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2 1 LOCALLY RINGED SPACES AND MANIFOLDS

1 Locally ringed spaces and manifolds

We will define the notion of a real and complex manifold. Some foundational constructions are
made on them. We will take a rather modern viewpoint on the matter. We will make very fluid use
of sheaves. Let us begin by the foundational structure in all of geometry, a (locally)ringed space.

Definition 1.0.1. (Ringed and locally ringed spaces) A ringed space is a pair (X, Ox) where
X is a topological space and Ox is a sheaf of commutative R-algebras. The space (X, Ox) is locally
ringed if the stalk Ox ; at each point x € X is a local ring. The sheaf Ox is called the structure
sheaf of X.

In order to understand the relation between two such spaces, we next have to understand the
morphism of (locally)ringed spaces. For a motivation, see Example ?7.

Definition 1.0.2. (Morphism of ringed and locally ringed spaces) Let (X, Ox) and (Y, Oy)
be two ringed spaces. A morphism (f, f*) : (X,0x) — (Y,0y) is given by a continuous map
f: X — Y and a map of sheaves over X denoted f*: f~10y — Ox. If (X,0x) and (Y, Oy) are
locally ringed, then for (£, f*) to be morphism of locally ringed spaces has to satisfy an additional
condition that the induced map on stalks is a map of local rings. That is, for each x € X, the
induced map on stalks

0y ) — Ox

is such that ( fﬁ)_l(mx,z) = My f(z) (see Special Topics, Remark ?7). We call this map the co-
morphism at £ € X. In particular, this map is given by the unique map obtained by universality
of direct limits under question: consider any open V > f(z) in Y, we then obtain the following
diagram:

=:fi
Oxe ¢---"--- Oy, f(2)
<
Lf—l(V)T Lffl(v)of‘bf TLV
Ox(f~1(V)) <f—" Oy (V)

\4

In most of our purposes, the map f” will be given on sections by composing with f. In such sit-
uations, the map on stalks being local corresponds to the geometric intuition that all non-invertible
functions around some open subset of f(z) comes from non-invertible maps around z. This in some
sense makes sure that the local data around f(x) is completely available via f.

Definition 1.0.3. (Composition) Composition of two maps of locally ringed spaces is defined

in the obvious manner. For X % Y % Z, we get maps ¢ : Oy — ¢,Ox and ff: f7105 — Oy.
Then, the map fog: X — Z is defined on space level by just the composite f o g of the continuous
maps and on the sheaf level as the corresponding flat and sharp maps of fog: X — Z:

B0z — (fog)«Ox
Rt (fog) lO0z — Ox.



In particular, for an open set U C Z, the corresponding map on local sections h'{j is given by the
following composite:

b

0z(U) ---"==> (fx9:0x)(U) == Ox(g7'f~1(U))
lf(bl Tg;—l(w
(f:0y)(U) Oy (f~1(U))

Similarly, the corresponding morphism of stalks given by hi is given by the usual

b (g7 1 02)e 2 Oz 4(g@)) — Oxe

which is the composite
Ozn@) ¢« 0z(W)
f

:
/ g(@l

oY,g(m) — OY(f_l(W))

b
gil lgf_l(W)

Oxe ¢—— Ox (g7 (f 71 (W)))

Lemma 1.0.4. Leth: X 5V L Z be a morphism of ringed spaces. Consider the base change
functors corresponding to maps g and f:

g ! :Sh(Y) — Sh(X)
f«: Sh(Y) — Sh(Z).

and consider the following composite in Sh(Y")

i b
10z ! y Oy —2— ¢.0x .

Then,

1. g7(g" o f¥) = R,

2. fu(g” o fh) 2 hP.
Proof. These are cumbersome but straightforward identities. For example, one has to observe that
f«(f1) =2 f* and that for an open set U C Z, we have (fx(¢*))v = g?‘—l(U)' O

We have a simple lemma for isomorphism of ringed spaces.

Lemma 1.0.5. Let f : X — Y be a morphism of ringed spaces. Then, f is an isomorphism if and
only if f : X = Y is a homeomorphism and f* : Oy — f.Ox is an isomorphism.

Proof. (L = R) Use Theorem ??, 3 and 4.
(R = L) One can explicitly construct a map of sheaves in the other direction in a straightforward
manner. O
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An open subspace of a ringed space also inherits the structure of a ringed space.

Definition 1.0.6. (Open subspace and embedding) Let (X, Ox) be a (locally) ringed space.
An open subspace of (X,0x) is an open subset i : U — X together with the inverse image sheaf
i"10x = OX|U . The pair (U,Oxy) is called an open subspace, (U, Oxjy) — (X,0x). A map
(4,5") : (Z,02) — (X, Ox) is an open embedding if U := j(Z) < X is open and (j,5*) : (Z,02) —
(U, Oxy) is an isomorphism of ringed spaces.

An important concept is of local isomorphism of ringed spaces, which will prove it’s worth while
defining manifolds.

Definition 1.0.7. (Local isomorphism) Let f : X — Y be a morphism of ringed spaces. One
calls f to be a local isomorphism if there exists an open cover {U; }ies of X such that f|; :U; =Y
is an open embedding for all ¢ € I.

1.1 Local models and manifolds

Before we proceed further, we have to clearly state some of our local model spaces that we are
going to use while defining the manifolds. Therefore the following example of ringed spaces are
foundational.

Example 1.1.1. (Sheaf of C“-maps) Let X C R™ be an open set and o € N*®°. One defines the
following presheaf

Cqpm = {f: X = R™| fis C*}

where the restriction maps are usual functional restrictions. Then, G%Rm forms a sheaf, called the
sheaf of C* maps on X. This sheaf has stalks as local rings which can be seen quite easily (set
of all functions defined in some neighborhood of z € X has a ring structure with maximal ideal
being all those functions taking value 0 at x). Hence, (X, C%,.) is a locally ringed space, where we
dropped the subscript X for notational convenience.

Example 1.1.2. (Sheaf of holomorphic maps) Let X C C"™ be an open set. One defines the
following presheaf

G}}?I(cm :={f:X — C™| f is holomorphic}

where the restriction maps are the usual functional restriction. This is easily seen to be a sheaf,
called the sheaf of holomorphic functions over X. This endows (X, C39!) with the structure of a
locally ringed space.

With these two examples, we can come to the notion of real and complex manifolds as follows.

Definition 1.1.3. (Real and complex manifolds) Let X be a Hausdorff and second-countable
topological space. Then,

'Tt’s a trivial matter to observe that inverse image of a sheaf to an open inclusion will be the restriction sheaf (see
Lemma 77).
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1. Alocally R-ringed space (X, Ox) is a real C“-manifold if there exists an open covering {U; }icr
of X and for each ¢ € I, there exists a positive integer n; € N and an isomorphism of locally R-
ringed spaces ¢; : (U;, O X|Ui) =, (Y;, Cg) for some open Y; C R™. Hence a real C“-manifold
structure on X is the following tuple of data:

(X, Ox,{Ui}ier, {Yi S R" }ier, {0 : (Ui, Oxu;) 5, eﬁ'é)}ie[)

2. A locally C-ringed space (X,0Ox) is a complex manifold if there exists an open covering
{Ui}ier of X and for each i € I there exists n; € N and an isomorphism of locally C-ringed
spaces ¢; : (Ui, Oxu;) = (Y;, Clol) for some open Y; C C™. Hence a complex manifold
structure on X is the following tuple of data:

(X, Ox,{Ui}ier, {Yi € C" }ier, {wi : (Ui, Ox|u;) 5 (v, G%Ol)}z'ez>

In both of these, the isomorphisms {p;} are called charts of the manifold and the sheaf Ox the
structure sheaf of the manifold. Also, we can rather consider {¢;};cs to be open embeddings. A map
of manifolds is just defined to be a map of locally ringed spaces. Let Mdeg and Mfd® denote the
category of real C® and complex manifolds respectively. A map of manifolds are just locally ringed
maps between them. Isomorphisms in them are called C'*-diffeomorphism and biholomorphic maps
respectively.

