with VNU cover V', and s together with all the zero sections amalgamates
to give a section t € I'(V,¥). This is the extension of s by zero.

Of course the counit € : j1(¥4|y) — ¥ already knows all about this: it is precisely the map
which extends every section by zero. In other words, ey (s) = t. This is the observation that the
following diagram commutes

WG w) — %
Ny

since €, is zero for ¢ U, so the image under £y of any section must have zero germs at every
point of z € V\ U.

Definition 8. Let (X, Ox) be a ringed space, U C X an open subset and ¢ a sheaf of modules
on X. Let V C X be open and suppose s € I'(VNU,¥) is a section with the property that for
every © € V' \ U there is an open set x € W C V such that s|ywny = 0. Then there is a unique
section s|V € T'(V,¥) with the property that (s|V')|vny = s and germ,(s|V) =0 for all z € V\ U.
We call this the extension by zero of s. Clearly ey (s) = s|V.

11
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1.5 (Generators

Throughout this section (X, Ox) is a fixed ringed space. For any open subset U C X with inclusion
i : U — X we have the functor 4/(—) : Mod(U) — Mod(X) of Definition 7. We denote by
Oy the sheaf of modules i1(Ox|y). For open sets U C V there is a canonical monomorphism
of sheaves of modules pyy : Oy — Oy. Clearly pyy = 1 and pyrpuv = pur. We have
Op = 0 and the module Oy for U = X is isomorphic to the structure sheaf Ox. The adjunction
iv—(—)|v means that we can compute explicitly morphism sets of the form Hom(Oy, %).

Proposition 30. For any open subset U C X and Ox -module % there is a canonical isomorphism
of abelian groups

Homp, (Oy, 7)) — T'(U, %)
which is natural in U and F in the sense that for an inclusion U CV and a morphism % — &
the following two diagrams commute

Hom(Oy,F) ——=T(V, %) Hom(Oy, #) ——=T(U, %)
Hom(Oy, #) ——T(U, %) Hom(0Opy,9) ——T(U,9)

Proof. Given U C X let Fy be the presheaf sheafifying to give Opy. For s € F(U) we define
Fy — % bysending 1 € Fy (V) to s|y € % (V). Conversely a morphism ¢ : Fy — % is mapped
to ¢y (1). This gives an isomorphism of abelian groups Hom(Fy,.%#) = .#(U) which is natural
in U and .%. Using the adjunction between inclusion and sheafification, it is straightforward to
finish the proof. We note that the isomorphism Hom(Oy, #) — % (U) sends ¢ to ¢y (1) where
1 is the section mapping every x € U to 1 € Ox ;. O

Remark 11. With the notation of Proposition 30 let Oy — &% correspond to a section m €
I'(U, #). Then it is easy to check that the composite Ox , = Oy, — %, sends the identity to
germygm.

Corollary 31. Let {U;};cr be a basis of open sets for X. Then the sheaves {Oy,
generating family for Mod(X).

i €I} form a

Proof. The previous result shows that if ¢ : F — ¢ is a morphism of O x-modules and s € % (U)
corresponds to « : Oy — #, then the composite ¢a corresponds to ¢y (s) € 4(U). So it is clear
that if ¢ is nonzero, there is ¢ € I and a morphism Oy, — % such that Oy — % — ¢ is
nonzero. O

Lemma 32. For any open set U C X we have Supp(Oy) C U with equality if (X, Ox) is a locally
ringed space.

Proof. This is immediate from Remark 9. O

Lemma 33. Let f: (X,0x) — (Y,Oy) be a morphism of ringed spaces and V.C'Y an open
subset. There is a canonical isomorphism of sheaves of modules natural in V'

« f*OV — Of—lv

Proof. The identity 1 € I'(V, f,Os-1y) corresponds to a morphism Oy — f,Of-1y and by
adjointness to a morphism f*Oy — Of-1y. To check this is an isomorphism it suffices to check
on stalks, which follows immediately from Proposition 20. By naturality in V' we mean that for
open sets W C V of Y the following diagram commutes

f*OW — Of*1W

.

f*OV —_ > Of—lv

which is easily checked. O

12



Next we introduce the analogue of the sheaf Oy for closed subsets. Let Z C X be a closed
subset with open complement U and let j : Z — X be the inclusion. Then Oz = j.(;7'Ox) is
a sheaf of rings on X and there is a canonical morphism of sheaves of rings w : Ox — Oz which
makes the latter sheaf into a sheaf of Ox-modules. From (SGR,Lemma 26) we deduce a canonical
short exact sequence of Ox-modules

0— 0Oy —0Ox — 0z —0 (2)

and in particular whenever Z C @ are closed subsets of X we have an epimorphism of Ox-
modules Og — Oz compatible with the projections from Ox. By passing to stalks one checks
that Oz, =0for z ¢ Z, and w, : Ox , — Oz, is an isomorphism for x € Z.

Proposition 34. For any sheaf of Ox-modules F there is a canonical isomorphism of abelian
groups Homo , (Oz, F) 2 T'z(X,.#) natural in F and Z.

Proof. Recall that T'z(X,.%) denotes the submodule consisting of sections s € I'(X, .%) satisfying
sly =0, where U = X \ Z. Given a morphism of Ox-modules Oz — % we can compose with
the projection Ox — Oz to obtain a morphism Ox — % which corresponds to an element
s € T'(X,#). We claim that this is the desired isomorphism. To see this, apply Homo, (—, F)
to the exact sequence (2) to obtain an exact sequence

0 — Homp, (0z, %) —T(X,#) —T(U,Z)

as required. Naturality in .% is obvious. By naturality in Z we just mean that given closed sets
Z C @ and morphism Oz — # corresponding to s € I'z(X, #) C I'g(X, %), the composite
Og — Oz — F also corresponds to s. O

Lemma 35. Let f: (X,0x) — (Y,Oy) be a morphism of ringed spaces and Z C'Y a closed
subset. There is a canonical isomorphism of sheaves of modules natural in Z

B:f 0z — Of*lz

Proof. The global section 1 € I'(X, Of-14) is also a global section of f,O-1, and it corresponds
by the isomorphism of Proposition 34 to a morphism of sheaves of modules Oz — f.Of-15,
and therefore by the adjunction to a morphism g : f*Oz — Ojf-1z. One checks this is an
isomorphism by passing to stalks. By naturality in Z we mean that for closed sets Z C @ of Y
the following diagram commutes

[*0g ——= 0519

L

O —— Of—l 7
which is easily checked. O

1.6 Cogenerators

Throughout this section (X, Ox) is a fixed ringed space. For each x € X let A, be an injective
cogenerator of Ox ;Mod and let A\, = Sky,(A;) be the skyscraper sheaf. By adjointness of (—);
and Sky,(—) for any sheaf of modules .# we have a canonical isomorphism of abelian groups
natural in both variables

Homo (F, ) — Homoy  (Fo, Ar)

By Lemma 13 the sheaves )\, are injective, and we claim they form a family of injective cogenerators
for Mod(X). In particular .# is zero if and only if Homoe, (#, ;) = 0 for every = € X.

Lemma 36. The sheaves {\; |z € X} form a cogenerating family for Mod(X).

Proof. Suppose we are given a nonzero morphism of sheaves of modules ¢ : % — 4. Then ¢,
is nonzero for some x € X and therefore admits a morphism a : ¢, — A, with a¢, # 0. By
adjointness this corresponds to a morphism « : 4 — A, with a¢ # 0, completing the proof. O

13
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1.7 Open Subsets

Proposition 37. Let (X,0x) be a ringed space and U C X an open subset with inclusion
i:(U,Ox|y) — (X,0x). Then —|y = i* and so we have a diagram of adjoints
/”;\

Mod(U)

Mod(X)  — |y =i —ii,

-

—lv

The functor —|y is exact and preserves all limits and colimits. The functor iy is fully faithful and
injective on objects.

~

Proof. We know from our Section 2.5 notes that i* is left adjoint to i, and i* = —|y, so it
follows that —|y is also left adjoint to i,. This shows that —|y preserves epimorphisms and all
colimits. It is not hard to check that for a morphism v : . % — ¥ of sheaves of modules on X,
(Kery)|y = Keriy|y for any open set V, so —|y also preserves kernels and is therefore exact. To
prove —|y preserves all limits, we need only show it preserves products. But this is trivial since
products in Mod(X) are taken pointwise. The claims about i, are easily checked. O

Note that the unit of the adjunction — |p—i. is the map F — i.(F|y) given by
restriction # (V) — Z(U NV) and the counit (i.¥)|y — ¢ is the identity. It follows from
Proposition 37 that 4, gives an isomorphism of 9od(U) with a full abelian subcategory of Moo (X ),
so we can identify 900 (U) with this subcategory. It also follows from Proposition 37 that 9tod(U)
is a Giraud subcategory of Mod(X). The reflection of a sheaf of modules .# is the sheaf i.(F|y).

Lemma 38. Let (X,Ox) be a ringed space and {U;};c1r a nonempty open cover. Suppose we have
a sequence of sheaves of modules on X

F — F — T (3)

; ; ; ol T g :
This sequence is exact if and only if F'|y, — Flu, — F"|u, is an exact sequence of sheaves
of modules on U; for every i € I.

Proof. The condition is clearly necessary, so assume the sequences on the U; are all exact. We
know the sequence (3) is exact iff. it is exact as a sequence of sheaves of abelian groups, which by
(H, Ex. 1.2) is iff. the sequence of abelian groups %, — %, — #. is exact for every z € X.
But if x € U; we have a commutative diagram of abelian groups
F 7, F
x

x T

S

(F'Nv)e — (ZFlvi)e — (F"|v)a

By assumption the bottom row is exact, hence so is the top row, which completes the proof. [

Proposition 39. Let (X,0x) be a ringed space and {Uy}aeca a nonempty open cover. Let D be
a diagram of sheaves of modules on X. Then a cone {H,p; : H — D, }icp is a limit if and only
if {Hlvu,,pilu, : Hlu, — Dilu, }iep is a limit for the restricted diagram of sheaves of modules
on Uy for every a € A.

Proof. The categories Mod(X), Mod(U,) are all complete and cocomplete, so let p; : Y — D;
be a limit for D in 9Mod(X). There is an induced morphism 7 : H — Y with u;n = p;, and the
morphisms p; are a limit iff. 7 is an isomorphism. But this is iff. |y, is an isomorphism for all
a, which is iff. the morphisms p;|y, are a limit for all a. This completes the proof. O

Proposition 40. Let (X,Ox) be a ringed space and {Uy}aca @ nonempty open cover. Let D be
a diagram of sheaves of modules on X. Then a cocone {H,p; : D; — H};ep is a colimit if and
only if {H|v.,,pilu, © Dilu, — Hluv,}iep is a colimit for the restricted diagram of sheaves of
modules on Uy, for every o € A.

14



1.8 Tensor products

Definition 9. Let (X, Ox) be a ringed space and %1, ... ,.%, sheaves of Ox-modules for n > 1,
and ¢4 a sheaf of abelian groups. A morphism of sheaves of sets f : % x --- X %, — ¥ is
multilinear if for every open set U C X the function

fog.l(U) Xoee Xyn(U) —>g(U)

is multilinear, in the sense of (TES,Definition 2). If ¢ is a sheaf of Ox-modules and each fy is a
multilinear form then we say that f is a multilinear form. The canonical morphism of sheaves of
sets

N TLX X Fn s FL @@ T
(0’17'-~7an)'_>a1® ®an

is clearly a multilinear form. If » = 1 then a multilinear map is just a morphism of sheaves of
abelian groups .%; — ¢, and a multilinear form is a morphism of sheaves of modules.