Let us now dwell into some of the immediate observations and remarks coming out of this def-
inition. Let us first ease some notations. Let (X,0x) be a real or complex manifold. The local
chart (U, ¢;) is usually denoted by (U;, ) where x : U; — R™ is a local embedding of locally (R or
C)-ringed spaces, where n depends on U;. We usually suppress all the sheaves and their morphisms
unless necessary (we will soon see why that’s the case). For a local chart (U;, z), the n component
maps 7jox : U; — R are denoted by 27. Moreover, since = : U — x(U) is an isomorphism, therefore
we denote ! : z(U) — U to be its inverse. All this will come in handy when we will start doing
geometry over (X, Ox).

Let (X,0x) be a real or complex manifold. We call an open subspace (U, Ox|y) < (X, Ox)
an open submanifold.

One now sees that any morphism of manifolds as locally ringed spaces is completely determined
by what happens at the level of points. In-fact, the sheaf allowed on X is also restricted if its a
manifold. This is why we usually completely suppress the map of sheaves from our notation as that
will be vacuous as long as we are working with map of manifolds. Let (M, Oyr), (N, On) be two
manifolds (R or C, but both of same type). We can define a sheaf Ops,5 on M given by following
sections: for some open U C M, we have a sheaf

Om;n(U) :=A{f: (U, Oxp) = (N,0n) | f is a map of manifolds}.

Now we show a foundational result which says that the notion of morphism of locally ringed spaces
are nothing new in the classical world of R™ or C™. We place high importance on the following
result as it becomes our point of departure (and thus a point of motivation) as to why the notion
of a morphism of locally ringed spaces is defined as what it is; because it is the right notion of a
"geometric map" in more abstract situations.
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Theorem 1.1.4. Let K be either R or C, X C K™ and Y C K™ be two open subsets of the
standard spaces. If f : (X,C%) = (Y,C$) is a map of locally ringed spaces, then
1. f*: Cy — f«C% is given on an open set V C Y by the standard composition map

fr 1 CE(V) — CX(FH(V))
Vi E— ) Lv Lk,

2. f is a C*-map.
Remark 1.1.5. As a slogan, we may remember the above theorem as the following principle:
In R™ or C", locally ringed maps are exactly real C* or holomorphic maps.

As a consequence of this, whenever we would like to consider C'* maps from, say R™ to R™, we
might as well ask to produce a map of locally ringed spaces (R", C%,) to (R™, Cg..), which again
shows how much geometric information is hidden in the notion of sheaves.

Proof of Theorem 1.1.4. 2 Pick any open V C Y and any t € C¢(V). We wish to show that
f{b,(t) =to fasamap f~}(V) - K. Consequently, pick any point p € f~(V). We wish to
show that f2,(t)(p) = t(f(p)). To this end, we consider the evaluation homomorphism which are
available at stalks. Observe that we have the following commutative square of K-algebras:

es(v) Vs ex (V)

b

, o
Y,f(p) fzg GXJ“

In order to show f7,(¢)(p) = t(f(p)), it is sufficient to show that the following triangle commutes:

(67 fg ) eOé
Y,f(p) X,p

ev fm ‘/Vp
K

But this is immediate from the fact that the K-algebra homomorphism fg is a local ring homomor-
phism and the kernels of the evaluation maps are exactly the corresponding unique maximal ideals,
so by quotienting by the maximal ideals, we obtain a K-algebra homomorphism K — K which
necessarily is identity as it is a K-algebra homomorphism. Hence the triangle indeed commutes.
In order to show that the map f is a C*-map, we need only show that the m projection maps
m; : K™ — K when composed with f yields C* maps given by X — K, but that is immediate from
1. O

C

Using the above result, one can show that any manifold essentially has a unique structure sheaf
of the form Ox,r or Ox,c.

2First proof in my new creator of meaning!
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Proposition 1.1.6. Let (X, Ox) be a locally ringed space. If (X, Ox) is a real or complex manifold,
then OX = OX;R or OX = Ox;(c.

Proof. We wish to show that there is an isomorphism of sheaves ¢ : Ox.g = Ox. For an open set
U C X, we define ¢y as follows:

ou : Oxr(U) — Ox(U)
t: (U, 0xp) = (R, CE) — th(idr).

We claim that this map of sheaves is an isomorphism. We need only show that the map on stalks
0z : Ox;rz = Ox 4 is an isomorphism. So we may assume that X has a global chart n: (X,0x) =
(W, G?,‘V;R) where W C R™ is an open subset. Consequently, we have ng : G%/;R,n(z) = Oxg.
Furthermore, Ox.r 5 = G%}V;Rm(m). Consequently, we wish to show that ¢, : @{‘,‘V;Rm(x) — C‘,’“}V;Rm(w)
given by (W,t: W — R), ;) — (W, t&(idR))n(w) is an isomorphism. Since by Theorem 1.1.4, 1, the
map t]'k is given by precomposition by ¢, therefore t&(idR) is just t. Consequently, ¢, is identity,
which proves the result. O

Remark 1.1.7. By virtue of Proposition 1.1.6, we can assume that any C“-manifold is a locally
ringed space of the form (X, Ox;r) (similarly for C-manifolds).

1.2 Sheaves & atlases

We have defined a manifold to be a space with an open covering by a model locally ringed spaces.
There is a traditional definition, whereas, which is used heavily in traditional geometry because we
really care about the charts (which is usually not done in algebraic geometry). This elucidates how
one has to undertake a different viewpoint of geometry in algebraic geometry.

We wish to show that giving a manifold structure on a second countable Hausdorff space X as
defined above is equivalent to giving an atlas in the classical sense. Indeed, for each atlas on X, we
first define a sheaf on X.

Definition 1.2.1 (Atlas sheaf). Let X be a second countable Hausdorff space and A = (U;, ;)icr
be a C'*-atlas on X where x; : U; — C™ is an open embedding. Consider the following assignment
for each open V C X:

Oa(V):={f: V> K| foz;':2(UinV) — K is C*-map}.
Then O 4 is a sheaf of R-algebras, called the sheaf of atlas .A. Similarly for the holomorphic case.

We first observe that equivalent atlases give same atlas sheaves.

Lemma 1.2.2. Let X be a second-countable Hausdorff space with A = (U;,xz;); and B = (V;,y;);
being two equivalent C* or holomorphic atlases on X. Then the atlas sheaves O 4 and Op are
isomorphic.