Proposition 41. Let (X,0x) be a ringed space and Fy,..., Fn, 9 sheaves of Ox-modules for
n>1. If f: % x---xF, — 9 is a multilinear form then there is a unique morphism of
sheaves of modules 0 : 1 ® -+ @ F,, — 4 making the following diagram commute

ﬂlxxﬁ\ni>3ﬂ®®§n

|

1

Proof. For n = 2 this follows from the definition of the tensor product. For n > 2 fix an open set
U C X and a € % (U). Define a multilinear form
f’:92|U X X 9n|U %g|U
f\// ag, ... 7a’n) = fV(a‘VaaQa' o 7a’n)
ar

By the inductive hypothesis this induces a morphism of sheaves of modules ¢/ : (% ® --- ®
Fo)lu — 9|u. Define a multilinear form

" FIX(Fr @@ Fp) — G
vla,t) = (0,)u(t)

The induced morphism of sheaves of modules 6 : #; ® - - ® F,, — ¢ is the one we require. [

Remark 12. Let (X, Ox) be a ringed space and %1, ...,.%, sheaves of Ox for n > 1. Define a

presheaf of Ox-modules by
pPU)=AU)®-- @ FnU)

using the multiple tensor product of (TES,Definition 3). This sheafifies to give a sheaf 2 of
Ox-modules together with a multilinear form %#; x --- x %, — 2, which one checks has the
universal property described in Proposition 41. We deduce a canonical isomorphism of sheaves of
modules

22— F(FR( @ (Fn1®@Fn) ) (4)

defined by a1 ® -+ @ a, — a1 @ (ag @ ---). If we define another presheaf of Ox-modules by
PU)=2U)@ (FU)@ (- @ (F1(U)@ F,(U))--+)

using the usual tensor product repeatedly, then there is by (TES,Lemma 2) a canonical isomor-
phism of presheaves P = P’ and therefore a canonical isomorphism of the sheafification of P’ with
the sheaves of (4). These isomorphisms are all natural in every variable.

15
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Definition 10. Let ¢ : & — 0’ be a morphism of sheaves of commutative rings on a topological
space X. Restriction of scalars defines an additive functor F : Mod(O') — Mod(O0). If F is a
sheaf of &-modules then define the following presheaf of O'-modules

PU)=.7(U) ®@ow) O'(U)

Let . % ®o O’ denote the sheaf of @’-modules associated to P. If ¢ : % — %’ is a morphism of
sheaves of O-modules then define a morphism of presheaves of O’-modules

§ P — P
by F(U) @ow) O'(U) — F'(U) @ow) O'(U)
py=du®1

Let ¢ @0 O : F @0 O — %' @0 O’ be the morphism of sheaves of @’-modules associated to
¢'. This defines an additive functor — ®o O : Mod(O) — Mod(O’).

Proposition 42. Let ¢ : O — O’ be a morphism of sheaves of commutative rings on a topological
space X. Then we have a diagram of adjoints

—-®00’
T T

Mod(O) Mod () Q00— F
-
F

Proof. Let Z be a sheaf of O-modules and define a morphism of sheaves of O-modules natural in

F

n:F — F 00

no(s) =s®1
So to complete the proof we need only show that the pair (# ®0 ', ) is a reflection of .Z along F.
If o : # — ¢ is another morphism of sheaves of O-modules, where ¢ is a sheaf of ('-modules,
then for each open U define a Ox (U)-bilinear map
e: Z(U)x O'(U) — 4(U)
(m,r) —r-ay(m)

This induces a morphism of sheaves of O’-modules 7 : . ¥ ®o O’ — ¢ which is unique such that
TN = «, as required. O

1.9 Ideals

Definition 11. Let (X,Ox) be a ringed space. A sheaf of ideals on X is a submodule # of
Ox. If ¢ is a sheaf of ideals on X and .% is a sheaf of modules on X, then #.% denotes the
submodule of .# given by the image of the following morphism

IRF —O0x@F=2F

It follows from the next result and Lemma 2 that ¢ .% is the submodule of .# given by sheafifying
the presheat U — #(U)% (U). So # % is the smallest submodule of .# containing # (U)% (U)
for every open U. In particular if #;, #» are two sheaves of ideals, then we have the product
sheaf of ideals ¢1 _#5. If # is a sheaf of ideals then #" denotes the n-fold product for n > 1. It
is clear that if U C X is open then (_.%)|lv = Z|vF|v.

Fix a sheaf of ideals 7. If ¢ : # — & is a morphism of sheaves of modules then there are
induced morphisms of sheaves of modules f¢: #.F — ¢4 and F/ % — 4/ 79 unique

16



making the following diagram commute with exact rows

0 T T F F|IF —=0
A b
0 J9Y @ G| IG——>0

In this way we define additive functors # — : Mod(X) — Mod(X) and (—)/ £ (—) : Mod(X) —
Mod(X). Note that if #, %, £ are sheaves of ideals then # % C Z if and only if for every open
U C X we have ¢ (U)J# (U) C Z(U). This follows from the fact that # % is the sheafification
of U— Z(U)#(U) and Lemma 2.

Lemma 43. Let 7 be a sheaf of ideals on X, F a sheaf of modules. For open U C X and
s € F(U) we have s € (_ZF)(U) if and only if for every x € U there is an open neighborhood
x € V CU such that s|y = s1+ -+ + s, where each s; is of the form

S =7r-m
for somer e Z(V) and me Z(V).
Proof. This follows immediately from Lemma 1. O

Lemma 44. Let 7 be a sheaf of ideals on X and let n > 1. For open U C X and s € .F(U) we
have s € #™(U) if and only if for every v € U there is an open neighborhood x € V. C U such
that s|v belongs to the ideal Z (V)" of Ox (V).

Lemma 45. Let .% be a sheaf of modules on X. Then we have the following properties of ideal
product

(i) If 7, are sheaves of ideals then g H =X F C FNX.
(i) If 71, 7o are sheaves of ideals then #1( #2.F) = (_ F1_72)F . In particular the product of

sheaves of ideals is associative.
(i51) If 7 is a sheaf of ideals then ( F F )y = F2Fu.
(z'v) Oxf =7.

() If 7,4, L are sheaves of ideals with ¢ C A then 7L C # L. In particularif § C A
then 7™ C ™ for allmn > 1.

Proof. (i) and (i%) follow from Lemma 43. For (i) use the fact that the stalk functor Mod(X) —
Ox oMod is exact to see that (_#.%), is the image of the following morphism

Ho @ Fg — Ox 5 @ Fp =2 Fy
which is clearly #,.%,. (iv) and (v) are trivial. O

Definition 12. Let f : X — Y be a morphism of ringed spaces and let ¢ be a sheaf of ideals
on Y. The morphism of sheaves of modules ¢ — Oy — f.Ox induces a morphism of sheaves
of modules f* # — Ox. Let f~! # - Ox denote the sheaf of ideals on X given by the image
of this morphism. We use the notation ¢ - Ox if no confusion seems likely to result, and call
F - Ox the inverse image ideal sheaf.

Lemma 46. Let f: X — Y be a morphism of ringed spaces, ¢ a sheaf of ideals on'Y, and let
U C X beopen. If s € Ox(U) then s € (7 - Ox)(U) if and only if for every point x € U there
are open neighborhoods x € V.C U and f(V) C W such that s|y = s1 + -+ + s, where each s; is
of the form

si =1 fy v
for somer € Ox(V) andt € Z(W).
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Proof. Let ¢ : f*_# — Ox be the morphism of sheaves of modules in the Definition. For open
VCX,WDf(V)andre Ox(V),t e #(W) we have ¢y ([W,t] @r) = r- fii,(t)]y by Theorem
19. Suppose s € (_# - Ox)(U) and let € U be given. Then there is an open neighborhood
x € V C U such that s|y = ¢y (m) for some m € (f*_#)(V) (by (SGR,Lemma 9)). By making
V sufficiently small we can assume m is of the form m = my + - - - + m,, with each m; of the form
W,tj@r for W 2 f(V),t € Z(W),r € Ox(V). We can assume W is constant for all 4, and
therefore s|y = ¥y (m) has the desired form. The converse is obvious. O

Corollary 47. Let f: X — Y be a morphism of ringed spaces, # a sheaf of ideals on' Y. Then
F - Ox is the smallest submodule of Ox containing all the sections fv’%,(t) for open W C'Y and

te Z(W).
Proof. This follows immediately from Lemma 46. O

Lemma 48. Let f : X — Y be a morphism of ringed spaces, V C Y open and set U = f~'V.
If 7 is a sheaf of ideals on'Y then (7 - Ox)|v = Z|v - Ox|v as submodules of Ox |y .

Proof. To be a little more precise, let g : U — V be induced by f. We claim that

(' 7 O0x)lu=9""(Flv) Oxlu
This follows immediately from the definition and Proposition 112. O

Lemma 49. If h: X — Y is an isomorphism of ringed spaces with inverse f, then there is a
bijection between the sets of submodules of Oy and Ox

Sub(Oy) — Sub(Ox)
S =7 Ox

For open U C X and s € Ox(U) we have s € (_Z - Ox)(U) if and only if fi(s) € £ (h(U)). In
particular we have (¢ -Ox)-Oy = _#.

Proof. Let #Z be a sheaf of ideals on Y. Then ¢ -Ox is the image of the morphism h*_# — Ox,
which is the top row in the following commutative diagram

h*  —— h*Oy —= Ox

R P

f*/ Hf*OY

Where ¢ is the adjoint partner of h# : Oy — h,Ox. To check commutativity, use Proposition
107. Therefore ¢ - Ox is the image of f, ¢ — f.Oy = Ox, which shows that s € (_# - Ox)(U)

iff. f#(s) € Z(h(U)). Then it is clear that (_# -Ox)-Oy = _# and therefore we have a bijection,
whose inverse is the map Sub(Ox) — Sub(Oy) induced by the isomorphism f:Y — X. O

Lemma 50. Let f: X — Y and g : Y — Z be morphisms of ringed spaces and ¢ a sheaf of
ideals on Z. Then ¢ -Ox = (7 -Oy)-Ox.

Proof. One inclusion is obvious from Corollary 47, and the other follows easily from Lemma 46. [
Lemma 51. Suppose we have a commutative diagram of ringed spaces

X —" x

7
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If 7 is a sheaf of ideals on'Y then the canonical bijection between submodules of Ox and Ox:
identifies ¢ - Ox and ¢ - Oxs. In particular hy( 7 - Ox) = # - Ox:/. Now suppose we have a

commutative diagram of ringed spaces

V=———Y

If 7 is an ideal sheaf on'Y which corresponds to the ideal sheaf & onY' then ¢ -Ox =X -Ox.
Proof. Immediate from Lemma 50. O

Proposition 52. Let f : X — Y be an isomorphism of ringed spaces, # a sheaf of ideals on
X and Z a sheaf of modules on X. Then

f(FF)=(F - Ov)f.F
SOy = (7 Oy)"

Proof. The first claim follows immediately from Lemma 49 and Lemma 43, while the second uses
Lemma 44. |

Definition 13. Let .#,¥4 be submodules of a sheaf of Ox-modules 7#. Then we define a sheaf
of ideals (% : 4) on X by

(ZF:9)U)={reOxU)]|rlyv¥(V)C F(V) for all open V C U}

It is clear that (% : 9) = Ox ifand only if ¥ C %, and (¥ : 9)9 C .. If U C X is an open
subset then (.7 : 9)|y = (F|v : 9|v).

Lemma 53. Let f : X — Y be an isomorphism of ringed spaces. If .9 are Ox-submodules
of a sheaf of Ox-modules S then (F :9) - Oy = ([« : [.9).

Lemma 54. Let (X,0x) be a ringed space and # a sheaf of ideals on X. Then there is a
canonical isomorphism of sheaves of modules on X natural in F

p:F Qo Ox/ ¥ — F| ITF
a®(b+T(U, 7)) ba+ (U, 7F)

Proof. By definition #.% is the image of the morphism # ® ¢ — % ® Ox = %. By tensoring
F with the exact sequence 0 — ¢ — Ox — Ox/_# — 0 we obtain a commutative diagram
with exact rows

FR I —>F0x —FR0x/ 7 ——=0

o

I F F F|IF ——0

where p is the unique morphism making the right hand square commute. This is clearly an
isomorphism, and naturality in .# is easily checked. O

1.10 Locally Free Sheaves

Definition 14. Let (X,Ox) be a ringed bpace A sheaf of Ox-modules .Z is free if it is a
coproduct of copies of Ox. A sheaf of modules .7 is locally free if every point € X has an open
neighborhood U with # |y a free Ox|y-module. We say that % is invertible if every point z € X
has an open neighborhood U with Z |y & Ox|y. We say that Z is locally finitely free if every
point € X has an open neighborhood U with .#|y a coproduct of a finite set of copies of Ox.
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Remark 13. It is treacherous to talk about the rank of a free module over the zero ring, and it
is similarly treacherous for free sheaves of modules. We say a ringed space (X, Ox) is nontrivial
if X is nonempty and Ox , # 0 for every x € X. A nonempty locally ringed space is nontrivial.