Proof. Indeed, for each open W C X, define the map

ew : Oa(W) — 0(W)
f W—o>K—f:W->K.
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To show that this is well-defined, we have to show that f € Op(W). Indeed, pick any chart
yi : V; = K of B. We wish to show that f o yi_l :y;(VinW) — K is C* or holomorphic. As
either condition is local on domain, so pick any point in y;(V; N W). Pick a chart z; : U; — z;(U;)
containing that point. Note that it is sufficent to show f oy L. yu(VinU;NnW) = K is C* or
holomorphic. Indeed, we can write this as

foyi‘lz(foxi_l)o(mioyi_l):yi(UiﬂV;ﬂW)—)K.

Since A and B are equivalent and f € O 4, it follows repsectively that (z; o yi_l) and (f o a:i_l) are
C*“ or holomorphic, as required.
Thus ¢ : O4 — Op is a sheaf map, which is identity, hence both sheaves are same. O

We next see that a C* or holomorphic atlas sheaf on a space X gives a C® or C manifold
structure on X.

Proposition 1.2.3. Let (X, Ox,c) be a locally ringed space andY C C™ be open. Ifp: (X,0x,c) =
(Y, G};,O%C) is a map of locally ringed spaces, then ©° on open V CY is given by

v CRE(V) — Oxcle™ (V)
t:VoasCratop:p }Y(V)=C.

Moreover, the following are equivalent:
1. ¢: (X, 0x,c) = (Y,CL) is an isomorphism of locally ringed spaces.
2.p: X >Y isa homéomorphz’sm such that for any open U C X and any f : U — C in
Ox(U), fop™t:p(U)— C is a holomorphic map.
The same conclusions hold true for C*-manifolds as well.

Proof. The proof of the first statement is exactly same as that of Theorem 1.1.4, hence is omitted.
We now show the equivalence of items 1 and 2.

(1. = 2.) This is immediate as the map cp" is an isomorphism, so in particular a bijection on
sections.

(2. = 1.) Pickanyopen V C Y. Then gol%, is injective as ¢ is an isomorphism. It is also surjective
by the given hypothesis and homeomorphism ¢. This shows that ¢” is an isomorphism. O

Theorem 1.2.4. Let X be a second-countable Hausdorff space and (X,0x) be a locally ringed
space. Then the following are equivalent.

1. (X,0x) is a C*/complex manifold.

2. Ox is a C*/complez atlas sheaf.

To avoid repetitions, we will do the complex case only, as there is no change in the proof for
the real case.

Proof. (1. = 2.) By Proposition 1.1.6, we may assume that Ox is just Ox.c, the sheaf of locally
ringed maps from X to C. We have an open cover {U;};cr of X and isomorphisms of locally ringed
spaces ¢; : (Ui, Oy,,c) = (Y3, C’%"l). This makes (Uj, ;) into an usual atlas as follows. For any i, j
such that U; NU; # (), we obtain that the map

pj oot @i(UiNU;) — (U NT;).



This is holomorphic since ¢; : U; NU; — C is a map of locally ringed spaces in Ox,c(U; N Uj).
Now, ¢; : (U;, Oy,.c) = (Yi, GI;?}C) is an isomorphism, therefore by Proposition 1.2.3, it follows that
@jo (pi—1 is a holomorphic map, as required.

We claim that this makes Ox into an atlas sheaf. Indeed, observe that f € Ox (V) is a locally
ringed map f : (V,0v,c) = (Y, CE). We claim that the data of f is equivalent to saying that
fow; 1, ¢i(V NU;) — C is holomorphic. Indeed, this is the content of Proposition 1.2.3.

(2. = 1.) Let A = (Uj,p;) be a complex atlas where ¢; : U; — Y; for open ¥; C C™ is a
homeomorphism with holomorphic transitions. We need only show the item 2 of Proposition 1.2.3
for ¢; as then it would follow that ; : (U;, Oy,,c) = (Y3, Cf})‘,?;l(c) is an isomorphism of locally ringed
spaces, completing the proof. Indeed, pick any open U C X and any f : U — C in Ox(U). As Ox
is the atlas sheaf of A, therefore for ¢; in particular, we have that f o ;' : p;(UNU;) = Cis a
holomorphic map, as required. This completes the proof. O

2 Global algebra

Let (X,0x) be a locally ringed space. We will discuss here the operations on and properties of
Mod(Ox), the category of Ox-modules 3. An Ox-module is a sheaf M on X such that M(U) is
an Ox(U)-module and the restriction maps of M are given as module homomorphism w.r.t the
corresponding restriction map of Ox (more precisely below). There are several important construc-
tions and properties that one can make with these. In-fact, just like one understands a ring R by
understanding R-modules, one can understand Ox by understanding O x-modules. The similarity
runs deeper as we can also define in certain cases the very same constructions we do in module, but
in the case of O x-modules, and these constructions and operations becomes indispensable in doing
geometry over locally ringed spaces of special kind, like schemes. A lot of such phenomenon is
merely due to the fact that Mod(Ox) is an abelian category. In-fact, notice that for each singleton
space X = {pt.}, a ring R can be seen as the structure sheaf Ox over X and any R-module as
a Ox-module. Hence one may also think of the concept of Ox-modules as the global version of
classical commutative algebra.

Needless to say, this is an indispensable section for the purposes of geometry in general.

Let us first observe that over any topological space X, the product of two sheaves F, G over X
defined by (F x 9)(U) = F(U) x G(U) is indeed a sheaf with restriction maps as products of the
restrictions. This allows us to define O x-modules very naturally.

For the rest of this section, we fix a ringed space (X,0x).

Definition 2.0.1. (Ox-modules) An abelian sheaf F over X is an Ox-module if there is a map
of sheaves

Ox xF —F
(c,s) —> cs

3we will give some general constructions for arbitrary sheaves over a topological case at times, before specializing

to Ox-module case.
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where ¢ € Ox(U),s € F(U) for all open U C X which endows FJ(U) an Ox(U)-module structure.

An Ox-linear map of Ox-modules is defined as a sheaf map ¢ : F — G between O x-modules
such that for each open U C X, the map ¢y : F(U) — G(U) is an Ox(U)-linear map and that the
restrictions preserves the respective module structures.

The above definition, when unravelled, yields that the scalar multiplication of each Ox(U)-
module F(U) commutes with restrictions; for ¢ € Ox(U), s € F(U) and an open subset V C U, we
have (c-s)|y, = cly - 8|y

Remark 2.0.2. For an Ox-module J we have the following easy observations:
1. J; is an Ox z-module for all x € X. Indeed, this follows from the universal property of direct
limits and the fact that direct limits commutes with product; we have the following diagram

OX,::; X sz

~
~
~
~ ~
= ~
~
~
~

~

lig ., Ox (V) x F(V) m

~
~
~
~
~
~
~
~

Ox(U) x FU) —— F(U) > T

Explicitly, the O x z-module structure on JF; is given by

Q) X,z X 7. r — F z
((U,0)z, (U, 8)g) — (U,c- 8)y

where we may assume c and s are defined on same open neighborhood of = by appropriately
restricting.