Definition 15. Let (X,Ox) be a nontrivial ringed space. If .Z is a free sheaf of Ox-modules
then for x € X the Ox z-module %, is free and the ranks ranko, %, are all equal to the same
element n € {0,1,2,...,00}, called the rank of .# and written ranko,.%. Clearly if .Z can be
written as a coproduct of n copies of Ox then rankop, F = n.

If 7 is locally free then for x € X the Ox ;-module .%, is free and we call ranko, ,.-#, the
rank of F at x. If U is an open subset with .7 |y free then ranko |, -7 |v = rankoy , 7, for every
x e U. Forn€{0,1,2,...,00} we say that .Z is locally free of rank n if it is locally free and the
rank of .# at every point x € X is n. Equivalently, every point z € X has an open neighborhood
U with Z|y free of rank n. A sheaf of modules % is locally free of rank 0 if and only if & = 0.
We say that a sheaf of modules .F is locally free of finite rank if it is locally free of rank n for
some finite n > 0.

Remark 14. Note that the concept of an invertible sheaf is defined for all ringed spaces, including
those that are empty or have trivial local rings. But in the case where (X, Ox) is nontrivial, a
sheaf of Ox-modules .# is invertible iff. it is locally free of rank 1.

Lemma 55. Let (X,0x) be a nontrivial ringed space and U C X open. If F is a free module
of rank n then F |y is a free Ox|y-module of the same rank. If F is locally free of rank n then
Fu is also locally free of the same rank.

Proof. The morphism of ringed spaces Ox |y — Ox induces a pair of adjoint functors between the
module categories, with restriction being left adjoint to direct image. Hence restriction preserves
coproducts, and thus preserves free modules and their rank. If .% is locally free of rank n and
x €U let x € V C X be such that .Z|y is free of rank n. Then (Z|y)|vnv = (Z|v)|uny which
is free of rank n, completing the proof. O

Lemma 56. Suppose (X, Ox) is a nontrivial ringed space and let F,9 be Ox-modules. Then
(i) If #,9 are free of finite ranks m,n then F ® ¥ is free of rank mn.
(ii) If F,%9 are locally free of finite ranks m,n then F ® ¢ is locally free of rank mn.

(ii3) If F,9 are locally free of finite ranks m,n then F @& Y is locally free of rank m + n.

(iv) For any ringed space, the tensor product of invertible sheaves is invertible.

Proof. Tensoring with a Ox-module is an additive functor, hence preserves finite products and
coproducts since OxMod is abelian. So (i) is obvious. For (i) let x € X be given and find
open neighborhoods U,V of z such that Z|y is free of rank m and 4|y is free of rank n. Since
restriction preserves coproducts the same can be said of % |yny and ¢|yny respectively, so by
(i) the tensor product .# ® ¢ restricts to F|ynv ® 4|unyv which is a free module of rank mn, as
required. (i#4) and (iv) are trivial. O

Lemma 57. Let (X,0x) be a ringed space and f : £ — M an epimorphism of invertible
sheaves on X. Then f is an isomorphism.

Proof. We reduce immediately to proving the following result of algebra: if f: M — N is a
surjective morphism of free modules of rank 1 over a commutative ring R, then f is an isomorphism.
Let m be a basis for M and n a basis for N, and suppose f(m) = «-n for « € R. Then since f
is surjective, there is k € R with f(k-m) = n and therefore n = ka - n and 1 = ka. Therefore
a is a unit. If f(I-m) = 0 then la = 0 and therefore { = 0, so f is injective and therefore an
isomorphism, as required. O
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1.11 Exponential Tensor Products

Throughout this section (X, Ox) is a ringed space. Let —®° : D00 (X) — Mod(X) be the functor
mapping every object to Ox and every morphism to the identity. Define —®1 : 9od(X) —
Moo(X) to be the identity functor, and define inductively for n > 1
— Mod(X) — Mod(X)
FO = F @ FY
0% =@ %"
Where ¢ : F — %’ is a morphism of Ox-modules. In other words, #®" is the tensor product

FR(F @ (F®F)...) with n copies of .Z involved. We prove by induction on n that —®"
is a functor

(12)®" =12 ® (12)°" Y =12 @ 1zem-1 = lgen
And

= (0@ ¢*" V) (p @ D)

— ((bw) ® (¢®(n71)w®(n71))

= (p0) @ (¢9)*" D
= (¢y)®"

It is not generally true that —®" is additive. Given U C X and f € .Z(U), we define f&° =

1, f® = f and for n > 1, f®" denotes the element f @ @1 of .Z®"(U). More generally for

n>1land fi,..., f, € Z(U) write fi ® fo® --- @ f,, for the section fi @ (fo@ -+ (fn1 @ fn) - +)

of Z®™(U). With this notation, f®" = f ® --- @ f with n factors. We sometimes write f™ for
f®. If V C U is open then

(fi® - @f)lv=_(filv)® - @ (fulv)

Lemma 58. Let U C X be open, n > 1 and t € FE™(U). For any x € U there is an open set V
with x € V. C U such that tly = >1" | fi1 @ -+ & fin for some fi; € F (V).

Lemma 59. For n > 0 there is a canonical morphism of sheaves of sets 0" : F — F©™ which
is natural in F, defined by nit(f) = f&".

Proof. The proof is by induction on n. For n = 1 the result is trivial since n = 1. So assume
n > 1. Then

nu(Hlv = 2y = (f ® F2rD)|y,
= f\v ® (f@(n—l))‘v _ f|V ® (f|v)®(n—1)
=nv(flv)

Once again 7 is not necessarily additive. To see that n is natural, let ¢ : .% — #’ be given.
Then

nuou(f) = (pu(f)E"
= du(f) & du(f)®rY
= ou(f) &y V(120 Y)
= (p@¢® " V)y(f & oY)
= o " nu(f)
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So the following diagram commutes

F——F

L

9@11 4@> cg-/@n
(z) n

O

Proposition 60. For any open subset U C X, integer n > 1 and Ox-module F there is a
canonical isomorphism of modules natural in F

(T — (Flo)®"
For open V.C U and s1,...,8, € F(V) we have 81 ® -+ @8, +— 51 @ -+ @ 8p.

Proof. The proof is by induction on n. If n = 1 then —®" is the identity functor, so the result is
trivial. So assume n > 1 and that we have an isomorphism ®z : (F&=D)|; — (F|y)®n—D
with the necessary property and natural in .%. Let ¥ be the composite

(F)y = (F @ 720 D)y = Fly e (F20 D)y
= Fly @ (F|p)*" Y = (F|v)®"

Naturality of this isomorphism in % follows from the naturality of the individual isomorphisms.
O

Lemma 61. For n > 0 there is a canonical isomorphism of modules O?}" — Ox which maps
fi® - @ fn to fi- fn. In particular f" is mapped to f™.

Proof. By induction on n. For n = 1 take the identity morphism. Let n > 1 and let 7! :
0?;("‘” — Ox be the isomorphism constructed in stage n—1. Let 8™ be the following composite
08" = 0x 0 09"V >0y ® Ox = Ox
It is clear that fi ® --- @ f, maps to fi--- fn 0
Lemma 62. For an Ox-module F andn > 0 there is a canonical isomorphism of modules natural

in F
k' F @ (0x)°" — F
Forse Z(U) and fi,...,fn € Ox(U) we have s@ (f1 @ -+ @ fn) = (f1-- fn) s

Proof. Let k be the 1 ® 6™ followed by the isomorphism # ® Ox — %#. Naturality in .# and
the other claims are easily checked. O

Proposition 63. For an Ox-module & and i,j > 0 there is a canonical isomorphism of modules

natural in F
A\od . g ®i ®y®j ~ y@(z‘-i-j)

For s € Z(U) we have s®' @ s%7 s s20H1) Fori,j >0 and sy1,...,8;,8i41,---,8i4; € F(U) we
have (s1® -+ @) ® (8i1 Q@ -+ ®Sipj) = S1Q -+ & Sifj.

Proof. For i =0 or j = 0 we use the canonical isomorphisms .Z®' @ Oy = .Z%® and Ox ® F &I =
Z®J, The other cases we handle by induction on m =i + j. If m = 2 then ¢ = j = 1 and this is

22



obvious. Assume m > 2 and the result is true for m — 1. If i = 1 then j = m — 1 and the result is
trivial. Otherwise let A7 be the composite

FO @ F =(F @ F ) FY

=7 @ (FO0D @ FO)
~ 7 @ FO(i+i-1)
= Fom

By the inductive hypothesis it is clear that A\*J has the required properties. Naturality in .% is
easily checked. O

Proposition 64. For an Ox-module & and i,j,k > 0 the following diagram commutes

(34‘@2' ® y@j) ® F Ok FOt (j@j ® j@k)
)\’7'-7®1ﬂ ﬂl@ﬂ'vk
Fet)) o F&k FO g FOUG+E)
FO(i+j+k)

Proof. In the cases where one of i, j, k is zero, this is easily checked. If 4, j, k > 0 then by Lemma
58 it suffices to check commutativity on an element of the form

(1@ @)@ Hre - 0t) & (e - Oq)
which is not difficult. O
Proposition 65. For an Ox-module % and i,j > 0 there is a canonical isomorphism of modules
(i (FE)I F®(ij)
For s € F(U) we have (5987 1 s®W) . Fori,j >0 and s1,...,8 € F(U), (51 ® - © ;)% is
the element s1 ® -+ ® s; repeated j times.

Proof. For i =0 and j > 0 we use the isomorphism of Lemma 61. For j = 0 there is an equality.
We handle the other cases by induction on m = ij. If m = 1 then ¢ = j = 1 and this is obvious.
Assume m > 1 and that the result is true for all smaller m. If j =1 then i = m and the result is
trivial. Otherwise let u*/ be the composite

(g@i)@)j = F% g (g‘@i)®(1—1)
> g0 g FOU
o j®(ij)
By the inductive hypothesis it is clear that p*/ has the required property. O

Proposition 66. Let £ be an invertible Ox-module. For open U C X, s1,...,8, € Z(U)
(n > 1) and any permutation o on n letters we have

S1 ® S2 ® e ® Sn—1 ® Spn = Sa(l) ® 30(2) ® ce ® So‘(n—l) ® SU(’!L)

Proof. That is, the sections of .Z®" are order independent. For x € U let x € V C U be such that
Ly 2 Ox|y. Let n € Z(V) be a Ox(V)-basis, and say r; € Ox (V) are such that s;|y =r; -7
for 1 <i<n. Then

(518 - Gsally = (ryom) & e & () = (rae o) - (& - o)

Since Ox (V) is commutative, it is clear that any permutation of the s; will restrict to the same
section on V', which completes the proof. O
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Corollary 67. Let £ be an invertible Ox-module. Then for i,j > 0 the following diagram
commutes

R ®$®j R ®$®i

)\i,j )\],1
o(i+])

Proof. As in Proposition 64 it suffices to check commutativity on sections of the form
(81®.®81)®(t1®..®t‘7)
Using Proposition 66 this is not difficult. O

Lemma 68. Let f : X — Y be a morphism of ringed spaces and % a sheaf of modules on X.
For d > 0 there is a canonical morphism of sheaves of modules on Y natural in F

a: fu(F)H — [ (T
h@ - &fam ii® & fa

If f is an isomorphism of ringed spaces, then « is also an isomorphism.
Proof. The case n = 2 is done in our Section 2.5 notes and the rest follows by induction. O

Lemma 69. Let % be a sheaf of modules on X. Then for x € X and n > 1 we have a canonical
isomorphism of Ox z-modules (F&"), — (F,)®™ with the property that

germa:(fl ® ®fn) = germwfl ®-~-®ge7‘m$fn

Proof. For n =1 this is trivial, and for n > 2 it follows by a simple induction. O

Lemma 70. Let % be a sheaf of modules on X, V C X open and d,e > 1. Then the following
diagram commutes

(F21 0 75)y (Fo)ly @ (F5)ly
- |
FourI|y (F1v)® @ (F1v)>

\ =

(y|v)®(d+e)

Proof. We can reduce to checking commutativity on sections of the form (s1® - - - ®54)®(t1® - - - @)
which is straightforward. O

Lemma 71. Let f: X — Y be an morphism of ringed spaces and ¥ a sheaf of modules on X.
Then for d,e > 1 the following diagram commutes

FAF)EE® fu(F)P¢ ——— fu(F ) @ fu(F®°)

|

[« (Fod @ Fee)
(f*gz)®(d+e) f* (ﬁ@(dﬂ))
Proof. By reduction to sections of the form (s ® -+ ®84) @ (1 @ -+ D te). O
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1.12 Sheaf Hom

Definition 16. Let (X,Ox) be a ringed space and let .%,¥9 be Ox-modules. We define a sheaf
of Ox-modules Fom(F,¥9) by

F(U7 j‘fom(ﬂ,g)) = H0m0X|U(j|U7g|U)

Addition and restriction are defined in the obvious way, and for r € Ox (U) and ¢ € s#om(%,9)(U)
we define (r- @)y (s) =71y - ov(s). If ¢ : F — F' is a morphism of Ox-modules then we define
a morphism of O x-modules
Hom(¢,94) : Hom(F',G) — Hom(F,9)
Hom(p,9)u(¥) = Yolu
This defines a contravariant additive functor #Zom(—,%) : Mod(X) — Mod(X). Similarly if
¢: 9 — ¢’ is a morphism of Ox-modules we define a morphism of Ox-modules
Hom(F, p) : Hom(F,4G) — Hom(F,9")
Hom(F,¢)u (V) = dluy

This defines a covariant additive functor SZom(.%, —) : Mod(X) — Moo (X). It is easy to check
that for morphisms of O y-modules ¢ : % — %' and ¢ : 4 — ¥’ that we have

Hom(F , p)Hom(p,G) = Hom(p,G") Hom(F', ) ()

It follows that .#om(—, —) defines a bifunctor Mod(X)°P xMod(X) — Mod(X) with SZom(¢, ) :
Hom(F',9) — Hom(F,9") given by the equivalent expressions in (5). The partial functors
are the functors #om(#, —) and Jom(—,¥) given above.

Throughout this section let (X, Ox) be a ringed space, and assume that all sheaves of modules
are sheaves of Ox-modules.

Lemma 72. If %,9 are sheaves of modules then

(i) For any open U C X there is an equality of modules som(F,9)|y = Hom(F|v,¥|v)
natural in F,9.

(i) There is an isomorphism of modules s#om(Ox,.F#) = F natural in F.
(iii) The functor om(F,—) preserves monomorphisms and limits.
(iv) The functor stom(—,9) maps epimorphisms to monomorphisms and maps colimits to limits.

Proof. (i) The two modules are equal by definition, and the equality is clearly natural in both

variables. (i7) For any ringed space there is an isomorphism of abelian groups Hom(Ox, %) &
F(X) defined by ¢ — ¢x(1) and m +— ¢y, where (¢,)v (1) = m|y. Define

n: Hom(Ox, F) — F
nu(¢) = ou(l)

It is easily checked that this is an isomorphism of modules natural in .%, with inverse n~! : & —
Hom(Ox,.F) defined by n;* (m)y (1) = m|y.

(7i1) Let ¢ : 4 — 4’ be a monomorphism. If ¢t : 7 — Hom(F,¥) is a morphism with
Hom(F,p)t = 0 then for all U C X and s € J(U) we have ¢|yty(s) = 0. Since ¢|y is a
monomorphism, it follows that ty(s) = 0. Hence t = 0, and #om(#,t) is a monomorphism.

Next we show that #om(%,—) preserves limits. This functor preserves zero objects since
it is additive, so we can restrict our attention to nonempty diagrams D. Let the morphisms
pi : L — 9; form a limit in 9Mod(X). It suffices to show that for all open U C X the morphisms

Hom(F ,p;)u : Hom(F, L) U) — Hom(F,Z;)(U) (6)
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form a limit of Ox (U)-modules. But the functor — |y preserves limits, as does the additive functor
Homo |, (Z|u,—) : Mod(X) — Ab, and by definition Hom(F,d)y = Homo, |, (F|v, d|v)
for any morphism of modules ¢, so it follows that the morphisms in (6) are a limit of groups and
thus of modules, as required.

(iv) Let ¢ : #F — F' be an epimorphism. If t : F — Hom(F,¥) is a morphism with
Hom(p,9)t = 0 then for all U C X and s € T (U) we have ty(s)¢ly = 0. Since ¢|y is an
epimorphism, it follows that ¢;;(s) = 0. Hence ¢t = 0 and ##om(¢,¥) is a monomorphism.

A functor between abelian categories is right exact (= cokernel preserving) iff. it is finite
colimit preserving. The dual of an abelian category is abelian, so to show that #Zom(—,%) maps
finite colimits to limits it suffices to show that it maps cokernels to kernels. Suppose we are given
an exact sequence of Ox-modules

7 g g ——0

We have to prove that for any module ¢ the following sequence is also exact:
0 ——= Hom(F",9) —— Hom(F,9) —— Hom(F',9)

We already know that .#om(1, %) is a monomorphism, so it suffices to show that any morphism
t: T — Hom(F,9) with Hom(¢p,4)t = 0 factors through H#om(y,¥4). For U C X and
s € 7 (U) we have by assumption ¢y (s)¢|y = 0. Since the functor —|y is exact we see that 9|y
is the cokernel of ¢|y, so there is a unique morphism of modules vy (s) : F"|y — ¥|y making
the following diagram commute:

F'|lu %g\b 11)4|U><?"|U —0

tu(s
U()l A)

Y\u

Using the fact that ¢ is a morphism of Ox-modules one checks that this defines a morphism of
Ox-modules v : F — Hom(F",94). Clearly Hom(y,9)y = t, which completes the proof
that s#om(—,¥) sends finite colimits to limits. It only remains to show that it sends arbitrary
coproducts to products. This is straightforward to check, because restriction preserves coproducts
and Homo |, (—,¥9|v) sends coproducts to products. O

In particular for a finite index set I, modules .%;,i € I and a module ¢ there is an isomorphism

& Hom (H ﬁi,g) — H%ﬂom(fi,g)

iel il
Here we use the fact that in an abelian category finite products and coproducts coincide. Let
pi : [Lic; #i — Fi be the projections out of the canonical pointwise product. Then the induced
morphisms u; : #; — [[;c; #: are a coproduct, where (u;)y is the canonical injection of .7 (V)
in [[,c; # (V). By the lemma the morphisms

Hom(u;,9) . Hom (H L%,g> — Hom(F;,9)
iel

are a product. Since Sfom(—,¥) is additive the morphisms JZom(p;,¥) are also a coproduct.

The morphisms s#om(u;,%) induce the desired isomorphism &, which has the following form:

&u + Homoy |, <H ﬁny,%) — [[Homo, |, (Filv. 9Iv)

iel iel
Eu(9)i = Hom(ui,9)u(P) = ¢ ouslu

Given a sequence (;)icr with ¢; : Fily — Y|u let ¢ : [[;c; Filv — ¥|v be induced out of the
coproduct. Then &y (¢) = (¢i)icr-

26



Definition 17. Let A be a ring and M an A-module. The A-module Hom4 (M, A) is called
the dual of M and is denoted M. The functor (—)¥ = Hom(—, A) is a contravariant additive
functor AMod — AMod. Given an exact sequence of A-modules

L— M-—N-—0
the following sequence of the duals is exact
0— NY — MY — LY
In general the operation of taking duals is not exact, but in some important cases it is.

Lemma 73. Let A be a ring and suppose we have a short exact sequence of A-modules with N
projective 0 — L — M — N — 0. Then the corresponding sequence of duals is exact

0— N — MY —LY—0 (7)
Proof. We have a long exact sequence of Ext groups
0— N — MY — LV — Ext'(N,A) — Ext'(M,A) — ---
and since N is projective, Ext!(N, A) = 0 which shows that (7) is exact. O

Definition 18. Let (X, Ox) be a ringed space. If .# is a Ox-module then we define the dual of .F
to be the module s#om(.#,O), which we denote by .. Taking duals defines a contravariant
additive functor (=) = S#om(—,Ox). Dualising commutes with restriction in the sense that
FV| v = (F|v)Y. More generally the following diagram of functors commutes

Mod(X) — > Mod(X)

'”l i

Moo (U) Moo (U)

\%

Taking duals is left exact in the sense that given a short exact sequence of sheaves of modules
0 —F —94 — H# — 0 the sequence 0 — ¥ — GV — FV is exact.

Proposition 74. For modules % ,& there is a canonical morphism of modules natural in F
T F — Hom(Hom(F,E),E)
(v (8) = ¢v(tlv)
If F is locally finitely free and & = Ox, this is an isomorphism F — (FV)V.

Proof. Let U C X be open. We define
TU - y(U) — H0m0X|U(%Om(y|U,éalU),éalU)

as follows. Given ¢t € . (U) we define &, : SHom(F|v,E|v) — Elu by (Pr)v(¢) = dv (t|v). One
checks that 7 (t) = @, is a well-defined morphism of Ox (U)-modules natural in U. This defines
the required morphism of modules 7, and naturality in .% is easily checked.

Now suppose % is locally finitely free. To show that 7 is an isomorphism it suffices to show
7|y is an isomorphism for all U in an open cover of X. So we can reduce to the case where
Z is a coproduct of some finite number of copies of Ox, and since 7 is natural we can assume
that .# = [[;_, Ox is the canonical pointwise product for some n > 1 (if # = 0 the result is
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trivial). Let w;,p; for 1 < ¢ < n be the canonical injections and projections. Consider the chain
of isomorphisms

(FY)Y = AHom(Hom(] | Ox,0x), Ox) = Hom(] | #om(Ox,0x),Ox)

i=1 i=1

= om(] [ Ox,0x) = [ #om(Ox,0x) = [[Ox = F

i=1 i=1 i=1
It only remains to show that this composite is actually 771. Let U C X be open, (r1,...,7)ier,7i €
Ox(U) a sequence in % (U). We chase this element up the chain and show that it ends up be-
ing mapped to 7y (ri,...,r,). Given a € Ox(U) we denote by 6, the corresponding morphism
Oxl|v — Ox|y defined by (8,)v (1) = a|y. We follow (r1,...,r,) up the rows: In row 4 we have
the sequence (0,,,...,6,,). In row 3 this becomes the morphism 6 : [[}_, Ox |y — Ox|y with
0 o u;|y = 0,,. Let k be the canonical isomorphism:

n

Hom([[ Ox,0x) = [[ #om(0x,0x) = [[ Ox

i=1 i=1 i=1
Then in row 1 the element we have is 6k|y € (FV)Y(U). We must show that for V' C U and
¢ F|lyv — Ox|y there is an equality of (6k|y)yv(¢) with ¢y (r1]|y,...,mn|v). But

n

(Olo)v(9) = Ov (kv (9) = Y (0r)v (dv ((w)v(1)))

i=1
n n
= ov((uw)vW)rilv = dv(rily - (u)v (1))
i=1 i=1
=ov(rilv,...,malv)
as required. This completes the proof that 7 is an isomorphism. O