2. For a homomorphism f : F — § of Ox-modules, we get a Ox ;-module homomorphism
fz : Tz = G5 mapping as (U, s); — (U, fu(s))s for each z € X,

3. Let X be locally ringed space. Then, F;/mx T, = J, ®0x. Oxq/mx s =Ty ®0x . k(z) is
a k(z)-vector space. This is called the fiber of module J over z, denoted by J(z). Recall this
is how the fiber of a module over a prime ideal of the ring is defined.

We first give few basic constructions, which is useful to keep in mind.

Definition 2.0.3. (Support of a sheaf) Let X be a topological space and J be an abelian sheaf
over X. Let U C X be an open set. For s € F(U), we define the support of s as the subset

Supp (s) :=={z €U | (U,s)y #0in F;}.
We further define the support of the sheaf as
Supp (F) := {z € X | I # 0}.
Support of a section is always a closed subset, but the support of a sheaf may not be closed.

Lemma 2.0.4. * Let X be a space and F be a sheaf over X with s € F(U) for an open set U C X.
Then Supp (s) C U is a closed subset of U.

4Exercise I1.1.14 of Hartshorne.
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Proof. Take any point y € U \ Supp (s). We will find an open set W C U \ Supp (s) with W > y.
Indeed, as (U, s), = 0, therefore we get a W C U with s|y;, = 0. For any z € W, one further checks
that (U, s), = (W, s|y). = 0. Thus, z ¢ Supp (s) and consequently, W C U \ Supp (s). O

Do skyscraper and subsheaf with support (Ezercises 1.17 and 1.20 in Hartshorne.)

2.1 Global algebra : The algebra of Ox-modules

In our quest to do geometry over schemes, we will make heavy use of the algebra of sheaves,
especially that of exact sequences, so we give a lot of constructions that we may have to make out
in the wild. We will make heavy use of sheafification (Theorem ?7?) in the sequel. An important
question that arises is whether sheafification of an algebraic construction over collection of Ox-
modules actually is again an Ox-module or not? The answer is yes, as can be easily checked
by explicitly looking at sections of sheafification directly (see Remark ?? to observe that its not
difficult, anyways we will show the explicit checks consistently).

Caution 2.1.1. The following pages might seem to be filled with unnecessary details about checking
whether a given construction on O x-modules results in an O x-module or not. While for some this
might be unnecessary, but working this out in experience has been satisfying and tends to give a
deeper understanding of the various module structures that gets associated with an Ox-module
J and how they interrelate. Indeed, we will see that with more elaborate constructions, we get
more and more module structures to handle with. Thus it is necessary to work some details out
of this. At any rate, we will be using notions presented in the sequel quite frequently in algebraic
geometry and in particular while doing cohomology (Céch cohomology in particular!) so we need
a good knowledge of the O x-modules and their internal technicalities.

Remark 2.1.2. Since there are a lot of constructions in the sequel, so to have a sense of mental
clarity, let us list them here:

¢ Submodules and ideals of Ox.v

¢ Quotient of modules.v’

e Image and kernel modules.v’

o Exact sequences of modules.v’

o The I'(Ox, X)-module Homg, (,9).v

o Homp, module.v’

e Direct sum of modules.v’

e Direct product of modules.v’

e Tensor product of modules.v’

o Free, locally free & finite locally free O x-modules.v’

o Invertible modules and the Picard group.v’

¢ Direct and inverse image modules.v’

e Sums & intersections of submodules.

e Modules generated by sections.

o Inverse limit.

o Direct limit.

e Tensor, symmetric & exterior algebras.

e Ext module.

e Jor module.
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Remark 2.1.3. Let V be the category of abelian groups and X be a locally ringed space. Consider
a functor F : V X --- x V — V. Given abelian sheaves J1,...,J; over X, we obtain a sheaf
Fr = F(J1,...,3%) by the following procedure: first define the presheaf J, on X given by
U F(TF1(U),...,F,({U)), then define the sheaf Fr = (Fz)*" to be the sheafification of 7. We
will follow this general strategy in all the constructions in the following.

2.1.1 Submodules and ideals of Ox

Definition 2.1.4. (Submodules and ideals) Let F be an O x-module. A submodule of F is an
O x-module which is a subsheaf § C JF such that for all open U C X, the inclusion

S(U) = F(U)

is an Ox(U)-module homomorphism. Since Ox is an Ox-module, thus, to be in line with usual
terminology, we define submodules of Ox as ideals of Ox.

Remark 2.1.5. Note that for any Ox submodule § C F, we get a submodule G, C F, of the
Ox z-module J.

2.1.2 Quotient of modules

Definition 2.1.6. (Quotient modules) Let J be an Ox-module and § be a submodule of J.
The quotient module is the sheafification of the presheaf U — F(U)/G(U), denoted by F/3G (see
Definition ??). Indeed, /9 is an Ox-module by the following lemma.

Lemma 2.1.7. 5/G is an Ox-module.

Proof. We will use the definition of sheafification as given in Remark ??. For each open set U C X,
consider the following map:

nu : Ox(U) x (F/9)(U) — (F/9)(U)
(¢,8) —> nu(c,s) : U = UperyFa/Ya

where ny(c, s)(x) := cg - s(x) where ¢; € Ox, and s(z) € F;/9, and the multiplication ¢, - s(z)
is coming from the Ox z-module structure that F, /92 has. We now need to show following two
statements:

1. nu(c, s) is indeed in (F/9)(U),

2. 7:0x xJF/G — F/G is a sheaf map.
For statement 1, we need to show that for each x € U, there exists an open set x € V C U and
there exists 7 € F(U)/G(U) such that for all y € V' we have the equality c, - s(y) = ry in F/Gy.
Indeed, this can easily be seen via the fact that s € (F/G)(U). Statement 2 is immediate after
drawing the relevant square whose commutativity is under investigation. O

Remark 2.1.8. Note further that we get a natural map
F—-3F/G

which factors through the inclusion of the presheaf U — JF(U)/G(U) into the sheaf F/G.
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2.1.3 Image and kernel modules

Definition 2.1.9. (Image and kernel modules) Let f : F — G be a O x-module homomorphism.
We then get the image sheaf Im (f) and the kernel sheaf Ker (f) by Definition ??. Indeed, both of
these are O x-modules as the following lemma shows.

Lemma 2.1.10. Im (f) and Ker (f) are Ox-modules.

Proof. Ker (f) is straightforward. For Im (f), we first observe that if we denote Im (f) = (im (f))*™,
then (im (f))z = fz(Fz). We thus define the O x-module structure on Im (f) as follows:

nu : Ox(U) x Im (f)(U) — Im (f)(U)
(¢,s: U = v fo(F2)) — nu (e, s)

where ny(c, s)(x) = cg - s(z) where s(z) € f(Fz) C Gz. One checks like for quotient modules that
this defines an O x-module structure on Im (f). Further, it is clear that Im (f) C G. O

Corollary 2.1.11. For a Ox-module homomorphism f : § — G, we have Ker (f) < F and
Im (f) < G are submodules.

Proof. Use Remark 7?7 to get this immediately. O
We have a "first isomorphism theorem" for modules then.

Lemma 2.1.12. For a map f: F — G of Ox-modules, we obtain an isomorphism
F/Ker (f) = Im(f).