Proposition 75. For modules .%,& there is a canonical morphism of modules natural in both
variables:

w:E R F — Hom(E, F)

wu(v@t)yv(e) =rvy(e) -ty
If & is locally finitely free, this is an isomorphism.
Proof. Let P be the presheaf of Ox-modules defined by

PU) = &Y(U) ®oxw) Z(U) = Homo |, (&|u, Ox|v) ®ox @) F(U)
We define a Ox (U)-bilinear map
B:Homoy, (&lv, Ox|v) x F(U) — Homoy |, (6lv, Z|v)
Blu,t)v(e) = uy(e) -ty

One checks that G(u,t) is actually a morphism of modules and that [ is bilinear. This induces a
morphism of Ox (U)-modules

wy : P(U) — Hom(&, F)(U)
wy(u®t)y(e) =uv(e)  tly

Together these give a morphism of presheaves of O x-modules P — J#om/(&, F) which sheafifies
to give the desired morphism w. Explicitly:

w:EQF — Hom (&, F)

germawy (s) = w(s(z))
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Naturality of this morphism in both variables is easily checked. The morphism also commutes
with restriction, in the sense that if U C X is open and o : &) @ Z|y — Hom(&Ey, F|v) is
defined for the OX|U modules &|y, F|u as above, then the following diagram commutes:

wlu

(&Y @ .F)|u Hom(&, F)|u (8)

M ﬂ

é,‘)|\(§®f|U %ﬂom(éﬂy,gﬂy)

By virtue of (8), to show w is an isomorphism in the case where & is locally finitely free, it suffices
to prove it in the case where w is free. In fact, since w is natural in & we can assume that
& = [1i—, Ox is the canonical pointwise product for some n > 1 (the case & = 0 being trivial).
Consider the following chain of isomorphisms

gv®§=%0m<HOX,Ox> g<I_ij07n OX7OX)>®ﬁ

=1 =1

g(H(’)X>®9‘gH(OX® %H %ijom(’)x, F)
i=1 i=1

i=1 =1

= Hom(] [ Ox. Z) = Hom(&, F)

i=1
It only remains to show that this composite is actually w. Let U C X be open and let u €
Hom(&,0x)(U),t € Z(U) be given. We keep the notation of the previous Proposition, so we
denote the injections into [[;—; Ox by w; and the morphism Ox|y — Z|y corresponding to
a € Z(U) by 0,. The element u®t in the first row becomes (u o ui|y,...,u o u,|y)®t in the
second row and then (uy(ui)y(1) - ¢,...,uy(uy)y(1) - t) in the fifth row. In the seventh row we
are have the morphism « : [T Ox|v — F|u defined by & o (ui)|u = uy (ui)o (1)t We need
to show that x agrees with wy (u®t). Given V C U and e = (e1,...,e,) € [[}=, Ox(V) we have
wy (udt)y (€) = uy(e) - t|y while

mv(el,...,en) :Z(O uui)u (1)t Zez UU uz )|V t|V)

= ZUV(ei . (’U,Z)V(l)) 't‘v = uv(el, . .,6n) . t|V

as required. This completes the proof that w is an isomorphism. O

Proposition 76. For modules % ,&,9 there is a canonical isomorphism of abelian groups natural
in all three variables

C:Homop, (F ®&,9) — Homoy (F, #om(E,9))
Proof. Let ¢ : F @ & — 4, U C X and s € .Z(U) be given. We define ((¢)v(s) : &lv — Y|v
by
C(D)u(s)v(e) = dv(slve)

It is not difficult to check that ((¢)u(s) is a morphism of Ox |y modules, and that {(¢) : F —
Hom(&,9) is a morphism of Ox-modules. So our map ( is a well-defined morphism of abelian
groups. Naturality in all three variables is not difficult to check. Next we show that  is an
isomorphism (we place no finiteness restrictions on any of the modules). It is clear that ¢ is
injective. To see that it is surjective, let « : F — Hom(&,¥) be given. For U C X define a
Ox (U)-bilinear map

FZ(U) x EU) — 9(U)

(s,€) = av(s)u(e)
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This induces a morphism of presheaves of O x-modules P — ¢ where P sheafifies to give # ® &.
So finally we induce a morphism of Ox-modules:

0: FRE —Y
Pu(s®e) = av(s)u(e)
Tt is easy to check that ((¢) = «, which completes the proof that ¢ is an isomorphism. O
Remark 15. The adjunction isomorphism of Proposition 76 determines a unit morphism
n:.F — Hom(&E, F R 8E)
nu(s)v(e) = sly @e
and counit morphism
g: Hom(E,9)8 — Y
ev(p®e) = pule)

The counit determines a morphism &® #om(&,9) — ¢ which corresponds under the adjunction
of Proposition 76 to the morphism 7 : # — Hom(H#om(F,&), &) of Proposition 74.

Proposition 77. For modules % ,&,9 there is a canonical isomorphism of modules natural in
all three variables

v:Hom(F QE,9G) — Hom(F,Hom(E,9))

Proof. Tt is not difficult to check that the isomorphism ¢ of Proposition 76 is actually a morphism
of T'(X, Ox)-modules. So for every open subset U C X we have an isomorphism of T'(U, Ox)-
modules

vy Homox‘u((ﬁ®5)\U;g|U) = H0m0X|U(‘9Z|U ®g|U’g|U)
= Homoy |, (F|u, Hom(E|v, 9 |v))
= Homoy |, (Z|vu, Hom(&,9)|v)

This defines the required isomorphism of modules v, which is natural in all three variables. O

Corollary 78. For a ringed space (X,0x) and any Ox-module & there is an adjunction of
covariant additive functors:

—RE&

Moo (X) Moo (X) - Q& —— Hom(&, —)

Hom(&,—)
In particular — ® & and & ® — preserve all colimits.

Proof. The adjunction follows from Proposition 76 and since — ® & is naturally equivalent to
& ® — if one has a right adjoint so does the other. O

Lemma 79. For modules %, & there is a canonical morphism of modules natural in both variables
EVRFY — (&2 F)
If & is locally finitely free, this is an isomorphism.

Proof. Combining Proposition 77 and Proposition 75 we have a canonical morphism natural in
both variables

EY @R FY — Hom(&, Hom(F,0x)) = Hom(E R F,0x) = (R F)"

which is an isomorphism if & is locally finitely free. O
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Let F : Mod(X) — Mod(X) be an additive functor. Then F preserves finite products and
coproducts (take for example & ® — or H#om(&,—)). For n > 1 let [[I-, .%; be the canonical
pointwise product with projections p;. The isomorphism

n

p:F([[-7) — [ F(7)

i=1 =1
is defined by p(s) = ((p1)v(s), .-, (Pn)u(s))-

Lemma 80 (Projection Formula). Let f : (X,0x) — (Y,Oy) be a morphism of ringed
spaces. For any Oy-module & and Ox-module F there is a canonical morphism of modules
natural in both variables

T foF oy & — fo(F Rox &)

If & is locally finitely free, this is an isomorphism.

Proof. The desired morphism is the composite

FT0E—L TR fE 2 f(F @)

Where n : & — f.f*& is canonical and « is defined earlier in our notes. It is readily checked
that this morphism is natural in .%,&. Next we must show that this morphism commutes with
restriction, in the sense that if V C Y is open, U = f~'V and ¢ : U — V induced from f, there
is a commutative diagram:

(.7 @ &)y — = f(F © F*&)|v

M ﬂ

9:(Z|v) @ Elv — g:(Flu @ g*(€]v))

Where the bottom morphism is m defined for the morphism of ringed spaces g, and modules
Flu,&|v. We piece this diagram together from two commutative squares: one for 1 ® n and one
for a. First we consider 1 ® 7.

We claim that for any Oy-module & the unit ' : &y — ¢.g*(&|v) of the adjunction ¢g* = g,
fits into the following commutative diagram:

Ely 9:9"(&lv) (9)

nlv g«p

(fuf &)y

Where p : g*(&|v) — (f*&)|v is the canonical isomorphism of modules, which is described
explicitly in our Section 5 notes. If W C V is open and s € % (W) then ny,(s) = (W, s)®1 and
from our notes on p we see that p,—1y (1, (s)) is the element (W, s)&1 of f*F(g~'W), which is
nw (s). Therefore the above diagram commutes, and using the isomorphisms g.(—|v) = (—|v) f«
and ¢*(—|v) & (—|u)f* one builds a commutative diagram:

(o F @ &)y — = (T & [ 6|y (10)

ﬂ ﬂ

9«(Flv) @ &y T ey 9«(Z|v) ® g-9*(E|v)
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Similarly by chasing an element a®@b with a € (g~ 'W) and b € g*(&]y) (g~ W) around the
following diagram we see that it too is commutative:

OL‘V

(fiF @ [ E)Nv ———= f(F @ [*E)|v (11)
(feF)lv © (fuf*E)lv 9:((F @ f*&)|v)

9:(F|v) ® 99" (E|v) — g«(F|v @ g*(&]v))
By turning around the isomorphisms and pasting (11) and (10) we get the desired commutative
diagram in (9). Suppose now that & is locally finitely free. Using (9) we can reduce to the case

where & = [[_, Oy is the canonical pointwise product for n > 1 (the case & = 0 is trivial).
It is then sufficient to show commutativity of the following diagram:

f(F) @1z, Oy fo(F @ [T, Oy)
f(F O Ty F7Ov)

(7 @[]~ Ox)

fo(llizs 7 © Ox)

[l 17 (Il #)

Where f,, f* are additive so they preserve finite products, and we use the isomorphism of Ox-
modules f*Oy = Ox. It suffices to show that for V.C Y, s € Z(f~1V) and r1,...,7, € Oy (V)

that both legs of the diagram agree on s®(ry,...,r,). This is easily checked, provided we observe
that f#(n) =&y ((Vyr;)) where € : f7'Oy — Ox is the adjoint partner of f#. Hence 7 is
an isomorphism and the proof is complete. O]

Remark 16. With the notation of Lemma 80 let V' C Y be an open subset and g : U — V
the induced morphism of ringed spaces, where U = f~!V. Then one checks that the projection
morphism is local, by which we mean that the following diagram commutes

(o F @ E)y — = [ (F & 6y

ﬂ M

9+(Z|v) © Ely ———F—g:+(F|v © g"(&|v))

Lemma 81. For any module F there is a canonical morphism of modules

~v:O0x — Hom(F,F)
Yw(r)v(m) =rly -m

If F 1is invertible this is an isomorphism.
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Proof. The morphism + is defined as follows:

W Ox(U) — Homoy |, (F|v, #|v)
Yw(r)v(m)=rly -m
One checks easily that this defines a morphism of Ox-modules. Now suppose .% is invertible.
Given z € X let U be an open neighborhood of z with Z |y & Ox|y. Then Hom(F|v, F|u) =

HHom(Ox|u,F|u) which is isomorphic to Ox|y. One checks that this isomorphism is in fact |y,
which completes the proof. Observe that v is just the unit of Remark 15. O

Remark 17. Let .# be any module. Under the bijection of Proposition 76 the morphism ~ :
Ox — Hom(F,.F) corresponds to the canonical isomorphism Ox ® .F — Z.

Lemma 82. Let (X,0x) be a nontrivial ringed space and £ a locally free sheaf of finite rank
n > 0. Then £V is a locally free sheaf of the same rank. In particular for any ringed space if &
is invertible then so is £V.

Proof. If n = 0 this is trivial, so assume n > 1. If z € X let U be an open neighborhood with
Z|u free of rank n. Then using Lemma 72 we have an isomorphism of sheaves of modules

%om(f, OX)|U = jfom($|U,OX|U) = @%Om(oth,Ox‘U) = @OX‘U
i=1

i=1

which is what we wanted to show. O

Lemma 83. For any module £ there is a canonical morphism of modules
§: V¥ — Ox
Su(v @ a) = vy(a)
If £ is invertible this is an isomorphism.