Proof. For each z € X let ¢, : I,/ ker f,, =5 im (fz)- Then we define the following for any U C X
open

(F/Ker (£))(U) — Im (f)(U)
s:U— UyeyTy/ker fo = pos

where (¢ o s)(x) = pz(s(z)). This is immediately an isomorphism by going to stalks (Theorem ?7,
3). O

2.1.4 Exact sequences of modules

Definition 2.1.13. (Exact sequences) A sequence of O x-modules
g Lg% g
is said to be ezact if Ker (g) = Im (f).

Remark 2.1.14. By Lemma 77, J’ 1, 5 9 7 is exact if and only if Ker (g;) = Im (f;) at all
points x € X.
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2.1.5 The I'(Ox, X)-module Homg, (7, 9)

We now consider the set of all O x-module homomorphisms f : F — G and observe very easily that
it has a I'(Ox, X)-module structure. This generalizes the fact that under point-wise addition and
scalar multiplication, the set Hompg (M, N) for two R-modules M, N is again an R-module.

Definition 2.1.15. (I'(Ox, X)-module Homg, (F,5)) Let F,G be two Ox-modules. Then the
collection of all O x-module homomorphisms Homy, (5, 9) is a I'(X, Ox)-module. Indeed, for two
f,9 € Homy, (F,9) and c € I'(Ox, X), we define f +g:F — G by s — f(s) + g(s) and we define
c- f:F =G bys— pxu(s): f(s) for any open set U C X and s € F(U).

We will now globalize the construction of Homg, (F,3) to obtain an O x-module out of it.

2.1.6 JHomp, module

Definition 2.1.16. (Hom module Homg, (5,5)) Let 7,3 be two Ox-modules. Then the fol-
lowing presheaf

U — Homo,,(Fv, Sv)

with restriction given by restriction of sheaf maps, is an O x-module denoted by Homg, (7, 9), as
the following lemma shows.

Lemma 2.1.17. Homg, (F,9) is an Ox-module

Proof. The fact that Hom(F, 9) is a sheaf can be seen immediately. The O x-module structure is
defined as follows: pick any open U C X

nu : Ox(U) x Homg,, (Fjy, Gv) — Homg,, (Fju, Gjv)
(¢, f)—cf

where cf : Fy — Gv is given on an open set V C U by
(cfv : F(V)— G(V)
s> puy(c) - fv(s).

One easily check that 7 is a well-defined natural map of sheaves, thus making Homg, (F,9) into
an Ox-module. O

Remark 2.1.18. It is in general NOT true that Homg (%, 5), & Homo, , (Fz, Gz).
We now define the dual of a module in the obvious manner.

Definition 2.1.19. (Dual module) Let F be an Ox-module. The dual of F is defined to be the
module Homg, (F,0x). We denote the dual by FV.

There are some isomorphisms regarding JHom that is akin to their usual algebraic counterparts.
We outline them in the following lemma.

Lemma 2.1.20. Let F be an Ox-module. Then,
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1. Hom(0%,F) = Hom(Ox,F)",
2. Hom(0x,F) = 7F.

Proof. In both cases we construct a map and its inverses and it is straightforward to see that they
are well-defined, natural and indeed inverses of each other.
1. Consider the map

Hom(0%,F) — Hom(Ox,F)"
which on an open set U C X maps as
HomoX|U (OnX|U’5t|U) — Hom@XIU (OX|U,?|U)n
[ 0%y = Fu — (fi)i=1,n

where for V' C U, we have that f; v : Ox (V) — F(V) maps as s — s - fy(e;) = fv(s-e;) where e;
is i*® standard vector in Ox(V)". Conversely, define the map

Hom(0Ox,F)" — Hom(0%,T)
which on U C X open maps as
(9i: Oxjo = vy, — 9 O%w = T

where on V' C U open, we define gy : Ox (V)" = F(V) as (s1,...,8n) = 2ie1 9, v(si) = 2 iy Si -

gi,v (€:)-
2. Define the map

Hom(0x,F) — F
on open U C X by
Homy, (Oxp, Fp) — F(U)
f:0xjp = Fuv— fu).
Define the inverse
F — Hom(0x, )
on an open set U C X by
FU) — Homy,, (Oxv, T w)
s— f:Oxjy — Ty
where for an open set V C U, we define fy(t) = fy(t-1):=t-s. O
The following the usual adjunction from algebra.

Proposition 2.1.21 (®-hom adjunction). For any Ox-modules €, F and G, we have
Homg, (€ ® F,5) = Homg, (F,Home, (E,9)).
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Proof. Let R =T(Ox, X). We construct an R-linear map ¢ : Homg,, (€ ® F,5) — Homy,, (F, Home, (€, 9))
as follows: for any f € Homg, (€ ® F,3), define p(f) : T = Homo, (€, ) by the following on
open U C X:

o(f) 8= o(f)(s) 1t f(s®1).

This is R-linear by construction. To show its a bijection, we construct an inverse as follows: for
any f:3F — Hom(E,G), define 6(f) : € ® F — G as the unique map corresponding to the map on
presheaves:

(E®F) —§
st f(t)(s).

It is easy to see that this is an inverse of ¢, as required. O

2.1.7 Direct sum of modules

Definition 2.1.22. (Direct sum of modules) Let {F;};cr be a family of Ox-modules. The
direct sum of JF; is the sheafification of the presheaf

U~ @)
el

whose restriction is the direct sum of the corresponding restrictions. We denote this sheaf by
@;cr Ji and it is an O x-module by the following lemma. If for all s € I, we have J; = J, then we
write

PF =% =50
i€l
as usually is done in algebra.

Lemma 2.1.23. @;.; F; is an Ox-module and (P;c; Fi), = Bjcy Fiz for allz € X.

Proof. Since stalks functor is left adjoint (to skyscraper, we didn’t covered this but this is a basic
known fact), therefore it preserves all colimits and thus (@;c; F3), = Djcr Fie- Now, the Ox-
module structure over @;c; F; is obtained as follows: pick any U C X open and consider the
map

nu : Ox(U) X <®iﬂ> (U) — (@?Z> (U)

i€l i€l
(¢;s: U = Ugev Bier Fig) — cs
where cs(x) = ¢; - s(x) where s(z) € @;cr Tiz and P,y Fip is an Ox z-module. By exactly same

techniques employed in proving them in earlier cases, it can be observed that the above defines a
map 71 : Ox X ®ierF; — BicrF; which is a sheaf map. ]

We now cover the other construction we know from algebra.
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2.1.8 Direct product of modules

Definition 2.1.24. (Direct product of modules) Let {F};cr be a family of O x-modules. The
direct product of them is defined to be the sheaf

U~ [[5:(U)
i€l
with product of restrictions as its restriction. Indeed, it is immediate it is a sheaf and that the
canonical map ny : Ox(U) X [Lie; Fi(U) = Tlicr T5(U) mapping as (c, (si)icr) — (c- si)icr makes
[L;c; i an Ox-module. If F; = J for all ¢ € I, then we denote

[[5=5117=97
i€l
as is usually done in algebra.

We now define tensor product of two O x-modules.

2.1.9 Tensor product of modules

Definition 2.1.25. (Tensor product of modules) Let F,3 be two Ox-modules. The tensor
product of & and G is given by the sheafification of the presheaf

U~ F(U)®oxw) 5(U),
denoted by J ®¢, 9, as the following lemma shows.
Lemma 2.1.26. ¥ ®p, § is an Ox-module and (F ®v, G)z = Fz oy, G for each z € X.

Proof. The second statement is immediate from Lemma ??. The Ox-module structure is the
obvious one: pick any open U C X and then consider the map

nu : Ox(U) x (F®oy G)(U) — (F®ox 9)(U)
(a,s:U = Uy TFy ®0x o Gz) — as

where as(z) = a,s(z). One easily checks that this defines a well-defined natural sheaf map. O

A simple observation also yields the usual identity we know from modules.

Lemma 2.1.27. Let F be an Ox-module. Then,
F®o, Ox = 7.
Proof. Consider the map
n:F Ry, Ox —F

given on an open U C X by the map corresponding to the following natural isomorphism (Theorem
7?)

v F(U) ®oxw) Ox(U) = FU).

This yields the similar isomorphic map on stalks via Lemma, 2.1.26 to yield the result via Theorem
77, 3. O
)
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Tensor product of modules is obviously commutative.
Lemma 2.1.28. Let F,G be two O x-modules. Then, FG=25®F.

Proof. Construct the map 7: 5 ® G — G ® J as the unique map corresponding to the following

F(U) ®ox @) SU) —= SU) ®ox @) F(U)

) ljU
m

(S®F)(U)

This map on the stalks gives the usual twist isomorphism J; oy , Gz = 5z ®oy, Fa- O

2.1.10 Free, locally free & finite locally free O x-modules

Definition 2.1.29. (Free, locally free and finite locally free modules) Let F be an Ox-
module. Then,

1. Fis called free if F = ng for some index set I,

2. ¥ is called locally free if for all x € X, there exists open U > z such that F; = Og”r[)] where
I, is an indexing set depending on z,
3. J is called finite locally free if J is locally free and the indexing set I, is finite for each z € X.

If I, = I and I has size n, then we say that & is locally free of rank n.

We now observe that the hom sheaf of two locally free modules of finite rank is again locally
free of finite rank.

Lemma 2.1.30. Let F,&E be two locally free Ox-modules of ranks n and m respectively. Then
Homo (F,E) and T ®p,, € are both locally free module of rank nm.

Proof. For each x € X, there exists an open set U > x such that Fy = O%U and &y & O%U. We
then observe the following

Homo, (F,€)(U) = Homg,, (Fjy, &) = Homo, , (ogﬂU, %u) > o,

where the last isomorphism can be established easily by reducing to the usual module case (Hompg (R"™, R™) &
For tensor, we proceed similarly as above. By replacing X by U, we need only show that

0% ® 0% = OY". Indeed, by universal property of sheafification, it is sufficient to describe a map

of presheaves (0% ® O%)” — O%™ which is an isomorphism on stalks. The usual isomorphism

R™ ® R™ — R™™ gives such a map of presheaves, as required. O

An important corollary of the above lemma is as follows.

Corollary 2.1.31. Let F be be a locally free module of rank n. Then the dual F is locally free of
rank n.

Proof. By Lemma 2.1.30, FV is locally free of rank n. O
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One may think of finite locally free modules as those modules which are locally free in the usual
sense. Consequently, these modules satisfy global version of the properties enjoyed by the usual
notion of free modules, as the following result shows.

Proposition 2.1.32. 5 Let & be a finite locally free of rank n. Then,
1. EVW g,
2. For any Ox-module F, we have

Homo, (E,F) = &Y @, T.

Proof. As € is locally of free of rank n, therefore there is an open cover {U;} of X such that
Eu, & O&IU{ Let {B;} be a basis of X where each Bj is in some U;. Consequently, we reduce to
constructing an isomorphism in each case only as sheaves over the basis {B;}.

1. Indeed, as each Bj; is in some Uj;, therefore ¢ B; = O}l B;" Consequently, we get the follow-
ing isomorphisms for any U € {B,}

EVV(U) = Homoxw(f}fomox(& OX)]U , OX|U)
= Homyo,,, (Homo, (0%, Ox)|, , Oxv)
o Homoxw((fHomoX((‘)X, OX))”‘U , OX|U)
~ Homo,,,, (0% s Ox o)
= Homo, , (Oxv, Oxjr)"
= Homo, (Ox,0x)(U)"
= 0x(O)"
= E(0),

and its naturality with resepect to restrictions is evident.
2. Pick any U € {B;}. We then have

Homo, (€, F)(U) = HomoXIU (8|U,3"|U)
2 Homy ., (0% Fw)
&~ HomoxlU (OX|U, EF|U)n
= Homo, (Ox, F)(U)"
=JFo)"
= (0%®ox7)(U)

by Lemma 2.1.27. The fact that this isomorphism is natural with respect to restrictions is imme-
diate. O

5Exercise I1.5.1 of Hartshorne.
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2.1.11 Invertible modules and the Picard group

Definition 2.1.33. (Invertible modules) An O x-module £ is said to be invertible if it is locally
free of rank 1.

The name is justified by the fact that the set of all invertible modules upto isomorphism forms
a group under tensor product and is one of the important invariants of a (ringed) space amongst
many others. We now show that indeed this forms a group. We will drop the subscript Ox from
the tensor product, for clarity, in the following.

Proposition 2.1.34. Let £,L1, Lo, L3 be invertible O x-modules. Then,
1. L1 Q® Lo is invertible,
2. (L1®@L2)® L3 = L1 ® (L2 ® Ls),
3. LV®L0y.

Proof. 1. This is a local question, so pick € X and an open set U > z such that L,y & Oxjy &
Loy We wish to construct a natural map (£1 ®o, £2)(U) — Ox(U) which is an isomorphism.
By Theorem ?7?, it suffices to show a natural isomorphism £1(U) ®o () L2(U) — Ox(U). This is
constructed quite easily as £1(U) ®o, vy £2(U) = Ox(U) ®oy vy Ox(U) = Ox(U). Thus we just
need to consider ido . (1)-

2. This is again a local question, which can be answered by establishing an isomorphism (by using
Theorem ?77)

(L1(U) ®ox ) £2(U)) ®ox ) £3(U) = L1(U) ®ox ) (L2(U) Qo) £3(U))

for any open U C X, but that is an immediate observation from algebra.

3. By Corollary 2.1.31, we have that £V is invertible. By Theorem ?7?, 3, the result would follow
if we can show that there is a natural O x-linear map ¢ : LY ® L — Ox such that for each point
x € X there exists an open set z € U C X such that on U, ¢ yields an Ox(U)-linear isomorphism

(LY ® L)(U) & Ox(U). We may take U small enough so that Ll\éf = Oxy = Ljy. Thus, after

replacing X by U, we may assume £L = Ox = £V. By Lemmas 2.1.20 and 2.1.27, we obtain the
following isomorphisms
LY ®L=Hom(L,0x)®Ox =2 Hom(Ox,0x) ® Ox = O0x ® Ox = Ox.

This can easily be promoted to a sheaf map. O

Definition 2.1.35. (Picard group of X) The Picard group of X is defined to be the set of all
isomorphism classes of invertible modules with the operation of tensor product. We denote this by

Pic(X)

The Proposition 2.1.34 and Lemma 2.1.28 shows that Pic(X) is indeed an abelian group.