Proof. One proves the existence of § in the usual way. To show that ¢ is an isomorphism, we
show that it agrees with the composite .2V ® £ = #om (¥, ¥) = Ox of the isomorphisms of
Proposition 75 and Lemma 81. In doing this, we can clearly reduce to the case where .2 = Ox,
which is easily checked. O

Remark 18. Let .Z be any module. Under the bijection of Proposition 76 the morphism ¢ :
LV ® % — Ox corresponds to the identity £V — £V. In other words § is the counit of
Remark 15.

Remark 19. The next definition involves some set-theoretical issues. We refer to (FCT,Section
1) and in particular (FCT,Remark 4) for the relevant background.

Definition 19. For a ringed space (X, Ox) let PicX denote the conglomerate of of isomorphism
classes of invertible sheaves on X. Then — ® — gives a well-defined, associative, commutative
binary operation with identity Ox and inverses given by duals. This makes PicX into an abelian
group (whose underlying conglomerate need not be a set), called the Picard group of X.

Remark 20. We will see later (H, IIT Ex.4.5) that PicX can be expressed as the cohomology
group H' (X, O%).

Just using the properties of the group PicX we can see that for m > 0 and an invertible sheaf
& there is an isomorphism (£®™)V = (£V)®™. However, we can produce a canonical natural
isomorphism of this form with a little work.

Lemma 84. Let (X,0x) be a ringed space and £ a locally finitely free sheaf of modules. Then
for n € Z there is a canonical isomorphism of sheaves of modules (£ )®" = (L®™)V. Forn >0
this is natural in £ and defined by

0: (£V)"" — (25
v @ Srp)v(ar @ - @ap) =v1(ar) - valan)
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Proof. Tt suffices to prove the result for n > 0, which we do by recursion. For n = 0 take the
canonical isomorphism Ox = OY of Lemma 81 and for n = 1 take the identity. For n > 2 we
define the isomorphism as follows

(L2 = Hom (L%, Ox) = Hom (L @ pen-1) Ox)
= AHom(ZL, AHom(LE" D, 0x)) = AHom(L,(£2"V)Y)
>~ Hom (YL, (D?V)Q?(”*l)) ~ ¢V (gV)@(nfl) _ (gV)@n

Naturality is easily checked. O

Proposition 85. Let (X,Ox) be a ringed space and £ an invertible Ox-module. For n € Z we
define
pen n >0
29" ={ Oy n=>0
(L) n<o
Then for alln € Z the module £®" is invertible, and for m,n € Z we have canonical isomorphisms
of sheaves of modules

g@m ®$®n ~ g@(m-‘rn) (12)
(LEm\@n = p@®(mn) (13)

Proof. The sheaf £V is invertible so by a simple induction #®" is invertible for any n € Z. For
m,n > 0 or m,n < 0 the equations (12), (13) follow from Proposition 63 and Proposition 65. The
cases where m or n are zero are trivial. The remaining cases follow in the multiplicative case from
Lemma 84. In the additive case we can assume without loss of generality that m < 0 and n > 0,
where we obtain an isomorphism by recursively pairing off £V and .Z. O

Remark 21. It is clear what the action of the isomorphism (12) of Proposition 85 is in the cases
where m,n > 0 or m,n < 0, but it is worthwhile writing down exactly what happens in the case
m < 0 and n > 0. Equivalently, taking m,n > 0 we have a canonical isomorphism

a: LM g pon |, p@(n-—m)

which is defined by

vi(ar) - - vn(ay) m=mn
ar(M1 ® - OV ®a1® - ap) = vi(ar) - vp(an) WUnp1 @ - Qvp) m>n
vi(ar)  vm(am) - (Gmi1 @ -+ @ap) n>m

Proposition 86. Let f: (X,0x) — (Y,Oy) be a morphism of ringed spaces. For Ox-modules
F,9 there is a canonical morphism of Oy -modules natural in F,9

K fudlomo (F,9) — Homoy ([+F, [:Y)
ky(V)w = Ys1w
If f is an isomorphism of ringed spaces then k is an isomorphism of Oy -modules.

Proof. For open V C Y let fy : f~'V — V be the induced morphism of ringed spaces. Given a
morphism of Ox|f-1y-modules ¢ : F| -1y — 4|1y let Ky (¥) be the morphism (fy).¢. It is
easy to see that this is a morphism of sheaves of Oy-modules. Naturality is easily checked, and
clearly if f is an isomorphism then so is . O

Corollary 87. Let f: (X,0x) — (Y,0Oy) be a morphism of ringed spaces. For an Ox-module
Z and Oy -module & there is a canonical isomorphism of Oy -modules natural in F,9

fedlomo (Y, F) — Home, (9, f«F)
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Proof. The morphism is defined to be the composite

Fom(n, fu F)
- - 5

fettomo, (f*4, F) —"> Homo, (fof*Y, [o.F) Homo (Y, [« F)

which is clearly natural in both variables. To check that it is an isomorphism, let open V' C Y be
given and set U = f~'V. Let g : U — V be the induced morphism of ringed spaces. Then one
checks that the following diagram commutes

HomOx|U((f*%)|Uaj|U) 4>H0m0y|v(g|Va(f*<9\)‘V)

ﬂ ﬂ

HomOx|U(g*(g|V)a '?IU) — Hom(?y\v(gh/vg*(le))

where the bottom row is the usual adjunction isomorphism. It is therefore clear that our morphism
is an isomorphism of sheaves of modules. O

Proposition 88. Let f: (X,0x) — (Y, Oy) be a morphism of ringed spaces. For Oy -modules
F,9 there is a canonical morphism of Ox-modules natural in % ,9

w: frHomo, (F,9) — Homo (f*F, f*Y)
pu ([T, 9] @ b)w ([S, o] @ d) = [S,s(c)] @ blwd

If f is an isomorphism of ringed spaces then k is an isomorphism of Oy -modules.

Proof. First we define a morphism of Oy-modules 7 : Hom(F,9) — f.Hom(f*F, [*9D).
Given an open subset V' C Y and a morphism of Oy|y-modules ¢ : F|ly — 9|y let fy :
f~1V — V be the induced morphism of ringed spaces and 7y (1) the composite of (fy)*1) with
the canonical isomorphisms (fv)*(Z|v) = f*(F)|f-1v and (fv)*(9|v) = f*(9)|f-1v. In a more
compact notation

T Hom(F,9) — fuHom(f*F, f*Y)
v()u([T e ®b) = [T,4dr(c) @b
for open T C V,U C f 1T and ¢ € Z#(T),b € Ox(U). It is not hard to check that this is a
morphism of Oy-modules. The adjoint partner p of 7 has the right action and is natural in .#,¥.

Suppose that f is an isomorphism of ringed spaces with inverse g. Then it is not hard to check
that u agrees with the following isomorphism

frHom(F,9) = g Hom(F,9) =2 Hom(9.F,9.9) = Hom(f*F, [*Y)
which completes the proof. O

Proposition 89. Let (X,0x) be a ringed space and F,9 sheaves of Ox-modules. Then for
x € X there is a canonical morphism of Ox z-modules natural in F,9

X Homoy (F,9)e — Homoy ,(Fe,Y:)
AU, 0)(V,s) = (UNV,dunv(slunv))

If F s locally finitely presented then this is an isomorphism.

Proof. Let ¢ : |y — ¥|u be a morphism of Ox|y-modules for an open neighborhood U of «.
Then ¢ : (Flv)e — (9|v)s together with the isomorphisms (Z|y)s = Fp and (Y|v)s = Y
give a morphism of Ox ,-modules %, — ¥, defined by (V,s) — (UNV,dunv(s|lunv)). Thus
defined, it is not hard to check that A is a well-defined morphism of Ox ;-modules natural in
F.,9.

For p > 0 let .Z be the canonical coproduct O%.. Since the contravariant functor Som(—,%9) :
Mod(X) — Mod(X) maps finite colimits to limits by Lemma 72 and taking stalks (—), :
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Mod(X) — Ox Mod preserves finite limits and all colimits, it is straightforward to check that
in this case the morphism

A Homo (0%,9)y — Homo, ,((0%)2, %)

is an isomorphism. Next we prove A is an isomorphism for .% globally finitely presented, so that
we have integers p,q > 0 and an exact sequence

o5 — 0% — 7 —0

The functor fom(—,%) sends cokernels to kernels by Lemma 72 so the following is an exact
sequence of sheaves of Ox-modules

0 — Homo (F,9) — Homo, (0%, 9) — Home, (0%,9)

Applying the exact functor (—), and using naturality we get a commutative diagram with exact
rows in Ox Mod

0 —— Homo (F,9)y —— Homo (0%,9)y ——— Homo, (0%,9),

| M ﬂ

00— Homox,z (ﬁmgx) I Hom(')x,m ((Og()ﬂia gfb) - HomOXT((O}))()mgI)

It follows that the left vertical morphism is also an isomorphism, as required. Finally assume that
Z is locally finitely presented. Since Homo (F,9)|v = Homoey |, (F|v,¥|v) in showing that
A is an isomorphism we can reduce easily to the case where % is globally finitely presented, so
the proof is complete. O

Corollary 90. Let (X,0x) be a ringed space and F,9 locally finitely presented sheaves of Ox -
modules. For x € X if there is an isomorphism of Ox z-modules F#, = ¥, then there is an open
neighborhood U of x and an isomorphism of Ox|y-modules F|y = 9|y.

Proof. If ¢ : F, — 9, is an isomorphism of Ox z-modules with inverse ¢ : ¢, — %, then
by Proposition 89 there is an open neighborhood V of z and morphisms u : #|y — ¥|y and
v: ¥y — F|v such that u, = ¢ and v, = 1. The fact that py =1 and ¥p = 1 means that we
can find an open neighborhood z € U C V such that (v ov)|y =1 and (vou)|y = 1, which gives
us the desired isomorphism. O

Corollary 91. Let (X,0x) be a ringed space and ¢ : F — 4 a morphism of locally finitely
presented sheaves of Ox-modules. If ¢pp + Fp — 9, is an isomorphism of Ox z-modules then
o|u is an isomorphism of Ox|y-modules for some open neighborhood U of x.

Corollary 92. Let (X,Ox) be a ringed space, F a locally finitely presented sheaf of Ox -modules.
Then for x € X there is a canonical isomorphism of Ox z-modules natural in F

A (yv)w I (yw)v
AU, v)(V,s) = (UNV,vuav(slunv))

Proposition 93. Let (X,0x) be a ringed space, and suppose we have a short exact sequence
0 — % — M — N — 0 of locally finitely free sheaves of modules. Then the sequence of
duals is also exact

0— N — M — LY —0 (14)

Proof. For each x € X we have by Corollary 92 a commutative diagram
0—— (M) —— (M) — (L)' —=0
00— (N)e —=(M")s — (£L")s —>0

Since .4 is free and therefore projective, Lemma 73 implies that the top row is exact. We deduce
that the bottom row is also exact, and therefore (14) is exact. O
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Lemma 94. Let o : A — B be a ring morphism and M an A-module. Then there is a canonical
morphism of B-modules natural in M

9:Mv®AB—><M®AB)v
(v ®@b)(m® c) = be- av(m)
If M is free of finite rank, this is an isomorphism.

Proposition 95. Let f : (X,0x) — (Y, Oy ) be a morphism of ringed spaces. For an Oy -module
F there is a canonical morphism of Ox-modules natural in F

0: (") — (")
0u([V, 9] & r)w ([T, 5] ©b) = rlw - b+ £ (67 (s))lw
If F is locally finitely free, this is an isomorphism.

Proof. Given an open set V C Y let fiy : f~'V — V denote the induced morphism of ringed
spaces. Given a morphism of sheaves of modules ¢ : F|y — Oy|y we have the following
composite, which we denote by 607, (¢)

(F ) prv == () (ZIv) L5 (f)7 (O |v) == Oxlyrv

This defines a morphism of Oy-modules FY — f.(f*%)V. By adjointness this corresponds to
a morphism of Ox-modules 0 : f*(F) — (f*%)" with 0y ([V,¢] @) =1 - 0},(4)|v. Naturality
in . is easily checked. Now suppose that % is locally finitely free. Let x € X be given. Then
using Lemma 94 and Corollary 92 we have a commutative diagram

0

(T ((f*F)")a

ﬂ ﬂ

(gf(-"ﬂ))v ROy, (x) Oxz == (gf(r) @Oy 4(a) OX@)V

It follows that 6, is an isomorphism, which completes the proof. O

1.13 Coinverse Image

Now that we have defined the sheaf Hom, we can continue the discussion of Section 1.4. Just as
we constructed the functor f* from f~! and the tensor product, we can use f’ and the sheaf Hom
to define a right adjoint to the direct image functor for closed immersions.

Definition 20. Let f : (X,0x) — (Y,Oy) be a closed embedding of ringed spaces, and set
U=Y\ f(X). Let 4 be a sheaf of Oy-modules and define a sheaf of abelian groups on X by

f'9 = ' Aomo, (f.0x,9)
L(V, f'9) = {s e D(f(V) UU, Homo, (f.O0x,¥))| slu = 0}
= F(f(V) U U7 %Om(?y (f*OXag))
where f7 : Ab(Y) — Ab(X) is the additive functor defined in (SGR,Definition 17). We make
f'9 into a sheaf of Ox-modules by defining for V. C X and r € I'(V,0x),s € I'(V, f'¢4) by

(r-s)w(t) = sw(rlf-rwt). If ¢ : 49 — &' is a morphism of sheaves of Oy-modules then
f'é¢ = f'Homo, (f.Ox, @) is a morphism of sheaves of Ox-modules.

16 f'9 — 9
(f'o)v(s) = dlyvyuv o s
This defines an additive functor f'(—) : Mod(Y) — Mod(X).
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As we shall show in the next result, we could have used the functor f~' instead of f* in this
definition. While this would avoid the introduction of yet another new functor, it would obscure
the true simplicity of the construction.

Proposition 96. Let f : (X,0x) — (Y,Oy) be a closed embedding of ringed spaces and 4 a
sheaf of Oy -modules. If we set Z = f(X),U =Y \ Z then

(i) There is a canonical isomorphism of sheaves of abelian groups natural in 4
'Y — f~to#omo, (f.0x,9)
s [f(V)UU,s]

(i) If f.Ox is locally finitely presented, then for x € X there is a canonical isomorphism of
Ox z-modules natural in ¢

A: fH(D)e — Homoy ., (Ox,2: Y} ())
AWV, 8)(T,r) = (@, 5q(rlrav))
where Q= f(TNV)UU.
Proof. (i) Set Z = f(X)and U =Y\ Z. We have #omo, (f+Ox,¥9)|v = #Home,|,(0,9|v) =0,
so by (SGR,Lemma 35) there is an isomorphism of sheaves of abelian groups natural in ¢

1'9 = " AHomo, (1.0x,9) — [~ Homo, (f.0x,9)

(#9) If f.Ox islocally finitely presented, then we have by (i), Proposition 89 and (SGR,Proposition
21) an isomorphism of abelian groups

F'(#@)e = (171 Homoy (£:0x,9)).
= Homoy, (f+Ox,9) f(z)
= Homoy 4, (OX,wvgf(I))

One checks this is an isomorphism of Ox ,-modules natural in ¢, where the Hom set acquires its
natural module structure. O

Proposition 97. Let f : (X,0x) — (Y, Oy) be a closed embedding of ringed spaces. Then we
have a triple of adjoints

f!

TN

Mod(Y) < Mod(X) [ —Afo ——i f!

W
In particular, the functor f. is exact.

Proof. We need only show that f' is right adjoint to f,. Let .# be a sheaf of Ox-modules. We
define a morphism of sheaves of O x-modules natural in .% by

n:F — f'f.F
nv(s)w(t) =t slpaw

Suppose ¢ : . F — f'% is a morphism of sheaves of Ox-modules for a sheaf of Oy-modules ¥.
We define a morphism of sheaves of Oy-modules 9 : f,..# — 4 by ¢r(s) = @p-17(s)r(1). This
is the unique morphism of Oy-modules making the following diagram commute

f
ffeF
This shows that f' is right adjoint to f, with unit 7. O
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Remark 22. Let f: X — Y be a closed embedding of ringed spaces and .%,% two sheaves of
modules on Y. It is not difficult to check that the morphism of abelian groups f' : Homy (#,9) —
Homx (f'F, '9) actually sends the action of Oy (Y) to the action of Ox (X), so it is a morphism
of modules.

2 Modules over Graded Ringed Spaces

Definition 21. Let X be a topological space. A sheaf of graded rings on X is a sheaf of rings .7
together with a set of subsheaves of abelian groups .%;,d > 0 such that the morphisms .%; — .
induce an isomorphism of sheaves of abelian groups @ -, 74 = 7, and for d,e > 0, open U C X
and s € 7, (U),t € % (U) we must have st € Sy1.(U). We also require that 1 € .%5(X). This
definition is a special case of the one given in our Algebra in a Category notes.

A morphism of graded rings .¥,.%’ on X is a morphism of sheaves of rings . — ./ which
carries %y into . for all d > 0. That is, for all d > 0 there is a commutative diagram of sheaves
of abelian groups

S —

]

Sy —= S

This makes the sheaves of graded rings on X into a category. If . is a sheaf of rings on X then
we can consider it is as a sheaf of graded rings with ) = % and .; = 0 for d > 0. A graded
ringed space is a pair (X, Ox) consisting of a space X and a sheaf of commutative graded rings
Ox.

The sheaf of abelian groups @~ -7a denotes the coproduct in 2b(X), which is the sheafifica-
tion of the presheaf P : U — @~ -74(U) together with the injections .75 — P — @ 4~ Fd-
Given a sheaf of abelian groups .# and a nonempty collection of subsheaves {¥;};c; we denote by
> ;% the image of the induced morphism @, %; — .%#. This is the union of subobjects in the
category b(X). In this case we can describe the subsheaf ), %; explicitly as follows

For U C X the section s € .#(U) belongs to (>,%;)(U) if and only if for every point
2 € U there exists an open neighborhood V' with x € V. C U and elements a;,,...,a;,
with a;, € 94, (V) such that s|y =a;, + -+ +a;,.

In particular if . is a sheaf of graded rings and s € .(U) then for every point « € U we can find
z €V CU with sly € 3,50 Fa(V).

Definition 22. Let X be a topological space and . a sheaf of graded rings. A sheaf of graded
-modules is a sheaf of “-modules .# together with a set of subsheaves of abelian groups
{%n}nez such that the morphisms %, — % induce an isomorphism of sheaves of abelian
groups P,,cz Fn = #, and such that for open U, d > 0,n € Z and s € S4(U),m € F,(U) we
have s-m € Fg1n(U). A morphism of sheaves of graded .#-modules is a morphism of sheaves
of .-modules .% — ¢ which carries .%,, into ¥, for all n € Z. That is, for all n € Z there is a
commutative diagram of sheaves of abelian groups

a7

This makes the sheaves of graded .-modules into a preadditive category, denoted &tdtod(.7) or
if there is no chance of confusion simply by &t9od(X). A graded submodule is a monomorphism
o9 — Z in &Moo() with the property that ¢y : Y(U) — F(U) is the inclusion of a
subset for every open U C X. Every subobject of & in &t9Mod () is equivalent as a subobject
to some graded submodule. A sheaf of homogenous . -ideals is a graded submodule of ..



If . is just a sheaf of rings, then we can consider it is a sheaf of graded rings and therefore
talk about sheaves of graded .#-modules, the category of which we still denote &tMtod(.7).

Proposition 98. Let X be a topological space and & a sheaf of graded rings. Then &t9Mod ()
is a complete grothendieck abelian category. If ¢ : F — 4 is a morphism of sheaves of graded
< -modules then ¢ is a monomorphism, epimorphism or isomorphism if and only if it has this
property as a morphism of sheaves of #-modules. In particular

e ¢ is a monomorphism & ¢y : F(U) — 4(U) is injective for all open U C X.
e ¢ is an epimorphism < ¢y : F(U) — 4(U) is surjective for all open U C X.
e ¢ is an isomorphism < ¢y : F(U) — G (U) is bijective for all open U C X.

Proof. This is a special case of (LC,Corollary 10) where (C, J) is the small site of open subsets of
X with the open cover topology. O

Lemma 99. Let X be a topological space and & a sheaf of graded rings. If ¢ : F — 4 is a
morphism of sheaves of graded .-modules then

® ¢ is a monomorphism < ¢, : M, — N, is a monomorphism for all n € Z.
e ¢ is an epimorphism < ¢, : M, — N, is a epimorphism for alln € Z.
e ¢ is an isomorphism < ¢, : M, — N, is a isomorphism for all n € Z.
Proof. This is a special case of (LC,Lemma 12). O

Definition 23. Let X be a topological space and .¥ a sheaf of graded rings on X. If % is a sheaf
of graded .-modules and d € Z then let .#(d) denote the sheaf of graded .-modules that is &
with the modified grading #(d), = Fpia. If ¢ : F — F' is a morphism of sheaves of graded
&-modules then the same morphism of sheaves of modules ¢(d) : Z(d) — %’(d) is a morphism
of sheaves of graded .#-modules, and this defines an additive functor —(d) : &Mod () —
GtIMMod (). In particular we have the sheaf of graded .#-modules .#(d) for every d € Z.

Let (X,.”) be a graded ringed space with open subset U C X. Then .|y together with
the subsheaves of abelian groups %y is a graded ringed space, and if % is a sheaf of graded
&-modules then Z|y together with the submodules %, |y is a sheaf of graded .7|y-modules.
Therefore restriction defines an additive functor Bt9Mod(.) — StNMod(|y). This is the iden-
tity for U = X and the composite of the restriction functors for V' C U and U C X is the functor
for V C X.

2.1 Quasi-Structures
Throughout this section let X be a topological space and . a sheaf of graded rings on X.

Definition 24. If .% is a sheaf of graded .-modules and d € Z then let .#{d} denote the
submodule of .# given by the internal direct sum €p, -, %, together with the grading #{d}, =
Fnta for n > 0 and F{d},, = 0 for n < 0. This is the sheaf of graded .#-modules obtained
from % (d) by removing all negative grades. If ¢ : ¥ — ¥ is a morphism of sheaves of graded
&-modules then ¢ restricts to give a morphism of sheaves of graded .-modules ¢{d} = Gn>a¢n :
F{d} — 4{d}. This defines an additive exact functor —{d} : &t9Mod(.) — StMod () (for
exactness use Lemma 99, (LC,Corollary 10) and exactness of coproducts in 2b(X)). If e > 0
and d € Z then it is clear that (—{e}) o (—{d}) = —{d + e}. In particular if d > 0 then
(—{d}) o (={—d}) = —{0}.

We say two sheaves of graded .#-modules .#,¥ are quasi-isomorphic and write % ~ ¢ if
there exists an integer d > 0 such that .#{d} = ¢{d} as sheaves of graded .#-modules. This is
an equivalence relation on the class of sheaves of graded .-modules, and it is clear that if #,¥¢
are isomorphic as sheaves of graded .#-modules then they are quasi-isomorphic. Clearly .# ~ 0 if
and only if there exists d > 0 such that %, = 0 for all n > d.
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Let ¢ : & — ¥ be a morphism of sheaves of graded .#-modules. We say ¢ is a quasi-
isomorphism if ¢{d} is an isomorphism in &tIMod(.) for some d > 0, and similarly we define
quasi-monomorphisms and quasi-epimorphisms. It follows from Lemma 99 that ¢ is a quasi-
isomorphism iff. there exists d > 0 such that ¢,, : M,, — N,, is an isomorphism for all n > d,
and similarly for quasi-monomorphisms and quasi-epimorphisms. Note that % ~ ¢ does not
necessarily mean there exists a quasi-isomorphism % — ¢, although the converse is obviously
true.

Lemma 100. Let ¢ : F — 94 be a morphism of sheaves of graded .-modules. Then
(i) ¢ is a quasi-monomorphism < Ker¢ ~ 0.
(i) ¢ is a quasi-epimorphism < Cokerd ~ 0.