2.1.12 Direct and inverse image modules

In this and the next sections, we show how the modules behave under map of ringed spaces.
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Definition 2.1.36. (Direct image) Let f : (X,0x) — (Y,0Oy) be a map of ringed spaces and
let F be an O x-module. Then the direct image of F under f is the direct image sheaf f,F which
is again an Oy-module given by the following composition

Oy x £,F 28 £.05 x £,F 2% £.5

where m : Ox x F — F is the O x-module structure on F. Note that f, commutes with products
as f, is a right-adjoint.

The inverse image of a module, on the other hand, is an involved construction.

Definition 2.1.37. (Inverse image) Let f : (X,0x) — (Y,Oy) be a map of ringed spaces and
let G be an Oy-module. The inverse image of G is defined to be the map

f*9 = OX ®f—10y f_19
which is indeed an O x-module as the following lemma shows.
Lemma 2.1.38. The sheaf f*SG is an Oy-module.

Proof. We need to show three statements:
1. Ox is an f~1Oy-module.
2. f71Gis an f~1Oy-module.
3. f*Gis an Ox-module.
Statement 1 follows from the following composition

i
F10y x 0x 24 0y x 0x — Oy

where the latter is just the multiplication structure on Ox. Statement 2 follows from Oy-module
structure on G and the fact that f=1(Gx §') = f~1G x f~1G’ for two sheaves G, 5’ over Y. Indeed,
the latter follows from the fact that f7(§ x §') = f*G x ft9', which in turn follows from the fact
that filtered colimit commutes with finite limits. Statement 3 now follows immediately. O

We now state an important result, that is f. - f*.
Proposition 2.1.39. Let f : (X,0x) — (Y, Oy) be a map of ringed spaces. Then,
S AN
MOd(Oy) L MOd(Ox) .
f

In other words, we have a natural isomorphism of groups
HOIIIOX (f*g’ EF) = HomOy (9’ f*g:)

Proof. Omitted. O
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2.1.13 Sums & intersections of submodules
2.1.14 Modules generated by sections
2.1.15 Inverse limit

Do Hartshorne Ezercise 1.12 as well.

2.1.16 Direct limit

Do Hartshorne Ezercise 1.11 as well.
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2.1.17 Tensor, symmetric & exterior powers

We now define T'(F), S(F) and A(F) for a module F.

Definition 2.1.40 (7(3),Sym(JF) and A(F)). Let F be an Ox-module. The sheafification of
presheaf U — T(F(U)) or Sym(F(U)) or A(F(U)) is denoted to be T'(F) or S(F) or A(F) called
the tensor or symmetric or exterior algebra, respectively. This is an O x-algebra, i.e. a sheaf of
rings which is an O x-module. Moreover, we have

T =19

n>0

where T"(F) is the sheafification of U — T™(F(U)). Note that this makes sense as sheafification is
a left adjoint, so it commutes with all colimits. We call T"(F) the n*’-tensor power of F. Similarly,
we define Sym™(F) and A"(F).

Lemma 2.1.41. If § = O% is a free Ox-module of rank n, then
1. T"(F) 2 0y,
2. Sym"(F) 2 0} O,
3. N(F) =0,
Proof. All three isomorphisms are obtained by defining a corresponding map of presheaves which
is an isomorphism on stalks, where this map is induced from the usual map in algebra:
R"®@ R™ = R"™
Sy (R") = R™'C
A"(R™) = R"C".

Then the corresponding map on sheaves induced by universal property of sheafification is an iso-
morphism as it is so on stalks. O

We now indulge in generalizing some local properties of tensor algebra to this global case. We
first have the standard observation of instantiating these definitions on the finite locally free case,
which generalizes the usual tensor calculations of free modules.

Lemma 2.1.42. ¢ Let F be a finite locally free O x-module of rank n. Then, T"(¥),Sym"(F) and
AT(F) is a finite locally free Ox-module of rank n", "t7~1C,,_1 and "C, respectively.

Proof. Let {Uy} be an open cover of X where J is O, for each a. Let B be a basis of X such

X|Ua
that for any B € B, we have B C U, for some a. Observe that | p = O’;q - Hence, we may replace
X by B to assume that JF is free of rank n. The result now follows from Lemma, 2.1.41. O

Another global phenomenon that is borrowed by tensor calculation of free modules is the perfect
pairing of wedge product.

SExercise I1.5.16 of Hartshorne.
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2.1.18 Cxt module
2.1.19 TJor module
2.2 The abelian category of Ox-modules

We now show an important result that category of O x-modules over any ringed space is an abelian
category (thus we can do whole of homological algebra over it!). We have essentially done every-
thing, but we write it here for clear reference.

Theorem 2.2.1. Let (X,0x) be a ringed space. Then the category Mod(Ox) of Ox-modules is
an abelian category.

Proof. For any two Ox-modules J,5, we have Homy, (F,9) is an abelian group where for any
two f,g € Homgp, (7,5), the sum h = f + g is defined to as follows: pick any open U C X and
define hy = fy + gy. This is an O x-linear sheaf map because f and g are. Hence Mod(Ox) is
preadditive. Moreover Mod(Ox) is additive. This is what we did in the preceding section while
defining finite products of O x-modules. The preceding section also shows that Mod(Ox) has all
kernels and cokernels. Consequently, we need only show that the for any f: F — G in Mod(Ox),
Colm (f) & Im (f). Indeed, this is a local question and can be thus immediately seen by first
isomorphism theorem. More precisely, we need only construct this isomorphism on a basis of X,
where the canonical map Colm (f) — Im (f) is an isomorphism by first isomorphism theorem. This
completes the proof. O

Theorem 2.2.2. Let (X,0x) be a ringed space. Then the abelian category Mod(Ox) has enough
injectives.

Proof. Let J be an Ox-module. We wish to find an injective O x-module J such that F < J. First
note that for each x € X, we have an injective O x ;-module I, such that F, < I, by Theorem ?77.
Observe that I, is a sheaf over ¢ : {x} — X. Let J = [],cx ¢« be the corresponing O x-module.
We claim that J is an injective O x-module and there is an injective map F < J.

To see that there is an injective map F < J, we claim the following three isomorphisms

Homg, (F,7) = H Homg , (F,4415) = H HomoX’z (Fz, I).
rzeX rzeX

The first isomorphism is immediate from limit preserving property of covariant hom. The second
isomorphism is obtained by the following isomorphism

HOIIl@X (SU, ’L*Ix) = Homox)z (Stx, Ix) (*)

for each x € X. Indeed, this follows from the maps f — f; and (K : F — i 1y) = (K : Tp — 1)
where % is defined on an open set U C X as &y : F(U) — I, mapping as s — k((U, s);). These
are clearly inverses of each other. It then follows that a map F — J is equivalent to a collection of
maps F,; — I, and since we have J, — I, therefore we obtain a unique injective map F — J.
Finally, we claim that Homg, (—,J) is exact as a functor into the category of abelian groups.
To this end, by left exactness of hom, we need only show that this is right exact. This immediately
follows from isomorphism (*) and I, being injective and that product of surjective homomorphisms
is surjective. This completes the proof. O
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3 Bundles

We give here the general theory of fiber, principal and vector bundles. When the need arises, we
will instantiate this into different areas (like in the chapter on differential geometry). The material
in previous chapter will allow a very united way of looking at the notion of bundles, and will start
portraying the intimate connection that bundles and cohomology has.