(iii) ¢ is a quasi-isomorphism < Ker¢g ~ 0 and Coker¢ ~ 0.

Proof. All three statements follow immediately from the fact that the functors —{d} are exact. [

2.2 Stalks

Throughout this section let (X, .%) be a graded ringed spaced space, so .# is a sheaf of commutative
graded rings. Since the stalk functor is exact and preserves all colimits, for z € X the ring .7,
together with the images of the monomorphisms .#; , — %, for d > 0 is a graded ring.

If % is a sheaf of graded .-modules then for every z € X, %, is a graded .7,-module with
the degree n subgroup given by the image of the monomorphism %, , — F,. lf ¢ : ¢ — ¢
is a morphism of sheaves of graded .#-modules then ¢, : %, — %, is a morphism of graded
Zz-modules. So taking stalks defines an additive functor (—), : &tMod () — .7, GrMod.

2.3 Tensor Products

Throughout this section let (X,.”) be a graded ringed space, so .7 is a sheaf of commutative
graded rings. If %, are sheaves of graded .#-modules then we have already defined their tensor
product % ® & ¢4 as sheaves of .-modules. We want to make this module into a sheaf of graded
#-modules in a canonical way. The technique is a generalisation of (GRM,Section 6).

Let @ be the presheaf of abelian groups Q(U) = F(U) @z 9(U) and Z the presheaf of .-
modules Z(U) = Z#(U) @ »w)y¥4(U). There is a canonical morphism of presheaves of abelian
groups a: Q — Z given by ay(z®y) =2 ®y. Let a : F @29 — F ®.» ¥ the sheafification of
a. Since the tensor product of sheaves of abelian groups preserves all colimits by (SGR,Corollary
19) the morphisms %, ®z %, — F Q3 ¥ for m,n € Z are a coproduct in Ab(X). For n € Z we
define

(Z @Y= P Fr22Y9,
ptg=n
Then .F ®7 9 = @,(F @z 9)n. Let (¥ @ ¥), denote the subsheaf of abelian groups of
F Q.9 4 given by the image of the composite (¥ Q@7 ¥), — F 29 — F Q.5 4. Then using
(SGR,Lemma 9) we have

Givenopen U and s € (F®.99)(U) we have s € (FQ®59),(U) if and only if for every
point x € U there is an open set V with z € V C U and such that s|y =s1 + -+ + s
where each s; is of the form a ® b for integers p+ g =mn and a € F,(V),b € 4, (V).

This makes it clear that (¥ ®.9 9)n C (¥ @2 9)ntd, so to show that these subsheaves
make . ® » ¢ into a sheaf of graded .-modules it suffices to show that the morphisms (% & &
b)) — F Q2 9 are a coproduct of sheaves of abelian groups. By (SGR,Proposition 16) we
reduce to showing that (¥ @9 9)n s — (F Q.9 ¥), is a coproduct for every z € X. Using
(SGR,Proposition 20) and the fact that taking stalks is exact and preserves all colimits, we see that
(F ®9 9)n.» is the image of the subgroup @p+q:n Fp.e 97 9y under the canonical morphism
Ty Q1 Yy — Fou R, Y. Since Z,,%9, are graded .¥;-modules, it follows from the construction
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of the grading of .7, ® &, ¥, in (GRM,Section 6) that %, ® o, ¥4, is the internal direct sum of these

images, which is what we wanted to show. Therefore .# ® & ¢ is a sheaf of graded .#-modules.
If ¢ : 4 — 4’ is a morphism of sheaves of graded .#-modules then the morphism of sheaves

of .#-modules ¥ R4 Y : . F QoY — F R 9 preserves grade, so we have an additive functor

F Ry — : GtIMod () — SrtIMod(Y)
Similarly if ¢ : # — #' is a morphism of sheaves of graded .-modules then so is ¢ ® » ¥4, so
we have an additive functor

—Qy Y : GBtIMod(.Y) — GtIMod(Y)
Clearly the isomorphisms of sheaves of .“-modules % ® 9 ¥ 2 9 5 ¥ and ¥ Qo F =2 F

are also isomorphisms of sheaves of graded .#-modules. If U C X is open then the isomorphism

of sheaves of .7|y-modules (¥ ®.» 9)|v = F|u ®.|, 9|u is also an isomorphism of sheaves of

graded . |y-modules. For x € X the isomorphism of .%,-modules

is also an isomorphism of graded .#,-modules, with the canonical gradings. Finally, for sheaves

of graded .-modules #,¥, 5 the canonical isomorphism of sheaves of .-modules
(9®yg)®y%%ﬂ®y (g@)y%)

is an isomorphism of sheaves of graded .#-modules.

Lemma 101. Let (X,0Ox) be a ringed space and .F,9 sheaves of graded Ox-modules. Then for
p € Z there is a canonical isomorphism of Ox -modules

(g\®(9x g)p = @ Fm RPox Y
m+n=p

Proof. For each pair m,n € Z with m +n = p we have a morphism of sheaves of Ox-modules
Umn @ Fm Qox Yo — F ®o, ¢ induced by the inclusions. It follows from Corollary 78 that
the tensor product preserves colimits in both variables, so the morphisms u,, , are a coproduct.
Rearranging the summands, we have

35@(9)(%:@ @ g\m@Oxgn
p mtn=p
It is easy to check that the image of the monomorphism €P,,,,,—, Fm ®ox Yo — F Qo 4 is
(F @0y ¥)p, which yields the desired isomorphism. O

Lemma 102. For any integers m,n € Z there is a canonical isomorphism of sheaves of graded
< -modules
""" L (m) @y L (n) — L (m+n)
a®b— ab
Proof. As sheaves of .#-modules .#(m),.”(n), #(m + n) are all ., so there is certainly an
isomorphism of sheaves of .#-modules ™" mapping a ® b to ab for open U C X and a €

L(m)(U),b € (n)(U). Tt is not hard to check that this is a morphism of sheaves of graded
#-modules. 0

Lemma 103. For integers n,e,d € Z the following diagram of sheaves of graded .-modules
commutes

(7 (n) @ #(e)) ® 7(d) : Z(n) @ ((e) ® 7 (d))
t”‘@mﬂ ﬂl@te’d
L (n+e)®.7(d) S (n) ® S (e+d)
S (n+e+d)
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Lemma 104. For any sheaf of graded .-modules F and integer n € 7 there is a canonical
isomorphism of sheaves of graded .#-modules natural in F

F Ry S (n) 2 .F(n)

Proof. The canonical isomorphism of sheaves of graded .¥-modules .7 ® & . = .F is easily seen
to map the grading of .% ® & #(n) into the grading of % (n). Naturality in & is trivial. O

Definition 25. Let ¢ : .¥ — .’ be a morphism of sheaves of commutative graded rings on
a topological space X. Restriction of scalars defines an additive functor F' : &Moo (') —
&tNod (7). We can consider .7’ as a sheaf of graded .-modules, so if .% is a sheaf of graded
&-modules then F @5 %' is a sheaf of graded #-modules. This grading together with the
canonical structure of a sheaf of .’-modules makes 7 ® » .’ into a sheaf of graded .#’-modules.
If ¢ : % — %' is a morphism of sheaves of graded .”-modules then the canonical morphism
of sheaves of .'-modules ¢ R & .7 : F Qo S — F' Q5.7 is a morphism of sheaves of graded
’-modules. This defines an additive functor — ® o .7 : Bt () — StNMo0 ().

Proposition 105. Let ¢ : .¥ — ' be a morphism of sheaves of commutative graded rings on
a topological space X. Then we have a diagram of adjoints

-Qs '
—TT T
BtIMod () GeMod (") PR
~—
F

Proof. Let % be a sheaf of graded .-modules and define a morphism of sheaves of graded .7-
modules natural in .%#

n:F — gy S
nu(s) =s®1

So to complete the proof we need only show that the pair (F ®.» .7, n) is a reflection of .# along
F. If a : % — ¥ is another morphism of sheaves of graded .#-modules, where ¢ is a sheaf of
graded .#’-modules, then for each open U define a .7 (U)-bilinear map

e: Z(U) x ' (U) — F(U)

(m,r) —r-ay(m)

This induces a morphism of sheaves of graded .#’-modules 7 : ¥ ® » .’ — % which is unique
such that 7n = «, as required. O

Lemma 106. Let ¢ : ¥ — %' be a morphism of sheaves of commutative graded Tings on a
topological space X. For n € Z there is a canonical isomorphism of sheaves of graded .#'-modules

S (n) @y S 2.5 (n)
Proof. The canonical isomorphism of sheaves of .#-modules .¥ ® & .’ = %’ is a morphism of
sheaves of .’-modules which maps the grading of “(n) ® » ' into the grading of .’(n). O
3 Properties of Inverse and Direct Image

Proposition 107. Let f: X — Y be an isomorphism of ringed spaces with inverse g. There is
a canonical natural equivalence g, — f*, with the property that for a sheaf of modules F on'Y

K geF — [*F

for open V. C X and a € Z(f(V)).
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Proof. This follows from our Section 2.5 notes. O

Proposition 108. Suppose there is a commutative diagram of morphisms of ringed spaces

X' —>Y’

~

Then there is a canonical natural equivalence of functors p : ki f* = g*h. with the property that
for a sheaf of modules F on'Y, open U C X and T D f(U), c€ F(T) and b € Ox(U) we have

pu) ([Ts ] @ b) = [A(T), ] @
where b’ is the image of b under the isomorphism Ox(U) — Ox/ (k(U)).
Proof. The canonical natural equivalence is the following composite
B2 (K (R
=(h"lg) = g*(h7)"
~ g*h,

Using the explicit isomorphisms given above, it is not difficult to check this has the desired action
on the special sections in the statement. O

Proposition 109. Let f : X — Y be a morphism of ringed spaces. There is a canonical
isomorphism of sheaves of modules £ : f*Oy = Ox with the property that for open U C X,
T2 f(U) and a € Oy(T),b € Ox(U) we have

&u ([T, a] &b) = bfF (a)ly
Proof. We constructed this isomorphism in Section 2.5. O

Proposition 110. Let (X,0x) be a ringed space and U C X an open subset with inclusion
f:U — X. There is a canonical natural equivalence (—|y) = f* which for a sheaf of modules
F on X, open V C U and s € F(V) has the form

v: Fly — f*F

w(s)=[V.s]®1
and also

(T, & 8) = b-aly

for open T DV and a € F(T),b e Ox(V).
Proposition 111. Let f : X — Y be a morphism of ringed spaces, U C X open and suppose

V CY is open with f(U) CV. Let g: U — V be the unique morphism of ringed spaces making
the following diagram commute
X Y

U—>V

f

—_—

Then there is a canonical natural equivalence (—|u)f* = g*(—|v). For a sheaf of modules .F on
Y and open Q CU, T D f(Q) and c € F(T),b € Ox(Q) the isomorphism has the form

0:(f*F)lv — g"(Flv)
9@([T, C] ® b) = [Tﬂ V,C‘va] @b
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Proof. Use the isomorphism defined in our Section 2.5 notes and explicit formulae of Proposition
110 and Remark 8. O

The adjunction of Theorem 19 is natural in open subsets of Y, in the following sense

Proposition 112. Let f: X — Y be a morphism of ringed spaces and V- C'Y an open subset.
Let g: f~'V — V be induced by f and let F,9 be sheaves of modules on X,Y respectively. If
U= [V and 0: g*(9|v) = (f*9)|v is the canonical isomorphism, we claim that the following
diagram commutes

Homopoo(v) (Y, [+F) =——== Homapoo(x)([*Y, F)

|

Homaypoow)((f*9)|u, Zv)

—of
Homanoa(v)(%v’g*(yW)) — Homanoa(U)(g*(g\V%«?b)

Proof. Let a morphism of sheaves of modules ¢ : 4 — f,.% be given. It suffices to check both
images ¢*(¢4]v) — Z|uv have the same action on special sections on open W C U of the form
[T,c] @b for open f(W)C T CV,ce%(T)and b € Ox(W). Since we know 6 explicitly, this is
easy to check. O
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