3.1 Generalities on twisting atlases

Let p : E — B be a map of topological spaces/manifolds together with a specified subsheaf of
groups § C Ap(E) € Sh(B) where Ap(FE) is the sheaf of homeomorphisms/isomorphisms over
B; for any open U C B, the group Ap(F)(U) consists of all homeomorphisms/isomorphisms
¢ :p Y (U) = p~}(U) such that po ¢ = p.

The tuple (p : E — B, 9) is the pre-datum for defining (p, §)-twisting atlas for amap 7 : X — B.

Definition 3.1.1 ((p, §)-twisting atlas for a map). Let p : E — B be a map and G be a subsheaf
of groups § C Ap(F). Let m : X — B be a map. Then, a (p, §)-twisting atlas for 7 is a family
(Us, hi)ier where {U;}ics is an open cover of B and h; : m~1(U;) = p~1(U;) is an isomorphism
over U; such that for any i,j € I, denoting U;; = U; N U;, we have

hil"'_l(Uij)
p ' (Uy) , 1 (Uy)
N—%l‘ 1 /
P U)o
Uy

and from which we require that

= he -1
hlJ h’Llﬂ-_l(Uij) © hJ ‘p_l(Uij)
is a section in G(U;;). We then call 7 : X — B together with (U;, h;) a twist of p : E — B with
structure sheaf G.

Using this, we may define a general notion of a bundle.

Definition 3.1.2 (Bundles). Let 7 : X — B be a map, F' a space/manifold and p : Bx F' — B be
the projection map onto first coordinate. Then 7 is a bundle with fiber F' if there is a (p, Ag(Bx F))-
twisting atlas for w. Equivalently, 7 is a bundle with fiber F' if it is a twist of p: B X F' — B with
full structure sheaf Ag(B x F).

Remark 3.1.3. Let 7 : X — B be a bundle with fiber F'. Consequently we have a Ag(B x F)-
twisting atlas of p : B x F — B denoted (U;, h;), where h; : 7=1(U;) — p~1(U;) is an isomorphism
over U; such that the transition maps h;; : p_l(Uij) =UjxF = Uj; xF = p‘l(Uij) is just an
isomorphism over U;; (i.e. hij € Ap(B x F)(Usj)).
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4 Differential forms and de-Rham cohomology

Do this from Section 8.6 and Section 10.4 of Wedhorn, via sheaf cohomology. Add motivation from
courses.

4.1 Differential forms on R"

We first discuss differential forms on R™ as this provides clear and sufficient motivation for the
abstract treatment of differential forms in all other places where it is used. We begin by defining
the main ingredients. The material of Section ?? is used in the following.

Definition 4.1.1. (Coordinate forms on R") Fix n € N. Let V = R” be the n-dimensional
R-module. The functional

dx; : V — R
(J,‘l,...,.’l;n) — Z;
is called the i*P-coordinate form on V, for each ¢ = 1,...,n. Note that dz; is a 1-form/1-tensor,

i.e. dr; € MY(V) = V*. Observe that dz; is the dual basis of V* corresponding to standard basis
e;of V.

Next, we define a multilinear map which for each choices of axes, gives the volume of the
parallelopiped obtained by the projection along those axes, given a parallelopiped spanned by some
vectors.

Definition 4.1.2. (Projection forms on R"”) Fix n € N and £k € N. Let V = R” be the
n-dimensional R-module. Let I = (i1,...,4) be an ordered k-tuple where 1 < i; < n for each
j=1,...,k. Then, we define the I-projection form as

der == mp(dz;, ® ... ®dx;,) = Dy

which is an alternating k-form on V, that is dz; € A*¥(V) (see Example ??). More explicitly, it is
given by the following k-linear form on V'

dey:Vx...xV—R

d.’L‘il (’Ul) dmiQ (1)1) cee dxik (vl)

dzi (v2) dziy(v2) ... dzi, (v2)
(v1,...,vE) — det . ; .

dzi (vg) dziy(veg) ... dxg (vk)

Remark 4.1.3. Recall from Theorem ?? that A*(V) has basis given by dz; for distinct increasing
k-tuples from 1,...,n. Thus, {dz;}; forms an R-basis of A¥(V) of size "Cj,.

Remark 4.1.4. Recall that wedge product of forms is given by the following (where one defines
them only on the basis elements)

A*(V) x A(V) — AFFH(V)
(dx[, diEJ) —> dxy ANdzy = d.’L'(LJ)
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where recall that dz(; ;) will be zero if there is any index common in I and J (see Definition ??),
where I, J are increasing tuples of indices from {1,...,n} of lengths k and [ respectively. From the
above, we see that for any alternating k-form w = ) ; ardzr and alternating I-form n =} ; b;dz,
their wedge product is defined as

LU/\U=ZZ(Z[bJ(d.'L'[/\d.’BJ).
J I

Remark 4.1.5. Let U C R™ be an open subset of R™. Observe that C>®(U), the ring of smooth
R-valued functions on U, is an R-algebra. In the same vein, we know that alternating k-forms
AF(R™) forms an R-vector space of dimension "C}, (see Theorem ?7?).

Definition 4.1.6. (Differential k-forms) Let U C R” be an open set and 0 < k < n. The
module of differential k-forms is defined to be the following R-vector space

QF = AFR™) @r C®(U).
As A*(R™) is a free R-module with rank "Cy, therefore QF is a free €>°(U)-module of rank "C.

Remark 4.1.7. Observe that {QF} obtains the wedge product structure from the wedge product
on {A*(R™)} as we may define for w = 3°; frdz; € A¥(R") and n = Y ; gsdz s the following

WA= (Z f[dl'[) A <Z nga:J>
I J
=YY" figsdzr Ndxy.
I J

Thus, B> Q2 forms a graded € (U)-algebra.

Remark 4.1.8. An arbitrary element w € QF; is called a differential k-form over U and is written

as
w= Z fr(zi,...,zn)dxr
IeXy
where X}, is the set of size "C}, of all k-combinations in increasing order of {1, ...,n} and fr € C*(U)

is a smooth function. Observe that QY = C>(U).

We now construct the exterior derivative which will be a differential over the chain complex
Q’fj, as we will see soon.

Definition 4.1.9. (Exterior derivative) Let U C R™ be an open subset and {QF }ren be the
modules of differential k-forms. For each k € NU {0}, we define a map d : QF, — Q*1v as follows.
Define for k = 0 the following

d:Q%—)Q[IJ

LA,
fHX;aidwi
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where since f € C%°(U) is smooth, therefore so is 8f/0x;. Further, since dz; € A'(R™), therefore
the above is well-defined. For k > 1, we define d as follows

d: Qf — Q!

w= Z frdey — dw = Z dfr A\ dxg
IeXy TeXy

where dz; € A¥(R™). Observe that df; € Q[l], thus indeed df; A dzj € Q’ffl. This map d is called
the exterior derivative of differential forms.
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